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Agilent Atomic Spectroscopy Solutions for the 
analysis of drinking water, waste water, soils 
and sludges
Today, environmental analysis must be done faster, more 
reliably, and more cost-effectively than ever before. 
Agilent’s leading atomic spectroscopy instruments slash 
cost-per-sample analysis for laboratories performing trace 
and ultra-trace analysis of heavy and toxic metals in 
drinking, ambient and wastewaters, and soil and sludges. 
Agilent’s high-productivity portfolio routinely achieves 
significantly lower limits of detection (LOD) for trace and 
heavy metal contaminants, ensuring your laboratory 
complies with all relevant regulatory standards for 
environmental samples of all types.

Agilent’s atomic spectroscopy portfolio – comprising 
ICP-MS, ICP-OES, MP-AES and AA – delivers sensitive, 
accurate, and precise measurements across the widest 
dynamic range – from percentage down to low ppt, 
independent of matrix composition and concentration. 

Agilent ICP-MS: complete elemental analysis 
of environmental samples
Agilent is the leading supplier of quadrupole ICP-MS 
instruments for environmental testing:

• Improve multi-element accuracy by eliminating  
matrix and plasma based polyatomic ion interferences 
using Agilent’s Octopole Reaction System (ORS).  
ORS uses helium (He) cell mode for simple and reliable 
removal of polyatomic interferences, even in complex 
and variable matrices

• Simplify the measurement of complex environmental 
samples such as soils and sludges with high matrix 
introduction (HMI) technology, standard on the Agilent 
7800 ICP-MS, or Ultra HMI (UHMI), available as an 
option for the Agilent 7900 ICP-MS. HMI lets you analyze 
samples containing up to 3% total dissolved solids (TDS) 
without dilution, reducing sample preparation, extending 
maintenance intervals and saving time. UHMI extends 
the matrix tolerance of the 7900 ICP-MS to TDS levels of 
up to 25% minimizing the need for sample dilution and 
practically eliminating matrix suppression

• Increase productivity and decrease re-runs with a 
detector that provides 10 (7800) or 11 (7900) orders 
dynamic range 

• Conform to regulatory requirements, including US EPA 
200.8, 6020, & 1638 – Agilent quadrupole ICP-MS 
instruments measure all regulated elements in natural 
and drinking waters, wastewater, soil and solid waste 
digests, from major elements at 100s or 1000s ppm to 
the lowest trace elements at sub-ng/L (ppt) levels

Agilent's unique 8900 Triple Quadrupole ICP-MS (ICP-QQQ) 
extends the capability of ICP-MS for environmental 
analysis:

• With matrix tolerance, He cell mode, dynamic range  
and sample throughput to match the market-leading 
performance of Agilent quadrupole instruments,  
the Agilent 8900 ICP-QQQ adds the power of MS/MS  
to support methods that require the use of reactive  
cell gases

• Extend environmental applications to include the 
measurement of trace levels of difficult elements (Si, P, 
S...), ultra-trace environmental contaminants, and 
elements that suffer from doubly-charged ion overlaps

• Measure silica nanoparticles at sub-50 nm particle sizes, 
with high sensitivity, lower backgrounds, and effective 
removal of interferences

Agilent ICP-OES: high-volume, high-
productivity analysis of trace metals in water
Agilent ICP-OES is the most productive high-performance 
system available:

• Achieve maximum sensitivity for trace-level applications, 
including the determination of trace and toxic elements 
in waters

• Easily satisfy all the required regulatory QC limits tests 
without unnecessary recalibrations – the thermally 
stabilized optics contain no moving parts, ensuring 
excellent long-term stability 

• Double system productivity and reduce argon 
consumption by 50% with Dichroic Spectral Combiner 
technology that captures the radial and axial views of 
the plasma in one reading
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• Conform to all regulatory requirements, including US 
EPA 200.7, 3040A, 6010 and ILM05.3 – ICP Expert 
software provides complete automation of all US EPA 
protocols, while configurable QC tests enable you to 
satisfy the requirements of other regulatory bodies

Agilent MP-AES and AA: cost-effective 
process and routine water testing
The Agilent 4210 MP-AES is suitable for non-regulated 
environmental applications, such as process monitoring or 
screening applications. The revolutionary 4210 MP-AES 
runs unattended without flammable or expensive gas 
supply, dramatically reducing operating costs. 

Agilent’s AA range is suitable for government and contract 
laboratories routinely running regulated applications, 
including testing elements in effluents, sludges and soil at 
major levels, and toxic elements at trace levels. 

Inorganic and Elemental Analysis
Detecting potentially harmful levels of trace and minor 
elements

Inorganic elemental contamination of water supplies may 
occur from natural deposits, as well as from industrial, 
agricultural, and household sources. But no matter what 
the cause, monitoring the levels of these contaminants in 
drinking, natural, and environmental waters is essential for 
ensuring water quality and protecting human health. 

One of the biggest challenges is monitoring multiple metals 
in a large number of samples, where quantities may range 
from trace levels to high concentrations. Agilent’s portfolio 
of high-productivity instruments delivers sensitive, 
accurate, and precise measurements across a wide 
dynamic range – from percentage down to low ppt, and in 
the presence of matrix interferences.

Each instrument has unique performance characteristics, 
allowing you to choose the technique that meets your 
analytical needs (detection limits, measurement range, and 
elemental coverage), as well as your demands for sample 
matrix levels, throughput, and budget.

Atomic spectroscopy 
Atomic spectroscopy describes a number of analytical 
techniques used to determine the elemental composition of 
a sample by examining its electromagnetic spectrum or its 
mass spectrum. In the contract environmental laboratory, 
atomic spectroscopy techniques are used to determine the 
composition and concentration of primarily toxic or 
regulated metals in environmental samples such as air 
samples, waters, wastewaters, soils, sludges and waste 
materials. Atomic spectroscopy techniques are also used to 
determine the metal content of biota which might be 
exposed to contaminated water or soil.

In general, atomic spectrometry techniques can be  
divided into two broad categories, those which identify  
an analyte element by its electromagnetic spectrum, and 
those which identify an element by its mass spectrum.  
In the environmental laboratory, the most common 
electromagnetic spectrometric techniques are atomic 
absorption and atomic emission, though x-ray based 
techniques such as x-ray fluorescence (XRF) and x-ray 
diffraction (XRD) are technically electromagnetic 
spectrometric techniques as well.

Atomic absorption spectroscopy (AA)
Atomic absorption techniques rely on the fact that an 
atomized element will absorb light of a characteristic 
wavelength, elevating it from the ground state to an  
excited state. The amount of light energy absorbed is 
proportional to the number of analyte atoms in the light 
path. The technique is calibrated by introducing known 
concentrations of analyte atoms into the light path and 
plotting the absorption versus concentration curve.  
The source of light characteristic of each analyte element 
used is a hollow cathode lamp (HCL) or electrodeless 
discharge lamp (EDL). Typically each lamp is dedicated to 
the analysis of a single element, though in some cases a 
few elements can be combined into a single lamp. However, 
because of this limitation, atomic absorption is generally 
relegated to analysis of a single or small number of analyte 
elements per sample, though it is possible to measure 67 
elements (not at the same time) using atomic absorption.  
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In order for atomic absorption to work, the analyte 
elements must be atomized (converted to the atomic state) 
using high temperature. This is accomplished by 
introducing a liquid sample via a nebulizer into a high 
temperature acetylene flame in flame atomic absorption 
spectroscopy (FAA), or by resistively heating a dried sample 
in a small diameter graphite cylinder – graphite furnace 
atomic absorption spectroscopy (GFAA) (Figure 1). 

FAA is simple and inexpensive but has the limitation of 
transient and relatively diffuse atom density in the flame 
resulting in poor sensitivity when compared to other 
techniques. Typical detection limits are in the high ppb to ppm 
range. GFAA has the advantage of programmable temperature 
control, which allows the solvent and matrix to be separated 
from the analyte as a function of boiling point. Additionally, 
once the analyte is atomized in GFAA, it is retained within the 
small volume of the graphite tube for extended measurement. 
As a result, detection limits using GFAA are much lower than 
FAA, typically in the sub ppb range. GFAA suffers from the 
same limitation on number of analytes which can be 
measured per sample as FAA, and is much slower.

Atomic emission spectroscopy
Largely due to the limitations in number of elements which 
can be measured in a single sample, the relatively poor 
sensitivity of FAA, and the slow speed of GFAA, techniques 
which don’t require dedicated lamps for each element have 
come into use. These techniques, called atomic emission 
techniques, use the fact that once an atom of a specific 
element is excited (as in atomic absorption), it emits light in  
a characteristic pattern of wavelengths – an emission 
spectrum, as it returns to the ground state. While it is 
possible to perform atomic emission spectroscopy using a 
flame type instrument similar to a FAA instrument, the  
flame is not an ideal excitation source for atomic emission. 
Typical temperatures for an acetylene flame used in AA are 

2,000 – 3,000 K, with air/acetylene flames at the lower end  
of the temperature range and nitrous oxide/acetylene flames 
at the upper end of the temperature range. Alternative 
sources for atomic emission include the microwave plasma 
(MP) and the inductively coupled argon plasma (ICP) both of 
which represent significantly hotter sources, and therefore 
excellent atom and excitation sources for atomic emission 
spectroscopy.

Microwave plasma – atomic emission 
spectroscopy (MP-AES)
The nitrogen MP is considerably hotter than the acetylene 
flame, reaching temperatures nearing 5,000 K. At these 
temperatures, atomic emission is quite strong for most 
elements, leading to improved detection capability and linear 
dynamic range over flame AA for most elements.  
As the MP runs on nitrogen, on-going operating costs  
can be significantly reduced compared to flame AA by using a 
nitrogen generator as the nitrogen source for the plasma. 
Safety is improved compared to flame AA, as inert nitrogen is 
used rather than acetylene (a flammable gas). Using inert 
nitrogen also allows for unattended and over-night sample 
analysis, which is not recommended for FAA.  

Using a scanning monochromator and a solid state detector, 
the MP-AES eliminates the need for individual lamps and 
offers faster sample to sample analysis times compared to 
FAA, particularly as the number of elements (analytes) 
increases beyond a few elements. MP-AES is capable of 
running samples up to around 3% total dissolved solids (TDS), 
using the appropriate sample introduction configuration. 

As MP-AES is a relatively new technology, it may not be 
accepted in some regulated environments where an 
environmental lab must use a regulated method and 
technique for particular analysis. Other environments accept 
performance based validation depending on the regulated 
methodology. 

Figure 1. Schematic diagram of flame 
or graphite furnace atomic absorption 
spectrometer system
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The high temperature of the argon plasma also means  
that the ICP-OES can tolerate complex matrices containing 
total dissolved solids (TDS) up to ~25% depending on the 
specific configuration. Additionally, ICP-OES sensitivity  
falls between that of FAA, MP-AES and GFAA (low ppb to 
percent range), meaning that it is capable of measuring  
all elements that were previously determined using FAA, and 
some of the elements that, because of lower required 
reporting limits, may have required the use of GFAA.

However, ICP-OES does not equal GFAA or ICP-MS for 
ultimate sensitivity in the ppt range, and therefore most  
laboratories which use ICP-OES for primary elemental 
analysis, will still require GFAA for ultra trace analysis of 
elements such as As, Se, Cd, Pb etc, which may require very 
low detection limits. As sample numbers increase, GFAAS 
becomes the limiting factor for a laboratory's productivity, and 
this may lead busy labs to consider moving their trace element 
analysis onto another multi-element technique (ICP-MS).

Inductively coupled plasma – optical emission 
spectroscopy (ICP-OES)
The argon ICP is hotter than the nitrogen MP and is much 
hotter than the acetylene flame, reaching temperatures 
nearing 10,000 K, which allows complete atomization and 
significant ionization of the sample, thereby reducing 
molecular interferences and maximizing the available atom 
and ion emissions for detection. Similar to the MP-AES,  
the ICP-OES uses an inert gas (argon) rather than flammable 
gas (such as acetylene for FAA) allowing unattended and 
overnight sample analysis, and improving safety. As a result, 
ICP-OES, also called ICP-AES (ICP-atomic emission 
spectroscopy) has become the workhorse for elemental 
determinations in many industries including environmental 
monitoring. In addition to not requiring a lamp for each 
element, ICP-OES has numerous advantages over FAA. It is a 
true multi-element technique, capable of simultaneously, or 
near simultaneously measuring up to 78 elements at low ppb 
detection limits. 

Figure 2. Simplified schematic diagram of ICP-OES spectrometer system

Argon plasma Spectrometer Quantification
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Inductively coupled plasma – mass 
spectrometry (ICP-MS)
In the mid 1980s, the argon ICP was first coupled to a 
quadrupole mass spectrometer resulting in the first ICP-MS 
instruments. The goal was to take advantage of the argon ICP 
as a highly efficient ion source, coupled to the quadrupole 
mass spectrometer for its high sensitivity, simple spectra, and 
fast scanning capability. The result is an instrument that 
combines the rapid, simultaneous, multi-element capability of 
ICP-OES and the sensitivity of GFAA. In an ICP-MS 
instrument, the argon plasma operates as an ion source.  
The ions pass into the high vacuum region containing the 
quadrupole mass analyzer via a set of interface cones and ion 
lenses. Ions are separated by the quadrupole and transmitted 
to an electron multiplier for detection (Figure 3).   

While the argon plasma in an ICP-MS is very similar to that 
used in ICP-OES, the purpose is different. In ICP-MS, only 
ions are measured, so the plasma is optimized to ionize 
elemental atoms. The argon plasma is perfectly matched to 
this task, as the ionization potential (IP) – the energy required 
to remove the first electron from the neutral atom – of Ar is 
15.76 electron volts (eV). This is above the first IP of nearly 
every other element, but below their second IP, which means 
that most elements form singly-charged positive ions.

High ionization efficiency is achieved by maintaining a high 
temperature in the central channel of the plasma through the 
selection of a high efficiency solid state generator, wide 
internal diameter torch injector, and optimized operating 
conditions. The result is a “robust” plasma which delivers 
>95% ionization for most elements; even poorly ionized 

elements such as Be, As, Se, Cd and Hg are substantially 
ionized, so can be measured at trace (ppt) levels on the 
Agilent 7800 and 7900 ICP-MS. Operating the ICP-MS with a 
high plasma temperature also provides better decomposition 
of the matrix, leading to less matrix deposition and lower 
maintenance. Many potential interferences are also 
dissociated in the plasma, a performance characteristic that is 
usually monitored using the strongly bound molecular ion 
CeO+. A robust ICP-MS plasma would provide a CeO+/Ce+ 
ratio of around 1.5% or below.

The ions are extracted from the plasma and passed into  
the high vacuum region for separation and detection. Photons 
and neutral species are rejected using an off-axis ion lens, 
and polyatomic interferences are removed using Kinetic 
Energy Discrimination (KED) with helium cell gas in the 
collision/reaction cell. The quadrupole mass spectrometer 
separates ions based on their mass to charge ratio (m/z) and 
passes them sequentially to an electron multiplier detector 
which generates a pulse for each ion reaching it. Since the 
charge on a singly ionized element is 1, the m/z is equal to the 
mass, so ICP-MS measures the elements as a simple 
spectrum of characteristic atomic (isotopic) mass from 6Li to 
238U. Many elements have multiple isotopes with different 
masses and for these elements the ICP-MS can also provide 
isotopic ratio and abundance information.

With its wide elemental coverage (up to 70 elements can be 
measured routinely) and linear dynamic range from <1 ppt to 
1000s of ppm, ICP-MS overlaps the capabilities of both 
ICP-OES plus GFAA instruments. However, adoption of 
ICP-MS in many commercial environmental laboratories has 

Figure 3. Simplified schematic diagram of the major components of a quadrupole ICP-MS system
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The first quadrupole (Q1) is used to control the ions which 
enter the collision reaction cell. Interferences are eliminated 
by collisions or reactions in the cell, and the analyzer 
quadrupole (Q2) is used to transmit the separated analyte ions 
to the detector. A simplified schematic diagram of the 
ICP-QQQ configuration is shown in Figure 4. It should be 
noted that the term “triple quad” is used for any mass 
spectrometer configuration that uses two transmission 
quadrupole mass spectrometers in series, separated by a cell 
containing an RF only (non-selecting) multipole ion guide  
(see IUPAC definition Term 528). In the Agilent 8900 ICP-QQQ, 
the ORS cell uses an octopole ion guide. 

Why ICP-QQQ?
The 8900 ICP-QQQ has significantly higher sensitivity and 
much lower backgrounds than are typical for quadrupole 
ICP-MS systems, and offers far superior abundance sensitivity 
to separate trace peaks from major peaks (Mn in Fe, for 
example).

The ICP-QQQ configuration supports MS/MS operation, 
where both Q1 and Q2 are operated as unit mass filters.  
Q1 selects the analyte ion mass that enters the cell, rejecting 
all other masses. This ensures that the ions in the cell are 
consistent and independent of the sample composition, so 
reactive cell gas methods can be used reliably. This control of 
the reaction chemistry allows ICP-QQQ to resolve interference 
problems that cannot be addressed using conventional 
quadrupole ICP-MS. These include separating direct isobaric 
overlaps (such as 204Hg on 204Pb), doubly charged ion overlaps 

been slow due to the historical limitations of the technique: 
poor tolerance of high total dissolved solids (TDS) levels, and 
errors due to matrix-based interferences.

Continual advances in ICP-MS technology have addressed 
those early limitations, but most modern ICP-MS instruments 
are still limited to a maximum TDS level of about 0.2% (2000 
ppm), a factor of 100 lower than their OES cousins. To improve 
matrix tolerance and permit direct analysis of higher TDS 
samples, Agilent has developed unique high matrix 
introduction (HMI) aerosol dilution technology. HMI uses 
automatically calibrated argon gas addition between the 
spraychamber and ICP torch, which reduces the amount of 
aerosol reaching the plasma, eliminating the need for 
conventional liquid sample dilution. Since the dilution occurs 
in the gas phase, no potential contamination from aqueous 
diluents can occur, and plasma robustness is improved by 
reducing the solvent (water) load on the plasma. HMI is 
standard on the 7800 ICP-MS, allowing direct measurement 
of samples with a TDS content up to 3%. Ultra HMI (UHMI), 
available as an option for the 7900 ICP-MS, extends matrix 
tolerance up to 25% TDS.

ICP-QQQ
The newest technological advance in atomic spectrometry is 
the development of an ICP-MS based on a tandem mass 
spectrometer – ICP-MS/MS. The 2nd generation Agilent 
8900 Triple Quadrupole ICP-MS (ICP-QQQ) uses two 
research-grade, hyperbolic profile quadrupole mass analyzers, 
separated by an octopole reaction system (ORS) collision/
reaction cell, as used in the quadrupole ICP-MS systems. 

Figure 4. Simplified schematic diagram of triple quadrupole ICP-MS
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(for example REE2+ overlaps on As and Se), and removing very 
intense background interferences (N2 on 28Si, O2 on 32S, etc).

Agilent’s ICP-MS Advantage for Environmental 
Applications
Agilent’s quadrupole ICP-MS portfolio has been perfected 
over almost 30 years of working with and supporting the 
environmental monitoring and testing industries. 
Environmental testing is Agilent’s largest single market for 
ICP-MS and we have grown from being the newcomer to the 
dominant global player over that time. The reasons are simple; 
we understand environmental testing. We fully appreciate  
the concurrent needs for accuracy, reliability, simplicity, 
productivity and excellent support that are critical to the 
contract laboratory. The Agilent 7800 and 7900 ICP-MS and 
8900 ICP-QQQ were designed and tested with these 
requirements at the forefront.

The 7800 and 7900 ICP-MS combine the simplicity of a single 
collision cell mode (helium mode) for polyatomic interference 
removal with superior matrix tolerance which can be further 
extended with High Matrix Introduction (HMI) technology. 
HMI is standard on the 7800 and UHMI is optional on the 
7900. Octopole Reaction System (ORS) cell technology 
provides higher sensitivity and more effective interference 
removal than ever before in complex, high matrix samples, 
eliminating the need for reactive cell gases in routine analysis. 
Helium mode on the ORS is so effective that interference 
correction equations can also be eliminated. These two 
factors redefine ease of use in ICP-MS, removing two of the 
most common causes of errors in multi-element analysis of 
complex samples such as wastewaters and brackish waters, 
soils and sludges.

The Agilent 8900 ICP-QQQ adds superior sensitivity and 
detection limits, combined with control of reaction cell gas 
methods, to address unusual interferences, difficult elements 
and advanced applications such as ultra-trace analysis of 
nuclear contaminants in the environment.

To maximize sample throughput and productivity, the 7800, 
7900 and 8900 are compatible with Agilent's SPS 4 
autosampler and Integrated Sample Introduction System (ISIS 
3). The SPS 4 is a fast, high capacity autosampler designed to 
meet the needs of high-throughput laboratories and ISIS 3 
provides high-throughput discrete sampling (DS), reducing 
sample run times to <90 s, without compromising 
interference removal. 

In addition, Agilent ICP-MS and ICP-QQQ systems link 
seamlessly with Agilent HPLC and GC systems with field 
proven interfaces, integrated software control, documentation, 
and application kits. Other hyphenated techniques including 
CE, IC, and FFF are also easily configured. 

Nanoparticle Analysis
Nanoparticles are microscopic particles, either naturally 
occurring or engineered, of any shape with dimensions in the 
10-9 m to 10-7 m range (IUPAC). Because of the novel physical 
and chemical characteristics of these materials, much remains 
unknown of their environmental fate and toxicological 
properties. As a result, there is growing need for a rapid, 
accurate, sensitive technique for characterizing and quantifying 
nanoparticles in a wide range of sample types. ICP-MS has 
demonstrated the ability to meet these requirements through 
the recent implementation of some application specific 
enhancements to both hardware and software. 
The requirements for analyzing nanoparticles vary with the 
type of nanoparticles, the sample matrix and the type of 
information that is needed. No single method is applicable to 
all nanoparticle applications. Agilent has a flexible portfolio of 
solutions ranging from support of FFF-ICP-MS for bulk 
characterization of samples containing multiple sizes and types 
of nanoparticles, to high speed single particle mode (spICP-
MS) capable of determining the size, mass and composition of 
a single nanoparticle in solution. 
For accurate measurement of small (sub-50 nm) nanoparticles 
composed of more difficult elements, such as Si or Ti, the 
Agilent 8900 ICP-QQQ offers a unique combination of high 
sensitivity, low background, effective removal of interferences, 
and high-speed time resolved analysis (TRA) measurement for 
spICP-MS.

Dedicated Software and Short Dwell Times
Agilent's Single Nanoparticle Application Module for ICP-MS 
MassHunter software simplifies single particle-ICP-MS 
analysis using the 7900 ICP-MS or 8900 ICP-QQQ. Both 
instruments are capable of using short dwell times (0.1 ms) and 
fast TRA mode, permitting single element acquisition at a 
sampling rate as fast as 100 μs with no settling time. The 
capability to make multiple measurements during the signal 
pulse from a single particle significantly reduces the risk of 
overlapping signals from adjacent particles. Another advantage 
is the option to use a lower sample dilution and shorter sample 
acquisition time.
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Agilent’s Atomic Spectroscopy Portfolio
Lead together
Agilent leads the way in atomic spectroscopy innovation. 
Our comprehensive and trusted portfolio offers you  
the most diverse application coverage for AA, ICP-OES  
and ICP-MS, while our unique MP-AES and ICP-QQQ 
technologies offer new possibilities for your lab.

Agilent’s AA range includes the world’s fastest flame AA and  
the world’s most sensitive furnace AA. 
• Superior flame, graphite furnace, and vapor generation –  

or a combination of techniques – let you exactly match your 
analytical needs and your budget.

• Using Fast Sequential option to measure multiple elements 
in the sample can double productivity and lower the cost per 
analysis.

• The Zeeman GFAA provides unmatched background correction 
and performance.

The Agilent 4210 is the next generation of MP-AES  
technology – designed to handle a wide range of sample types 
and applications.
• Enhanced productivity – with safe, reliable, unattended multi-

element analysis, the sample throughput of MP-AES is more 
than twice that of conventional FAAS systems.

• High-performance – the magnetically-excited microwave 
plasma source provides improved sensitivity, linear dynamic 
range, and detection limits when compared to FAAS.

• MP-AES eliminates the need for costly consumables such as 
hollow cathode lamps and deuterium lamps for background 
correction, while avoiding burner blockage.

• The cost of ownership associated with MP-AES is low by 
eliminating the need for on-going supply of flammable or 
expensive gases such as acetylene, nitrous oxide and argon.

• A range of accessories such as a humidifier, the optional 
Advanced Valve System (AVS 4) four port switching valve, and 
IsoMist programmable temperature controlled spray chamber, 
extend the instrument’s capabilities, delivering accurate 
analysis of even your toughest samples.

• An optional Automation Software Pack can assist with remote 
operation of the MP-AES when it is located near to the sample, 
away from your lab. 

Agilent 4210 MP-AESAgilent 200 Series AA Spectrometer
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Agilent’s 5110 Synchronous Vertical Dual View (SVDV) ICP-OES  
is the world’s most productive high performance simultaneous 
ICP-OES with the lowest operating costs.
• Maximize productivity and reduce argon gas consumption 

by running axial and radial view analysis at the same time 
for all wavelengths, with unique Dichroic Spectral Combiner 
technology.

• Extended dynamic range and reduced interferences – easily 
Ionized Elements are automatically measured radially while 
other elements are measured axially, allowing % level and  
ppb level elements to be determined at the same time, in the 
same reading.

• A robust vertically orientated plasma ensures reliable and 
reproducible results, robustness and excellent long term 
stability – even with the most complex matrices such as 
sludge and trade waste samples.

• A series of pre-set method templates and hardware 
developments such as plug-and-play torch ensure reliable 
and reproducible instrument set-up and simplified method 
development by all users.

• See all elements in your sample at a glance with an 
IntelliQuant mode that simplifies method development and 
enables rapid sample screening.

• Reduce sample uptake, stabilization times, and rinse delays 
using the optional Advanced Valve System (AVS) that features 
controlled bubble injection to achieve highest analytical 
precision.

• Achieve a sample-to-sample cycle time of < 1 minute with  
a SPS 4 autosampler and AVS switching valve. 

Agilent’s 7800 ICP-MS simplifies method development, improves 
accuracy for environmental sample analysis and includes 
Standard Operating Protocols for common applications.
• ICP-MS MassHunter software includes Pre-Set Methods  

that can be simply loaded and run with predefined settings, 
from plasma conditions to analyte integration time and internal 
standards. For new methods, the Method Wizard builds the 
method based on sample type and application. 

• Reduce sample preparation – HMI technology, standard on  
the 7800 ICP-MS, lets you analyze samples containing up to 
3% TDS without dilution, reducing sample preparation and 
saving time.  

• Minimize signal suppression – HMI reduces signal 
suppression, so high matrix samples can be measured 
accurately without requiring matrix matched calibration 
standards. 

• Ensure accurate data with effective interference removal – 
Helium (He) collision mode simplifies method development and 
routine operation by removing polyatomic ion interferences 
under a single consistent set of conditions. He mode avoids 
the need for matrix or analyte-specific reaction cell conditions.  

• Analyze major and trace analytes in a single run – the wide 
dynamic range orthogonal detector system (ODS)  enables 
direct analysis of major elements (100s or 1000s of ppm) and 
trace level analytes (single or sub-ppt) in a single run. The high 
upper concentration limit reduces sample reruns caused by 
over range results.  

• Maximize throughput and productivity – the optional 
Integrated Sample Introduction System (ISIS 3) and the 
SPS 4 Autosampler lower your cost per analysis without 
compromising data quality

Agilent 7800 ICP-MSAgilent 5110 ICP-OES
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Agilent’s 7900 ICP-MS offers unmatched matrix tolerance and 
interference removal, with significantly improved ease-of-use  
and productivity.
• ORS4, the fourth generation collision cell design with helium 

collision mode effectively removes polyatomic interferences, 
ensuring more accurate results in unknown or complex sample 
matrices.

• With significantly improved sensitivity and lower background, 
He mode can be applied to a wider range of elements including 
ppt level analytes such as Cd and Hg.

• Simplified operation with extensive autotuning and a Method 
Wizard that automates the method setup process, ensuring 
that all users can create optimized and reliable methods.

• For high matrix sample analysis such as seawater and saline 
ground water, the Ultra High Matrix Introduction (UHMI)  
option extends the matrix tolerance to 25% total dissolved 
solids (TDS), a level more than 100 times higher than the 
accepted maximum salt limit for conventional ICP-MS of 0.2 % 
or 2,000 ppm.

• For high-throughput laboratories, the optional Integrated 
Sample Introduction System (ISIS 3) uses discrete sampling to 
reduce sample run times to approximately 1 minute or less.

Agilent 7900 ICP-MS

The 2nd generation 8900 ICP-QQQ offers a range of configurations 
to cover applications from routine contract analysis to advanced 
research and high performance materials analysis. ICP-QQQ 
provides MS/MS mode for unprecedented control of reaction 
chemistry when using reactive cell gases.
• Unparalleled accuracy – in MS/MS mode, the first quadrupole 

(Q1) prevents all off-mass ions from entering the cell, allowing 
more controlled and efficient interference removal in reaction 
mode. The result is more accurate and reliable data – 
regardless of sample type.

• Incomparable performance – the 8900 also sets new 
performance benchmarks in no gas mode and collision mode, 
with outstanding signal to noise compared to ICP-QMS.  
And MS/MS gives the 8900 the highest abundance sensitivity 
ever seen in ICP-MS: <10-10, further improving data integrity in 
high matrix samples.

• Exceptional robustness – UHMI increases matrix tolerance 
up to 25% total dissolved solids (TDS). UHMI is standard on 
the 8900 Standard and Advanced Applications configurations, 
ensuring high matrix samples can be measured routinely, and 
eliminating matrix suppression.

• Total flexibility – although it is designed to meet the demands 
of high throughput routine laboratories, the 8900 also offers 
complete flexibility in operation, making it a perfect research 
tool. An array of advanced MS/MS acquisition modes is 
available, enabling the study of ion molecule reactions, 
polyatomic ion formation and much more.

Agilent 8900 Triple Quadrupole ICP-MS
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The SPS 4 is a next-generation, high-performance autosampler  
for atomic spectroscopy applications. Designed to meet the  
needs of high-throughput laboratories requiring a fast, high-
capacity reliable autosampler, it is also small, quiet, easy-to-use 
and affordable.
• Suitable for ultra-trace analysis by ICP-MS  and ICP-QQQ  

while being rugged and robust enough for FAAS, MP-AES, and 
ICP-OES users. 

• Heavy-duty, powder-coated aluminum frame for light weight, 
maximum rigidity and corrosion resistance.

• User programmable high-speed probe arm assembly and 
optimized movement for fastest sample-to-sample speed.

• USB plug-and-play connectivity allows fast and easy setup.
• Integrated environmental enclosure option protects your 

samples and your laboratory environment.
• Dual-wash reservoir option eliminates potential carryover.
• Three-channel peristaltic pump for ultimate flow-through rinse 

flexibility.
• Multiple probe size option for a diverse range of applications
• Four sample rack capacity supports up to 360 samples, 

permitting long unattended runs in high-throughput labs.
• Eight 96-well microtiter plate capacity, with optional well plate 

kit, supports up to 768 samples (for ICP-MS only).

Literature Overview
This compendium includes relevant application notes  
for common environmental applications that discuss 
specific performance related features, advantages and 
benefits of Agilent ICP-MS, ICP-OES and MP-AES 
instruments for use in the environmental monitoring 
industry. The goal is to help the environmental laboratory 
manager make the correct purchasing decisions when 
considering new atomic spectroscopy instrumentation and 
help the laboratory staff get the most efficient performance 
from the installed instrumentation. More information  
and additional application notes are available online at 
www.agilent.com.

Agilent SPS 4 Autosampler
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Introduction

Ensuring the quality of drinking water is a primary goal for public health 
bodies around the world. Most developed countries have enacted 
regulations and monitoring programs to ensure that the supply of drinking 
water is free from potentially harmful chemicals and organisms. The 
regulations typically include maximum allowable concentrations for a 
range of inorganic components. Trace metals are routinely monitored in 
both the treated water supplied to households, and the source water used 
for drinking water abstraction (from rivers, reservoirs, lakes, underground 
aquifers; and, in some regions, seawater used for desalination). With the 
large number of analytes that must be measured, the low concentrations 
at which many are regulated, and the extremely large sample numbers 
involved in national or regional water quality monitoring programs, the fast 
multielement technique of Inductively Coupled Plasma Mass Spectrometry 
(ICP-MS) is widely used for this application.

Agilent 7900 ICP-MS simplifies drinking 
water analysis

Application note

Authors

Tetsushi Sakai  
Agilent Technologies, Japan  
Ed McCurdy 

Agilent Technologies, UK

Environmental
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The analytes and concentration levels at which the 
different elements are regulated in drinking water 
vary from country to country. Most regulations require 
that potentially toxic trace elements such as As, Cd, 
Hg, and Pb are controlled at low µg/L (ppb) levels, 
while less harmful elements such as B, Fe, Cu, and Zn 
are controlled at 100s or even 1,000s of µg/L. Some 
major elements including Na and K are not subject 
to maximum allowable concentration limits, but may 
be routinely monitored in some regions. The World 
Health Organization (WHO) has published Guidelines 
for Drinking Water Quality (1996, 1998), which contain 
recommendations that have been adopted by many 
developed countries. In the US, drinking water quality is 
regulated by the United States Environmental Protection 
Agency (USEPA), as mandated under the Safe Drinking 
Water Act (SDWA) of 1974. In the European Union, 
drinking water quality is regulated by Council Directive 
98/83/EC from 3 November 1998, and natural (source) 
water quality is controlled under the Water Framework 
Directive (2000/60/EC and amendments in 2008/32/
EC). Drinking water in Japan is regulated under the 
Japan Water Supply Act, dating from 1957, and in 
China, the maximum allowable limits are defined in the 
Standards for Drinking Water Quality GB5749-2006.
Table 1 shows a summary of the drinking water analyte 
lists and maximum allowable concentrations for 
different regulations that apply worldwide or in specific 
countries or regions.
Typically, laboratories performing routine monitoring 
of drinking water quality have installed a range of 
analytical techniques to cover the full suite of elements 
and concentrations measured. Often this includes 
a combination of ICP-OES for rapid multi-element 
analysis in the ppm to ppb range, Graphite Furnace 
Atomic Absorption Spectrometry (GFAAS) for the lower 
concentration trace elements (ppb to high ppt levels), 
and Hydride Generation, Cold Vapor (CV) AAS or Atomic 
Fluorescence (AFS) for specific elements such as As, Se 
and Hg in the ppb to ppt range. However, the increasing 
demand for water quality testing and the introduction 
of more rigorous standards has meant that commercial 
and government testing laboratories have focused on 
improving detection limits, sample turnaround times and 
overall throughput. This has led to wider acceptance 
of ICP-MS for routine drinking water monitoring, with 
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the full suite of elements being determined in one 
measurement, rather than utilizing several separate 
techniques. This consolidation of instrumentation 
reduces reliance on single-element techniques and so 
allows drinking water laboratories to streamline their 
inorganic analysis workflow, greatly improving both the 
efficiency and cost-effectiveness of the analysis.
ICP-MS has long been valued for its low detection 
limits and wide elemental coverage. More recent 
developments have greatly extended the upper limit of 
the dynamic range (allowing routine measurement of 
major elements such as Na, K and Ca) and improved 
sample throughput, as well as addressing the issues 
of polyatomic interferences derived from components 
of the sample matrix and solution. The combination 
of these developments means that modern ICP-MS 
systems can operate as routine analytical tools for 
accurate, high throughput determination of all regulated 
elements in large scale drinking water monitoring 
programs.
The Agilent 7900 ICP-MS is the performance benchmark 
for routine environmental sample analysis, with 
superior matrix tolerance and advanced collision/
reaction cell (CRC) technology to remove the 
polyatomic interferences that can affect some of the 
regulated trace elements, such as Cr, As, Se, and Cd, in 
drinking water. Agilent ICP-MS MassHunter software 
functionality provides simple autotuning functions, and 
a Method Wizard automates the method setup process, 
ensuring that any user can create optimized and 
reliable methods. For high-throughput laboratories, the 
optional Integrated Sample Introduction System (ISIS 3) 
uses discrete sampling to reduce sample run times to 
approximately 1 minute or less.
The 7900 ICP-MS includes a 4th generation CRC, the 
Octopole Reaction System (ORS4), which provides 
optimized operating conditions for helium (He) collision 
mode. The small cell volume and octopole ion guide 
deliver superior interference removal using kinetic 
energy discrimination (KED), while maintaining high ion 
transmission when using an inert cell gas.
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He mode is simple and universal, and is accepted as 
the preferred method for removing multiple, unknown 
polyatomic interferences in high or variable sample 
matrices. The ORS4 in He mode enables the 7900 ICP-
MS to remove all common polyatomic interferences 
under a single set of conditions, without requiring 
sample-specific user setup, and without the need for 
any mathematical interference corrections. The result 
is easier set-up, lower detection limits, faster analysis, 
and improved accuracy. Even elements such as Fe and 
Se, which are affected by higher intensity plasma-based 
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interferences (ArO+ on Fe+ at m/z 56 and Ar2
+ on Se+ 

at m/z 78) can now be determined at low levels in He 
mode, with detection limits in the ng/L (ppt) range.
For high matrix sample analysis such as seawater and 
saline ground water, the 7900 ICP-MS can also be fitted 
with the Ultra High Matrix Introduction (UHMI) option 
to extend the matrix tolerance to 25 % total dissolved 
solids (TDS), a level more than 100 times higher than 
the accepted maximum salt limit for conventional ICP-MS 
of 0.2 % or 2,000 ppm [1]. 

Analyte

Typical Agilent 
7900  ICP-MS 
Isotope

WHO  
Guidelines for  
drinking water  
quality (µg/L)

USEPA SDWA  
Maximum  
Contaminant  
Level (MCL)  
(µg/L)

EC Drinking  
Water  
Directive  
98/83/EC  
(µg/L)

Japan  
drinking water  
quality  
standards  
(µg/L)

China  
standards for  
drinking water  
GB 5749-2006  
(µg/L)

Agilent  
7900 ICP-MS  
MDL†  
(µg/L)

Aluminum (Al) 27 - 50 - 200* 200* 200 200 0.007
Antimony (Sb) 121 20 6 5 15* 5* 0.004
Arsenic (As) 75 10** 10 10 10 10 0.008
Barium (Ba) 137 700 2,000 - - 700* 0.007
Beryllium (Be) 9 - 4 - - 2* 0.005
Boron (B) 10 500** - 1,000 1,000 500* 0.005
Cadmium (Cd) 111 3 5 5 10 5 0.003
Chromium (Cr) 52 50** 100 50 50 as Cr (VI) 50 as Cr (VI) 0.004
Copper (Cu) 63 2,000 1,000* 2,000 1,000 1,000 0.005
Iron (Fe) 56 - 300* 200* 300 300 0.004
Lead (Pb) 208†† 10 15 10 10 10 0.002
Manganese (Mn) 55 400 50* 50* 50 100 0.009
Mercury (Hg) 202 6 2 1 0.5 1 0.001
Molybdenum (Mo) 95 70 - - 70** 70* 0.006
Nickel (Ni) 60 70 - 20 10* 20* 0.010
Selenium (Se) 78 10 50 10 10 10 0.015
Silver (Ag) 107 - 100* - - 50* 0.002
Sodium (Na) 23 - - 200 mg/L* 200 mg/L 200 mg/L* 0.047
Thallium (Tl) 205 - 2 - - 0.1* 0.002
Uranium (U) 238 15** 30 - 2* - 0.002

Zinc (Zn) 66 - 5,000* - 1,000 1,000 0.011

Table 1. Worldwide drinking water regulated analytes and maximum allowable concentrations, with 3.14 sigma method detection limits (MDLs†) for the Agilent 
7900 ICP-MS.  All data are shown in µg/L (ppb) for ease of comparison. 

* Secondary standard, indicative parameter or limited testing requirement

**Provisional guideline value
†MDL calculated according to USEPA Method 200.8
††Pb data is based on the sum of the 208, 207 and 206 isotopes
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Experimental
The Agilent 7900 ICP-MS was used for the analysis 
of a range of analytes including all those elements 
listed in worldwide drinking water quality regulations. 
The General Purpose plasma mode was used, derived 
from the preset method for drinking water analysis 
which is included in the ICP-MS MassHunter software. 
Conditioning of the cones was performed by running 
a series of solutions comparable to the sample type 
of interest, after which the instrument was optimized 
using the autotune function of the ICP-MS MassHunter 
software, giving the operating conditions shown in 
Table 2. No gas mode and He modes are autotuned 
independently, but very few of the instrument 
parameters change their values, apart from the cell gas 
flow and cell voltages. The cell gas flow and energy 
discrimination values are defined in the Preset Method, 
so no further tuning was required. Table 2 illustrates 
the consistency of the tuning conditions for different 
cell modes, which contributes to the ease of use of 

the 7900 ICP-MS. This is an important consideration in 
routine laboratories where each analytical technique 
may be used by several operators with different levels 
of experience.

The calibration standards were prepared in an acid 
matrix of 1 % HNO3 and 0.5 % HCl to ensure the stability 
of the elements Ag, Sb, and Hg. Historically, HCl has 
been avoided in the preparation of samples for ICP-MS, 
due to the formation of Cl based interferences on As, 
Se, Cr and V. However, the ORS4 in He mode is able 
to remove these interferences to background levels, 
allowing all interfered elements to be measured reliably 
in a single cell gas mode, and eliminating the need for 
hydrogen or other reactive gases. Typically, uninterfered 
low-mass elements are measured in no gas mode, 
but the superior sensitivity of the 7900 ICP-MS allows 
even these analytes to be measured in He mode if a 
single mode analysis is required to maximize sample 
throughput.

 No gas mode He mode High energy He 
mode

Plasma mode General Purpose
Extract 2 (V) -150
Omega bias (V) -80
Omega lens (V) 8.8
Deflect lens (V) 13.4 0 -74.6
Energy discrimination (V) 5 7
Cell gas flow rate (mL/min) 0.0 4.3 10

 
Note: Other operating parameters were predefined in the Preset Method or set by autotune.

Table 2. Agilent 7900 ICP-MS autotuned operating conditions for drinking water analysis.
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Results and discussion

Representative calibration curves for several trace 
elements are shown in Figure 1 and Figure 2. Figure 1 
shows the calibrations for V and As, both of which are 
subject to polyatomic overlap in chloride matrices (ClO+ 
on V+ at m/z 51, and ArCl+ on As+ at m/z 75). The low 
ng/L (ppt) instrument detection limits (IDLs) for V and 
As displayed in the calibrations in Figure 1 demonstrate 
the efficient removal of the Cl-based interferences in 
He mode on the 7900 ICP-MS. These interferences 
are difficult to remove by other cell modes, typically 
requiring highly reactive cell gases such as NH3 or O2, 
which are not suitable for multi-element analysis. 

Figure 2 shows the calibrations for the trace elements 
Cd and Hg, which are controlled at the lowest maximum 
allowable concentrations in most drinking water 
regulations. These elements are often measured in no 
gas mode to maximize sensitivity, but both can suffer 
from polyatomic overlaps in some natural matrices (from 
MoO+ on Cd+ at m/z 111 and WO+ on Hg+ at m/z 202), so 
it is beneficial to measure them in He mode if sensitivity 
can be maintained. The 7900 ICP-MS uses a redesigned 
interface vacuum configuration, new ion lens, and 
high gain orthogonal detector system (ODS) to deliver 
increased sensitivity and lower backgrounds, allowing 
low detection limits to be achieved in combination 
with He mode. The single-ppt or sub-ppt IDLs for both 
elements (shown in Figure 2) demonstrate the excellent 
sensitivity and low background achieved for these trace 
analytes in He mode on the 7900 ICP-MS.

Figure 1.  Calibration curves for V and As in He mode, showing reduction of Cl interferences for drinking water method.  All standards contain 1 % HNO3  
and 0.5 % HCl.
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Typical 7900 ICP-MS method detection limits (MDLs) in 
µg/L (ppb) for all regulated elements in drinking water 
are shown in Table 1. These MDLs were not generated 
under highly optimized conditions, but using the default 
robust plasma conditions obtained by the Autotune 
routine (CeO+/Ce+ ~1 %), as used for routine sample 
analysis. MDLs were calculated from the 3.14 sigma 
method (3.14 times the standard deviation of seven 
separate measurements of a water blank fortified at a 
level of 3 – 5 times the estimated MDL), in accordance with 
USEPA Method 200.8 requirements.

Drinking water may be considered a low-matrix sample 
type, but some bottled mineral waters contain several 
100s or even 1,000s of mg/L (ppm) TDS. In this work, 
we used two mineral waters with more typical TDS 
levels of approximately 350 ppm (MW1) and 100 ppm (MW2).  
These samples were measured repeatedly both with and 
without a spike, interspersed with Certified Reference 
Material NIST 1643e Trace Elements in Water, and QC 
samples (CCV and CCB). The sequence consisting of 
mineral waters, NIST 1643e reference water and QC 
samples was analyzed continuously for more than 12 hours.
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BEC = 0.0004284 µg/L
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Figure 2. Calibration curves for low level elements Cd and Hg with drinking water method, illustrating single- or sub-ppt instrumental DLs in He mode and 
excellent precision and linearity at low concentrations.  
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Continuing Calibration Verification (CCV) recoveries for 
all the regulated analytes measured periodically during 
the entire sequence are plotted in Figure 3. All CCV 
recoveries were within the ± 10 % limits defined in EPA 
method 200.8.

Figure 3. CCV recoveries (20 µg/L except Hg: 0.5 µg/L) for the 12 hour sequence.  The red lines show the ± 10 % control limits.
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Sample name

7  Li  [ No Gas ] 
9  Be  [ No Gas ] 
11  B  [ No Gas ] 
51  V  [ He ] 
52  Cr  [ He ] 
55  Mn  [ He ] 
56  Fe  [ HEHe ] 
59  Co  [ He ] 
60  Ni  [ He ] 
63  Cu  [ He ] 
66  Zn  [ He ] 
75  As  [ He ] 
78  Se  [ HEHe ] 
88  Sr  [ He ] 
95  Mo  [ He ] 
107  Ag  [ He ] 
111  Cd  [ He ] 
121  Sb  [ He ] 
137  Ba  [ He ] 

CCV-01

CCV-02

CCV-03

CCV-04

CCV-05

CCV-06

CCV-07

CCV-08

CCV-09
CCV-10

CCV-11
CCV-12

CCV-13
CCV-14

CCV-15
CCV-16

CCV-17
CCV-18

202  Hg  [ He ] 
205  Tl  [ He ] 
208  Pb  [ He ] 
232  Th  [ He ] 
238  U  [ He ] 

Table 3 lists the analyte and method information, 
recoveries and relative standard deviations (% RSD) 
for the 40 separate measurements of NIST 1643e, 
which were included in the sequence. The data in 
Table 3 includes several additional elements that have 
certified values in NIST 1643e and are often monitored 
in drinking water, even though they are not included 
in drinking water regulations. The recoveries for all 
elements were within ± 10 % of the certified values, and 
most elements were within ± 5 %.  For most elements, 
the stability was better than 2 % RSD throughout the 
12 hour sequence, demonstrating the suitability of the 
7900 ICP-MS for routine measurement of large batches of 
drinking water samples.



AGILENT TECHNOLOGIES 

Atomic Spectroscopy Solutions 
for Environmental Applications

8

Table 3. Analytes, masses, cell modes, internal standards (ISTD), quantitative results, and recoveries for NIST 1643e, measured 40 times throughout the 12 hour 
sequence.

Element Mass Cell mode ISTD
Measured conc. 

(µg/L, n=40) RSD (%)
Certified conc. 

(µg/L) ± (µg/L)
Recovery  

(%)

Li 7 No gas Li6 17.01 3.2 17.4 1.7 97.8
Be 9 No gas Li6 12.98 6.0 13.98 0.17 92.9
B 11 No gas Li6 142.6 5.4 157.9 3.9 90.3
Na 23 No gas Sc 19767 3.6 20740 260 95.3
Mg 24 No gas Sc 7935 3.5 8037 98 98.7
Al 27 No gas Sc 142.3 3.5 141.8 8.6 100.3
K 39 He Sc 2004 0.5 2034 29 98.6
Ca 44 He Sc 31859 0.5 32300 1100 98.6
V 51 He Ge 37.51 1.0 37.86 0.59 99.1
Cr 52 He Ge 20.09 1.5 20.4 0.24 98.5
Mn 55 He Ge 37.86 0.8 38.97 0.45 97.2
Fe 56 HE He Ge 95.58 0.9 98.1 1.4 97.4
Co 59 He Rh 26.27 0.6 27.06 0.32 97.1
Ni 60 He Rh 59.62 0.8 62.41 0.69 95.5
Cu 63 He Rh 21.26 0.8 22.76 0.31 93.4
Zn 66 He Rh 73.18 0.7 78.5 2.2 93.2
As 75 He Ge 58.06 0.9 60.45 0.72 96.1
Se 78 HE He Ge 11.22 2.0 11.97 0.14 93.7
Sr 88 He Rh 326.1 1.7 323.1 3.6 100.9
Mo 95 He Rh 122.3 0.6 121.4 1.3 100.7
Ag 107 He Rh 0.99 1.2 1.062 0.075 92.9
Cd 111 He Rh 6.22 0.9 6.568 0.073 94.8
Sb 121 He Tb 57.10 0.7 58.3 0.61 97.9
Ba 137 He Tb 514.4 1.0 544.2 5.8 94.5
Tl 205 He Ir 7.48 1.2 7.445 0.096 100.5
Pb 208 He Ir 19.09 0.9 19.63 0.21 97.2
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Conclusions
The Agilent 7900 ICP-MS is capable of measuring all 
required elements in drinking waters, easily meeting 
the detection limit and recovery requirements defined 
in worldwide drinking water quality regulations. The 
significantly improved sensitivity and lower background 
of the 7900 ICP-MS means that He mode can be 
applied to a wider range of elements including ppt 
level analytes such as Cd and Hg, which can therefore 
benefit from simple and reliable interference removal 
in routine analysis. Using He mode eliminates the need 
for reactive cell gases and interference equations, both 
of which make method development more complex, 
and can lead to inaccurate data when unexpected 
matrix elements are present. The 7900 ICP-MS with He 
mode provides absolute confidence in data quality with 
significantly improved ease-of-use and productivity.
The 7900 ICP-MS has the largest operating dynamic 
range of any quadrupole ICP-MS at more than 10 orders 
of magnitude, while the optional UHMI system enables 
the same instrument to be used for very high matrix 
samples containing up to 25 % total dissolved solids. 
Furthermore, the cell gas modes and instrument method 
settings used for drinking water analysis can also 
be applied to more complex environmental samples 
such as soils and sludges, eliminating the need for 
the sample specific optimizations which are required 
on instruments that must use reactive cell gases for 
adequate control of interferences.

Reference
1. Wim Proper, Ed McCurdy and Junichi Takahashi, 

Performance of the Agilent 7900 ICP-MS with UHMI 
for high salt matrix analysis, Agilent publication 
2014, 5991-4257EN.
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Introduction

Since the first generation of commercial ICP-MS appeared on the market 
in the 1980’s, the technique has been adopted for trace elemental analysis 
across a wide range of industries and applications. The measurement of 
high matrix samples typical of environmental, clinical, food, nuclear and 
geological applications, however, remains challenging. When high total 
dissolved solids (TDS) samples are analyzed directly by ICP-MS, matrix 
may deposit on the sampling and skimmer cone orifices, leading to a 
downward drift of the signal. The analyte signal may also be significantly 
suppressed (or, less commonly, enhanced) by matrix components when 
analyzing these sample types [1]. High matrix environmental samples of 
interest include marine organisms, sediments, groundwater, open ocean 
and coastal seawater [2]. Enclosed lakes and lagoons with salt levels far in 
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excess of oceanic seawater are also of interest; known 
as hypersaline lakes, these bodies of water include Don 
Juan Pond and Lake Vanda in Antarctica, Lake Assal in 
Djibouti, Garabogazköl in Turkmenistan, the Dead Sea 
between Israel and Jordan, and Mono Lake and the 
Great Salt Lake in the USA. In such waters, the level 
of salinity may be many times that of seawater (up to 
twelve times higher, at > 40% salinity in the case of Don 
Juan Pond).
When high matrix samples are measured using ICP-MS, 
the matrix elements can affect analyte signals in several 
distinct ways. Probably the most widely recognized is 
the gradual downward drift that typically occurs due to 
the build-up of matrix deposits on the ICP-MS interface 
components (sampling cone and skimmer cone) when 
high matrix samples are measured over an extended 
period. This signal drift is the primary reason for the 
0.2% (2000 ppm or 2 g/L) total dissolved solids (TDS) 
limit which is widely accepted as the maximum that can 
be tolerated for direct measurement by conventional 
ICP-MS instruments. 0.2% TDS is also the limit defined 
in many standard methods for ICP-MS, such as EN-ISO 
17294-2 (Water Quality), US-EPA 6020B (Water and 
Wastes), and EN 13805 (Trace Elements in Food). Signal 
drift varies by matrix, with refractory element matrices 
often causing a greater build-up of matrix deposits, and 
the drift may also affect different analytes differently, 
most commonly with a greater signal loss for lower 
mass elements.
Another important factor to consider when measuring 
high dissolved solids samples is the impact of the 
matrix on physical parameters such as sample viscosity, 
uptake rate, nebulization, droplet formation and 
evaporation rates, all of which can affect the quantity 
and quality of the aerosol produced and therefore 
the signal.

2

Analyte signals may also be affected by ionization 
suppression, where the presence of a high 
concentration of easily ionized (low first ionization 
potential (IP)) atoms in the plasma causes an excess 
of free electrons, which inhibits the ionization of other 
elements, particularly poorly ionized analytes such 
as the commonly measured trace elements As, Se, 
Cd and Hg. As well as ionization suppression, a high 
concentration of a matrix element in the extracted 
ion beam may also defocus the other ions, causing 
significant signal loss due to space charge effects [3]. 
Finally, major elements such as Na, Ca, Cl and S can 
give rise to polyatomic ions in the mass spectrum, 
which inhibit the determination of trace-levels of Ti, 
V, Cr, Ni, Cu, Zn, As and other elements. As a result, 
ICP-OES is often used for the analysis of high salt 
water samples [4, 5], leading to higher minimum 
reporting limits than ICP-MS. An alternative approach 
to avoiding spectral interferences is to use a matrix 
removal technique such as on-line chelation [6 – 8], 
solid phase extraction [9] or co-precipitation [10, 11]. 
These techniques can be applied to the routine analysis 
of certain elements, but they are time-consuming and 
require a skilled operator. Moreover, due to their similar 
chemical properties, some elements such as Br, Rb, I 
and Cs may be removed along with the matrix elements.
It is now possible to dramatically reduce spectral 
interferences that are formed due to the major 
components of seawater and other high salt samples by 
using an ICP-MS equipped with collision/reaction cell 
(CRC) technology such as the Agilent Octopole Reaction 
System (ORS). Agilent has also developed the High 
Matrix Introduction (HMI) system specifically for the 
direct introduction of high matrix samples into an ICP-
MS. HMI utilizes a conventional peristaltic pump and 
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nebulizer combined with very robust plasma conditions 
that use a longer sampling depth and reduced carrier 
gas flow rate. A second argon gas flow (the dilution 
gas) is added between the spray chamber and torch 
(i.e., after the spray chamber exit), so the dilution 
gas flow dilutes the sample aerosol as it passes to 
the torch. While the peristaltic pump uptakes sample 
solution at a normal uptake rate of ~0.4 mL/ min, the 
nebulizer gas flow is reduced to less than 1 L/ min. In 
accordance with the reduced gas flow rate, the volume 
of the sample aerosol created at the nebulizer also 
decreases. As a result, reduction of the amount of 
sample that reaches the plasma is achieved without any 
addition of reagent or diluent solutions, and without any 
manual handling of the sample itself. 
The direct analysis of seawater is now done routinely by 
Agilent ICP-MS equipped with HMI and ORS. However, 
there is an analytical need for trace metal analysis of 
higher matrix samples such as hypersaline lake water 
and saturated salt water (25% NaCl) that is used for 
dialysis, fish transportation and during the development 
of oil fields. 
This application note describes how a new instrument, 
the Agilent 7900 ICP-MS, fitted with a new Ultra High 
Matrix Introduction (UHMI) option, allows samples 
with very high matrix levels up to 25% TDS to be run 
routinely. This level of salt matrix was not previously 
considered suitable for analysis by ICP-MS so the use 
of UHMI to extend the matrix tolerance of ICP-MS 
to percent levels of TDS overcomes a long-standing 
limitation of the ICP-MS technique.

3

Experimental
Reagents and instrumentation
Salt matrix solutions of various dissolved solids levels 
(up to 25% w/w NaCl) were prepared by dissolving 
reagent grade NaCl (Merck EMSURE, Darmstadt, 
Germany), in deionized water stabilized with the 
addition of 0.5% HNO3 and 0.6% HCl. Calibration 
standards were prepared from custom mix and single 
element stock solutions purchased from Inorganic 
Ventures, Christiansburg, USA, and spike mixes were 
prepared from mixed QC stock solutions from CPI 
International, Amsterdam, NL, and a single element Hg 
standard from Merck, Darmstadt, Germany. A mixed 
internal standard (ISTD) solution was also prepared 
from single element stocks from the same suppliers, 
and added on-line using the standard ISTD mixing tee-
connector.

An Agilent 7900 ICP-MS equipped with standard 
nickel sampling and skimmer cones, a standard glass 
nebulizer, quartz spray chamber chilled at 2 °C and 
quartz torch with 2.5 mm injector was used. The 7900 
ICP-MS features a new Ultra High Matrix Introduction 
(UHMI) option, which extends the aerosol dilution range 
up to a factor of 100, allowing TDS levels of up to 25% 
to be run. UHMI dilution was performed automatically 
using the dilution factor set by the user, and calibrated 
by the plasma correction software algorithm to ensure 
consistent operating conditions. For the salt matrix 
samples in this work UHMI-100 (~100x dilution) was 
used. As normal for high salt matrices, the Agilent 
argon humidifier accessory (G8412A) was used. 
The 7900 ICP-MS also features a fourth generation 
collision / reaction cell, the ORS4, which includes a 
standard He mode cell gas line. The optional H2 cell 
gas line was used for improved interference removal on 
certain elements with intense plasma-based polyatomic 
overlaps, notably Ca (m/z 40) Fe (56) and Se (78). An 
Agilent ASX-520 autosampler was used for sample 
delivery.
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Optimization
Once the UHMI dilution factor (based on the expected 
maximum matrix level for the samples of interest) is 
set in the acquisition parameters for a batch, the other 
instrument settings are optimized automatically using 
the ICP-MS MassHunter autotune function. Autotuning 
can be set to run automatically during the predefined 
instrument Startup sequence or separately as part 
of each batch acquisition, and tune settings for all 
tune modes (in this case He mode for most elements 
and H2 mode for Ca, Mn, Fe and Se) can be optimized 
independently. This ensures that conditions are always 
optimum for the current instrument hardware and 
sample type.

Analytical procedure
For ease of operation, the Agilent ICP-MS MassHunter 
software has several preset plasma modes which 
include the UHMI dilution factor. This allows appropriate 
conditions to be recalled and applied consistently 
without the need for regular re-tuning. For the 
performance tests on the high NaCl matrices (up to 
25% NaCl), UHMI-100 (~100x aerosol dilution) was 
selected because it gives the maximum robustness 
and tolerance of exceptionally high matrix levels. The 
instrument settings used are shown in Table 1. All lens 
voltages were optimized using the autotune function 
of the instrument. It is clear that most parameters are 
consistent for the two gas modes used. 

Analysis of a range of trace elements of interest was 
performed in salt matrices ranging from zero added 
NaCl to 25% NaCl solution. All samples were measured 
against simple aqueous calibration standards (no NaCl 
matrix), prepared in the same acid mix as the samples 
(0.5% HNO3 and 0.6% HCl).

Results and discussion

Evaluation of UHMI matrix tolerance for high NaCl 
To investigate the performance of the 7900 ICP-MS with 
UHMI for the routine measurement of high salt matrix 
samples, a stability test was performed. For this test, a 
blank (unspiked) solution of 25% NaCl was measured 
repeatedly, alternating with a spiked sample of the same 
NaCl matrix. Twenty five measurements were performed 
for each sample, so 50 samples containing the 25% 
NaCl matrix were measured in total during the 4 hour 
sequence. Figure 1 shows the internal standard (ISTD) 
signals for the entire sequence, including the initial 
calibration standards and blank solutions that contained 
no NaCl matrix.

The effect of the NaCl matrix is very apparent, with 
all the internal standard signals being significantly 
lower in the NaCl matrix samples than in the low 
matrix standards and blanks. Most of this reduction in 
signal is apparently due to physical sample uptake and 
nebulization effects, and differences in aerosol transport 

Table 1. 7900 ICP-MS operating parameters for high salt matrix analysis

Cell Mode H2 He

Plasma mode UHMI-100
RF power (W) 1600

Sampling depth (mm) 10

Carrier gas (L/min) 0.31

Dilution gas (L/min) 0.58

Ext 1 (V) 0

Ext 2 (V) -235

Omega bias (V) -120

Omega lens (V) 9.2

Deflect (V) -3.8 0.8

ORS gas (mL/min) 6 5

Stabilization (sec) 0 5
KED (V) 3.0 5.0
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and solvent evaporation rate for the solution with and 
without the 25% NaCl matrix. Some of the signal loss 
may be attributable to ionization suppression due to the 
high level of Na present in the plasma; Ir is the least 
easily ionized ISTD element (1st ionization potential (IP) 
of 8.97 eV) and the Ir signal dropped the most of any 
ISTD. However, ionization suppression cannot account 
for the majority of the signal change in the NaCl matrix, 
since Ge, which is also relatively poorly ionized (1st 
IP 7.90 eV), retained about the same proportion of its 
original (no matrix) signal as the more easily ionized 
elements.

However, from the stability plot in Figure 1, it is very 
striking that after the initial reduction in ISTD signal in 
the presence of the NaCl matrix, all the ISTD element 
signals remained constant in the subsequent NaCl 
matrix samples and the ISTD signals all remained 
approximately parallel. This indicates firstly that there 

was very little sensitivity loss due to matrix deposition 
during the 4 hour sequence, and secondly there was no 
mass dependent signal change (mass bias). This stable 
and consistent response for elements of differing IP 
and mass is very important for accurate quantitative 
analysis, as it ensures that ISTD correction can be 
applied to a wide range of analytes with far greater 
confidence and accuracy.

Spike recoveries and detection limits in 25% NaCl
Since every alternate sample in the NaCl matrix 
sequence was spiked with a QC stock (majors spiked at 
20 mg/L, most traces spiked at 50 µg/L and As spiked 
at 25 µg/L), it was possible to assess the accuracy and 
stability of the quantitative measurement for a range 
of analytes, including elements of interest in typical 
environmental samples. Based on the good signal 
stability for the uncorrected (ISTD) signals, it might be 
expected that the analyte concentrations, corrected for 
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Figure 1. Internal standard signal for sequence including 50 samples of 25% NaCl matrix
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the ISTD signal change, would also show good stability 
in this same sequence of 25% NaCl matrix samples. 
The spike recovery accuracy and precision data for the 
25 spiked NaCl matrix samples, calibrated against the 
simple aqueous standards, are shown in Table 2. For 
most elements, the measured values were well within 
10% of the true spiked amount with precision <5% over 
the 4 hour sequence.  

From the unspiked 25% NaCl matrix samples that were 
measured interspersed with the spiked NaCl samples, 
the method detection limits (3 x SD of the 25 external 

Table 2. Major and trace element spike recoveries, precision and method DLs over 4 hours, measured in 25% NaCl and calibrated against simple aqueous 
standards 

Element Isotope Cell Mode Units DL (3xSD) Spike Mean Conc Recovery (%) RSD (%)

Mg 24 He mg/L 0.03 20 18.86 94 1.33

Al 27 He mg/L 0.1 20 23.51 118 3.18

K 39 He mg/L 2.27 20 27.94 140 2.92

Ca 44 H2 mg/L 0.13 20 20.84 104 5.71

Fe 56 H2 mg/L 0.01 20 19.06 95 3.13

Ti 47 He µg/L 3.54 50 48.85 98 10.63

V 51 He µg/L 0.82 50 50.42 101 2.49

Cr 52 He µg/L 0.79 50 48.77 98 2.69

Mn 55 H2 µg/L 0.001 50 49.61 99 3.57

Co 59 He µg/L 0.153 50 41.30 83 2.54

Ni 60 He µg/L 1.98 50 46.48 93 5.08

Cu 63 He µg/L 0.96 50 42.35 85 3.97

Zn 66 He µg/L 2.13 50 43.46 87 4.91

As 75 He µg/L 0.9 25 24.27 97 6.54

Se 78 H2 µg/L 1.62 50 45.03 90 4.14

Mo 95 He µg/L 0.001 50 56.00 112 2.21

Cd 111 He µg/L 0.20 50 42.62 85 4.66

Sn 118 He µg/L 1.01 50 50.43 101 3.74

Sb 121 He µg/L 0.34 50 49.46 99 2.23

Ba 137 He µg/L 0.84 50 48.87 98 3.79

Pb 208 He µg/L 3.63 50 52.81 106 2.61

replicates) were calculated, and these figures are also 
shown in Table 2. Sub-µg/L detection limits (DLs) were 
obtained for most of the trace elements despite the very 
high matrix, the high UHMI dilution used, and the fact 
that the blanks used for the calculation of the DLs were 
each preceded by a spiked sample matrix. It should also 
be noted that the NaCl used to prepare the samples 
was reagent grade NaCl, which might have contributed 
to the relatively high blank contribution and standard 
deviation (SD) obtained for some elements such as Al, 
K, Ti, Ni, Zn, Sn and Pb.
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Accurate analysis in variable NaCl matrices
The accuracy and stability of the measurement of major 
and trace elements in the 25% NaCl demonstrates 
that the 7900 ICP-MS with UHMI offers sufficient 
matrix tolerance to measure these extremely high salt 
samples routinely.  As a further test of the applicability 
of the instrument to routine high matrix analysis, a 
series of solutions containing different levels of NaCl 
was prepared, covering matrix levels from 0 ppm up to 
250,000 ppm (25%) NaCl. Each sample was spiked with 
the same mixed QC stock used for the 25% NaCl spike 
recovery test and all samples were measured against a 

simple aqueous calibration. The data are presented in 
Figures 2 and 3 as plots of spike recovery vs NaCl matrix 
level, for two groups of important and difficult elements 
– the true spike amount is included as the first point for 
each analyte:
i. The “big four” toxic trace elements As, Cd, Hg and 

Pb (Figure 2).
ii. Four elements that suffer severe polyatomic overlap 

in a NaCl matrix in addition to 75As (40Ar35Cl): 51V 
(35Cl16O), 52Cr (35Cl16OH), 60Ni (23Na37Cl) and 63Cu 
(40Ar23Na) (Figure 3).

Figure 3. Spike recovery for interfered elements V, Cr, Ni and Cu in variable NaCl matrices up to 25% NaCl

Figure 2. Spike recovery for As, Cd, Hg and Pb in variable NaCl matrices up to 25% NaCl
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Conclusions
The Agilent 7900 ICP-MS with UHMI allows ICP-MS to 
be used for the first time for the direct analysis of trace 
elements in very high matrix samples, without prior 
sample dilution. The new UHMI system extends the 
aerosol dilution range up to a factor of 100, tolerating 
TDS levels of up to 25% (10 times higher than the 
previous generation HMI), a matrix level 100 times 
above the accepted limit for conventional ICP-MS 
systems. The 4th generation Octopole Reaction System 
(ORS4), operating in He mode, is able to reduce the very 
intense matrix-based polyatomic interferences in these 
high salt samples, allowing accurate measurement of 
interfered trace elements such as V, Cr, Ni, Cu and As.

In this study, the 7900 ICP-MS with UHMI option was 
used to analyze a wide range of elements in undiluted 
saturated salt water and various commercially available 
table salts. The analysis demonstrates a level of 
matrix tolerance that is unprecedented in ICP-MS. This 
capability extends the use of ICP-MS for samples with 
a very high salt matrix, offering a possible alternative to 
AA or ICP-OES techniques.

These two groups of elements include analytes that can 
be challenging to measure accurately by ICP-MS even 
in many typical low matrix samples. Because of their 
toxicity, Cr, As, Cd, Hg and Pb are typically regulated or 
monitored at low or sub µg/L levels in environmental, 
food, clinical, pharmaceutical and consumer product 
samples, so the detection limit requirements are at 
ng/L levels. Added to that, several of these elements 
are poorly ionized (As, Cd and Hg all have a 1st IP 
around 9 eV or above, meaning they are typically only 
10% to 50% ionized in the plasma), and for Cd and Hg 
the preferred isotope has relatively low abundance, so 
sensitivity of the measured isotope is further reduced. 
In the high salt matrices being investigated in this 
work, the analysis of many of the elements is further 
hampered by the presence of matrix-based polyatomic 
interferences as mentioned previously.

The data presented graphically in Figures 2 and 3 show 
that consistent and accurate recovery of the spike 
levels was achieved for all these elements in all levels 
of NaCl matrix measured, calibrated against simple, 
non-matrix matched standards. This is a remarkable 
performance for any ICP-MS, demonstrating accurate 
analysis of difficult, interfered elements in samples 
containing variable matrix levels that extend up to 25%, 
a concentration 100 times higher than the accepted TDS 
limit for conventional ICP-MS analysis.

Analysis of commercial table salt samples
Commercial table salts were purchased and analyzed 
in order to test the application of the method for trace 
element characterization of food-grade salt. Sea salts 
and rock salts were sourced from various countries. 
The analytical results obtained are shown in Table 3 for 
information; no reference or expected concentrations 
were available for these salt samples. For simplicity, 
only the elements that were found at significant levels 
or showed a high degree of variation between the 
samples are shown. 
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Table 3. Analytical results of commercial table salts produced in various countries from rock salt or sea salt 

Units SICJ Japan, 
Mexico, 
Australia 
seawater

Japan, Izu, 
seawater

Japan, 
Mexico, 
Australia 
seawater

Japan, Seto, 
seawater

Japan, 
seawater

Mexico, 
seawater

Germany, 
rock

Li µg/L 14 60 140 40 160 44 1.4 100

Mg mg/L 51 430 1500 190 350 130 91 150

Al µg/L 0.22 0.13 0.38 0.15 0.23 0.16 0.048 56

S mg/L 59 520 2000 490 76 48 51 51

K mg/L 250 190 470 150 560 180 59 150

Ca mg/L 56 210 740 310 210 86 1.3 720

V µg/L 0.11 0.12 0.53 0.21 0.47 0.13 2.8 7.7

Cr µg/L 0.19 0.35 0.39 0.18 0.22 0.23 0.66 10

Mn µg/L 4 0.084 0.071 0.14 4.4 1.5 0.049 26

Fe µg/L 0.85 1.1 1.4 1.1 1.4 1 1 120

Cu µg/L 1.3 0.13 0.74 0.082 42 10 0.082 6.4

Zn µg/L 1.6 0.068 0.02 0.085 3.7 2.7 0.046 8.8

Ga µg/L 0.0079 0.021 0.04 0.033 0.017 0.013 0.0072 0.046

As µg/L 0.13 0.3 0.52 0.16 0.1 0.2 0.22 0.32

Se µg/L 1 0.6 0.43 0.56 0.71 0.45 0.66 0.8

Br mg/L 120 42 100 34 330 95 10 32

Rb µg/L 18 38 110 22 240 54 0.16 81

Sr mg/L 0.3 2.8 4 4.8 1.6 0.66 0.047 0.1

Zr µg/L 0.0093 0.0031 ND* ND ND ND 0.016 0.24

Mo µg/L 0.25 3.2 12 1.7 2.1 0.18 1.2 0.21

Ag µg/L 2.9 7.8 8.7 4 3.6 1.6 2.4 43

Cd µg/L 0.19 0.092 0.26 0.045 0.17 0.12 0.59 1.4

Sn µg/L 0.12 0.092 0.06 0.12 0.076 0.094 0.067 0.4

Sb µg/L 0.019 0.11 0.31 0.021 0.011 0.021 0.064 0.27

Te µg/L 2.9 0.96 1 1.1 4 1.5 0.7 0.72

I µg/L 0.82 38 43 41 160 41 85 120

Cs µg/L 0.098 0.13 0.33 0.081 1 0.22 0.019 12

Ba µg/L 0.97 12 17 11 5.1 1.9 0.51 3

W µg/L 0.25 0.016 0.022 0.02 0.069 0.07 0.11 0.069

Au µg/L 0.071 0.044 0.034 0.054 0.055 0.064 0.081 0.072

Hg µg/L 0.065 0.03 0.035 0.053 0.026 0.032 0.16 0.038

Pb µg/L 1.7 0.21 0.37 0.067 0.26 0.27 0.054 2

*Not detected
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Table 3 continued. Analytical results of commercial table salts produced in various countries from rock salt or sea salt 

 Units S. Africa, 
rock

USA, 
seawater USA Pakistan, 

rock
USA, 
seawater

USA, 
seawater

Mongolia, 
rock

Li µg/L 9.7 7.2 1.7 140 3 4.7 28

Mg mg/L 44 37 0.2 360 6.4 17 12

Al µg/L 47 51 65 6100 47 21 2000

S mg/L 140 130 51 760 97 81 410

K mg/L 78 94 140 270 63 74 130

Ca mg/L 85 85 5.4 340 65 43 440

V µg/L 0.56 0.62 0.26 46 0.37 0.28 5.8

Cr µg/L 6.1 4.9 1.1 25 2.5 2.6 14

Mn µg/L 83 310 0.48 470 55 390 380

Fe µg/L 320 280 51 5600 260 140 6100

Cu µg/L 5.2 1.7 11 18 1.7 2.6 170

Zn µg/L 12 4.2 1.5 94 3.5 3.1 66

Ga µg/L 0.045 0.095 0.058 4.3 0.077 0.054 1.5

As µg/L 0.22 0.99 0.18 5 0.3 0.54 7.3

Se µg/L 0.62 0.72 0.62 1.2 0.55 0.54 1.1

Br mg/L 32 37 8.5 14 23 33 37

Rb µg/L 3.8 2.8 5.9 28 0.87 1.4 9.1

Sr mg/L 2.6 1.6 0.013 2.4 1.6 0.85 0.45

Zr µg/L 0.053 0.093 0.16 0.23 0.04 0.02 1.3

Mo µg/L 0.61 0.72 0.54 0.75 0.42 0.25 3.6

Ag µg/L 0.79 2.4 9.2 5.2 4.4 2 85

Cd µg/L 0.1 0.062 0.049 0.47 0.22 0.12 1.8

Sn µg/L 0.98 0.68 1.3 1.1 0.66 0.55 0.66

Sb µg/L 0.54 0.65 0.84 0.66 0.49 0.44 0.47

Te µg/L 0.77 0.95 0.43 0.47 0.78 0.62 0.52

I µg/L 29 64 1600 9.1 390 25 11

Cs µg/L 0.042 0.02 0.027 1.3 0.03 0.02 0.87

Ba µg/L 11 21 2.1 120 11 11 150

W µg/L 0.081 0.17 0.26 0.2 0.16 0.06 0.051

Au µg/L 0.073 0.087 0.69 0.068 0.11 0.054 0.12

Hg µg/L 0.06 0.048 0.063 0.12 0.081 0.028 0.2

Pb µg/L 1.9 2.4 2.7 28 24 1.7 57
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Introduction

The Agilent 7700x/7800 Series ICP-MS Octopole Reaction System (ORS) 
brings collision/reaction cell (CRC) technology to routine environmental 
analysis of trace metals in drinking waters. The ORS has been optimised 
to significantly improve the performance of helium (He) collision mode for 
the removal of polyatomic interferences. He mode is simple and universal, 
enabling the 7700x/7800 ICP-MS to remove all polyatomic interferences 
under a single set of conditions, withoutrequiring any previous knowledge 
about the sample, and without the need for complex mathematical 
corrections. The result is easier set-up, lower detection limits, faster 
analysis, and improved inter-ference removal, especially for the difficult 
plasma based interferences affecting iron and selenium. Selenium detection 
limits less than 20 parts per trillion (ppt) are now routinely achievable in He 
mode.

The Agilent 7700x/7800 ICP-MS
Advantage for Drinking Water Analysis

Application note
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Better Sensitivity, Better Accuracy, Better 
Dynamic Range

In addition to a more efficient collision/reaction cell, 
the 7700x/7800 ICP-MS also uses an improved ion lens 
and new detector, which deliver higher sensitivity and 
lower background compared to the previous generation 
of ICP-MS. No special tuning or optimization is required 
for the routine analysis of water samples ranging from 
clean municipal tap waters to high total dissolved solids 
(TDS) mineral waters. Complete instrument optimization 
is fully automated, including the new One-click Plasma 
Setting function for fast, automated plasma setup, and 
a faster, more reproducible auto tune function (Expert 
AutoTune).

2

Figure 1 shows typical calibrations obtained with the 
7700x ICP-MS. All calibration standards contained 
1% HNO3 and 0.5% HCl in order to stabilize Ag, Sb 
and Hg. While the use of HCl has traditionally been 
avoided in ICP-MS due to the formation of Cl based 
interferences on As, Se, Cr and V, the ORS is able to 
remove these interferences in He mode, eliminating 
the need for hydrogen or other reactive gases. The 3.7 
ppt background equivalent concentration (BEC) for 
vanadium demonstrates the efficient removal of the 
ClO+ interference (mass 51) in He mode on the 7700x. 
This interference is difficult to remove by other means, 
typically requiring highly reactive cell gases such as NH3 
or NH3/He, which are not suitable for multi-element 
analysis.

75 As [2] ISTD: 72 Ge [2]

y = 0.0087 * × + 0.0000E+000
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Figure 1. Representative calibration curves for drinking water method. Be and U were analyzed in no gas mode, while As and V were analyzed in He mode. 
All standards contain 1% HNO3 and 0.5% HCl. BEC and DL for As calculated based on 0 cps +/- 0 as acquired. Actual BEC and DL would have required longer 
counting times than those used in this method.
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Typical method detection limits (MDLs, 3 sigma of 10 
replicates of the low calibration standard) in ppt are 
shown in Table 1. These MDLs were not generated 
under highly optimized conditions, but using the default 
robust plasma conditions obtained by the One-click 
Plasma Setting routine (CeO+/Ce+ <1%).

The high sensitivity of the 7700x/7800 ICP-MS means 
that accurate analysis of trace level contaminants 
in waters can be accomplished with ease, while the 
built-in High Matrix Introduction (HMI) system assures 
superior robustness and long term sta-bility when 
running long sequences of high matrix samples. A 
sequence consisting of drinking waters, two high TDS 
mineral waters - samples “A” (TDS of 109 mg/L) and 
“B” (TDS of 309 mg/L), and NIST 1643e reference water 
(diluted 1/10) was analyzed continuously for 11 hours. 

3

The sequence included USEPA mandated continuous 
calibration validation and continuous calibration 
blank samples (CCVs and CCBs), giving a total of 190 
analyses, performed with an average run time of less 
than 3.5 minutes per sample. CCV recoveries for all 
method analytes are plotted in Figure 2 for the entire 
sequence.

No element in any CCV exceeded the USEPA limits  
+/–10% (shown in red). Table 2 lists the mean 
recoveries and relative standard deviations (%RSD) for 
the 28 repeat analyses of NIST 1643e (diluted 1/10 to 
test sensitivity and precision at low concentrations) 
which were included in the sequence.

Table 1. The 3 Sigma Method Detection Limits in Parts Per Trillion (ppt) for Trace Elements in Drinking Waters. Note Fe and Se Detection Limits are Less Than 20 
ppt in He Mode. Note Excellent DL For Be and B at 5 ppt.

Mass Element MDL (ppt) Cell mode Mass Element MDL (ppt) Cell mode

9 Be 5.2 No gas 66 Zn 14.0 He
11 B 5.0 No gas 75 As 11.9 He

23 Na 58.5 No gas 78 Se 17.6 He

24 Mg 2.8 No gas 88 Sr 2.1 He

27 Al 7.9 No gas 95 Mo 6.9 He

39 K 76.9 He 107 Ag 2.3 He

42 Ca 57.8 He 111 Cd 2.9 He

51 V 14.3 He 121 Sb 6.1 He

52 Cr 4.3 He 137 Ba 5.7 He

55 Mn 8.5 He 202 Hg 1.2 He

56 Fe 14.8 He 205 Tl 2.4 He

59 Co 4.4 He 208 Pb 1.3 He

60 Ni 14.7 He 232 Th 1.8 He

63 Cu 2.7 He 238 U 1.7 He
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Table 2.  Mean Values, Relative Standard Deviation and % Recoveries of Certified Values for NIST 1643e (1/10 Dilution) Standard Reference Water.

Element/mode Measured (ppb) RSD (%) Recovery (%) Element/mode Measured (ppb) RSD (%) Recovery (%)

9 Be [no gas] 14.4 2.0 103.3 60 Ni [He] 58.2 0.7 93.4
11 B [no gas] 156.3 1.6 99.0 63 Cu [He] 21.1 0.8 92.8

23 Na [no gas] 19581 2.7 94.4 66 Zn [He] 73.2 0.5 93.3

24 Mg [no gas] 7376.6 2.9 91.8 75 As [He] 59.9 2.2 99.2

27 Al [no gas] 137.5 2.8 97.0 78 Se [He] 10.9 2.8 91.2

39 K [He] 2043.5 0.9 100.5 88 Sr [He] 301.5 4.5 93.3

44 Ca [He] 34251 2.6 106.0 95 Mo [He] 114.9 0.6 94.7

51 V [He] 36.6 0.7 96.9 107 Ag [He] 0.94 1.4 88.1

52 Cr [He] 19.8 1.0 97.2 111 Cd [He] 6.32 1.0 96.2

53 Cr [He] 19.7 0.7 96.6 121 Sb [He] 56.2 0.5 96.3

55 Mn [He] 38.5 0.6 98.9 137 Ba [He] 617.1 1.0 113.4

56 Fe [He] 100.9 1.2 102.9 205 Tl [He] 6.00 0.7 99.2

57 Fe [He] 100.2 1.4 102.2 208 Pb [He] 18.9 0.2 96.1

59 Co [He] 25.8 0.6 95.5

Figure 2.  CCV recoveries (20 ppb) for all method analytes for the entire 190 sample sequence. No CCV failures occurred.
 Mode [1] = no gas, Mode [2] = He mode
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Conclusions

The Octopole Reaction System (ORS), ion optics and 
detector of the Agilent 7700x/7800 ICP-MS combine to 
give an instrument that is fully capable of accurately 
measuring all required elements at regulated levels, in 
drinking waters without the need for either reactive cell 
gases or complex interference equations. The result is 
absolute confidence in data quality with significantly 
improved productivity. The 7700x/7800 has a wide 
operating dynamic range and the integrated HMI system 
provides ultimate tolerance to high matrix samples. 
Furthermore, the simple optimization conditions used for 
drinking water analysis are identical to those used for 
more complex environmental samples such as soils and 
sludges, eliminating the need for the sample specific 
optimizations which are required on instruments that 
can only use reactive cell gases. 

5
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Abstract

Researchers at a commercial environmental laboratory have developed 
an effective method for validating high throughput multi-element data 
from high matrix waste water samples. The method used an Agilent 
7700x ICP-MS with High Matrix Introduction (HMI)1 capability and third 
generation Collision Reaction Cell (CRC) operating in helium (He) mode. 
This simultaneously removes the polyatomic interferences from all isotopes 
of each analyte and gives access to secondary isotopes for many analytes. 
Simply checking the agreement between the results from the primary 
and secondary isotope provides a quick and easy means to confirm the 
accuracy of the analytical data. The new method was validated by analyzing 
approximately 6000 samples over a 21-week study period.

Using qualifier ions to improve ICP-MS 
data quality for waste water analysis 

Application note
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Naoki Sugiyama  
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1The High Matrix Introduction System is patented by Agilent Technologies, US Patent number 7,671,329 B2
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Introduction

Commercial analytical service laboratories must 
meet strict client and ISO 17025 demands for data 
quality, while maintaining acceptable turnaround and 
profitability. Typical performance testing and quality 
control protocols are based largely on the analysis of 
periodic calibration checks, and reference samples or 
synthetic mixes that simulate the expected sample 
matrices to be analyzed. However, this approach does 
not confirm the actual analyte results measured in each 
of the unknown samples, and so may result in errors 
when sample matrices are variable. A technique that 
can validate the quality of the analytical results for each 
unknown sample, without adding significant cost or 
time provides a competitive advantage to the laboratory.

Eurofins Analytico, a branch of Eurofins Scientific, 
which is an international group of testing laboratories, 
uses a simple yet powerful method to confirm the 
routine multi-element results reported on their ICP-MS 
instruments. They have developed a method for 
secondary isotopes (or “qualifier” ions) as a fast quality 
check in their wastewater method using an Agilent 
7700x ICP-MS. While the use of qualifier ions for 
quantitative confirmation is well established in organic 
mass spectrometry, the approach hasn’t been widely 
applied in conventional ICP-MS due to the presence 
of polyatomic interferences on secondary (and many 
primary) isotopes.

The Agilent 7700x/7800 ICP-MS use an Octopole 
Reaction System (ORS) cell operating in helium (He) 
mode to effectively remove the polyatomic interferences 
on both primary and secondary isotopes under the same 
cell conditions. This allows secondary isotopes to serve 
as qualifier ions for many elements, providing a fast and 
simple way to validate the analytical result. This method 
does not require any additional sample analysis or 
sample preparation for calibration or quality control.

Effective Interference Removal
Agilent’s ORS collision cell is unique in operating 
effectively with He cell gas and Kinetic Energy 
Discrimination (KED) to remove spectral interferences 
caused by polyatomic ions. He mode on the ORS 
separates analyte ions from interfering polyatomic ions 
using the difference in ionic radius (polyatomic ions 

are always larger than monatomic analyte ions of the 
same mass), so the method is universal. As a result, 
HE mode works with all polyatomic ions, regardless 
of the sample matrix. This eliminates the need for 
interference correction equations, and the complicated 
matrix-, analyte- or isotope-specific optimization and 
method development characteristic of cells that use 
reactive gases. This makes He mode the most suitable 
CRC technique for the elimination of unpredictable 
interferences that arise in the analysis of complex and 
variable environmental samples such as wastewater. 
Figure 1 shows the results of preliminary interference 
tests investigating the applicability of the qualifier 
ion technique. A clean seawater matrix was diluted 
ten times to give a major element composition of 
approximately: Cl 2000 ppm, Na 1100 ppm, Mg 130 ppm, 
S 90 ppm, Ca 40 ppm, K 40 ppm, Br 7 ppm, and C 
3 ppm. This solution was analyzed, and the apparent 
quantitative results measured at both the primary and 
secondary isotopes were examined.

Figure 1 demonstrates that He mode removed the 
matrix- based interferences effectively, reducing the 
quantitative error and enabling the use of all primary 
and secondary isotopes.

By contrast, the results for no gas mode showed that 
significant interferences were present on most primary 
and secondary isotopes of the analytes studied.

Experimental

An Agilent 7700x ICP-MS, which includes the High 
Matrix Introduction (HMI) system, was used for this 
study. The fully integrated HMI provides plasma 
robustness through automated aerosol dilution and 
preset plasma conditions. For these high-matrix 
wastewater samples, maximum plasma robustness 
(Ultra Robust setting) was selected, along with mid-level 
aerosol dilution. The analytical conditions used for 
Analytico’s waste water method are shown in Table 1. 
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Figure 1. Quantification error in tenfold diluted seawater matrix. Apparent concentrations due to interferences are shown for two isotopes in both cell modes  
(no gas and He). V (51) and As (75) don’t have secondary isotopes available.

Method validation for high throughput wastewater 
analysis consisted of:

• Analyte recoveries in a NaCl matrix

• Determination of method detection limits (MDL)

• Recovery and precision of low and high 
concentration spikes

• Accuracy and precision of measurement of certified 
reference materials (CRM)

• Accuracy and precision of continuing calibration 
blanks and calibration checks (CCB, CCV)

• Determination of linear dynamic range

For brevity, not all results from the method validation 
are presented in this application note.

Samples were prepared as follows: CRM samples were 
prepared by digesting 0.5 g sample plus 25 mL water 
with 2 mL HNO3 and 6 mL HCl. 

After digestion, samples were diluted to 50 mL with 
ultrapure water. Since the final acid concentration of 
the samples was quite high (4% HNO3 and 12% HCl), an 
optional Ni plated sampling cone was fitted. 

The method used two cell gas modes: He and hydrogen 
(H2) mode. H2 was needed for low level analysis of 
sulfur in the method. Sulfur is a difficult element for ICP-
MS because of its high ionization potential and intense 
interference from polyatomic ions such as O2

+. Though 
xenon cell gas has been widely used for sulfur analysis, 
H2 also gives good performance by allowing sulfur to be 
detected as the reaction product, SH+. 

He mode was operated in both conventional KED mode 
and high energy mode which offers enhanced sensitivity 
for selenium. H2 mode was also operated in two modes, 
because the measurement of sulfur at SH requires 
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that energy discrimination be turned off to allow 
transmission of the SH polyatomic for measurement. 

In Table 2, all measured isotopes are shown. As 
illustrated, most of the elements measured have at 
least two isotopes available; the primary isotope used 
for quantification and a second isotope for use as a 
qualifier. All isotopes except those underlined were 
analyzed using He mode. Underlined isotopes were 
analyzed using H2 mode.

Equipment
Nebulizer Mira Mist nebulizer - PTFE (Agilent G3161-80000)
Sampler/skimmer Ni plated sampler (Agilent G3280-67061)/Ni skimmer

ISTD
6Li, 45Sc, 103Rh and 193Ir added 1:1 to sample via online 
ISTD kit

Plasma setting Ultra Robust/Mid-level Aerosol Dilution
Forward power 1600 W
Carrier gas 0.6 L/min
Dilution gas 0.4 L/min
Extract 1 0 V
Parameter He Mode He Mode 

(high 
energy)

H2 Mode H2 Mode
(sulphur)

Cell gas flow 
(mL/min) 4.3 10 6 8

KED (V) 3 4 3 0

Results

Table 2 summarizes the MDL and reference sample 
(BCR-145R- sewage sludge, FeNeLab - Dutch soil) 
results obtained during the method validation. 

The MDLs were calculated using a synthetic digested 
wastewater (a digested clean water sample was used to 
calculate the MDLs for the matrix elements), spiked at a 
low level (a few times the required MDL concentration), 
measured on 10 different days, over a period of 30 days. 
MDLs (3 sigma of the 10 replicates) for all elements met 
the required reporting limits despite the high matrix. 
Quantification results of two CRMs are shown for both 
the primary ion (isotope 1) and qualifier ion (isotope 2).

Relative Percentage Difference (RPD) values in the table 
show the difference between the quantitative results 
reported from the primary and qualifier ions. If the RPD 
exceeds ±20%, the analyst is automatically alerted. 
In this way, both human and analytical errors are 

detected and can be corrected. For example, while the 
quantified concentration using the primary ion shows 
good recovery for almost all certified elements, the RPD 
exceeded the ±20% criteria for Ce in both CRMs and Ti 
in BCR-145R. These differences were not, however, due 
to residual polyatomic interferences, but the fact that 
the secondary isotopes of both elements (142Ce and 48Ti) 
suffer from direct isobaric interferences from another 
element (142Nd and 48Ca, respectively). This illustrates 
the importance of isotope selection when considering 
choices for secondary or qualifier ions in ICP-MS. While 
He mode has been demonstrated to remove polyatomic 
interferences effectively, it cannot remove isobaric 
(same-mass) overlaps from an isotope of another 
element. In this case, 49Ti might be another option as a 
secondary isotope for Ti analysis.

While the CCV/CCB test showed good stability during 
the method validation, long term stability throughout 
routine analysis of real samples is also essential. 
Figures 2 and 3 show the internal standard (ISTD) 
stability in real sample sequences. Figure 2 shows the 
normalized internal standard recoveries compared to the 
calibration blank for a single sequence consisting of 160 
high-matrix wastewater samples. Figure 3 shows the 
raw internal standard response at the end of each day’s 
sequence over the course of the 21-week study period. 
During this period, nearly 6000 samples were analyzed. 
These plots demonstrate the excellent robustness 
provided by the HMI and the exceptional stability of the 
Agilent 7700x

ICP-MS, despite the high matrix and high acid 
concentrations. This exceptional matrix tolerance and 
stability contributes significantly to the laboratory’s 
productivity by minimizing both recalibration overhead 
and maintenance downtime.
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Table 2. MDL and CRM Test Results

Measured 
isotope 
(m/z)

MDL Reporting 
Limit

FeNeLab “Dutch Soil” BCR-145R “Sewage Sludge”

Measured Measured

#1 #2 µg/L µg/L Certified 
mg/kg

 #1 
mg/kg

#2  
mg/kg

Recovery 
% RPD% Certified 

mg/kg
#1 

mg/kg
#2  

mg/kg
Recovery 

% RPD%

Be 9 0.8 1 1.52 1.68 110 0.41
B 11 10 25.6 60 35.10 18.72
Na 23 120 200 316 325 103 652
Mg 24 26 30 100 9400 9147 9427 97 3.1 5316 5473 3.0
Al 27 50 100 25600 28424 111 21484
P 31 30 50 2520 2451 97 11804
S 34 33 570 1000 1230 911 1004 82 –9.2 12329 11977 2.9
K 39 180 200 5250 6417 122 1363
Ca 40 44 170 200 36500 34516 34385 95 –0.4 43499 43319 –0.4
Ti 47 48 10.0 20 504.79 556.35 10.2 204.64 268.13 31.0
V 51 2.8 10 55.8 64.03 115 28.82
Cr 52 53 1.9 5 180 193.66 191.91 108 –0.9 300 289.57 289.94 97 0.1
Fe 56 54 40.0 50 35.54 35.25 35.80 99 1.6 12.85 13.36 –3.9
Mn 55 0.004 20 1.05 1.03 99 0.145 0.14 96
Ni 60 61 2.0 5 54.0 56.81 57.00 105 0.3 251 224.33 220.81 89 –1.6
Co 59 2.0 10 18.4 19.03 103 5.3 4.83 91
Cu 63 65 1.0 5 153 151.27 151.56 99 0.2 707 652.40 646.36 92 –0.9
Zn 66 68 6.0 10 1020 1019.1 1028.8 100 1.0 2140 1963.8 2002.1 92 1.9
As 75 1.7 2 41.6 44.62 107 8.01
Se 78 77 1.8 2 1.71 1.80 1.74 105 –3.3 6.08 6.36 4.6
Sr 88 86 3.6 10 129 139.35 139.88 108 0.4 295.02 294.20 –0.3
Mo 95 98 0.002 10 0.0014 0.0014 0.0014 100 0.0 0.01 0.01 0.3
Ag 107 109 0.4 2 2.75 3.06 3.04 111 –0.6 13.39 13.48 0.6
Cd 114 111 0.3 0.4 8.24 8.30 8.33 101 –0.3 3.43 3.10 3.18 93 –2.4
Sn 118 120 1.8 10 22.2 24.32 24.35 110 0.1 58.22 59.18 –0.1
Sb 121 123 1.4 2 3.28 2.56 2.63 78 2.8 12.00 12.03 0.3
Te 125 126 0.9 1 0.29 0.06
Ba 135 137 4.5 10 797 857.95 858.54 108 0.1 2446.6 2450.4 0.2
Ce 140 142 3.6 10 46.96 89.62 90.9 9.94 18.90 90.1
Hg 201 200 0.1 0.1 3.81 3.67 3.68 96 0.4 1.99 1.83 1.85 92 1.2
Tl 205 203 3.1 10 1.10 1.25 1.21 114 –3.2 0.16 0.15 –2.1
Pb 208 206 2.7 5 282 295.52 291.08 105 –1.5 282 262.46 256.17 93 –2.4

MDLs shown were calculated from 3-sigma of a low level spiked sample based on the primary isotope (mass 1) of each element. # 1 - m/z of primary isotope,  
# 2 - m/z of qualifier isotope. Underlined isotopes analyzed in H2 mode, all other isotopes analyzed using He mode.
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Figure 2. Normalized internal standard stability over a single sequence of 160 high matrix wastewater samples. Not all samples are labeled due to space restric-
tions.

Figure 3. Internal standard signal at the end of sequences run each day over 21 weeks, demonstrating excellent stability throughout the analysis of nearly 6000 
real samples. Individual days of the week are not shown due to space restrictions. Samples were analyzed five days per week.



AGILENT TECHNOLOGIES 

Atomic Spectroscopy Solutions 
for Environmental Applications

7

Conclusions

The Agilent 7700x/7800 ICP-MS with HMI provides a 
stable, sensitive, robust method for the analysis of long 
sequences of high-matrix environmental samples such 
as wastewaters.

Simple, universal He mode reliably removes polyatomic 
interferences on all analyte isotopes. It ensures 
accurate quantification across variable and complex 
sample matrices, and makes available secondary 
(qualifier) isotopes for many analyte elements. This 
allows users to confirm their measurements by 
comparing the primary and qualifier ion results, giving 
a quick, simple, and reliable method for validating 
the accuracy of the analysis. In addition, the method 
does not incur additional QC costs or sample analysis 
overheads.
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Abstract

The Agilent 7700x/7800 ICP-MS combines the simplicity of a single collision 
cell mode (helium mode) for polyatomic interference removal with the 
superior matrix tolerance of its unique High Matrix Introduction (HMI) 
system. Octopole Reaction System (ORS) cell technology provides higher 
sensitivity and more effective interference removal than ever before in 
complex, high matrix samples, eliminating the need for reactive cell gases in 
routine analysis. Helium mode on the ORS is so effective that interference 
correction equations can also be eliminated. These two factors redefine 
ease of use in ICP-MS, removing two of the most common causes of errors 
in multi-element analysis of complex samples. 

A challenging 15-hour sequence of high matrix soils, waters, seawaters and 
sediments was analyzed according to US Environmental Protection Agency 
(EPA) Method 6020A. The Agilent 7700x ICP-MS delivered excellent recovery 
of certified values for six standard reference materials, with no quality 
control failures throughout the entire sequence.

Simple, reliable analysis of high matrix
samples according to US EPA Method 
6020A using the Agilent 7700x/7800 
ICP-MS
Application note
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Introduction

US EPA Method 6020A (Rev 4, February 07) is applicable 
to the determination of sub-µg/L concentrations of 
a large number of elements in water samples and in 
waste extracts or digests. The EPA has carried out 
multi-laboratory studies to validate Method 6020A for 23 
elements in aqueous and solid wastes (Table 1).

Table 1. Elements currently validated by EPA for Method 6020A. 
*Chemical Abstract Services Registry Number

Element CASRN*
Aluminum (Al) 7429-90-5
Antimony (Sb) 7440-36-0
Arsenic (As) 7440-38-2
Barium (Ba) 7440-39-3
Beryllium (Be) 7440-41-7
Cadmium (Cd) 7440-43-9
Calcium (Ca) 7440-70-2
Chromium (Cr) 7440-47-3
Cobalt (Co) 7440-48-4
Copper (Cu) 7440-50-8
Iron (Fe) 7439-89-6
Lead (Pb) 7439-92-1
Magnesium (Mg) 7439-95-4
Manganese (Mn) 7439-96-5
Mercury (Hg) 7439-97-6
Nickel (Ni) 7440-02-0
Potassium (K) 7440-09-7
Selenium (Se) 7782-49-2
Silver (Ag) 7440-22-4
Sodium (Na) 7440-23-5
Thallium (Tl) 7440-28-0
Vanadium (V) 7440-62-2
Zinc (Zn) 7440-66-6

However, the method can be used for the analysis 
of any element(s) for which the performance can be 
shown to meet the project data quality objectives. 
Unlike Method 200.8 for drinking water compliance 
[1], Method 6020A does not place any restrictions on 
the use of advancements in ICP-MS technology such 
as collision/reaction cells (CRCs) for the removal of 
polyatomic interferences. As a result, Method 6020A 
permits the use of helium (He) mode on the Agilent 
7700x/7800 ICP-MS to provide simple, efficient removal 
of all polyatomic interferences, even in complex and 
unknown sample types.

This is important for Method 6020A, due to the wide 
variety of sample types and concentrations for which 
the method is applicable. Table 2 illustrates the 
challenges presented by the range of samples typically 
analyzed using Method 6020A. Nearly every element is 
subject to multiple polyatomic interferences in common 
environmental matrices. No reactive cell gas can 
simultaneously remove all these interferences, but He 
mode is universal. It uses the size difference between 
polyatomic (interfering) and monatomic (analyte) ions 
to remove all polyatomic interferences, eliminating the 
need for unreliable interference correction equations.

Table 2. Polyatomic interferences on elements between mass 40 and 80 
resulting from a mixed matrix containing Na, Ca, C, S, P, Cl in Nitric Acid

Isotope/  
Element

Common polyatomic interferences in mixed matrix 
samples

45Sc 13C16O2, 12C16O2H, 44CaH, 32S12CH, 32S13C, 33S12C
47Ti 31P16O, 46CaH, 35Cl12C, 32S14NH, 33S14N
49Ti 31P18O, 48CaH, 35Cl14N, 37Cl12C, 32S16OH, 33S16O
50Ti 34S16O, 32S18O, 35Cl14NH, 37Cl12CH
51V 35Cl16O, 37Cl14N, 34S16OH
52Cr 36Ar16O, 40Ar12C, 35Cl16OH, 37Cl14NH, 34S18O
53Cr 36Ar16OH, 40Ar13C, 37Cl16O, 35Cl18O, 40Ar12CH
54Fe 40Ar14N, 40Ca14N, 23Na31P
55Mn 37Cl18O, 23Na32S, 23Na31PH
56Fe 40Ar16O, 40Ca16O
57Fe 40Ar16OH, 40Ca16OH
58Ni 40Ar18O, 40Ca18O, 23Na35Cl
59Co 40Ar18OH, 43Ca16O, 23Na35ClH
60Ni 44Ca16O, 23Na37Cl
61Ni 44Ca16OH, 38Ar23Na, 23Na37ClH
63Cu 40Ar23Na, 12C16O35Cl, 12C14N37Cl, 31P32S, 31P16O2

64Zn 32S16O2, 32S2, 36Ar12C16O, 38Ar12C14N, 48Ca16O
65Cu 32S16O2H, 32S2H, 14N16O35Cl, 48Ca16OH
66Zn 34S16O2, 32S34S, 33S2, 48Ca18O
67Zn 32S34SH, 33S2H, 48Ca18OH, 14N16O37Cl, 16O 35Cl2
68Zn 32S18O2, 34S2

69Ga 32S18O2H, 34S2H, 16O2
37Cl

70Zn 34S18O2, 35Cl2
71Ga 34S18O2H, 35Cl2H, 40Ar31P
72Ge 40Ar32S, 35Cl37Cl, 40Ar16O2

73Ge 40Ar32SH, 40Ar33S, 35Cl37ClH, 40Ar16O2H
74Ge 40Ar34S, 37Cl2
75As 40Ar34SH, 40Ar35Cl, 40Ca35Cl, 37Cl2H
77Se 40Ar37Cl, 40Ca37Cl
78Se 40Ar38Ar
80Se 40Ar2, 40Ca2, 40Ar40Ca, 32S2 

16O, 32S16O3
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Additionally, samples analyzed by Method 6020A 
can range from very low to very high Total Dissolved 
Solids (TDS) and a single sequence may cover the 
entire TDS range. The ICP-MS method must therefore 
accommodate both the wide range of unknown 
matrix interferences and the wide range of analyte 
concentrations; and for the method to be simple and 
routine, this must all be achieved without any prior 
knowledge about the samples. The Agilent 7700x/7800 
ICP-MS achieves this through the use of advanced 
helium collision technology (ORS) coupled with a unique 
High Matrix Introduction (HMI) system that is fitted as 
standard.

Experimental

A sequence of samples representing the types 
of matrices typically encountered by a contract 
environmental laboratory was analyzed according to 
Method 6020A requirements. The sequence consisted 
of a range of water (NIST, Gaithersburg MD, USA), soil, 
and sediment standard reference materials (High-Purity 
Standards, Charleston SC, USA), analyzed at both 1/10 
and 1/50 dilutions, as well as synthetic seawater (SPEX 
Certiprep, Metuchen NJ, USA) and spiked seawater, 
(Figure 1). Additionally a set of low-level standards 
was analyzed to calculate the method detection limits 
(MDL). 

In total 156 samples, standards and blanks were 
analyzed over the course of almost 15 hours, after a 
single initial calibration. Continuing calibration blanks 
(CCBs) and continuing calibration verification (midpoint) 
standards (CCVs) were automatically run after every 10 
samples. Low level CCVs (LLCCVs) were also analyzed 
with each CCV block, as required by this most recent 
update to Method 6020A.

 

Initial Calibration 
0.1 – 100 ppb trace elements  

10 – 10,000 ppb for mineral elements  
0.01 – 2 ppb for Hg 

MDL replicates (7) 
0.01 ppb Hg  

0.1 ppb trace elements  
10 ppb minerals  

Initial QC  
LLICV, ICV  

ICS -A, ICS -AB  

Samples 
NIST 1643e  

1/10 NIST 1643e  
1/10 Seawater  

1/10 Seawater matrix spike  
1/10 Seawater matrix spike duplicate  

1/10 River sediment A  
1/50 River sediment A  
1/10 River sediment B  
1/50 River sediment B  

1/10 Estuarine sediment  
1/50 Estuarine sedimen t 

1/10 Soil A 
1/50 Soil A 
1/10 Soil B 
1/50 Soil B 

Periodic QC 
(Every 10 
samples) 

LLCCV, CCV, CCB  

Figure 1. Sequence simulating a typical environmental analysis of a complex 
mixture of samples, analyzed according to the requirements of EPA Method 
6020A.

Instrumental
The Agilent 7700x ICP-MS was operated in standard 
robust plasma conditions (less than 1% CeO/Ce) using 
the integrated HMI system to effectively eliminate 
matrix suppression and maintain long term stability 
in high matrix samples (Table 3). All analytes were 
acquired using He mode with the exception of the 
low and high mass elements that do not suffer from 
polyatomic interferences in any common matrices; 
these elements were acquired in no gas mode. Table 4 
lists the acquisition mode for each element.

Note that the preferred, most abundant isotope was 
used for every analyte, and the reliable removal of 
interferences in He mode means that the same isotopes 
are used regardless of the sample matrix; furthermore, 
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no interference correction equations were applied 
for any analyte in any matrix. This provides simplified 
method setup across a wide range of sample types.

Table 3. ICP-MS operating conditions used for both no gas mode and He 
mode (*He flow for Se and V = 12 mL/min)

Parameter Value Value
 No gas mode He mode 
Forward power (W) 1550 same
Sample depth (mm) 8 same
Nebulizer pump speed (rps) 0.1 same
Carrier gas (L/min) 0.6 same
Dilution gas (L/min) 0.4 same
Dilution mode On same
Extract 1 (V) 0 same
Kinetic Energy Discrimination (KED) (V) 3 4
Cell gas flow (mL/min He) 0 4*

Results

Method Detection Limits
Table 4 shows the 3 sigma MDLs (µg/L) determined 
from seven replicates of a low level multi-element 
standard (3-5 times the estimated MDL for each 
analyte) measured immediately after the initial 
calibration. In nearly all cases, single digit to low double 
digit ppt MDLs were achieved, significantly below the 
typical requirements for this analysis. Even the common 
mineral elements, Na, K and Ca showed single digit ppb 
MDLs

Table 4. 3-sigma Method Detection Limits in µg/L (ppb) calculated from 
seven replicate analyses of a low standard at the beginning of the sequence. 

Mass Element Mode MDL (µg/L)
9 Be no gas 0.019
23 Na He 2.134
24 Mg He 0.582
27 Al He 0.214
39 K He 1.873
44 Ca He 3.171
51 V He 0.007
52 Cr He 0.012
55 Mn He 0.012
56 Fe He 0.157
59 Co He 0.004
60 Ni He 0.011
63 Cu He 0.012
66 Zn He 0.028
75 As He 0.013
78 Se He 0.034
95 Mo no gas 0.016
107 Ag no gas 0.007
111 Cd no gas 0.009
121 Sb no gas 0.008
137 Ba no gas 0.015
201 Hg no gas 0.005
205 Tl no gas 0.005
208 Pb no gas 0.005
232 Th no gas 0.009
238 U no gas 0.004

Low Level Performance Verification – LLCCV
A new requirement for Method 6020A (Feb 2007) 
is the analysis of a low level continuing calibration 
verification (LLCCV) sample in order to verify that the 
system continues to accurately measure samples at 
the reporting limit over the course of the entire sample 
sequence. The recommended recovery limits are ±30% 
of the actual value. A LLCCV sample was included in 
the periodic QC block along with the CCV and CCB 
standards. The LLCCV concentration was 0.5 ppb for 
most elements, 50 ppb for the mineral elements (Na, 
K, Ca, Mg and Fe) and 0.05 ppb for Hg. The LLCCV 
was analyzed five times over the 15-hour sequence. 
RSDs for the five replicates were mostly <3% and 
recoveries were easily within the ±30% limits (mostly 
within ±10%) for all elements (except Hg, due to low 
level contamination) (Table 5). This demonstrates the 
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superior sensitivity and accuracy of the Agilent 7700x 
ICP-MS, and its exceptional long-term stability.

Dynamic Range
In order to provide the simplest, most accurate analysis, 
the instrument must possess a dynamic range sufficient 
to analyze typical samples without excessive dilution 
or over-range results. Table 4 establishes the lower 
end of the dynamic range as single digit ppt for nearly 
all elements under typical environmental laboratory 
conditions, validated by the LLCCV recoveries shown in 
Table 5.

Table 5. Precision (%RSD) and accuracy (% Recovery) of Replicate Low Level 
CCV (LLCCV) analyses over the duration of the 15 hour sequence. *Some 
contamination was evident in the Hg LLCCV, expected value = 50 ppt

Element Mean n=5 
(µg/L) %RSD Recovery (%)

Be 0.492 4.1 98.4
Na 43.146 11.0 86.3
Mg 48.160 0.9 96.3
Al 0.416 17.6 83.2
K 48.106 6.7 96.2
Ca 39.387 9.3 78.8
V 0.489 0.9 97.9
Cr 0.504 1.7 100.8
Mn 0.485 1.5 97.1
Fe 49.210 1.4 98.4
Co 0.489 2.0 97.8
Ni 0.509 3.0 101.9
Cu 0.508 2.3 101.6
Zn 0.433 4.1 86.7
As 0.498 1.1 99.7
Se 0.482 5.3 96.4
Mo 0.470 2.4 94.0
Ag 0.471 2.2 94.2
Cd 0.489 0.9 97.8
Sb 0.479 1.2 95.8
Ba 0.492 4.9 98.4
Hg 0.068 10.4 135.7*
Tl 0.461 1.5 92.1
Pb 0.480 1.3 96.0
Th 0.461 1.6 92.3
U 0.461 1.6 92.1

The upper limit is established either by the highest 
calibration concentration (100 ppb for trace elements 
and 10 ppm for minerals), or by linear range standards. 
In this work, any of the certified reference materials 
(CRMs) can be used as a linear range standard. The 
certified concentrations for the six CRMs are listed in 
Table 6. The highest concentration for each element is 
shown in the “Maximum” column. For those samples 
that were diluted 1/10, the on-instrument concentration 
is shown in the final column. Documented dynamic 
range under the simple conditions used in this work 
ranged from 2 ppt to more than 120 ppm, while other 
work has shown upper range in excess of 1000 ppm for 
some elements [1].

Accuracy and Precision–Recovery of Certified Values
In all, six CRMs were analyzed repeatedly over the 
course of the 15-hour sequence (Table 6). These 
included NIST 1643e (water), and High-Purity Standards 
CRM-ES (estuarine sediment), CRM-RS-A, CRM-RS-B 
(river sediments), CRM-Soil-A and CRM-Soil-B (soils). 
All CRMs were analyzed without further preparation, 
either undiluted (NIST 1643e), diluted ten times in 
1% HNO3/0.5% HCl (NIST 1643e, and all High Purity 
Standards CRMs), or diluted 50x (all High Purity 
Standards CRMs). The results are shown in Table 7.



AGILENT TECHNOLOGIES 

Atomic Spectroscopy Solutions 
for Environmental Applications

6

Table 6. Composition of six certified reference materials analyzed (µg/L in original aqueous solutions as provided). The last two columns show the highest 
concentration by element across the six CRMs to illustrate the dynamic range encountered in this sequence.

Element NIST 1643e 
(µg/L)

CRM-ES 
(µg/L)

CRM-RS-A 
(µg/L)

CRM-RS-B 
(µg/L)

CRM-Soil-A 
(µg/L)

CRM-Soil-B 
(µg/L)

Maximum 
(µg/L)

Diluted 1/10 
(µg/L)

Be 13.98 20 0 0 0 0 20 2
Na 20740 200000 0 50000 70000 100000 200000 20000
Mg 8037 100000 70000 120000 70000 80000 120000 12000
Al 141.8 700000 250000 600000 500000 700000 700000 70000
K 2034 150000 150000 200000 200000 210000 210000 21000
Ca 32300 80000 300000 300000 350000 125000 350000 35000
V 37.86 1000 250 1000 100 800 1000 100
Cr 20.4 800 300000 15000 0 400 300000 30000
Mn 38.97 4000 8000 6000 100 100000 100000 10000
Fe 98.1 350000 1200000 400000 200000 350000 1200000 120000
Co 27.06 100 100 150 0 100 150 15
Ni 62.41 300 500 500 300 200 500 50
Cu 22.76 200 1000 1000 300 3000 3000 300
Zn 78.5 1500 15000 5000 1000 70000 70000 7000
As 60.45 100 600 200 200 6000 6000 600
Se 11.97 50 20 10 10 0 50 5
Mo 121.4 0 0 0 0 0 121.4 12.14
Ag 1.062 0 0 0 0 0 1.062 0.1062
Cd 6.568 0 100 30 0 200 200 20
Sb 58.3 0 500 40 30 400 500 50
Ba 544.2 0 500 4000 5000 7000 7000 700
Tl 7.445 0 10 10 0 0 10 1
Pb 19.63 300 7000 2000 400 60000 60000 6000
Th 0 100 20 100 100 100 100 10
U 0 0 10 30 10 250 250 25
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Table 6. Recovery of certified values for 6 Certified Reference Materials. Note excellent agreement between both 10x diluted and 50x diluted samples indicating 
excellent sensitivity, matrix tolerance, precision and linear range. Blanks indicate that there is no certified value for that element.

NIST 
1643e

NIST 
1643e 
(10×)

Estuarine  
Sediment 

(10×)

Estuarine 
Sediment 

(50×)

River 
Sediment 
"A" (10×)

River 
Sediment 
"A" (50×)

River 
Sediment 
"B" (10×)

River 
Sediment 
"B" (50×)

Soil 
"A"(10×)

Soil 
"A"(50×)

Soil 
“B"(10×)

Soil 
"B"(50×)

9 Be 107.6% 106.6% 95.8% 102.1%
23 Na 94.9% 92.9% 96.7% 96.8% 102.8% 117.1% 95.0% 97.8% 91.9% 93.4%
24 Mg 101.5% 91.7% 101.0% 101.9% 97.8% 94.8% 102.2% 104.9% 99.5% 93.2% 96.4% 90.6%
27 Al 103.9% 105.9% 99.6% 100.9% 100.8% 99.1% 101.8% 104.1% 98.0% 100.1% 96.1% 97.8%
39 K 99.7% 88.5% 100.5% 99.5% 99.3% 103.9% 102.8% 104.0% 97.8% 98.7% 95.5% 95.6%
44 Ca 101.9% 100.1% 97.3% 99.4% 100.1% 101.7% 97.7% 99.7% 97.2% 100.0% 96.7% 99.0%
51 V 102.3% 100.0% 97.8% 97.2% 99.8% 102.0% 97.3% 98.2% 99.3% 99.3% 96.8% 96.5%
52 Cr 103.5% 102.1% 96.5% 97.5% 102.7% 106.1% 101.8% 104.8% 94.3% 96.1%
55 Mn 101.4% 98.5% 104.2% 95.8% 105.9% 100.1% 104.5% 97.7% 99.1% 100.9% 98.5% 99.6%
56 Fe 104.0% 108.8% 99.2% 100.8% 101.1% 104.4% 98.8% 101.5% 97.8% 99.9% 96.1% 97.8%
59 Co 99.0% 96.7% 99.4% 100.9% 112.4% 116.9% 98.1% 101.4% 99.4% 101.3%
60 Ni 101.8% 100.7% 96.8% 100.0% 101.2% 105.7% 96.0% 100.3% 96.0% 99.4% 96.8% 100.4%
63 Cu 100.5% 98.8% 94.8% 98.6% 98.1% 102.5% 94.6% 99.1% 94.6% 98.0% 100.4% 97.1%
66 Zn 98.7% 101.8% 94.5% 99.2% 105.1% 102.5% 94.4% 100.1% 96.2% 100.5% 100.0% 106.2%
75 As 101.0% 102.1% 99.9% 101.8% 101.7% 105.6% 100.0% 102.1% 100.2% 102.2% 99.3% 100.7%
78 Se 94.9% 101.0% 99.2% 101.4% 93.6% 95.0% 93.8% 94.3%
95 Mo 107.3% 96.5%
107 Ag 93.1% 91.3%
111 Cd 99.2% 100.9% 99.6% 101.3% 97.8% 100.3% 96.8% 98.4%
121 Sb 102.2% 99.7% 100.6% 100.5% 100.0% 99.2% 101.2% 99.5% 101.8% 101.5%
137 Ba 107.9% 99.8% 100.0% 101.2% 107.9% 101.4% 107.1% 99.9% 105.5% 98.0%
205 Tl 95.5% 94.1% 88.0% 95.7% 84.0% 95.1%
208 Pb 101.3% 104.6% 94.2% 98.6% 107.4% 110.6% 104.3% 101.6% 102.1% 99.8% 104.8% 108.8%
232 Th 94.6% 97.8% 98.4% 98.9% 93.9% 94.8% 96.5% 97.9% 97.3% 98.8%
238 U 97.1% 98.1% 91.3% 93.6% 94.1% 96.6% 107.7% 97.4%

Accuracy and Precision - Matrix Spike (MS) and 
Matrix Spike Duplicates (MSD) in 1/10 seawaters

Seawater is a challenging matrix for several reasons. 
Neat seawater contains approximately 3% total 
dissolved solids, mainly NaCl, which can accumulate 
on the nebulizer tip, torch injector, and interface cones, 
causing signal instability and gradual loss of sensitivity. 
Additionally, Na is an easily ionized element (first 
ionization potential (IP) = 5.14 eV) that can significantly 
reduce the response of higher IP elements such as Zn, 
As, Se, Cd and Hg in non-robust plasmas. Synthetic 
sea-water (3% high purity NaCl) was diluted 1/10 and 
spiked in duplicate (MS and MSD) with the calibration 
standard mix at 10 ppb (1 ppm for mineral elements). 
Each MS and MSD was measured four times over 

the course of the sequence. The mean results of the 
four measurements are presented in Table 8. Most 
recoveries were well within ±10%, and %RSDs over 
the 15-hour sequence were typically a few percent. In 
all cases, the RPD values were within the EPA limit of 
±20%.
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Table 8. 1/10 Seawater Matrix Spike (MS) and Matrix Spike Duplicate (MSD) 
results for 10 ppb spike (1 ppm Ca, Fe) showing mean value of replicate mea-
surements (n=4), %RSD and % Recovery of both MS and MSD samples. RPD 
= Relative Percent Difference between the Mean MS and Mean MSD values.

Matrix spike Matrix spike duplicate RPD
Mean %RSD %  

Recovery
Mean %RSD %  

Recovery

9 Be 10.513 4.0 105.1 10.572 4.4 105.7 -0.6
24 Mg 928.493 5.4 92.8 921.914 5.4 92.2 0.7
44 Ca 892.134 5.8 89.2 905.386 10.0 90.5 -1.5
51 V 10.246 3.8 102.5 8.848 1.7 88.5 13.6
52 Cr 9.82 6.6 98.2 8.71 1.8 87.1 11.3
55 Mn 9.557 4.9 95.6 9.433 1.9 94.3 1.3
56 Fe 886.110 2.0 88.6 905.780 1.8 90.6 -2.2
59 Co 9.205 3.0 92.1 9.098 2.8 91.0 1.2
60 Ni 9.144 3.1 91.4 9.216 3.6 92.2 -0.8
63 Cu 8.895 4.6 89.0 8.835 4.3 88.3 0.7
66 Zn 9.470 5.1 94.7 8.833 5.0 88.3 6.7
75 As 10.220 1.1 102.2 8.099 0.4 81.0 20.8
78 Se 9.241 6.4 92.4 8.799 2.5 88.0 4.8
95 Mo 9.859 2.6 98.6 8.349 1.5 83.5 15.3
107 Ag 8.826 1.2 88.3 8.774 0.8 87.7 0.6
111 Cd 9.268 1.0 92.7 9.146 2.7 91.5 1.3
121 Sb 9.741 2.5 97.4 9.687 3.1 96.9 0.6
137 Ba 9.990 1.8 99.9 9.998 0.7 100.0 -0.1
205 Tl 8.708 5.4 87.1 8.707 6.0 87.1 0.0
208 Pb 8.879 7.3 88.8 8.698 6.8 87.0 2.0
232 Th 9.397 6.6 94.0 9.316 7.6 93.2 0.9
238 U 9.447 7.6 94.5 9.229 8.2 92.3 2.3

Precision and Long Term Stability
Long term precision was measured by calculating 
percent relative standard deviation (%RSD) for all 
replicates of the repeated samples over the course of 
the 15-hour sequence. The CCV and NIST 1643e were 
analyzed most frequently (n=8 and n=6 respectively). 
%RSD values in the range of a few percent indicate 
excellent precision over a long sequence, without the 
need for recalibration (Table 9).

Table 9. Long Term Precision (%RSD) over the course of the 15-hour 
sequence, for both the Continuing Calibration Verification (CCV) standard 
(mid-point of the calibration range), and for NIST 1643e Water (undiluted).

% Relative Standard Deviation
Element CCV (n=8) NIST 1643e (n=6)
9 Be 3.7 7.0
23 Na 5.5 5.9
24 Mg 4.1 5.0
27 Al 2.1 4.6
39 K 4.1 9.4
44 Ca 3.5 5.4
51 V 1.3 1.1
52 Cr 4.1 3.9
55 Mn 3.4 4.0
56 Fe 3.3 3.1
59 Co 3.0 2.5
60 Ni 4.0 3.0
63 Cu 4.2 3.1
66 Zn 3.0 2.2
75 As 0.9 0.5
78 Se 0.8 2.0
95 Mo 3.0 2.2
107 Ag 3.2 2.1
111 Cd 1.5 1.3
121 Sb 0.8 3.7
137 Ba 1.9 1.0
205 Tl 3.7 3.6
208 Pb 3.1 4.3
232 Th 4.6 N/A
238 U 5.3 N/A

Calibration accuracy and precision were measured 
by repeated analysis of the continuing calibration 
verification (CCV) sample, which is at the midpoint 
concentration of the calibration curve. Figure 2 shows 
the percent recoveries for all elements for each of the 
eight CCV samples. No CCV failed the EPA limit of ± 
10% for any analyte. 

Absolute long term stability (absence of drift) is 
measured by comparing raw internal standard 
responses from the begining of the sequence to the end. 
Internal standard responses also indicate the degree 
of suppression from high matrix samples. EPA Method 
6020A requires that the internal standard responses be 
greater than 70% compared to the calibration blank for 
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all samples (lower dashed line – Figure 3). If the internal 
standard response in any sample falls below 70%, that 
sample must be diluted and reanalyzed until the internal 
standards exceed the 70% limit. 

Figure 3 shows the percent recovery of the raw internal 
standard responses for the entire 15-hour sequence 
normalized to the calibration blanks. A single blank 
recalibration at run # 118 (CCB) compensated for 
the slight change in internal standard responses due 
to gradual conditioning of the cones and interface. 
All samples passed the >70% test, and no samples 
required additional dilution as a result of an internal 
standard failure. In addition, the generally flat slope of 
the internal standard recovery curve shows that there 
was no gradual loss of sensitivity over time, even when 
running these high matrix samples

Figure 2. CCV recoveries – all analytes (1 ppb Hg, 50 ppb trace elements, 
5 ppm minerals). Control limits at ±10% are indicated in by the dashed line

Conclusions

EPA Method 6020A is applicable for a wide range 
of elements in samples ranging from clean waters 
to highly contaminated soils or sludges. Because of 
this, contract laboratories running Method 6020A 
may not have detailed information on the composition 
and concentration of samples analyzed together in a 
single sequence. The Agilent 7700x/7800 ICP-MS is 
uniquely qualified to perform this difficult application 
for a number of reasons. All samples, regardless of 
composition or concentration can be analyzed using 
a single cell gas mode (helium mode), and no prior 
knowledge of the sample is necessary. The built-in 
High Matrix Introduction system (HMI) allows most 
samples to be analyzed without the need for further 
dilution after initial sample preparation. Additionally, 
the HMI significantly improves plasma robustness, 
which minimizes internal standard failures and extends 
the number of samples that can be run between 
calibrations. All of these benefits translate into simpler, 
faster, more reliable analysis  of complex environmental 
samples.

Reference

1. Steven Wilbur and Emmett Soffey, “Meeting 
Worldwide Regulatory Requirements for the Analysis of 
Trace Metals in Drinking Water Using the Agilent 7500c 
ICP-MS”, Agilent Application Note 5988-8902EN

Figure 3. ISTD stability over 156 runs, 14.8 hours. EPA 6020A lower control limit is 70% (lower dashed line). While there is no upper limit specified in EPA 6020A, 
130% is displayed as the upper limit. Due to space limitations, not all sample names are shown
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Introduction

The U.S. Environmental Protection Agency (US EPA) is in the process 
of revising effluent guidelines for the steam electric power generating 
industry, due to increases in wastewater discharges as a result of Phase 2 
of the Clean Air Act amendments. These regulations require SO2 scrubbing 
for most coal-fired plants resulting in ‘flue gas desulfurization’ (FGD) 
wastewaters. The revised effluent guidelines will apply to plants ‘primarily 
engaged in the generation of electricity for distribution and sale which 
results primarily from a process utilizing fossil-type fuel (coal, oil or gas) or 
nuclear fuel in conjunction with a thermal cycle employing the steam water 
system as the thermodynamic medium’[1]. This includes most large-scale 
power plants in the United States. Effluents from these plants, especially 
coal-fired plants, can contain several hundred to several thousand ppm 
of calcium, magnesium, manganese, sodium, boron, chloride, nitrate and 
sulfate. Measurement of low ppb levels of toxic metals (including As, Cd, 
Cr, Cu, Pb, Se, Tl, V and Zn) in this matrix presents a challenge for ICP-MS, 
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Sample preparation
The samples were collected in HDPE containers and 
acidified with trace metal grade nitric acid to pH <2. 
Sample preparation was performed according to EPA 
1638, Section 12.2 for total recoverable analytes by 
digestion with nitric and hydrochloric acid in a covered 
Griffin beaker on a hot plate. All calibrations were 
prepared in 2% HNO3/0.5% HCl v/v as described in the 
method.

Analytical method
A standard Agilent 7700x ICP-MS with Micromist 
nebulizer and optional ISIS-DS was used. HMI aerosol 
dilution was set to medium, using the MassHunter 
ICP-MS software to automatically optimize the plasma 
parameters and robustness (CeO+/Ce+ ratio ~0.2%). 
MassHunter uses HMI optimization algorithms that 
take into account the type of nebulizer used, to ensure 
reproducible conditions from run to run and from 
instrument to instrument. Operating parameters are 
shown in Table 1.

Table 1. Instrument parameters used, illustrating simple, consistent 
instrument settings used for all analytes and all sample matrices

Parameter Helium mode Hydrogen mode
Instrument conditions

HMI mode Robust plasma, medium aerosol dilution

Forward RF power (W) 1550

Carrier gas flow (L/min) 0.56

Dilution gas flow (L/min) 0.33

Extraction lens 1 (V) 0

Kinetic energy  
discrimination (V)

4

Cell gas flow (mL/min) 4 (He) 4 (H2)

Acquisition conditions

Number of isotopes 
(including ISTDs)

25 3

Number of replicates 3

Total acquisition time (s) 80 (total for both ORS modes)

ISIS parameters

Sample loop volume (μL) 600

Online dilution factor 1:2

due to the very high dissolved solids levels and potential 
interferences from matrix-based polyatomic ions. 
Furthermore, FGD wastewater can vary significantly 
from plant to plant depending on the type and capacity 
of the boiler and scrubber, the type of FGD process used, 
and the composition of the coal, limestone and make-
up water used. As a result, FGD wastewater represents 
the most challenging of samples for ICP-MS; it is very 
high in elements known to cause matrix interferences, 
and also highly variable. To address this difficult 
analytical challenge, in 2009 the EPA commissioned 
the development of a new ICP-MS method specifically 
for FGD wastewaters. This method was developed and 
validated at TestAmerica Laboratories, Inc. using an 
Agilent 7700x ICP-MS equipped with an Agilent ISIS-DS 
discrete sampling system.

Methods and materials

Instrumentation
The Agilent 7700x/7800 ICP-MS with ISIS-DS is ideally 
suited to the challenge of developing a simple, robust 
analytical method for the analysis of regulated metals 
in uncharacterized high-matrix FGD wastewaters. Three 
attributes of the 7700x/7800 are particularly critical and 
work together to enable reliable, routine analysis of 
large batches of variable high-matrix samples:

•	 Agilent’s unique High Matrix Introduction (HMI) 
system enables controlled, reproducible aerosol 
dilution, which increases plasma robustness and 
significantly reduces exposure of the interface and 
ion lenses to undissociated sample matrix.

•	 The Octopole Reaction System (ORS) operating 
in helium collision mode eliminates matrix-based 
polyatomic interferences regardless of sample 
composition, without the need for time consuming 
sample-specific or analyte-specific optimization.

•	 The optional ISIS-DS discrete sampling system 
significantly reduces run time, while further 
reducing both matrix exposure and carryover.
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The ORS was operated in two modes: helium collision 
mode (He mode) for all analytes except selenium, which 
was measured in hydrogen reaction mode (H2 mode). 
Twenty-five masses including internal standards were 
acquired, with typical integration times of 50 ms per 
replicate and three replicates per sample. Instrument 
detection limits (IDLs) were automatically calculated 
by the MassHunter software, based on the precision 
of the calibration blank measurement and the slope of 
the calibration plots (Table 2). Method detection limits 
(MDLs) (3σ) were calculated from 7 replicate analyses 
of a low-level spike of the synthetic FGD matrix solution.

Table 2. Analytes and analytical figures of merit
Element Mass Int. time 

(s)
ORS 
mode

ISTD IDPL 
(ppb)

3σ MDL* 
(µg/L)

V 51 0.05 He Sc 0.08 0.42

Cr 52 0.05 He Sc 0.17 -

Mn 55 0.05 He Sc 0.44 0.68

Ni 60 0.05 He Sc 0.17 0.45

Cu 63 0.05 He Sc 0.15 0.48

Zn 66 0.05 He Ge 0.94 2.04

As 75 0.1 He Ge 0.49 0.61

Se 78 0.05 H2 Ge 0.08 0.31

Ag 107 0.05 He In 0.02 0.29

Cd 111 0.05 He In 0.19 0.59

Sb 121 0.05 He In 0.05 0.36

Tl 205 0.05 He Ho 0.02 0.23

Pb 208 0.05 He Ho 0.03 0.36

* MDL calculated as 3σ of low-level spike into synthetic FGD matrix sample 
(n=7). MDL not calculated for chromium due to significant contamination 
in the synthetic FGD matrix solution. Additional isotopes were acquired for 
internal confirmation, but not reported.

Quality control
The quality control used for the new FGD wastewater 
method was based on the typical protocols used 
in other EPA methods. Prior to commissioning for 
routine operation, initial method validation requires 
determination of method detection limits, linear ranges, 
and analysis of multiple, single-element interference 
check solutions, to assess the effectiveness of 
polyatomic interference removal under the collision/

reaction cell conditions used in the method. In routine 
use, daily quality control in a typical analytical sequence 
includes the analyses outlined in Table 3.

The FGD wastewater method requires the analysis of 
two new QC samples: a synthetic FGD matrix sample 
and a fortified FGD matrix sample.

Prior to preparing the synthetic FGD matrix samples, 
each potential matrix component was analyzed 
as a separate single-element standard, in order to 
determine the source and magnitude of any potential 
contaminants and the effectiveness of He mode at 
removing matrix-based interferences. Results are shown 
in Table 4. Nearly all contaminants and interferences 
were sub-ppb. The most significant contaminants were 
Cr, Ni and Zn in the 10,000 ppm Ca solution, confirmed 
by measuring secondary or qualifier isotopes for the 
analytes. Approximately 2 ppb of V was detected in the 
10% HCl solution. This was either due to contamination, 
a small residual interference from 35Cl16O, or a 
combination of the two, but at less than 2 ppb it did not 
present a problem for this analysis.
After each matrix component was characterized 
individually, a mixed synthetic FGD solution was 
prepared with the composition shown in Table 5, 
together with a second solution with the same matrix 
components but additionally spiked with all the analyte 
elements at 40 ppb. These new FGD matrix samples 
are analogous to the interference check solutions 
ICS-A and ICS-AB required by EPA method 6020, except 
the synthetic FGD samples are much higher in total 
dissolved solids (TDS) than the ICS-A and AB solutions, 
and contain those matrix elements that are commonly 
high in actual FGD samples. The detailed composition 
of the FGD matrix samples, which contain a total of 
>1% (10,000 ppm) TDS, is listed in Table 5, and results 
from the analysis of the synthetic FGD matrix blank and 
synthetic FGD matrix spike are shown in Table 6.
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Table 3. Typical FGD analytical sequence including all required quality control. 
ICV: Initial Calibration Verification,  ICB: Initial Calibration Blank,  
CCV: Continuing Calibration Verification, CCB: Continuing Calibration Blank, 
LCS: Laboratory Control Sample, MS/MSD: Matrix Spike/Matrix Spike 
Duplicate

Analytical sequence
Warm up

Tune instrument

Perform mass calibration check

Perform resolution check

Validate tuning criteria

Calibration blank

Calibration standard 1

Calibration standard 2

Calibration standard 3

ICV

ICB

Method (reagent) blank

Synthetic FGD matrix interference check

Laboratory fortified synthetic FGD matrix

Reporting limit verification standard

CCV

CCB

10 samples (which can include all sample types) 
Must include 1 LCS and 1 MS/MSD pair

CCV

CCB

Table 4. Initial demonstration of interference removal in single-element matrix 
solutions. Analyte concentrations (ppb) for each matrix (sum of analyte 
impurity and residual spectral interference).
Mass & analyte 10,000 ppm Ca 10,000 ppm S 10% HCl / 2% HNO3

51 V -0.631 0.236 1.934

52 Cr 0.771 0.000 0.171

55 Mn 0.019 0.137 0.647

60 Ni 1.115 0.740 0.078

63 Cu -0.095 0.187 0.178

66 Zn 2.706 0.160 -0.126

75 As 0.689 -0.154 0.271

78 Se 0.029 0.213 0.320

107 Ag 0.012 0.040 0.002

111 Cd -0.005 -0.031 -0.044

121 Sb 0.656 0.028 0.542

205 Tl 0.062 0.013 -0.003

208 Pb 0.058 0.135 0.037

Table 5. Composition of synthetic FGD matrix sample. Laboratory fortified 
synthetic FGD sample is spiked with 40 ppb of each of the target elements 
(400 ppb for zinc and 4000 ppb for aluminum).
Matrix component Concentration
Chloride 5000 mg/L

Calcium 2000 mg/L

Magnesium 1000 mg/L

Sulfate 2000 mg/L

Sodium 1000 mg/L

Butanol 2 mL/L

Table 6. Analysis of mixed matrix FGD interference check sample and spiked 
FGD matrix solution. CCV expected value: 50 ppb. 
Mass/ 
Analyte

FGD Matrix 
Check

Fortified FGD 
Recovery

Carryover 
Check

CCV 
(ppb)

CCB 
(ppb)

51 V -0.187 102.2% -0.068 48.885 0.101

52 Cr 12.699* 96.6% 0.015 48.851 0.117

55 Mn -0.101 94.3% -0.328 48.435 0.100

60 Ni 0.247 88.4% -0.009 48.535 0.154

63 Cu 0.094 91.6% 0.096 47.316 0.115

66 Zn 3.181 86.1% -0.302 49.804 0.100

75 As 0.107 110.0% -0.043 48.205 0.009

78 Se 0.538 120.2% -0.144 49.605 0.186

107 Ag 0.145 94.3% 0.010 47.632 0.003

111 Cd 0.039 98.9% -0.017 48.695 0.017

121 Sb 0.181 98.4% 0.015 50.806 0.031

205 Tl 0.021 90.3% 0.000 48.108 0.008

208 Pb 0.436 92.1% 0.003 48.381 0.008

* Cr contamination verified by secondary isotope.

Results

Initial performance verification indicated that the 7700x 
with HMI was able to analyze the very high matrix 
samples, and He mode successfully eliminated matrix-
based spectroscopic interferences, while the use of 
ISIS-DS helped to minimize memory effects (Table 6). 
Accuracy, both in terms of calibration stability (CCV) and 
for spike recoveries in the matrix (spiked FGD solution), 
were well within the standard operating procedure 
(SOP) requirements (CCV ± 15%, matrix spike recoveries 
± 30%).
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When running real FGD samples in a long sequence, 
continuing instrument performance must be monitored 
according to typical EPA criteria. Each group of 10 
samples must include one laboratory control sample 
(LCS) of known concentration, and one matrix spike/
matrix spike duplicate (MS/MSD) pair in addition to 7 
unknown samples.

After each block of 10 samples, calibration and blank 
levels were verified through the analysis of a CCV and 
CCB standard (Figure 1). Additionally, internal standards 
were monitored for all samples and easily met the 
requirement to fall within 60 to 125% of the intensity 
measured in the calibration blank (Figure 2). Internal 
standard recoveries provide information on sample-
specific matrix effects as well as longterm instrument 
drift.

5

Figure 1. CCV recoveries over a sequence of 88 analyses including real FGD samples, all required QC samples and synthetic FGD matrix samples. Control limits 
(85–115%) are indicated in red.

Internal standard recoveries for the 88 sample validation 
sequence are shown in Figure 2. All samples met the 
ISTD QC requirements of 60 to 125% recovery and total 
instrument drift over the course of the sequence was 
less than 10% as indicated by the ISTD response for the 
final CCV sample.

In the complete sequence, a total of six MS/MSD 
pairs were analyzed and the relative percent difference 
(RPD) calculated for each pair is shown in Table 7. The 
method limit for RPD is < 20% which includes both 
measurement and sample preparation errors. Only silver 
proved to be problematic late in the sequence, most 
likely due to chemical stability/solubility problems in 
samples containing high and variable levels of chloride. 
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Table 7. Matrix spike (MS) and matrix spike duplicate (MSD) results and relative percent differences (RPD) for the sequence of 88 analyses. Spike concentration 
was 20 ppb except silver, which was 5 ppb.

Mass & element Spike 1 Spike duplicate RPD (%) Spike 2 Spike duplicate RPD (%) Spike 3 Spike duplicate RPD (%)
78 Se 21.60 22.05 2.1% 8425.29 8478.66 0.6% 1927.89 1948.11 1.0%

51 V 21.93 21.65 -1.3% 493.85 501.30 1.5% 25.07 24.92 -0.6%

52 Cr 20.04 20.62 2.9% 506.40 518.59 2.4% 20.26 20.32 0.3%

55 Mn 148.52 151.49 2.0% 34308.04 34217.28 -0.3% 33316.73 33152.16 -0.5%

60 Ni 18.25 18.90 3.6% 674.91 679.58 0.7% 486.75 489.42 0.5%

63 Cu 17.97 19.28 7.3% 537.18 545.67 1.6% 33.96 34.80 2.5%

66 Zn 19.66 20.96 6.6% 666.47 675.99 1.4% 69.48 66.64 -4.1%

75 As 23.74 21.64 -8.8% 97.51 95.70 -1.9% 26.40 25.67 -2.8%

107 Ag 19.67 19.75 0.4% 2.58 2.52 -2.7% 4.97 9.97 100.5%

111 Cd 20.58 19.31 -6.1% 23.73 24.12 1.6% 19.93 21.46 7.7%

121 Sb 20.51 20.32 -0.9% 52.84 51.56 -2.4% 22.79 23.79 4.4%

205 Tl 20.24 20.07 -0.8% 20.68 20.25 -2.1% 24.87 25.82 3.8%

208 Pb 19.79 20.14 1.8% 150.09 150.06 0.0% 20.27 19.74 -2.6%

Mass & element Spike 4 Spike duplicate RPD (%) Spike 5 Spike duplicate RPD (%) Spike 6 Spike duplicate RPD (%)

78 Se 1056.43 1064.35 0.8% 1038.18 1049.50 1.1% 1100.59 1076.18 -2.2%

51 V 21.43 21.99 2.6% 22.20 21.85 -1.6% 21.31 22.08 3.6%

52 Cr 20.08 20.19 0.5% 20.95 19.55 -6.7% 20.44 20.15 -1.4%

55 Mn 5093.08 5097.50 0.1% 5060.45 5121.08 1.2% 5444.41 5340.90 -1.9%

60 Ni 25.17 20.08 -20.2% 19.00 23.07 21.4% 20.53 19.39 -5.5%

63 Cu 19.26 19.53 1.4% 19.45 18.73 -3.7% 19.22 19.23 0.1%

66 Zn 21.44 21.27 -0.8% 20.47 21.73 6.1% 21.02 18.23 -13.3%

75 As 25.71 22.84 -11.2% 24.07 24.08 0.0% 24.18 22.80 -5.7%

107 Ag 6.02 2.87 -52.3% 5.75 8.30 44.3% 5.22 6.02 15.2%

111 Cd 17.69 20.06 13.4% 17.48 18.19 4.0% 19.00 18.71 -1.5%

121 Sb 21.42 22.69 5.9% 21.61 21.65 0.2% 22.38 21.82 -2.5%

205 Tl 20.79 20.45 -1.7% 20.44 20.54 0.5% 21.08 20.53 -2.6%

208 Pb 19.40 19.62 1.1% 19.47 19.73 1.3% 19.30 19.27 -0.2%

Figure 2. Internal standard recoveries for entire 88 sample sequence. Control limits (60–125%) are indicated by red dashed lines.
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Conclusions

Flue gas desulfurization (FGD) wastewater samples are 
extremely challenging due to their high and variable 
matrix composition and the fact that most of the 
required analytes can suffer from overlap from matrix-
based polyatomic interferences. However, the new EPA 
method development and validation has demonstrated 
that these difficult sample matrices can be routinely 
analyzed for trace metal contaminants using the Agilent 
7700x/7800 ICP-MS with optional ISIS-DS discrete 
sampling accessory.

Based on extensive initial validation and strict ongoing 
EPA mandated quality control, the new method has 
been shown to be simple, robust, and reliable. Using 
the combined advantages of a highly robust plasma, 
HMI aerosol dilution, helium collision mode to eliminate 
interferences, and discrete sampling, this method has 
achieved performance comparable to that normally 
expected when analyzing much simpler samples such 
as waters and soil digests.
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Ultra-Trace Analysis of Beryllium in Water
and Industrial Hygiene Samples by ICP-MS
Application

Introduction
Workplace exposure to beryllium (Be) can pose 
significant chronic and acute health risks and is
receiving increased scrutiny from regulators and
industrial hygiene professionals.  Be is a metallic
element belonging to Group IIA of the periodic
table. It has an atomic weight of 9.012 and is
monoisotopic. It occurs naturally in the earth’s
crust at concentrations ranging from 2 to 10 ppm.
The average concentration in U.S. soils is about 
0.6 ppm, and during the late 1970s and 1980s Be
was measured at between 0.03 and 0.4 ng/m3 in air
[1]. In its natural ore state, beryllium is relatively
nontoxic. However, all other commercially impor-
tant Be compounds exhibit significant pulmonary
toxicity. Humans are exposed to Be from a number
of sources, including food, water, and air. Clini-
cally, the most important exposure pathways are
airborne, including smoke from coal combustion,
cigarette smoke, and airborne particulates from
various Be manufacturing processes. Be use spans
numerous industries, including electronics, aero-
space, nuclear, and metallurgical. Exposure to air-
borne Be can lead to pulmonary disease either as
Acute Beryllium Disease (ABD) or Chronic Beryl-
lium Disease (CBD), depending on level and dura-
tion of exposure.  Both can be fatal, and CBD
symptoms may only appear after a latency period
of up to 25 to 30 years. The U.S. Environmental
Protection Agency (EPA) has also classified Be as a
“probable human carcinogen” [1]. EPA-developed
toxicity values for Be exposure are shown in 
Table 1. The National Institute for Occupational
Safety and Health (NIOSH) exposure limit for Be in
air is 0.05 μg/m3. The limit of detection (LOD) by

Environmental

Abstract
Exposure to airborne beryllium can lead to adverse health
effects in humans. Consequently, many countries have
legislation in place to ensure the health and safety of
workers and the wider environment. Because even very
low concentrations of Be in air constitute a toxic threat to
health, analytical methodology that is capable of
extremely high-sensitivity measurement is required.
Although trace-level analysis of the element is difficult by
some ICP-MS instrumentation, the Agilent 7500ce ICP-
MS can achieve Be detection limits in the sub-ppt range
directly in water and in acid digests of air filters under
routine analytical conditions. Long-term precision and
accuracy data recorded over 8 hours of continuous analy-
sis of a highly diluted certified reference material (NIST
1640) is presented. Recoveries were greater than 97% and
precision was in the order of 1 to 2%. Comparable perfor-
mance was obtained when measuring spiked membrane
filters, indicating that the method is applicable to the
ultra-trace analysis of Be in air samples collected on 
filters.
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Inductively Coupled Plasma Optical Emission
Spectroscopy (ICP-OES) according to NIOSH 7301
[2] is 5 ng/filter, which requires air sampling vol-
umes between 1,250 and 2,000 liters. By contrast,
the LOD by ICP-MS using the Agilent 7500ce as
described in this paper is 50 ppq in solution
(0.00005 ng/mL), which is equivalent to 
0.00125 ng/filter or a 4000× improvement in 
sensitivity.

Analytical Challenges

From an analytical standpoint, Be poses several
challenges.  Because of the toxicity of very low
concentrations in air, extremely high sensitivity is
desired. Traditional NIOSH and Occupational
Safety and Health Administration (OSHA) methods
for Be in airborne samples utilize ICP-OES with
approximate detection limits of 0.005 μg/filter
(NIOSH 7301), which may require a sampling
volume of up to 2,000 liters. By using a much more
sensitive technique such as Inductively Coupled
Plasma Mass Spectrometry (ICP-MS), adequate
sensitivity can be had at much lower sampling vol-
umes and absolute detection limits can be lowered
significantly. While ICP-MS can provide numerous
advantages over other techniques in terms of sen-
sitivity and throughput, there are some challenges
as well. Be exhibits two characteristics that have
traditionally made trace-level ICP-MS analysis dif-
ficult. Be is low mass and has a high first ioniza-
tion potential (9.32 eV). Being low mass (atomic 
weight = 9), Be ions are subject to scattering in the
presence of other higher mass ions (space charge
effects), for example other metals in the sample.
This can limit the sensitivity by an order of magni-
tude or more on some ICP-MS instruments. High
ionization potential has a similar effect. Since the
ICP-MS measures ions, elements that are difficult
to ionize like Be have much higher detection limits
than elements that ionize easily. Therefore, in

Table 1. Chemical Toxicity Values for Beryllium Via Oral and
Inhalation Exposure Pathways as Determined by the
U.S. EPA [1].

Cancer Risk Non-Cancer Effect
Inhalation UR* Oral RfD* Inhalation RfC*

2.4 per mg/m3 0.002 mg/kg-day 0.00002 mg/m3

*UR – (inhalation unit risk):  estimate of number of people per million that likely will
get cancer from continuous exposure to Be in air at a concentration of 1mg/m3.

*RfD – (oral reference dose): An estimate (with uncertainty spanning perhaps an
order of magnitude) of a daily oral exposure of a chemical to the human population
(including sensitive subpopulations) that is likely to be without risk of deleterious
noncancer effects during a lifetime.

*RfC – (inhalation reference concentration): An estimate (with uncertainty spanning
perhaps an order of magnitude) of a continuous inhalation exposure of a chemical to
the human population through inhalation (including sensitive subpopulations) that is
likely to be without risk of deleterious noncancer effects during a lifetime.

order to achieve maximum sensitivity for Be, these
two obstacles must be overcome. By specifically
designing the plasma and ion optics for maximum
ionization and minimum space charge, Agilent
Technologies has effectively achieved Be detection
limits in the sub ppt range under routine analytical
conditions with the 7500 Series instruments. These
design characteristics include a unique digitally
synthesized 27 MHz RF generator and low flow
sample introduction system to ensure maximum
plasma temperatures as well as the avoidance of
any type of shadow stop in the path of the ion
beam that would cause loss of low mass 
sensitivity.

Instrumentation

An Agilent 7500ce ICP-MS was used for this work
in standard configuration. While the 7500ce is a
collision cell instrument, it was used in “no-gas
mode”; meaning, the collision cell was unpressur-
ized and no collision/reaction chemistry was
employed. The work was done under standard lab-
oratory conditions of cleanliness, no clean room or
special apparatus of any type were utilized.
Instrument parameters are listed in Table 2.

Table 2. ICP-MS Parameters

Agilent 7500ce Instrument Conditions
Plasma forward power 1500 W
Carrier gas flow 0.8 L/min
Nebulizer Glass concentric
Sample flow 400 µL/min
Spray chamber temp 2 ° C
Extraction lens 1 2 V
Extraction lens 2 –110 V
Reaction mode Off
Isotopes monitored 6, 9, 45
Integration time for 9Be 5 seconds per replicate/3 replicates

per analysis
Total run time 3 minutes

Experimental
The initial determination of performance was
based on simple calibrations in dilute nitric acid
and repeated analyses of diluted certified refer-
ence water (NIST 1640) for Be. This is because
there are currently no standard reference materi-
als available for Be in air samples. In the initial
work, a sequence of 163 separate samples (dilu-
tions of NIST 1640, Figure 2) was performed over
8.5 hours in order to determine the robustness and
precision of the method (Figure 3). Calibrations
were performed from 1 ppt to 50 ppt as shown in
Figure 1.
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52 ppq calculated detection limit

Figure 1. Calibration for Be in dilute nitric acid at 0, 1, 10, and 50 ppt (standard concentrations in the data table at the top
right are expressed in ppb). The expanded area shows linearity from 1 to 10 ppt. 6Li was used as the internal 
standard.

Estimated detection limits based on calibration 
linearity, response factor, and background were
calculated to be 5.2 × 10–5 ppb (52 ppq) or 0.000052
ng/mL, compared with published values of 0.2
ng/mL by ICP-OES (NIOSH 7300). Subsequent
work included the analysis of spiked 47 mm diame-
ter cellulose ester membrane filters (0.8 μm pore
size) according to the NIOSH 7301 (modified)
method. Digestion conditions are outlined in Table
3. The method was slightly modified to use a Hot
Block digester and the final diluent was 1% nitric
acid. The intent was to determine the suitability
and performance of the method to the matrix con-
taining the dissolved filters.

Initial Calibration

NIST 1640 Calibration Check 
and Blank Check

10 - 1.0 ppt DL replicates

Calibration Check (10 ppt) 
and Blank Check

NIST 1640 1/1000 
NIST 1640 1/10000…

10 analyses in block. 
Block repeated 12 

times.

Initial Calibration

NIST 1640 Calibration Check
and Blank Check 

10-1.0 ppt DL replicates

Calibration Check (10 ppt)
and Blank Check 

NIST 1640 1/1000
NIST 1640 1/10000… 

10 analyses in block. 
Block repeated 

12 times. 120 sample
analyses 

Figure 2. The analytical sequence used to test long-term
accuracy and precision through continuous repeat
measurements of certified reference material 
(NIST 1640 water)
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Figure 3. Results of a long-term stability study using repeat analysis of NIST 1640 diluted 1,000 and 10,000×.
1000 and 10,000× samples were analyzed alternately for 8.5 hours. Actual certified concentration in
the diluted samples was 34.9 ppt and 3.49 ppt (1000 and 10,000×).

Table 3. Modified NIOSH 7301 Digestion Procedure Utilizing Hot Block Digester for Analysis of Be on Filter Samples by ICP-MS.

Digestion Step Procedure Notes
1 Place filter into pre-leached 50 mL poly centrifuge Start a reagent blank at this step.

tube. Add 5 mL 1:3 HNO3:HCl. Cover with a plastic Some species of Al, Be, Co, Cr, Li, Mo, Sb, W, and Zr  
watch glass. Let stand 30 min at room temperature. may not be completely solubilized by this procedure. 

Alternative solubilization techniques for these 
elements can be found elsewhere [2].

2 Heat on hot block (120 °C) until ca. 0.5 mL remains. Hot block substituted for hot plate.

3 Add 2 mL 1:3 HNO3 and repeat step 2. Repeat this PVC filters will not completely dissolve after repeated  
step until the solution is clear. additions of ashing acid.

4 Remove watch glass and rinse into the digestion 
tube with distilled water.

5 Increase the temperature to ~140 °C and take the 
sample to near dryness (ca. 0.5 mL)

6 Bring to final volume of 25 mL with 1% nitric acid. Final solutions ranged from hazy clear to dark
amber. Internal standards added at this point.  Solu-
tions allowed to settle overnight prior to analysis of 
supernatant.
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Precision and Accuracy in Waters

Precision and accuracy was evaluated by examin-
ing the results of the replicate analyses of the 
1,000 and 10,000× dilutions of NIST 1640. The cer-
tified value for Be in NIST 1640 is 0.03494 ppm.
Therefore, after dilution, values were 0.03494 and
0.003494 ppb. During the course of the analytical
sequence (Figure 2), NIST 1640 was analyzed 113
times over 8.5 hours, 56 times at 1/1,000 dilution
and 57 times at 1/10,000 dilution. The results are
shown in Table 4.

Table 4. Analysis of Be in NIST 1640 – Standard Reference Water.
Accuracy and Precision of Replicate Measurements of
NIST 1640 at 1,000 and 10,000× Dilution Over 8.5 Hours of
Continuous Analysis

Average measured Average 
DF n concentration (ppt) %RSD % recovery
1,000 56 34.13 0.988 97.67
10,000 57 3.41 2.51 97.49

Precision and Accuracy on Filter Samples

In order to determine the performance of the
method for the analysis of Be contained on mem-
brane filter samples according to NIOSH 7301
(modified), replicate filters (10 filter blanks and 
10 5-ppt spiked filters) were analyzed. Spike recov-
eries were performed since no standard reference
materials for Be on filters are available.  Results
are given in Table 5.

Table 5. Summary Results of Replicate Analyses of Spiked Membrane Filters and Blanks for Be

n Mean conc. (ppt) % RSD % Recovery
Reagent blank – –0.08 (n = 2) – –
Blank filters 10 0.481 58.8 –
Spiked filters (5 ppt) 10 5.25 4.73 95.3
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Conclusions
The Agilent 7500 Series ICP-MS is capable of mea-
suring Be directly in waters and in acid digests of
air filters according to NIOSH 7301 at levels up to
4,000 times lower than the published DLs using
ICP-OES. By using proprietary Agilent ion optics
designed specifically to minimize the effects of
space charge on low mass analytes such as Be and
very high plasma temperatures,  the obstacles to
ultra trace determination of Be by ICP-MS have
been overcome, allowing measurements at the ppq
level (<0.0006 ng/m3 for a 2,000 L sample). In addi-
tion, the long term precision and accuracy, as
determined by measuring highly diluted certified
reference material (NIST 1640) shows recoveries of
greater than 97% and precision on the order of 
1 to 2% over more than 8 hours of continuous
analysis. Similar performance was obtained when
measuring spiked membrane filters, indicating that
the method is applicable to the ultra-trace analysis
of Be in air samples collected on filters. The very
high sensitivity and precision can permit the use
of shorter sampling times and/or significantly
lower limits of detection.
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Abstract

This work describes a simple, accurate and precise ICP-MS method for the 
direct determination of trace elements in high matrix samples by on-line 
isotope dilution analysis (OIDA). The use of isotope dilution eliminates 
the need for time-consuming external calibrations and corrects for matrix 
suppression as well as signal drift, eliminating the need for periodic 
recalibration or drift correction. The effective dynamic range for the method 
is more than 4 orders of magnitude (0.1 to 1000 µg/L). The capability of 
an Octopole Reaction System ICP-MS (ORS-ICP-MS) operated in helium 
collision mode to remove all matrix-based polyatomic interferences in 
complex matrices is important, since OIDA requires two interference-free 
isotopes of each analyte (or an interference-free tracer isotope in the case 
of monoisotopic elements). High Matrix Introduction (HMI) with aerosol 
dilution was also used to allow the routine analysis of high matrix samples. 
The combination of OIDA and ORS-ICP-MS with HMI proved to be an 
ideal solution for routine high matrix sample analysis, increasing sample 
throughput and improving the quality and reliability of the analytical results. 

On-line isotope dilution analysis with 
the 7700 Series ICP-MS: Analysis of 
trace elements in high matrix samples
Application note
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Introduction

The analysis of trace metals in high matrix samples 
such as seawater, sludge or urine often generates data 
with large uncertainty values and poor repeatability. 
Such high matrix samples are diffi cult to analyze by ICP-
MS due to their complex and often variable composition 
and the fact that high levels of matrix elements give rise 
to unpredictable matrix-based polyatomic interferences 
that affect many commonly required analytes. The very 
high total dissolved solids (TDS) levels in these types 
of samples (up to 3% w/v for seawater) can also cause 
matrix deposition on the interface, which gradually 
clogs the cone orifi ces and leads to a reduction in signal 
intensity and poor long-term stability. 

Isotope dilution analysis (IDA) or isotope dilution 
mass spectrometry (ID-MS) is a well-known analytical 
technique based on the measurement of isotope 
ratios in samples where the isotopic composition has 
been altered by the addition of a known amount of 
an isotopically enriched element [1]. It is an absolute 
quantitative method (traceable to the primary isotopic 
standard) and is commonly used for applications 
where high accuracy and certainty is required, for 
example in National Metrology Institutes. Also, since 
the quantifi cation solely depends on the measurement 
of the isotope ratio in the sample itself and does 
not involve the use of external calibration, IDA is 
signifi cantly less prone to matrix effects. IDA offers 
the possibility to determine major to ultra-trace 
concentrations of elements in virtually any matrix, with 
superior accuracy and precision compared to external 
calibration and is often used as a reference method for 
certifi ed reference material characterization [2].

However, in routine testing laboratories, IDA is often 
perceived to be a ‘complicated’ analytical method 
with limited applicability for routine multielement 
measurements. IDA calculations are not trivial if 
errors that affect the isotope ratio determination have 
to be corrected, the technique cannot be applied to 
monoisotopic elements, and its application range is 
limited compared to external calibration. Furthermore, 
sample preparation for conventional IDA is time-
consuming, since a determined amount of the isotopic 
spike solution has to be added to each sample 

2

individually. The development of on-line IDA (OIDA), 
where a mixture of enriched isotopes is added to 
the samples on-line using a T-connector prior to the 
ICP-MS nebulizer, eliminates many of these issues 
and simplifi es both the sample preparation and the 
quantitative calculations [3]. 

Conventional IDA requires at least two isotopes free 
from spectral interferences, but all the isotopes of 
almost all the elements below m/z 80 can be affected 
by polyatomic interferences in common sample 
matrices. The Agilent 7700x ICP-MS system with 3rd 
generation Octopole Reaction System (ORS3) operates 
in helium collision mode (He mode) with KED, which 
has proven to be effective in removing a wide range 
of plasma and matrix-based polyatomic species. The 
key benefi t of He mode is that it fi lters out polyatomic 
interferences without generating any of the new and 
unpredictable interferences that are characteristic of 
cell systems that operate with reactive gases — even 
hydrogen. The use of helium mode allows the accurate 
determination of both primary (preferred) and, where 
available, secondary (confi rmatory) isotopes for all 
elements in a single run. The effective removal of 
interferences on multiple isotopes of every analyte 
is critical for accurate IDA with quadrupole ICP-MS. 
Helium mode conditions are independent of the sample 
matrix, so a single set of conditions can be used, 
which simplifi es method development and reduces the 
total acquisition time. Finally, Agilent’s High Matrix 
Introduction (HMI) technology enables the direct 
analysis of samples with high (up to several %) TDS 
levels [4], so the need for sample dilution with high 
matrix sample types is largely eliminated.

IDA can easily be adapted to routine analysis by 
combining OIDA with the unique performance of the 
Agilent 7700x ICP-MS ORS3 system and HMI. This 
combination has the potential to be an ideal solution 
for high matrix sample analysis, providing increased 
sample throughput and improved productivity, as well 
as better accuracy, absolute quantifi cation, and reduced 
uncertainty. Furthermore, monoisotopic elements can 
be determined in the same run, without the need for 
external instrument calibration, using a ‘pseudo isotope 
dilution’ approach. 
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Experimental

Instrumentation
An Agilent 7700x ICP-MS, which includes the High 
Matrix Introduction (HMI) kit and Octopole Reaction 
System (ORS3), was used throughout. The ORS3 was 
operated in helium collision mode only; all elements 
were measured using a single set of operating 
conditions without switching cell gas modes. The 
sample introduction system consisted of a MicroMist 
glass concentric nebulizer and a quartz double-pass 
Scott-type spray chamber maintained at a temperature 
of 2 °C. A standard quartz torch with 2.5 mm internal 
diameter (ID) injector was used. HMI conditions were 
ultra robust plasma with medium level aerosol dilution, 
auto-tuned using the 7700 MassHunter software. 
The instrument was equipped with an Agilent I-AS 
integrated autosampler, and the standard on-line 
internal standard addition kit was used for the on-line 
addition of the multielement isotopic spike solution. 
Instrumental conditions including HMI settings are 
summarized in Table 1. Total analysis time per sample, 
including wash-in and wash-out, was 2.5 minutes. 

Table 1. Agilent 7700x ICP-MS operating conditions 

Instrument parameter Value
Forward power 1550 W

Plasma gas 15 L/min

Plasma conditions Ultra robust

Aerosol dilution level Medium

Kinetic energy discrimination (KED) 3 V

Helium collision gas 4.5 mL/min

Acquisition parameter Value

Acquisition mode Spectrum

Points/mass 1

Integration time/point 0.2 s

Replicates 3

3

Standards
The seawater Reference Material NASS-5 was obtained 
from the National Research Council of Canada (Ottawa, 
Canada). The wastewater SPS-WW1, the urine NIST-
2670a and the sewage sludge BCR-146R were obtained 
from LGC Standards (Barcelona, Spain). A multielement 
isotopically-enriched standard IES-WAK, employed 
for the multielement trace metal determination, was 
obtained from ISC-Science (www.isc-science.com, 
Oviedo, Spain). A synthetic high matrix solution was 
prepared by dissolving the following matrix components 
in 1 liter of deionized water: 

• 24 g  NaCl
• 11 g  MgCl2.6H2O
• 4 g   Na2SO4

• 2 g   CaCl2.6H2O
• 0.7 g  KCl
• 0.1 g  KBr
• 0.03 g  H3BO3

• 0.005 g  NaSiO3.9H2O
• 0.04 g  SrCl2.6H2O
• 0.003 g  NaF
• 0.002 g  NH4NO3

• 0.001 g  Fe3PO4.4H2O

On-line isotope dilution
Sample spiking consisted simply of an automated 
on-line addition using the autosampler and standard 
peristaltic pump of the 7700x ICP-MS, with no further 
modifi cation to instrument setup. The only change to 
the conventional setup was that the normal internal 
standard solution was replaced by the multielemental 
isotopically-enriched spike solution. The sample 
or natural standard (reference standard) and spike 
solutions were pumped to the nebulizer and the two 
solution streams were combined before the nebulizer, 
using the online ISTD addition kit. The multielement 
isotopic spike solution was delivered continuously using 
one channel of the peristaltic pump, with the samples 
and natural standards delivered from the autosampler 
vials by a second channel of the pump.
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Analyte concentrations in the samples were calculated 
using the simplifi ed OIDA equation [3]:

 

Where,

• Cs concentration of the analyte in the sample (the 
result to be calculated)

• Cst concentration of the analyte in the natural 
reference standard (st) (certifi ed value)

• Rsp isotope ratio of spike (sp) (certifi ed value)

• Rn natural isotope ratio of analyte (IUPAC value) 

• Rm measured isotope ratio of the mixed sample and 
spike solution (s + sp) 

• Rst measured isotope ratio of the mixed reference 
standard and spike solution (st + sp)

From the above, it is apparent that the isotope ratios Rst 
and Rm are the only unknown parameters that have to 
be determined in order for the sample concentration (Cs) 
to be calculated. The raw data (CPS) of each isotope 
was easily exported from the MassHunter data analysis 
table directly into a custom-designed Microsoft® Excel 
spreadsheet (included on CD-ROM with the IES-WAK 
standard), where the isotope ratios were calculated and 
then incorporated into the equation for the calculation 
of the concentration (Cs) of each analyte. The natural 
(IUPAC) isotope ratio values for (Rn) and the certifi ed 
ratios in the multielement isotopically-enriched standard 
IES-WAK (Rsp) are summarized in Table 2. The ratios 
are all shown as Isotope 2 abundance/Isotope 1 
abundance, where Isotope 1 is the normally preferred 
isotope for each element.

The concentrations of the monoisotopic elements were 
obtained using a ‘pseudo isotope dilution’ approach 
[4] in which the internal standard (Sc or Th) was used 
as a ‘tracer isotope’ and the analyte concentrations 
calculated using the above equation.

Table 2. Certifi ed/reference Rn and Rsp values for the natural elements and 
the isotopic standard IES-WAK. 
* Denotes monoisotopic analyte: tracer isotope used. 

Isotope 1 Isotope 2 Rn Rsp

B 11 10 0.248 302.0 

Cr 52 53 0.113 14.38 

Mn* 55 45 (Sc)

Fe 56 57 0.023 31.64 

Co* 59 45(Sc)

Ni 60 61 0.044 8.721 

Cu 63 65 0.446 63.85 

Zn 66 67 0.147 22.64 

As* 75 45(Sc)

Se 78 77 0.321 1,120 

Sr 88 86 0.119 33.38 

Mo 95 98 1.516 0.009 

Ag 107 109 0.929 151.0 

Cd 111 114 2.245 0.009 

Sn 120 119 0.268  11.83 

Sb 121 123 0.748 73.46 

Ba 137 138 6.385 0.073 

Hg 202 199 0.565 116.3 

Tl 205 203 0.419 36.31 

Pb 208 207 0.422 32.65 

U* 238 232(Th)

In Isotope Dilution Analysis, the amount of spike added 
to the sample is usually optimized by calculating the 
ideal ratio using the ‘error magnifi cation factor’ [5]. 
This factor depends on the isotopic abundances of 
the enriched element spike, as well as of the natural 
isotopic abundances of that element in the samples. For 
OIDA, the spike amount is constant, but it is preferable 
to ‘over-spike’ the samples to yield better counting 
statistics and therefore less uncertainty in the isotope 
ratio measurements. The effective quantitative range 
of OIDA depends on the concentration of the reference 
standard for each analyte. The concentration of each 
element in the reference standard should ideally be 
midway between the lower and upper quantifi cation 
limit: this gives a quantifi cation range of at least 4 
orders of magnitude. Therefore the concentration levels 
of analytes in the multielement isotopic standard are 
matched to the reference standards used. Because all 
4
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analytes are present in the multielement standard at 
the appropriate level, the spike standard can be added 
on-line, automating the spike addition. Table 3 shows 
the working quantifi cation range of the multielement 
standard IES-WAK. Note that the lower limit can vary 
depending on the instrument and working conditions. 
For example reagent quality and blank levels can affect 
the lower limit of the analytical range.
Table 3. Working quantifi cation range of the multielement isotopic standard 
IES-WAK. All concentrations are in µg/L except Ca, Mg, K and Na (mg/L). 

Analyte Units Lower limit Upper limit
Aluminum (Al) µg/L 0.1 10,000

Antimony (Sb) µg/L 0.1 1000

Arsenic (As) µg/L 0.1 1000

Barium (Ba) µg/L 0.1 10,000

Boron (B) µg/L 0.1 5000 

Cadmium (Cd) µg/L 0.1 1000

Calcium (Ca) mg/L 0.05 500

Chromium (Cr) µg/L 0.1 1000

Cobalt (Co) µg/L 0.1 1000

Copper (Cu) µg/L 0.1 2000

Iron (Fe) µg/L 0.1 5000

Lead (Pb) µg/L 0.1 2000

Lithium (Li) µg/L 0.1 1000

Magnesium (Mg) mg/L 0.05 500

Manganese (Mn) µg/L 0.1 1000

Mercury (Hg) µg/L 0.1 100

Molybdenum (Mo) µg/L 0.1 5000

Nickel (Ni) µg/L 0.1 2000

Potassium (K) mg/L 0.05 500

Selenium (Se) µg/L 0.1 1000

Sodium (Na) mg/L 0.05 500

Strontium (Sr) µg/L 0.1 1000

Thallium (Tl) µg/L 0.1 1000

Tin (Sn) µg/L 0.1 1000

Uranium (U) µg/L 0.1 1000

Zinc (Zn) µg/L 0.1 5000

Sample analysis
Figure 1 shows the sequence for the analysis of 
the high matrix samples. The fi rst step was the 
measurement of the reference standard, which serves 
as an online calibration for mass bias correction, and 
simplifi es the IDA calculation. An initial quality control 
(QC) standard was measured to calculate the lower 
limit of quantifi cation (LOQ) of the method, and then 
the unknown samples were analyzed. Further QC 
samples were measured periodically every 10 samples 
to confi rm that the test runs were valid and results were 
reliable. Three different QCs were used, prepared in a 
synthetic high matrix solution and covering the working 
quantifi cation range (lower, midpoint and upper limit of 
quantifi cation).

Figure 1. Measurement sequence — high matrix samples

Analysis of certifi ed reference materials
In all, four different certifi ed reference materials 
were analyzed. These included seawater (NASS- 5), 
wastewater (SPS-WW1), urine (NIST 2670a low 
level) and sewage sludge (BCR-146R). The seawater, 
wastewater and urine were analyzed undiluted, without 
any sample preparation. The sewage sludge was diluted 
5
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50-fold after microwave digestion and then analyzed. 
The microwave digestion method was 0.5 g sample + 
7 mL HNO3 + 1 mL HClO4, 10 minutes to 220 °C and 
hold for 20 minutes, dilute to 15 mL fi nal volume. The 
seawater was spiked at three different concentration 
levels: at the parametric value (PV), which is the 
maximum allowable concentration according to Spanish 
regulations [6], at 0.1x (10%) the PV, and at 2x the 
PV. Each reference material was measured 10 times 
over the course of the sequence and the average 
concentration and standard deviation of the mean 
recoveries were calculated for each element.  

Results and discussion

The results obtained are given in Table 4. The 
concentrations found in the wastewater, urine and 
sewage sludge certifi ed reference materials were 
in good agreement with the certifi ed values for all 
analytes. The recoveries for the spiked seawater fell 
within 10% for all elements in all three spike levels, 

demonstrating accurate measurement at a level 10% 
of the parametric value. The use of IDA corrected 
for any possible matrix effects and signal drift. 
The multielement isotopic standard acts as both a 
calibration standard and an internal standard. Because 
the enriched isotope has the same chemical and 
physical properties as the analyte element, it is the 
ideal internal standard for elements where ionization is 
affected by the matrix components of the sample.

OIDA completely eliminates the drift, recalibration and 
re-analysis of samples that often has to be carried out 
when running long sequences of high matrix samples 
using conventional external calibration. As a result, high 
productivity is achieved through the combination of 
high sample throughput and the elimination of periodic 
recalibration and reanalysis. On-line addition of the 
mixed multielement IDA spike completely eliminates 
the increased sample handling required for individual 
sample spiking in conventional IDA.

Table 4. Mean measured values and recoveries for all elements in four certifi ed reference materials analyzed. 
* Parametric Value. Regulated elements and maximum allowable limits for seawater in Spain. 

Analyte Wastewater SPS-WW1 
(µg/L)

Sewage Sludge BCR-146R 
(mg/L)

Urine NIST  2670a 
(µg/L)

Seawater recoveries (%) at

Found Certifi ed Found Certifi ed Found Certifi ed PV (µg/L)* 10% PV PV 2x PV
Aluminum 1965 ± 37 2000 ± 10 - - - - 209 93.8 94.5 97.2

Antimony - - - - 1.02 ± 0.07 0.971 ± 0.033 5 103.5 107.3 96.7

Arsenic 96 ± 5 100.0 ± 0.5 - - - - 25 94.6 95.2 96.6

Cadmium 19 ± 1 20.0 ± 0.1 19.2 ± 0.2 18.4 ± 0.4 0.051 ± 0.005 0.0591 ± 0.0034 5 93.4 94.4 98.2

Chromium 195 ± 5 200 ± 1 173 ± 8 174 ± 7 - - 5 94.8 98.6 97.9

Cobalt 61.6 ± 0.9 60.0 ± 0.3 6.8 ± 0.2 6.5 ± 0.4 0.122 ± 0.004 0.166 ± 0.040 - - - -

Copper 395 ± 15 400 ± 2 872 ± 20 838 ± 16 - - 25 95.0 96.3 98.4

Iron 1055 ± 17 1000 ± 5 - - - - 200 96.5 98.8 98.1

Lead 98 ± 2 100.0 ± 0.5 555 ± 17 583 ± 17 0.40 ± 0.05 0.49 ± 0.16 10 95.7 96.2 96.9

Manganese 405 ± 6 400 ± 2 288 ± 2 298 ± 9 2.65 ± 0.04 2.6 ± 0.7 50 95.8 96.3 96.7

Mercury - - 8.2 ± 0.2 8.4 ± 0.3 0.069 ± 0.003 0.0663 ± 0.0058 1 92.1 92.9 103.6

Nickel 1042 ± 38 1000 ± 5 69 ± 2 65 ± 3 - - 25 95.1 99.6 98.7

Selenium - - - - 7.32 ± 0.56 8 ± 3 10 90.2 93.8 96.9

Zinc 605 ± 35 600 ± 6 2959 ± 75 3040 ± 60 108 ± 2 130 ± 30 60 94.1 95.6 97.4

6
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Conclusions

The combination of OIDA, helium collision mode, 
and the enhanced matrix tolerance provided by HMI 
has proven to be an excellent solution for accurate 
multielement determinations in high matrix samples, 
providing the following advantages:

• In combination with helium mode for interference 
removal on both primary and secondary (qualifi er) 
isotopes, IDA has been simplifi ed and adapted 
for routine analysis, allowing the simultaneous 
determination of all analytes including monoisotopic 
elements.

• The multielement isotopic standard acts both as 
a calibration standard and as an ideal internal 
standard, providing complete correction of matrix 
effects such as ionization suppression and signal 
drift.

• Sample throughput is increased and productivity is 
improved, since sample preparation is eliminated 
in most cases, no external calibration of the 
instrument is required, and time-consuming reruns 
are avoided.

• Accuracy and precision of the method was 
excellent; good agreement with certifi ed values 
and good spike recoveries were obtained — even 
in challenging samples such as undiluted seawater 
and urine.

Note: The method has been implemented in a large 
number of testing laboratories in Spain and is used 
successfully for the analysis of several different high 
matrix samples (wastewater, seawater, soils, and 
so forth) on a routine basis. Custom multielement 
isotopic standards, prepared specifi cally to individual 
requirements (isotopes, concentrations) are available 
from www.isc-science.com
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Abstract
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signal at m/z 129, which is due to the presence of Xe as an impurity in the 
Ar plasma gas and to the polyatomic ion 127IH2

+. NIST SRM standards with 
different 129I/127I ratios and at multiple concentrations were successfully 
measured, and a 129I detection limit of 1.1 ppt was obtained. No sample 
preparation is required for aqueous samples and the method is capable of 
high sample throughput. 
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Introduction

Iodine 129 (129I) is a long-lived radionuclide (half-life of 
15.7 million years), which has been released into the 
environment as a result of nuclear weapons testing 
and accidental releases from nuclear power plants 
and spent nuclear fuel reprocessing plants. Neutron 
activation analysis (NAA) and accelerator mass 
spectrometry are commonly used techniques for the 
measurement of 129I at ambient (pre-nuclear age) levels, 
but these techniques are costly and time consuming 
(several weeks for NAA) involving radiochemical 
separation. Less sensitive but faster and more routine 
techniques used to monitor for 129I release are liquid 
scintillation counting and gamma spectrometry, 
though measurements still take several hours and 
signifi cant radiochemical sample preparation is required. 
Inductively Coupled Plasma Mass Spectrometry 
(ICP-MS) can also be used to measure 129I, however 
detection limits are compromised by a spectral overlap 
from 129Xe, due to the Xe impurity present in the argon 
plasma gas.

Since 129Xe is an elemental, rather than a polyatomic 
interference, magnetic sector ICP-MS does not have 
suffi cient resolution to separate the 2 isobars, so 
a different approach is necessary. In this study, a 
quadrupole ICP-MS (Agilent 7700x) with an Octopole 
Reaction System (ORS) was used to remove the Xe 
interference on 129I by reaction with oxygen gas in the 
ORS cell.

Instrumentation

The Agilent 7700x ICP-MS features a 3rd generation ORS 
cell (ORS3), which features a longer, narrower octopole, 
and operates at higher frequency, higher cell gas fl ow 
rates, and higher collision energy than in previous ORS 
versions [1]. In combination, these enhancements give 
better interference removal effi ciency in both collision 
and reaction modes. The ORS3 cell operates effectively 
in both collision mode, using an inert collision gas 
(helium) with kinetic energy discrimination (KED), and 
reaction mode, using a reactive gas such as hydrogen. 
In this study, the ORS3 was operated in reaction mode, 
using oxygen as a reaction gas. Oxygen reacts with Xe, 
converting Xe+ ions to Xe atoms by charge transfer, 

2

and also removes the 127IH2 overlap on 129I by chemical 
reaction, thereby removing both the interferences on 
129I. Helium was also added to the cell to thermalize 
the ion beam. This minimizes the high mass tail of 
the 127I peak, which might otherwise contribute to the 
signal measured at m/z 129 when 127I is present at 
high concentration. The two cell gases (oxygen and 
helium) can be added as a pre-mixed blend or, for 
greater fl exibility, added separately using independent 
mass fl ow controllers. The latter approach was used 
in this work, utilizing an optional low-fl ow 3rd cell gas 
controller. A standard Agilent glass concentric nebulizer 
and double-pass quartz spray chamber cooled to 2 °C 
were used for sample introduction. In order to ensure 
the chemical stability of iodine in aqueous solutions, 
samples are typically prepared in a basic diluent, such 
as tetramethyl ammonium hydroxide (TMAH). This 
ensures that iodine is not converted to volatile chemical 
forms that would rapidly be lost from the solution. 
Plasma parameters were automatically optimized to give 
‘Robust Plasma’ conditions, using the pre-set plasma 
autotune feature in the Agilent ICP-MS MassHunter 
software. Robust plasma conditions are defi ned by a 
CeO+/Ce+ ratio of 1% or less and provide high matrix 
tolerance for routine use. Ion lens voltages were also 
autotuned for maximum sensitivity. 

Optimization of oxygen fl ow rate
The optional low-fl ow 3rd cell gas mass fl ow controller of 
the 7700 Series ICP-MS can be used for several different 
gases and, when used for oxygen cell gas, the fl ow 
rate range is 0 to 1.12 mL/min (expressed as 0 to 100% 
fl ow, where 100% = 1.12 mL/min). Oxygen fl ow rate 
was optimized while aspirating a 127I standard prepared 
in 0.5% TMAH (Tama Chemicals, Kawasaki, Japan) 
and monitoring m/z 127 and 129 (Figure 1). Assuming 
equal signal response for the 2 isotopes of I (127 and 
129), the optimum cell gas fl ow rate was identifi ed from 
the rate that gave the lowest background equivalent 
concentration (BEC) at m/z 129, using the measured 127I 
sensitivity to calculate the BEC for 129I. The lowest 129I 
BEC achieved was 0.6 ng/L (ppt), obtained at an oxygen 
gas fl ow rate of 90% of maximum (1.01 mL/min), 
demonstrating the effective removal of the Xe and IH2 
interferences. Figure 1 shows the cell gas optimization 
plot.
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Figure 1. Profi le of 127I sensitivity, m/z 129 background and 129I BEC versus 
oxygen fl ow rate

The Xe concentration in high purity argon varies 
depending on the Ar source (Xe is generally higher in 
bottled Ar gas than in liquid Ar tanks), but Xe peaks are 
always present at signifi cant levels in ICP-MS spectra. 
The effectiveness of the ORS3 in removing this Xe signal 
is demonstrated visually from the log scale spectra 
shown in Figure 2.

Figure 2. Mass spectra at mass range m/z 120–140 in (a) no gas mode and 
(b) oxygen reaction mode. In each case, the grey spectrum is 10 µg/L 127I and 
the overlaid blue spectrum is the blank.

3

The upper spectrum (a) in no gas mode (no oxygen cell 
gas fl ow) clearly shows the Xe background arising from 
the Ar plasma gas and the background contribution from 
the polyatomic ion 127IH2

+ that is produced in the plasma 
during the analysis of real samples. The grey spectrum 
is from a 10 µg/L 127I solution, and the overlaid blue 
spectrum is from a blank. Switching on the cell gases 
(b) decreases sensitivity but the Xe+ peaks disappear, 
as oxygen converts Xe+ to Xe via a thermodynamically 
favorable charge transfer reaction (Xe+ + O2 → Xe + 
O2

+; k = 1.1x10-10), freeing m/z 129 for the measurement 
of 129I. Again, the grey spectrum is from the 10 μg/L 
127I solution, while the overlaid blue spectrum is from 
the blank, showing a small amount of memory from 
the iodine standard previously run. In oxygen reaction 
mode, m/z 131 also becomes available, allowing for the 
trace measurement of 131I, though this is not particularly 
useful since its half-life is only 8 days.

Table 1 shows the ICP-MS operating parameters (at 
optimum oxygen fl ow rate). Total cell gas fl ow rate was 
5.01 mL/min (4 mL/min He plus 1.01 mL/min oxygen).

Table 1. ICP-MS operating parameters

Parameter Value
RF power (W) 1550 

Sampling depth (mm) 8 

Carrier gas (L/min) 1.05

Spray chamber temperature (°C) 2 

He gas flow (mL/min) 4 
Oxygen flow (mL/min) 1.01 
KED (V) 10 

Calibration standards
Calibration standards were prepared by diluting 129I 
isotopic standards NIST SRM 3231 Level I and II (NIST, 
Gaithersburg MD, USA) with 0.5% TMAH in deionized 
water. The certifi ed value for the 129I/127I ratio is 
0.981x10-6 ± 0.012x10-6 in Level I, and 
0.982x10-8 ± 0.012x10-8 in Level II. An intermediate 
standard with a 129I/127I ratio at the 10-7 level was 
prepared by spiking the Level I standard solution with 
127I at the appropriate concentration using a potassium 
iodide solution. The rinse solution was 1% TMAH.
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Analytical data

Measurement of the NIST 3231 level I standard
In order to confi rm the applicability of the method to 
measurement of 129I at varying concentration levels, 
the 129I/127I ratio was measured in 4 different solutions 
containing NIST 3231 at different concentrations, 
as shown in the data in Table 2. In the case of the 
highest dilution (NIST 3231 diluted x100), 129I was 
present at the single fi gure ppt level. For each solution, 
5 replicate measurements of the 129I/127I ratio were 
acquired, with a total data acquisition time of 10 
minutes for the 5 replicates. After subtracting the 
reagent blank, the measured 129I/127I ratio corresponded 
well with the certifi ed value of 0.981x10-6 (9.81x10-7) 
at all concentrations. RSD values were higher than is 
typically achieved for a more conventional isotope ratio 
measurement, due to the very low count rate measured 
for 129I, although the RSD improved to 1.5% in the x10 
diluted standard as the 129I count rate increased to 
70 cps.

Table 2. NIST 3231 Level I — measured iodine 129/127 ratio for each 
dilution. (Integration time was 0.3 s for m/z=127 and 15 s for m/z=129.)

Dilution 
factor

127I (cps) 129I (cps) 129I/127I 129I/127I 
(average)

RSD (%)

100 6224116 6.1 9.80x10–7

9.81x10-7 8.6

6092355 6.3 1.03x10-6

6073353 6.4 1.05x10-6

6125790 6.2 1.01x10-6

6099791 5.1 8.37x10-7

50 14044748 12.3 8.76x10-7

9.93x10-7 7.8
13933138 13.4 9.64x10-7

13475103 13.6 1.01x10-6

14128483 15.0 1.06x10-6

14144548 15.0 1.06x10-6

20 36305910 33.8 9.32x10-7

9.62x10-7 3.9
35573975 32.9 9.24x10-7

36062147 36.4 1.01x10-6

36295813 36.0 9.93x10-7

36050890 34.3 9.51x10-7

10 75347525 72.6 9.64x10-7

9.68x10-7 1.5
75216132 74.5 9.90x10-7

73965391 71.2 9.62x10-7

73792267 71.9 9.74x10-7

74307176 70.7 9.52x10-7

Calibration plots for 127I and 129I
In order to confi rm the calibration linearity for both 
iodine isotopes, the different dilutions of NIST 3231 
Level I were processed as calibration standards, and 
the calibration plots generated are shown in Figure 
3. Excellent linearity was achieved for both isotopes. 
The BECs for 127I and 129I were 0.65 µg/L and 1.9 ng/L,  
while the detection limits (3σ, n=10) for 127I and 129I 
were 0.14 μg/L and 1.1 ng/L, respectively. The BEC and 
DL for 127I were higher due to carryover from previous 
measurements.

Figure 3. Calibration plots for 127I (top) and 129I (bottom) obtained from 
multiple dilutions of NIST 3231 Level I
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Analysis of an ‘intermediate’ NIST 3231 standard and 
NIST 3231 level II
In order to validate the method, an ‘intermediate’ 
standard (nominal 129I/127I ratio 10-7) was prepared 
by diluting NIST 3231 Level I 1:100 in a solution of 
potassium iodide (88.9 mg/L iodine). Measurement 
of the 129I/127I ratio in this intermediate standard gave 
good agreement with the target 129I/127I value of 1x10-7 
(Table 3). NIST 3231 Level II (129I/127I = 0.982 x10-8) 
was also measured and good agreement was again 
obtained (Table 4), though with higher RSD as the 129I 
concentration approached the detection limit of the 
method.

Nevertheless, the fast, direct measurement at the 
10-8 level for 129I/127I using standard liquid sample 
introduction and without sample preparation 
impressively demonstrates the capability of this method 
for rapid screening of samples for 129I.

To confi rm that overlap of 127I on 129I does not occur 
when 127I is present at high concentration, spectra of 
NIST 3231 Level I, the prepared intermediate NIST 
3231 standard, and a blank containing 127I at the same 
concentration as in the standards (88.9 mg/L (ppm)) 
were acquired. The overlaid linear scale spectra are 
shown in Figure 4. Note there is no overlap of the 
127I high mass side peak tail on m/z 129. While some 
iodine hydride (127I1H) can be seen at m/z 128, there is 
no IH2 observed at m/z 129, as had been proposed in a 
previous study [2].

5

Table 3. Measurement of the ‘intermediate’ NIST 3231 standard

Dilution factor 127I (cps) 129I (cps) 129I/127I 129I/127I 
(average)

RSD (%)

I 88.9 mg/L 
added 1/100 
diluted 
NIST 3231 
(expected 10-7)

76548859 7.3 0.95x10-7

0.99x10-7 7.9

76618521 8.3 1.08x10-7

76523125 6.8 0.89x10-7

76849756 8.1 1.05x10-7

76052388 7.6 1.00x10-7

Table 4. Measurement NIST 3231 Level II

Dilution 
factor

127I (cps) 129I (cps) 129I/127I 129I/127I 
(average)

RSD (%)

NIST 3231 
Level II 
129I/127I
=0.982x10-8

536908532 4.0 0.74x10-8

1.07x10-8 22.4

526648579 5.9 1.13x10-8

518477906 7.3 1.41x10-8

508547526 5.2 1.03x10-8

503530493 5.3 1.05x10-8

Figure 4. Overlaid spectra of 88.9 mg/L 127I blank, NIST 3231 Level I (87 ng/L 129I), and the intermediate standard (8.7 ng/L 129I)
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Conclusions

Improvements in the performance of ICP-MS for the 
direct measurement of 129I in solution have been 
made possible by the use of an Agilent 7700x ICP-MS, 
featuring an ORS3 cell operated in oxygen reaction 
mode. The new design features of the ORS3 cell offer 
improved interference removal capability such that 
the Xe background due to the presence of Xe in the 
Ar plasma gas could be completely removed. A 129I 
detection limit of 1.1 ppt was obtained and excellent 
abundance sensitivity prevented spectral overlap 
on 129I from the presence of ppm levels of 127I. NIST 
standards with different 129I/127I ratios and at multiple 
concentrations including the low level NIST 3231 Level 
II with a 129I/127I ratio of 10-8 were accurately measured 
without any sample preparation and with a standard 
liquid sample introduction system. The method is 
applicable to routine use and is capable of high sample 
throughput.
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Abstract

The suitability of coupling an HPLC to an ICP-MS for the
fully automated, routine analysis of bromate in drinking
water as per the proposed EPA Method 321.8 was investi-
gated. The necessity to monitor the carcinogen bromate in
ozonated drinking waters at single ppb levels has led the
USEPA to investigate HPLC-ICP-MS as an alternative
technique to the ion chromatography with conductivity
detection method currently specified. During this investi-
gation, a series of rigorous performance checks were
used to assess the implementation of the proposed
method including the determination of bromate in a series
of EPA disinfection byproduct (DBP) standards.

Introduction

Ozonation is a common method used for the disin-
fection of drinking waters. In waters containing
bromide (Br-), such as those found in coastal
regions subject to salt-water intrusion, a disinfec-
tion byproduct (DPB) of the ozonation process is
the bromate ion (BrO3

-). The bromate ion, produced
by the oxidation of bromide, is very carcinogenic,
with an estimated lifetime cancer risk of 1:10,000

Automated Real-Time Determination of
Bromate in Drinking Water Using
LC-ICP-MS and EPA Method 321.8
Application

for a concentration of 5 ppb.1 The current method
specified by the USEPA for the determination of
bromate in drinking water uses ion chromatogra-
phy (IC) with conductivity detection. One disad-
vantage of this method is the need for a tedious
and time consuming sample pretreatment step.

The need for sample pretreatment arises from the
potential for co-elution of chloride and bromide
ions present in the sample, potentially resulting in
false positive results. In order to prevent this from
occurring, chloride present in the sample is precip-
itated out of solution using silver cartridges with
subsequent pre-concentration of the bromate ions.
This time consuming and lengthy clean-up proce-
dure and pre-concentration step can result in pre-
concentration of sulfate ions present in the water.
Sulfate can subsequently displace the bromate ions
on the resonating column resulting in false
negatives.

For these reasons, ICP-MS has been investigated as
an alternative, ion selective detector for this analy-
sis. ICP-MS provides the resolution necessary to
separate the bromate and chloride ion, thereby
eliminating the need for a matrix elimination step.
Furthermore, ICP-MS has been used successfully
for the analysis of bromate in water samples con-
taining concentrations of chloride in excess of
5000 ppb - much higher than the typical content of
ozonated drinking water - without the need for
sample pretreatment.2

This study will investigate the suitability of ion
chromatography coupled to ICP mass spectrome-
try (ICP-MS) as an automated, real-time measure-
ment approach, to determine low levels of bromate
in ozonated drinking water samples, using the
proposed EPA Method 321.8.3

ICP-MS
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nebulizer flow, RF power and ion lens voltages
have to be optimized very carefully to guarantee
the most efficient sampling of bromide ions. Oper-
ating conditions for the 7500 are shown in Table 1.
These conditions gave an instrument response of
110,000 cps for a 100 ppb bromate standard, with
a background of 1,800 cps (partially due to trace
levels of bromide in the 18 MΩ deionized water).

Table 1: Optimized Operating Conditions for 79Br Using the
Agilent 7500 ICP-MS

Parameter Optimized conditions

Nebulizer Meinhard concentric - glass

Nebulizer flow rate 1.05 L/min

Spray chamber Scott double pass - glass

Spray chamber temperature 2 °C

Sample flow rate 1 mL/min

RF power 1200 W  

Sampling depth Optimized for max signal at 79Br 

Ion lens voltages Optimized for max signal at 79Br 

Chromatographic Conditions 

See Table 2 for the chromatographic conditions
for the separation. The column eluent was passed
via a short length of PEEK tubing to a six-port
Rheodyne injector equipped with a 100 µL (or
500 µL depending on the measurement) PEEK
loop. A post column injection was performed at the
beginning of each run (for internal standard pur-
poses, specified in the proposed EPA Method) at
the exact time the data acquisition began on the
ICP-MS. See Figure 1 for a schematic of the HPLC
instrumentation coupled to the ICP-MS.

Instrumentation

The Agilent Technologies 1100 Series HPLC
system, coupled to a 7500 Series ICP mass spec-
trometer using the real-time Plasma Chromato-
graphic software was used for this study. This
system was specifically designed for the rigors of
automated trace element speciation work, mainly
in response to laboratory demands, particularly in
the environmental, clinical and food application
areas, that need to carry out routine elemental spe-
ciation. Its design takes advantage of Agilent’s
expertise in chromatography and its recognized
leadership position in ICP-MS. 

During the past few years, the potential of ICP-MS
as a detector for elemental speciation studies has
been realized.4 When coupled to a chromatographic
separation device, ICP-MS offers unmatched detec-
tion capability for laboratories interested in quan-
tifying different species, forms, oxidation states or
biomolecules associated with trace elements.2, 5

Traditional approaches of coupling ICP-MS to chro-
matography devices are cumbersome, labor inten-
sive and not readily automated. In fact, the
majority of ICP-MS chromatography data handling
software packages were designed specifically for
liquid and gas chromatography (LC, GC) applica-
tions and required modification for use with
ICP-MS. Some approaches even analyzed the chro-
matographic spectral peaks “post-run”, meaning
the data had to be imported into another software
package after the analysis was completed, for
quantitation purposes. It was clear that there was
a real demand for a fully automated system,
designed specifically for trace element speciation
analysis. Agilent Technologies answered that
demand with a fully integrated package for trace
element speciation, comprising an 1100 Series
HPLC system, coupled to a 7500 Series ICP mass
spectrometer, using the Agilent ChemStation and
real-time Plasma Chromatographic software.6

Methodology 

ICP-MS Conditions

The ICP-MS instrumental conditions were opti-
mized to give maximum signal at m/z 79, the most
sensitive mass for Br. Because bromine is not com-
pletely ionized in argon ICP, sampling depth,

Parameter Specification

Eluent mobile phase 25 mM Ammonium nitrate, 5 mM
Nitric acid (~pH 2.7) in 18 MΩ
Deionized water

Injection volumes 100 µL, 500 µL loops

Post-column injector Used for internal standardization 

Pump flow rate 1 mL/min

Column Dionex CarboPac
PA-100 (94 × 250 mm) - with guard

Table 2: Chromatographic Conditions for the Bromate Study
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Sample Preparation

The blank was 18 MΩ deionized water adjusted to
pH 10 with NaOH. Standards were prepared daily
from a USEPA 1 mg/mL bromate stock solution. 

Demonstration of Instrument and Method
Performance

As a way of maintaining data quality, the EPA uses
performance checks to monitor the instrument and
also ensure that the methodology is working cor-
rectly. Some of the more important performance
checks for this proposed EPA method 321.8
include the measurement of:

• Abundance Sensitivity of ICP Mass
Spectrometer

• Method Detection Limit

• Chromatographic Interferences

• Laboratory Fortified Blank

• Laboratory Fortified Matrix

• DBP Performance Sample

These measurements were used to assess the per-
formance of the integrated system used for this
study.

Abundance Sensitivity 

A large argon dimer, 40Ar40Ar+ at mass 80 adjacent
to the bromate ion 79Br+ at mass 79, has the poten-
tial to bias results in the determination of bromate
by ICP-MS. It is therefore critical that the abun-
dance sensitivity, which is a measure of the instru-
ment's ability to separate a trace peak from a major
one,7 is optimized to allow for maximum rejection
of the ions at mass 80. The very high operating
vacuum of the 7500, and the high frequency of its
quadrupole, combined with optimization of the rod-
bias voltages, ensures that it achieves clean separa-
tion of both peaks, even at a mass of 79.5 amu,
where the tail of the 40Ar40Ar+ might interfere with
the Br+ at mass 79. The excellent abundance sensi-
tivity of the quadrupole's hyperbolic rods is demon-
strated in Figure 2, which shows a spectral scan of
2% HNO3. The effect of the large signal at mass 80 is
shown to have minimal affect on the small bromine
signal at mass 79.

Nebulizer/spray 
chamber

ICP torch

Turbo
pump

Q-pole

Rotary
pump

Agilent 1100 HPLC

Agilent 7500 ICP-MS

(ICP-MS not shown to scale)

Argon gas controller

Post-column
injector

Eluent bottles

Degasser

Pump

Automated 
sample tray 
and injector

Column 
Compartment

Turbo
pump

Figure 1: A schematic of the 1100 HPLC instrumentation coupled to the 7500 ICP-MS used for the bromate study.
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Method Detection Limit (MDL)

Two method detection limits were performed - one
using a 500 µL loop, as specified in the method,
and another using a 100 µL loop. A blank and
three calibration standards (1, 5, and 25 ppb
bromate) were used for both method detection
limit tests. 

Seven individually prepared bromate standards of
1 ppb (for the 100 µL loop) and 0.5 ppb (for the
500 µL loop) were then analyzed to determine the
method detection limit (MDL). From this, an MDL
was calculated for each loop by multiplying the
standard deviation of the seven replicate results
by 3.14, as indicated in the EPA method. Individ-
ual MDL replicate concentrations and statistics for
both loops are shown in Table 3. 

A chromatogram containing the haloacetic acid
mixture and a 10 ppb bromate standard is shown
in Figure 3. The retention time for bromate is
3.5 minutes. The bromine-containing HAA stan-
dards elute at 2.5 minutes, 5.9 minutes and
7.1 minutes indicating no chromatographic inter-
ference with bromate. Average bromate recovery
(n = 2) for this standard spiked with 10 ppb
bromate was 102%.

40Ar40Ar+

79Br+

Figure 2: Mass spectrum showing clean separation of 79Br+ from the argon dimer 40Ar40Ar+.

100µL Loop 500 µL Loop
Replicate # Concentration (ppb) Concentration (ppb)

MDL-1 1.1 0.46
MDL-2 0.98 0.39
MDL-3 0.77 0.35
MDL-4 0.77 0.46
MDL-5 0.97 0.45
MDL-6 0.83 0.48
MDL-7 0.90 0.41
Mean 0.90 0.42
SD 0.131 0.044
RSD (%) 14.6 10.5
MDL 0.41 0.14

Table 3: Method Detection Limit Data for a 100 µL and
500 µL Loops

Compound Concentration (ppb)

Monochloroacetic acid 15

Dichloroacetic acid 15

Trichloroacetic acid 5

Monobromoacetic acid 10

Dibromoacetic acid 5

Bromochloroacetic acid 10

Table 4: Concentrations of Six Haloacetic Acid Compounds that
Could Potentially Interfere with the Determination of
Bromate

Chromatographic Interferences 

To show that other halogenated compounds do not
elute at similar retention times as bromate, a halo-
acetic acid standard (HAA) standard solution, pro-
vided by the EPA, was analyzed. The stock solution
was diluted 1:100 yielding final concentrations of
six different halogenated compounds reported in
Table 4. 
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USEPA DBP Performance
Evaluation Check

An EPA check ampule (USEPA ICR PE ampule for
inorganic DBPs - Study 9), whose concentration
was not known at the time of analysis, was also
analyzed as a blind check sample. The ampule was
prepared in duplicate by diluting 1:100 and analyz-
ing immediately. Results are shown in Table 6.
Once again, the recoveries are both within the 
recommended guidelines.

Laboratory Fortified Blank

Ten replicates of a laboratory-fortified blank (LFB)
were analyzed at a concentration of 5 ppb, which
was approximately ten times the MDL. The LFB
samples consisted of 18 MΩ deionized water
adjusted to pH 10 with NaOH and spiked with
5 ppb bromate standard. The average for the repli-
cates was 4.7 ppb (8.9% RSD) with a 93% recovery. 

Laboratory Fortified Matrices

Four fresh samples supplied by the EPA, taken
from ozonation utilities in the U.S., were analyzed
using this methodology. Each sample was adjusted
to pH 10 with NaOH, and analyzed twice, unforti-
fied and fortified with 10 ppb bromate. The results
for all four samples are shown in Table 5. The
recovery results for these matrices are all within
the EPA guidelines of 70-130% for this method.

Post-column Bromate injection

Bromate

Bromo-
Chloroacetic acid Dibromo-

acetic acid

Bromoacetic
acid

Figure 3: A chromatogram containing haloacetic acid mixture and a 10 ppb bromate standard.

Concentration Concentration
of bromate in of bromate in
unfortified sample fortified sample

Sample ID (ppb) (ppb) % Recovery

A 2.0 12 102%

B 2.7 12 89%

C 4.0 16 118%

D 8.9 18 100%

Table 5: Bromate Results from Ozonation Utilities

Sample Concentration in % Recovery
original ampule (ppb) (917 ppb true value)

Ampule 1 1120 120
Ampule 2 1040 113

Table 6: Recovery of Inorganic DBPs in EPA Check Ampules

Conclusion

The ability to measure bromate in ozonated drink-
ing waters at sub-ppb levels is essential to under-
standing its risk assessment as a carcinogen. Once
USEPA Method 321.8 is validated for use, ICP-MS
detection coupled to HPLC will become an
approved method for achieving this. It has been
shown that the instrumentation used in this study
surpasses all the performance criteria specified in
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the methodology, achieving a method detection
limit of 0.14 ppb, with a 500 µL loop and 0.41 ppb
with a much smaller injection volume (100 µL).
Furthermore, this has been implemented in an
automated fashion with real time data analysis
using the Agilent 1100 LC and 7500 Series ICP-MS
demonstrating that the technique is well suited for
use as a routine analytical tool. 
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Abstract

The presence and transformation of volatile halogenated organics in wastewaters

after treatment with monochloramine have been examined using an Agilent 7890A

GC coupled to an Agilent 7700x ICP-MS. The element-specific bromine and iodine

content in this diverse set of organic species have been determined using com-

pound-independent calibrations (CICs) that are based on the elemental responses

obtained from a calibration curve prepared from the commercially available

dihaloaromatic compound, 1-bromo-4-iodobenzene.

Introduction

Water naturally contains differing levels of chloride, bromide, and iodide ions, which
are typically not harmful to human health at reasonable levels. However, these
halides can be incorporated into organic molecules when water containing these
ions is treated using oxidative processes such as chlorination, ozonation, and chlo-
ramination [1,2]. The oxidative conditions employed in the treatment process can
convert these halides into activated forms, which can then react with organic mole-
cules present in wastewater to form halogenated disinfection byproducts (DBPs)
[3], of which many species are largely unidentified [4].

Considering the increasing stresses on freshwater resources, many municipalities
are contemplating alternative sources of water for potable supply, including purifica-
tion of wastewater and ocean desalination. Both wastewater and ocean water have
significantly elevated levels of iodide and bromide compared to most ambient fresh-
water sources. While some DBPs are regulated in drinking water by the United
States Environmental Protection Agency (EPA), the regulated DBPs comprise a
small list of identifiable compounds [5]. 
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Since iodinated and brominated DBPs are more toxic than
their chlorinated analogs [6-8], it is prudent that occurrence
data is acquired quickly to better understand the magnitude
and prevalence of these emerging DBPs. Most analytical
methods, such as EPA method 551.1, employ GC with electron
capture detection (GC-ECD) to determine the concentrations
of volatile halogenated DBPs in extracts prepared from
waters. These methods are limited in their ability to differenti-
ate halogenated species from each other, or from other inter-
fering nonhalogenated species. Indeed, methods do exist for
determining halogenated DBPs by GC/MS or GC/MS/MS.
However, these forms of molecular mass spectrometry are
limited in their ability to screen a wide array of unidentified
molecules for halogen content in a single analysis, due to ion-
ization issues. Chemical Ionization (CI) does not ionize all
types of organic molecules, and electron impact (EI) can lead
to excessive, undesirable in-source fragmentation. In addition,
GC/MS/MS analysis is limited by the inefficient fragmenta-
tion of halogenated precursor ions into monatomic halogen
product ions (that is, Br+ and Br-). 

This application note describes a novel approach for detecting
and quantifying the presence of halogenated organic com-
pounds using an Agilent 7890A GC coupled to an Agilent
7700x ICP-MS. In this work, we prepared calibration curves for
iodine and bromine using the commercially available 1-bromo-
4-iodobenzene. Compound-independent calibrations (CICs)
were then used to quantify the halogen content of various
halogenated organics in our extracts. As compounds elute
from the GC column, the high temperature of the ICP-MS
source quantitatively converts halogenated organics into
organic fragments and halogen ions. The dry plasma condi-
tions used in our approach minimized the formation of
oxide-based interferences and allowed operation without use
of the collision cell.

Experimental 

Chemicals and standards
Calibration standards of 1-bromo-4-iodobenzene (Alfa Aesar)
were prepared in HPLC grade methyl tertiary butyl ether
(MTBE, Fisher Scientific) with concentrations of intact 
compound being 0, 1, 2, 5, 10, 25, and 100 ng/mL.

Instrumentation
This study was performed using an Agilent 7890A GC coupled
to an Agilent 7700x ICP-MS. The instrument conditions used
are listed in Table 1.

Sample preparation
Municipal wastewater samples were collected from geo-
graphically separated areas. Samples were split in two, with
one half untreated and the other half treated with preformed
aqueous monochloramine such that the initial concentration
of monochloramine in the mixture was 0.08 mM, and the reac-
tion time was 4 hours. A 35 mL aliquot of each treated and
untreated sample was then extracted using 5 mL of MTBE in
a modified version of EPA method 551.1. For each sample
extraction, the MTBE organic layer was carefully separated
and placed into a 2.0-mL amber Agilent GC vial. 

Results and Discussion

Detection of iodine and bromine
Using this method, 1-bromo-4-iodobenzene elutes from the
column at 20.6 minutes. An iodine-containing peak was
detected in all nonblank calibration standards (Figure 1), and a
bromine-containing peak was detected at calibration standard
(intact compound) concentrations higher than 5 ng/mL.
Background (non-peak) signal levels for both 127I and 81Br are
very low (~30 cps) throughout each of the chromatograms
and show no appreciable dependence on oven temperature,
indicating minimal presence of hydride-based interferences
(126XeH+ and 40Ar2H+, respectively).

GC conditions

Precolumn None

Analytical column Agilent J&W HP-5, 30 m × 0.32 mm, 0.25 µm 
(p/n 19091J-413)

Inlet temperature 200 °C

Injection mode Pulsed splitless (10 psi until 0.75 minutes,
5.8 psi afterwards) constant pressure mode

Injection volume 1 µL

Oven program 6 minutes at 37 °C

10 °C/min to 260 °C 

Hold at 260 °C for 11 minutes

Initial column flow 1.2 mL/min

Carrier gas UHP helium

ICP-MS transfer line injector
temperatures

200 °C

GC run time 39 minutes

ICP-MS conditions

Mode No collision gas mode; time resolved analysis
(TRA) for masses 79, 81, and 127

Integration time 0.15 seconds for each ion over a 38 minute
acquisition window

RF forward power 700 W

Dilution gas flow Argon at 0.39 L/min

Sampling depth 3.0 mm

Table 1. GC and ICP-MS Instrument Parameter Conditions
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Wastewater sample analysis
Wastewater samples were examined before and after treat-
ment with monochloramine. The chromatograms reflect a sub-
stantial increase in the concentration of brominated and iodi-
nated species, as well as a change in organohalogen species
following treatment (Figures 2 and 3). Indeed, there are some
halogenated organics present in wastewaters prior to chlo-
ramination. In addition, many non-halogenated organics in
untreated wastewaters are converted into new species of
halogenated DBPs upon chloramination. Moreover, some of

Figure 1. Log/log plot of a calibration curve for 127I prepared from 1-bromo-4-iodobenzene (left panel) and an overlay of 127I peak intensities for calibration 
standards (ranging from 0.0 to 25 ppb) analyzed in this work, including a calibration blank (right panel). The retention time for this compound is
20.6 minutes. Chromatograms are not background-subtracted.

the brominated and iodinated species present before disinfec-
tion treatment are resistant to transformation upon monochlo-
ramine treatment, while others are consumed (reacted) and
are likely transformed into new halogenated DBPs (Figure 3). 

The increase in halogenation and changes in halogenated
species are due to the high reactivity of bromide and iodide
during oxidative treatments. A decrease in argon-based inter-
ferences on 79/81Br (namely 38Ar40ArH+ and 40Ar2H+, respec-
tively) can be attributed to the lower RF power of the dry
plasma; at lower RF power the ionization of argon 

-0.5 0.0 0.5 1.0
Log

10
 ([Bri-benzene], ppb)

Lo
g 10

 (I
nt

eg
ra

te
d 

co
un

ts
, 12

7 I)

1.5 2.0 2.5

4.5

4.0

3.5

3.0

2.5

2.0

Conc. (ppb) Calc. conc. Counts
1 1.1 190.6
2 1.7 303.8
5 5.6 971.0
10 9.9 1717.0
25 26.5 4605.0
100 99.6 17341.0

Figure 2. 81Br GC-ICPMS chromatograms obtained from MTBE extracts pre-
pared from a representative wastewater sample before chloramina-
tion (purple line, front) and after chloramination (blue line, behind).
Intensity scales are identical for both plots. Chromatograms are not
background-subtracted.

Figure 3. 127I GC-ICPMS chromatograms obtained from MTBE extracts pre-
pared from a representative wastewater sample before chloramina-
tion (purple line, front) and after chloramination (blue line, behind).
Intensity scales are identical for both plots. Chromatograms are not
background-subtracted.
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(IP1 = 15.8 eV) is suppressed more than the ionization of
bromine (IP1 = 11.8 eV). Despite the existence of a
xenon-based hydride interference (126XeH+), essentially 
interference-free measurements at m/z 127 (127I) can be per-
formed due to the low levels of Xe in the argon supply and the
low isotopic abundance of 126Xe (0.09%) compared to the iso-
topic purity of the iodine in these samples (as evidenced by
the 18 cps steady level in the blank). The data generated
using this method were highly reproducible, as all continuing
calibration verifications (CCVs) were within 10% of bromine
and iodine values for the initial calibration. 

Many halogenated organic species were detected, some of
which are shown in Table 2, before and after chloramination.
These data show that the levels of most halogenated organic
species increased dramatically after chloramination in all
three wastewater samples (Table 2). Compound-independent
calibrations (CICs) were used to estimate the concentrations
of these unidentified DBPs. While the use of CICs is a
well-validated practice in ICP-MS, the quantitative determina-
tion of unknowns in our experiments is only an approximation
due to the changing He carrier gas flow on our GC (using con-
stant inlet pressure mode) as a result of the oven temperature
program. Whereas, the concentrations of most organohalo-
gens increase following chloramination, two exceptions are
seen in the case of the unidentified halogenated compounds
Br-2 and I-3 in Sample 1 (highlighted in yellow in Table 2). In
these cases, the detected levels of both compounds decrease

after chloramination, illustrating the ability of these 
compounds to be transformed into new and perhaps 
increasingly more halogenated DBPs.

Conclusions

GC-ICP-MS analysis using the Agilent 7890A GC coupled to
the Agilent 7700x ICP-MS is an effective tool in determining
the presence, formation, and transformation of halogenated
DBPs in wastewaters treated by chloramination. The instru-
ment configuration enables easy tuning, chromatographic
separation of an array of diverse compounds, and essentially
interference-free, high sensitivity analysis for halogens cova-
lently bound to organic molecules. The use of CICs allowed us
to approximately quantify the halogen content of these com-
pounds based on the responses obtained from a commercially
available dihaloaromatic compound. This technology also
enables determination of the total concentrations of volatile
brominated and iodinated organic species in a sample. A fur-
ther benefit of using GC-ICP-MS for the analysis of these
complex mixtures of halogenated organics is the element
specificity that this ICP-MS platform provides over other halo-
gen detection methodologies such as GC-ECD. We plan to
identify these DBPs in the future using GC-Q-TOF and to
investigate water treatment technologies that will minimize
the formation of iodinated and brominated DBPs.

Table 2. Elemental Halogen Concentrations (in PPB) Present in Various Organohalogens

Compound name Br-1† Br-2† Br-I-benzene* Br-3† I-1† I-2† Br-I-benzene* I-3†

Retention time (min) 15.4 19.0 20.6 25.2 12.2 12.6 20.6 29.0

Measured isotope 81Br 81Br 81Br 81Br 127I 127I 127I 127I

Standards

Br-I-benzene* 1ppb 0.5

Br-I-benzene 2 ppb 0.8

Br-I-benzene 5 ppb 1.2 2.5

Br-I-benzene 10 ppb 3.0 4.4

Br-I-benzene 25 ppb 7.1 11.9

Br-I-benzene 100 ppb 28.3 44.7

Samples

MTBE Blank 2.5 4.2 1.2 0.6 0.6

Sample 1 before 1.1 346.8 3.2 15.6 1.3 4.6 26.0

Sample 1 after 3315.0 293.7 44558.0 169.9 103.4 1.6

Sample 2 before 3.5 3.2 19.0 0.1 0.6 0.7 1.3

Sample 2 after 4819.9 1254.7 1377.7 121428.9 23.5 34.8 18.5 6.6

Sample 3 before 15.4 37.9 100.1 4.1 2.6 1.3 14.8

Sample 3 after 3388.6 1130.8 126629.7 31.9 103.6 28.5 29.7

*1-bromo-4-iodobenzene (concentrations in standards’ names are in ppb of intact compound).
†Unidentified halogenated organic compound
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Abstract 

This application note describes a method based on high-
performance liquid chromatography (HPLC) coupled to
inductively-coupled plasma mass spectrometry (ICP-MS)
for the separation and determination of methyl and ethyl
mercury. Because the different chemical forms of mercury
exhibit different toxicities, separating elemental mercury
from the alkylated forms provides vital information on the
actual risk posed by a sample. The HPLC-ICP-MS method
is applied to the analysis of water and soil samples. The
method detection limits in water for MeHg, EtHg, and Hg2+

are better than 10 ng/L, and recoveries between 80% and
120% were obtained for the Hg species extracted from the
soil samples.

Introduction

Heavy metals are among the most significant pollu-
tants in natural waters. Within this group of pollu-
tants, mercury (Hg) is of particular concern
because of its toxicity and accumulative nature in
the food chain. It is found throughout the ecosys-
tem in trace amounts in air, water, soil, and living

Determination of Methyl Mercury in Water
and Soil by HPLC-ICP-MS

Application 

organisms. The different physical and chemical
forms of this trace element have significantly dif-
ferent properties [1]. It is well known that the toxi-
city of Hg is highly dependent on its chemical
form, with inorganic and organic Hg species pre-
senting different toxicities. Methylmercury (MeHg)
is the most commonly occurring organo-mercury
compound in environmental and biological materi-
als and the most toxic Hg species, whereas ethyl-
mercury (EtHg) and phenylmercury are rarely
present in the environment. MeHg is 10–100 times
more toxic than inorganic Hg compounds [2, 3],
and certain levels of MeHg exposure in humans
can lead to neurological problems [4]. Because of
its high-lipid solubility, MeHg penetrates the blood-
brain barrier and readily diffuses into cell mem-
branes [5]. Fetuses are particularly vulnerable
because of their rapid brain development. The
main source of Hg is air emissions from power gen-
eration and other industrial activities. Once in the
environment, biological activity will typically
methylate Hg to either MeHg, or less commonly, 
di-methyl mercury. Because fish and other seafood
products are the main source of MeHg in the
human diet, pregnant women are advised to limit
the consumption of certain fish. Recently, the Joint
FAO/WHO Expert Committee on Food Additives
(JECFA) recommended the Provisional Tolerable
Weekly Intakes (PTWI) of MeHg be reduced to 
1.6-µg/kg body weight per week, down from 
3.3-µg/kg body weight per week. See Table 1.

Environmental
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In China, the permitted level for MeHg in the “dis-
charge standard of pollutants for municipal waste-
water treatment plant of China (GB 18918-2002)”
is “undetectable”, that is, below the detection limit
(DL) of the recommended method (10 ng/L) [6].

There are several means of determining total Hg in
environmental samples, but the simultaneous
determination of inorganic and organic Hg is diffi-
cult. This is because the typical concentration of
MeHg is much lower than for inorganic Hg. The
most common methods of Hg speciation are gas
chromatography (GC) or HPLC coupled to a 
Hg-specific detector (fluorescence, photometry, or

Table 1. Regulated levels (PTWI) of MeHg in Foods

MeHg
Authority (µg/kg body weight)
Food and Agriculture Organization 1.6
of the United Nations (FAO)

World Health Organization (WHO) 1.6

PTWI = Provisional Tolerable Weekly Intakes.

other elemental detector). The low concentration
of Hg in natural waters leads to the need for pro-
cessing very large sample volumes. A preconcen-
tration step is also required because the target
reporting limit is often below the sensitivity of the
detector used. 

In China, the recommended method for MeHg 
measurement (GB/T14204-93) uses GC with an
electron capture detector (ECD). Limitations of the
method include:

• Method detection limit (MDL) of 10 ng/L,
despite a complicated enrichment procedure

• Method is not element specific 

• Method suffers from interferences, leading to
false positive results or low recoveries

The objective of this study was to develop a 
sensitive and specific MeHg analysis method by
combining HPLC with ICP-MS – see Figure 1.
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Figure 1. Agilent 1100 HPLC schematic.
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Instrumentation

An Agilent 1100 HPLC was interfaced to an 
Agilent 7500a via the Agilent HPLC-ICP-MS inter-
face. PEEK 20 µL, 100 µL, and 1000 µL sampling
loops were selected. The operating parameters of
the HPLC and ICP-MS are listed in Table 2a and 2b.

Table 2a. Working Parameters of HPLC

Column ZORBAX Eclipse XDB-C18, 
2.1-mm id × 50 mm, 5 µm

Mobile Phase 0.06-mol/L ammonium acetate, 
5% v/v methanol, 
0.1% 2-mercaptoethanol, pH = 6.8

Flow rate 0.4 mL/min

Injection volume 100 µL

Table 2b. Working parameters of Agilent 7500a ICP-MS

RF power 1550 W

Nebulizer PFA concentric 100 µL/min

Spray chamber Quartz, Scott double pass, chilled
to –5 °C

Torch Quartz one piece Fassel type,
2.5-mm injector

Sampling depth 4.5 mm

Carrier gas flow rate 0.75 L/min

Make-up gas flow rate 0.40 L/min

Stability and Sensitivity

To monitor the stability of the instrument, 1.0 µg/L
bismuth (Bi) was added to the methanol eluent as
an internal standard (ISTD). The 7500a was tuned
for maximum sensitivity by optimizing the Bi
signal. During the testing period of 10 hours, the
RSD of the ISTD was less than 5%. Because the
drift was minimal, there was no need for an ISTD
correction. No Bi or any other ISTD was used for
the actual analyses.

HPLC Column

For best results, precondition the HPLC column
(ZORBAX Eclipse XDB-C18, 2.1 mm id × 50 mm, 
5 µm) by pumping HPLC grade methanol at 
0.4 mL/min for at least 2 hours, and then condition
with eluent (same flow rate) for at least half an
hour. Without this conditioning procedure, the
inorganic Hg will be affected by contamination in
the system leading to poor recovery or peak 
splitting.

Results and Discussion

Chromatographic Separation Using Standard Solutions

Using the operating conditions stated in Table 2a
and Table 2b, a mixed Hg species standard in pure
water was injected into the HPLC. The resulting
total ion chromatogram (TIC) showed good 
separation of target species. See Figure 2.
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Figure 2. HPLC-ICP-MS TIC of three mixed Hg species standards in pure water: MeHg 2.48 min, 
Hg2+ 3.21 min, and EtHg 6.54 min, 100-µL loop. 1.0 ppb each.
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Table 3. Integration Results of Hg Species Measurement by
HPLC-ICP-MS

RT Hg Conc.
(min) Species (µg/L) Area

2.48 MeHg 1.0 5.09E+06
3.21 Hg2+ 0.8 3.87E+06
6.54 EtHg 1.0 4.91E+06

Efficiency of Detection

Because 1.0 µg/L of each Hg species was analyzed,
the peak areas for the three species are similar
(see Table 3). The slight difference is probably due
to the purity of the standards or the error intro-
duced during preparation of the standards. 

One of the advantages of an HPLC-ICP-MS system
is the ability of the argon plasma to decompose
and ionize an element, irrespective of the chemical
structure of the species. This independence of
signal to original structure is called compound
independence, and allows a calibration to be con-
structed based upon Hg molar concentration
(Compound Independent Calibration or CIC).
Reported results for all species identified will be
fairly accurate, even when the compound is
unidentified (unknown species). 

Linearity

When the sample was diluted 100 times (10 ng/L
for MeHg and EtHg, 8 ng/L for Hg2+), the Hg species
could still be measured, as shown in Figure 3. The
retention times (RTs) also remained fairly stable.
The minor peak with a RT of 1.35 min was caused
by column contamination. When the column was
cleaned with methanol, the peak disappeared.

The chromatogram in Figure 3 shows that the
MDLs for the Hg species are better than 10 ng/L. If
the eluent contamination problem can be solved by
using higher purity reagents, sub ng/L MDLs will
be achievable.

A series of calibration standards was prepared
from 10 ng/L to 100 µg/L by diluting the mixed Hg
species stock solution (1.0-µg/mL Hg for MeHg and
EtHg, 0.8 µg/mL Hg for Hg2+ in pure water). A 
20-µL injection loop was used throughout, except
for the 10-ng/L data, which was obtained using a
100-µL loop. The peak areas were integrated for
the different concentration levels of three mixed
Hg species. The linear range of the calibration
curves (Table 4 and Figure 4) for Hg speciation by
the HPLC-ICP-MS method was at least 4 orders.
This range covers expected real sample levels, and
so the method is appropriate for direct determina-
tion of water samples without the application of 
complicated preconcentration procedures. 
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Figure 3. The HPLC-ICP-MS TIC of 10-ng/L Hg species standards in pure water. (Contaminant 1.35 min,
MeHg 2.35 min, Hg2+ 3.10 min, and EtHg 6.59 min, 100-µL loop)
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Log (Conc) vs Log (Intensity)
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Figure 4. Calibration curves for MeHg, Hg2+, and EtHg.

Table 4. Integration Peak Areas for Different Concentration Hg
Species by HPLC-ICP-MS (Hg2+ Concentrations were
80% of the Shown Values)

Conc.(ng/L) MeHg Hg2+ EtHg

100000 1.07E+08 5.03E+07 9.83E+07
10000 1.06E+07 4.61E+06 9.24E+06
1000 1.17E+06 5.72E+05 9.44E+05
100 1.30E+05 1.23E+05 1.02E+05
10 5.86E+04 3.55E+04 5.86E+04

Chromatographic Separation of Hg Species in 3% NaCl

In order to test the ability of the method for high
matrix sample analysis, the stock Hg species 
solution was diluted into 3% NaCl (w/v in water)

to obtain 100 ng/L MeHg, EtHg, and Hg2+. The solu-
tion was filtered through a 0.45-µm membrane
before analysis. A 20-µL injection loop was used
for the measurement. The 202Hg ion chromatogram
was overlaid with the corresponding ion chro-
matogram of the pure water diluted solution at the
same concentration, as shown in Figure 5. The
peak areas of the Hg species in 3% NaCl were also
integrated and the recoveries were between 90%
and 110% relative to standards in pure water. This
demonstrates that the method is suitable for even
high matrix samples such as seawater.
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Figure 5. Overlaid HPLC-ICP-MS ion chromatograms for 100-ng/L Hg species standards in pure water (upper) and
in 3% NaCl (w/v, lower) (20-µL loop).
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Application to Soil Samples

When the HPLC-ICP-MS method is applied to solid
samples such as tissues, soils, or sediments,
sample preparation is necessary. The extraction of
Hg species from the solid samples is a crucial step
due to the presence of inorganic Hg in environ-
mental samples at low levels. The Hg species, espe-
cially MeHg, are easy to lose or transform to other
species. To prevent the possible destruction of the
MeHg species in a digestion procedure, a number
of methods have been reported, including extrac-
tion of the compound from samples using dilute
hydrochloric acid or chelating agents [7]. Pub-
lished methods for the extraction of both inorganic
and organo-mercury compounds are time-
consuming, labor-intensive, and require large
amounts of high-purity solvents or special
reagents. In the present work, a simple extraction
method based on diluted hydrochloric acid was
used. The spike recoveries of the soil samples were
between 80% and 120%. Further testing of the
method and the MeHg containing reference soil
sample are planned.

Hg Species Extraction Method

1. Weigh 1.00 g soil sample into a 20-mL plastic
centrifuge tube.

2. Spike 0 to 90 µL of a 100 ng/L mixed Hg species
standard solution into the soil samples. Shake
to mix. 

3. Add 9.0-mL 7.6% HCl (w/v) and 1.0-mL 10% 
2-mercaptoethanol to each tube. Place samples
in an ultrasonic bath for 30 minutes to assist
the extraction.

4. Centrifuge the samples at 3000 rpm for 5 minutes
to partition the particulate matter.

5. Transfer 2.0 mL of the upper (clear) solution in
to a 50-mL clean PET bottle. Add 15.0 mL of
pure water.

6. Use 10% ammonia solution to adjust the pH of
the solution to pH 6.8.

7. Add pure water to the solution until the final
solution weight is 20.0 g.

8. Filter the solution through a 0.45-µm membrane
before HPLC-ICP-MS measurement.

The HPLC-ICP-MS TIC for the soil sample extrac-
tion by 7.6% HCl is shown in Figure 6. The soil
sample was spiked with 90-ng (as Hg) mixed Hg
species standard. The peak height of Hg2+ in the
spectrum is higher than the other two peaks
because of the presence of inorganic Hg in the soil.
Analysis of the unspiked soil sample showed an
insignificant level of MeHg and EtHg. The mea-
sured results for the spike recovery test are shown
in Table 5.
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Figure 6. HPLC-ICP-MS TIC for soil sample, S-A-03, extracted by 7.6% HCl, spiked with 0.9-ng (as Hg) mixed
Hg species standard. MeHg 2.55 min, Hg2+ 3.24 min and EtHg 6.53 min, 100-µL loop.
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Table 5. Spike Recoveries of Hg Species in Soil Samples by
HPLC-ICP-MS 

True Value Measured Recovery 
Sample Hg-Species (pg) value  (pg) (%)

S-BLK-1 MeHg NA 2 NA
Hg2+ 61 63 103
EtHg NA + NA

S-BLK-2 MeHg NA 9 NA
Hg2+ 61 65 107
EtHg NA + NA

S-A-03 MeHg 90 85 95
Hg2+ 151 185 122
EtHg 90 82 91

S-A-04 MeHg 90 80 89
Hg2+ 151 181 120
EtHg 90 75 83

S1-1 MeHg 36 34 94
Hg2+ 97 88 91
EtHg 36 28 77

S1-2 MeHg 36 37 104
Hg2+ 97 105 108
EtHg 36 35 97

S1-3 MeHg 36 41 113
Hg2+ 97 98 101
EtHg 36 43 120

The spike recoveries were all between ~80% and
120%, confirming the suitability of the sample
preparation procedure for soil sample analysis by
HPLC-ICP-MS. 

Conclusions 

HPLC-ICP-MS is appropriate for water samples
analysis, even when the matrix in the water
sample is high. The MDLs for MeHg, EtHg, and Hg2+

are better than 10 ng/L and meet current regula-
tory requirements. When the method is applied to
soil samples, Hg species extraction by 7.6% HCl is
appropriate, with recoveries between 80% and
120%.

References
1. J. O. Nriagu (Ed.), The Biogeochemistry of 

Mercury in the Environment, Elsevier/North-
Holland Biomedical Press, Amsterdam, 1979.

2. National Academy of Science, An Assessment of
Mercury in the Environment, National Research
Council, Washington, DC, 1978.

3. R. Hartung, B. D. Dinman (Eds.), Environmental
Mercury Contamination, Ann Arbor Science,
Ann Arbor, MI, 1972.

4. M. Berlin, 1986. Mercury. In: Friberg, L., 
Nordberg, G., Vouk, V. (Eds.), Handbook on the
Toxicology of Metals. Elsevier, Amsterdam, 
pp. 387–444. 

5. J.S. Felton, E. Kahn, B., Salick, F.C. van Natta,
and M.W. Whitehouse, (1972) Heavy metal 
poisoning: mercury and lead. Ann. Intern. Med.
76, 779–792.

6. Discharge standard of pollutants for municipal
wastewater treatment plant of China, GB
18918-2002, 2002.

7. M. Jackie, A. C. Vikki, and H.E.G. Philip.,
J. Anal. At. Spectrom., (2002), 17, 377–381.

For More Information

For more information on our products and services,
visit our Web site at www.agilent.com/chem.

NA Not applicable
+ No measurements made



AGILENT TECHNOLOGIES 

Atomic Spectroscopy Solutions 
for Environmental Applications

AGILENT TECHNOLOGIES 

Atomic Spectroscopy Solutions 
for Environmental Applications > Return to Table of Contents

> Search entire document

Authors
Maïté Bueno, Florence Pannier, and Martine Potin-Gautier
Laboratoire de Chimie Analytique Bio Inorganique et Environnement
Université de Pau et des Pays de l'Adour, 64000 Pau
France

Jérôme Darrouzes
Agilent Technologies
France

Abstract
A methodology based on coupling isocratic high-perfor-
mance liquid chromatography (HPLC) and inductively
coupled plasma mass spectrometry (ICP-MS) with opti-
mized collision/reaction cell conditions has been devel-
oped for the simultaneous analysis of organic and
inorganic selenium species in natural water samples.
Selenium concentrations found in total and speciation
analysis of a number of water samples showed good
agreement. Because HPLC-ICP-MS coupling is easily
automated, the method can be considered robust and
applicable to the routine monitoring of selenium species
in environmental and nutritional samples.

Introduction
In the last 20 years, there has been increasing
interest in the determination of the different 

Determination of Organic and Inorganic
Selenium Species Using HPLC-ICP-MS

Application

chemical forms in which an element can exist, that
is, in the determination of its speciation. Indeed,
knowledge of total concentrations of elements is
not sufficient to assess their effects on human
health or the environment. Among the elements of
concern, there is a growing interest in selenium.
Selenium is a very important element from an eco-
toxicological point of view due to the narrow con-
centration range between its essential and toxic
effects. Selenium compounds are distributed
throughout the environment as a result of human
activities (industrial and agricultural uses) and
natural processes (weathering of minerals, erosion
of soils, and volcanic activity). In waters, concen-
trations can vary from 2 ng/L to 1,900 µg/L
depending on the system [1]. The natural cycle of
selenium shows its existence in four oxidation
states (-II, selenide; 0, elemental selenium; +IV,
selenite; and +VI, selenate) and in a variety of inor-
ganic and organic compounds. The organically
bound Se(-II) compounds include seleno-amino
acids and volatile forms (dimethylselenide and
dimethyldiselenide), which are less toxic relative
to other species and result from various detoxifica-
tion pathways. The toxic dose of selenium as a
function of its chemical form is shown in Table 1.

Environmental



AGILENT TECHNOLOGIES 

Atomic Spectroscopy Solutions 
for Environmental Applications

2

A number of analytical procedures exist for the
determination of selenium and its various species
in samples from different environmental sources.
Existing methods can be divided in three groups,
depending on selenium concentration:

• Total selenium

• Selenite species

• Species including inorganic and organic forms
of selenium

Various redox reactions are often used to deter-
mine selenite species. However, the series of
required reagents and pretreatment steps
increases the possibility of element loss and conta-
mination. Speciation results can also be distorted
as back-oxidation of selenite to selenate may occur
during sample pretreatment. Moreover, selenite
and selenate are distinguished by two separate
analyses, which is not the case for individual
organic selenium species that remain unidentified.
Hence, methods able to separate and quantify dif-
ferent selenium species simultaneously, in a single
analysis, are preferred and are becoming more
widespread.

In this application, the coupling of high-perfor-
mance liquid chromatography (HPLC) with induc-
tively coupled plasma mass spectrometry (ICP-MS)
is presented for selenium speciation analysis with
emphasis on its application to natural water sam-
ples.

Instrumentation

A 7500ce ICP-MS from Agilent Technologies
(Tokyo, Japan), equipped with an Octopole Reac-
tion System (ORS) cell, was used for this study; see
Table 2 for operating parameters. The sample
introduction system consisted of a concentric neb-
ulizer (Meinhard Associates, California, USA) and
a Scott double-pass spray chamber cooled to 2 °C.
Nickel sampler and skimmer cones were used.

Table 1. Selected Selenium Compounds and Their Toxicity
Compound Formula Lethal dose–LD-50* Ref.
Dimethylselenide (–II) (CH3)2Se 1600 mg/kg (Int.) [2]

Hydrogen selenide (–II) H2Se 0.02 mg/L (Resp.) [3]

Trimethylselenonium (–II) (CH3)3Se+ 49 mg/kg (Int.) [3]

Selenocystine (–I) [HO2CCH(NH2)CH2Se]2 35.8 mg/kg (Or.) [4]

Selenomethionine (–II) CH3Se(CH2)2CH(NH2)CO2H 4.3 mg/kg (Int.) [3]

Selenite (+IV) SeO3
2– 3.5 mg/kg (Int.) [5]

Selenate (+VI) SeO4
2– 5.8 mg/kg (Int.) [5]

*Lethal doses obtained on mice or rats by intraperitoneal (Int.), oral (Or.), or respiratory (Resp.) absorption.

Table 2. Instrumental Parameters for Agilent 7500ce ORS 
ICP-MS

Parameter Value
RF power 1590 W
Ar plasma gas flow 15.0 L/min
Ar auxiliary gas flow 0.86 L/min
Ar nebulizer gas flow 1–1.1 L/min
Spray chamber temperature 2 °C
Integration time per isotope 400 ms
for speciation analysis
m/z ratio monitored 77 to 82
Integration time per isotope for 100 ms
elemental analysis

Chromatographic separation was carried out using
the Agilent 1100 Series HPLC pump, equipped
with an autosampler and variable volume sample
loop. The analytical column was a Hamilton 
PRPX-100, 10 µm particle size, 25 cm length × 
4.1 mm internal diameter (id). The chromato-
graphic separation of selenocystine (SeCyst),
selenomethionine (SeMet), selenite (SeIV), and
selenate (SeVI) was adapted from Ge et. al. [6] and
performed using a 5 mmol/L ammonium citrate
buffer with pH adjusted to 5.2. Injection volume
was fixed at 100 µL. Methanol (2% v/v) was added
to the mobile phase to improve sensitivity [7]. The
mobile phase was delivered at 1 mL/min isocrati-
cally. The HPLC-ICP-MS interface consisted simply
of polyetheretherketone (PEEK) tubing.

Polyatomic Interference Removal

ICP-MS is the detector of choice for trace element
analysis due to its high sensitivity and selectivity.
It is also one of the most often used detection sys-
tems for total and speciation analyses of selenium.
Nevertheless, selenium detection limits obtained
with a conventional ICP-MS (quadrupole filter
without collision/reaction cell system) are not suf-
ficient when dealing with selenium determinations
in natural waters. Difficulties in Se determination
by ICP-MS are mainly due to its high first ioniza-
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tion potential (9.75 eV) compared to argon 
(15.75 eV) and, as a consequence, its low ionization
in an Ar plasma (around 33% [8]). Secondly, argon
polyatomic interferences, especially 40Ar40Ar+ and
40Ar38Ar+ dimers, prevent selenium determination
from its most abundant isotopes 80Se (49.6% abun-
dance) and 78Se (23.8% abundance). Hence, the less
interfered and less abundant 82Se isotope (9.2%
abundance) is generally monitored. The problem of
argon-based polyatomic interferences can be
solved with the use of ICP-MS systems equipped
with a collision/reaction cell (CRC). A 10- to 20-
fold improvement in total Se and speciation analy-
sis detection limits was observed using the ORS
cell of the Agilent 7500ce. Speciation analysis
detection limits are below 15 ng/L based on moni-
toring 80Se (see Table 3). Better detection limits
were achieved for 80Se compared to 78Se because
the 7500ce was optimized on 80Se. 

The use of CRC technology allows efficient removal
of argon-based interferences, resulting in improved
ICP-MS detection power for selenium by permitting
monitoring of its most abundant isotope, 80Se.
However, such improvements are mitigated, in
some cases, by reaction cell induced interferences.
Indeed, hydrogen, or impurities contained in gases,
can cause hydride formation from elements such
as bromine, selenium, or arsenic [9-11]. Therefore,
in samples containing bromine, as in the case of
natural waters, there would be an interference on
80Se and 82Se from bromine hydride. As a result,
the 78Se signal should be monitored to avoid misin-
terpretation of the results and alleviate the need
for correction equations.

Selenium concentrations determined in different
mineral and spring waters, under the ICP-MS oper-
ating conditions described in Table 3, are summa-
rized in Table 4. Results for certified simulated
rain water (TM-Rain 95 from National Water
Research Institute, [Ontario, Canada]) are also
given. Total Se was established by measuring the
78Se isotope without correction equations.

Experimental
Figure 1 shows a chromatogram of 1 µg(Se)/L per
species standard obtained using HPLC-ICP-MS.
The method was then applied to the mineral and
spring water samples previously analyzed for their
total selenium content. The results of selenium
species concentrations are summarized in Table 4,
together with the total selenium data.

Table 3. Optimization of ORS Operating Conditions

Instrument Agilent 7500ce
Cell gases 5.5 mL/min H2

0.5 mL/min He*
Elemental Analysis

78Se 80Se
Detection limit (ng/L) 6 4
Repeatability (%) 2 2
HPLC Coupling

78Se 80Se
Detection limit (ng/L) 14–30 7–15
Repeatability (%) 2 2
*Addition of He is optional. Similar detection limits should be achievable without He.
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Figure 1. Chromatogram of standard, 1 µg(Se)/L per species; 100 µL injected, Hamilton
PRP X-100 column, citrate buffer pH 5.2 and 2% methanol as mobile phase.
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Concentrations found in total and speciation
analyses are in complete agreement, showing the
suitability of the method when applied to natural
water samples. Although the bromine hydride
interference on m/z 80 is present, it is separated
chromatographically without overlapping with the
selenium species. The chromatogram of water
sample “C” (Figure 2) shows bromine elutes after
the selenate peak.

Selenate, commonly found in oxygenated waters,
was determined in commercial waters A-D. Selen-
ite was identified in TM-Rain 95 water, which is
only certified for its total selenium content. Only
water “E,” a noncommercial ground water, con-
tained both inorganic selenite and selenate species
(see Figure 3).

Table 4. Selenium Concentrations Determined in Different Natural Waters [units: ng(Se)/L]
Elemental Analysis HPLC Coupling

78Se 80Se
Natural Water 78Se SeIV SeVI SeIV SeVI
TM-Rain 95 622 ± 19* 629 ± 7 < DL 615 ± 8 < DL
A 67 ± 1 < DL 69 ± 2 < DL 72 ± 6
B 142 ± 24 < DL 140 ± 9 < DL 143 ± 4
C 240 ± 20 < DL 232 ± 13 < DL 267 ± 13
D 467 ± 17 < DL 475 ± 4 < DL 492 ± 5
E 1890 ± 160 55 ± 2 1840 ± 30 57 ± 6 1920 ± 20
*Certified value 740 ± 290 ng(Se)/L
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Figure 2. Chromatogram of natural water “C” showing reaction cell induced interference
from bromine hydride elutes after the selenate peak.
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Figure 3. Chromatogram of natural water “E,” the only sample to contain both inorganic
species. First peak is SeIV, second peak is SeVI.

Conclusions
Interest in selenium speciation has grown in
recent years due to its characteristics as both an
essential and toxic element. However, the complete
speciation of selenium, including organic and inor-
ganic forms, is still a major challenge. This is par-
ticularly true when exploring selenium speciation
in natural waters due to the low levels of Se pre-
sent. A hyphenated technique consisting of iso-
cratic HPLC coupled to ICP-MS with optimized
collision/reaction cell conditions allows for a quick
and precise simultaneous analysis of organic and
inorganic selenium species. Moreover, as HPLC-
ICP-MS coupling is easily automated, it can be con-
sidered a robust routine method to monitor
selenium species levels in environmental and
nutritional samples.
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Abstract

An inductively coupled plasma mass spectrometer
(ICP-MS) was used as a detector for gas chromatography
(GC) and high performance liquid chromatography (HPLC)
analysis of organotin compounds. ICP-MS is a highly sen-
sitive detector with detection limits in the pg�ng range,
as well as enabling calibration by isotope dilution mass
spectrometry (IDMS). Calibrating using isotopically
labeled organotin species reduces measurement uncer-
tainties and leads to greater precision compared to exter-
nal calibration methods. This application note details the
relative merits of the two techniques for the analysis of
organotin compounds.

Introduction

The toxic effects of organotin compounds in the
environment have been well documented [1] and
have led to extensive research into analytical
methodologies for their determination in a variety
of matrices. The widespread use of organotin com-
pounds has resulted in their detection in most
marine and fresh-water sediments as well as in
open-ocean waters [2]. In recent years, the focus of
research in organotin analysis has begun to include
matrices with human health implications, such as
seafood [3], manufactured products (PVC pipes
used for drinking water distribution [4]), and
human blood samples [5].

A Comparison of GC-ICP-MS and
HPLC-ICP-MS for the Analysis of
Organotin Compounds

Application

Organotin analysis has traditionally been per-
formed by chromatographic separation (gas chro-
matography (GC) or high performance liquid
chromatography (HPLC)) coupled to a variety of
detectors. GC separations enable the analysis of
many different groups of organotin compounds
(for example, butyl-, phenyl-, octyl-, and propyl) in
a single analysis after derivatization [6]. However,
derivatization is time-consuming and yields may
vary between species and in terms of efficiency
depending on matrix components. GC-ICP-MS
has the potential to facilitate simultaneous multi-
elemental speciation analysis, because species of
Se [7], Pb [8], Hg [9], and Sn [10] have volatile
forms and could be analyzed in a single analysis.
Organotin separations by HPLC offer the advan-
tage that derivatization is not required, which
eliminates a potential source of uncertainty in the
final result and can reduce analysis time signifi-
cantly. However, the range of compounds that can
be analyzed in a single run are limited compared
to GC. The use of ICP-MS as a detector enables cal-
ibration by isotope dilution mass spectrometry as
well as providing very low limits of detection
(pg�ng range). In conjunction with isotopically
labeled organotin species, this approach offers
many advantages from an analytical point of view
including reduced measurement uncertainties and
greater precision compared to external calibration
methods.

Experimental

Reagents and Standards

Acetonitrile (UpSTM ultra-purity solvent grade) was
obtained from Romil (Cambridge, UK). Glacial

Environmental

Raimund Wahlen 
Agilent Technologies LDA (UK) Ltd
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acetic acid (TraceSelect) and anhydrous sodium
acetate (Microselect � 99.5% NT) were obtained
from Fluka (Gillingham, Dorset, UK). Triethylamine,
methanol and hexane were used as HPLC grade.
Deionized water was obtained from a water purifi-
cation unit at >18M� (Elga, Marlow, UK). Sodium
tetra-ethylborate (NaBEt4) was obtained from
Aldrich (Gillingham, Dorset, UK). 

Tributyltinchloride (TBTCl), Dibutyltinchloride
(DBTCl2), Triphenyltinchloride (TPhTCl) and
Diphenyltinchloride (DPhTCl2) were obtained from
Aldrich and purified according to the procedure
described by Sutton et al [11]. The 117Sn isotopi-
cally enriched TBTCl was synthesized according to
the procedure described in the same paper.
Monobutyltinchloride (MBTCl3) and Tetrabutyltin-
chloride (TeBTCl) were obtained from Aldrich, and
Dioctyltin (DOT), Tripropyltin (TPrT), and
Tetrapropyltin (TePrT) were obtained from Alfa
Aesar (Johnson Matthey, Karlsruhe, Germany).

Instrumentation

Accelerated solvent extraction was carried out
using a Dionex ASE 200 system. An Agilent 7500i
ICP-MS was used for time-resolved analysis of
120Sn, 118Sn, and 117Sn. The ShieldTorch system was
used, and a second roughing pump was added
in-line to increase sensitivity.

An Agilent Technologies (Palo Alto, California, USA)
1100 HPLC system was used for HPLC separations.
All stainless steel parts of the HPLC system that
come into contact with the sample were replaced
by polyether ether ketone (PEEK) components. A
100-cm length piece of PEEK tubing was used to
connect the analytical column to the 100-µL min-1

2

PFA MicroFlow nebulizer of the ICP-MS. Optimiza-
tion of the ICP-MS conditions was achieved prior
to HPLC analysis by adjusting the torch position
and tuning for reduced oxide and doubly charged
ion formation with a standard tuning solution con-
taining 10 ng g-1 of 7Li, 89Y, 140Ce, and 205Tl in 2%
HNO3. After this preliminary optimization, the
HPLC system was coupled to the nebulizer and a
final optimization was carried out using 103Rh
added to the HPLC mobile phase. To reduce the
solvent loading on the plasma, the double-pass
spray-chamber was Peltier-cooled to -5 °C. Oxygen
(0.1 L min-1) was mixed into the make-up gas and
added post-nebulization to convert organic carbon
to CO2 in the plasma and avoid a carbon build-up
on the cones. The final optimization was important
because the nebulizer gas and make-up gas flows
had to be adjusted to ensure plasma stability with
the organic mobile phase conditions. HPLC separa-
tions were performed using a C-18 ACE column
(3-µm particle size, 2.1 mm � 15 cm) with a mobile
phase of 65: 23: 12: 0.05 % v/v/v/v acetonitrile/
water/ acetic acid/TEA. The flow rate was 0.2 mL
min-1, and 20 �L of sample blends and mass-bias
blends were injected. See Table 1.

GC separations were performed on an Agilent 6890
GC. The Agilent G3158A GC interface [12] was used
to couple the GC to the ICP-MS. The GC method
was used as described by Rajendran et al [6]. The
analytical column was connected to a length of
deactivated fused silica, which was inserted along
the ICP transfer line and injector. After installa-
tion of the interface, the torch position and the ion
lenses were tuned using a 100-ppm xenon in oxygen
mixture, which was added to the ICP-MS carrier
gas at 5% volume via a T-piece. The isotope moni-
tored for this adjustment was 131Xe.

HPLC-ICP-MS GC-ICP-MS
Interface cones Platinum Platinum

Plasma gas flow 14.5�14.9 L min-1 14.5�14.9 L min-1

Carrier gas flow 0.65�0.75 L min-1 0.80�0.85 L min-1

Make-up gas flow 0.15�0.25 L min-1 Not used

RF power 1350�1550 W 1100�1200 W

Sampling depth 4�7 mm 6.5�7.5 mm

Integration time per mass 300 ms 100 ms

Isotopes monitored 120Sn 120Sn
117Sn 118Sn
103Rh 117Sn

Other parameters ICP torch injector diameter: 1.5 mm 5% N2 or O2 added to enhance
Peltier cooled spray chamber at -5 °C sensitivity
5% O2 added post-nebulization ShieldTorch fitted
ShieldTorch fitted

Table 1. ICP-MS Parameters Used
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Extraction of Organotin Compounds

The ASE extraction cells were fitted with PTFE
liners and filter papers and filled with dispersing
agent. The sediment and the isotopically enriched
spike were added and left to equilibrate overnight.
Each cell was extracted using five 5-minute cycles
at 100 °C and 1500 psi after a 2-minute preheat
and 5-minute heat cycle. 0.5 M sodium acetate/
1.0 M acetic acid in methanol was used as the
extraction solvent [13]. A calibrated solution
(mass-bias blend) was prepared by adding the
appropriate amounts of both 120Sn TBTCl and 117Sn
TBTCl into an ASE cell filled and extracting under
the same conditions as the samples. Digestion
blanks were prepared by extracting ASE cells filled
with hydromatrix and PTFE liners. After the
extraction, each cell was flushed for 100 seconds
with 60% of the volume and purged with N2. Prior
to analysis, the extracts were diluted two- to five-
fold in ultrapure water for HPLC-ICP-MS analysis.
For GC-ICP-MS analysis, 5 mL of sample-, blank-,
and mass-bias blend solutions were derivatized
with 1 mL of 5% NaBEt4 and shaken for 10 minutes
with 2 mL of hexane. An aliquot of the hexane
fraction was then injected for analysis.

Isotope Dilution Mass Spectrometry (IDMS) Methodology

The method used for IDMS consisted of analyzing a
blend of the sample together with a mass-bias cali-
bration blend. Each sample blend was injected four
times and bracketed by injections of the mass-bias
calibration blend. The mass-bias calibration blend
was prepared to match the concentration and iso-
tope amount ratio in the sample by mixing the
same amount of spike added to the sample with a
primary standard of the analyte of interest [14], [15].
The estimation of the standard uncertainties for
the measured isotope amount ratios was different
to the one described in [14] as they were calcu-
lated as peak area ratios and not spectral measure-
ment intensities. The chromatographic peaks were
integrated manually using the RTE integrator of
the Agilent ICP-MS chromatographic software. The
mass fraction obtained from the measurement of
each sample blend injection was then calculated
according to: 

RBc

w’X = wZ •
mY 

•
mZc

•

RY — R’B • 
R’Bc

•
RBc — RZ

mX mYc
R’B •

RBc
— RZ

RY — RBc

R’Bc

R’B Measured isotope amount ratio of sample blend
(X+Y)

R’Bc Measured isotope amount ratio of calibration
blend (Bc=Z+Y)

RBc Gravimetric value of the isotope amount ratio
of calibration blend (Bc=Z+Y)

RZ Isotope amount ratio of Primary standard Z
(IUPAC value)

RY Isotope amount ratio of spike Y (value from
certificate)

w’X Mass fraction of Sn in sample X obtained from
the measurement of one aliquot

wZ Mass fraction of Sn in primary standard Z
mY Mass of spike Y added to the sample X to pre-

pare the blend B (=X+Y)
mX Mass of sample X added to the spike Y to pre-

pare the blend B (=X+Y)
mZc Mass of primary standard solution Z added to

the spike Y to make calibration blend Bc (=Y+ Z)
mYc Mass of spike Y added to the spike Y primary

standard solution Z to make calibration blend
Bc (=Y+ Z)

The representative isotopic composition of Sn
taken from IUPAC was used to calculate the iso-
tope amount ratios of the primary standard. For
the spike TBTCl, the isotopic composition was
obtained from the certificate supplied with the
117Sn enriched material from AEA Technology plc
(UK). For the measured isotope amount ratio of
the calibration blend (R’Bc), the average of the two
ratios measured before and after each sample
blend isotope amount ratio (R’B) were taken. A
mass fraction was calculated for each sample
blend injection and the average of the bracketing
mass-bias calibration blend injections. The average
of the four mass fractions was then reported as the
mass fraction obtained for the blend analyzed. The
final mass fraction was recalculated back to the
original sample and corrected for moisture
content.
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Detection limits (ng mL-1 as Sn) by GC-ICP-MS

No gas added 5% N2 added

MBT 0.7 0.01

DBT 0.5 0.008

TBT 0.4 0.006

Results and Discussion

General Comparison

Analysis of mixed organotin standard solutions
showed that the GC method could separate a
greater number (10�12) of compounds in a single
run compared to HPLC-ICP-MS (5�6). The
injection-to-injection time was ~40% shorter for
HPLC-ICP-MS, due to the temperature profile used
for GC separations. Because of the cost of the
derivatizing agent, the reagent cost per sample is
approximately double for GC sample preparation. 

Sensitivity Enhancement of GC-ICP-MS by Using
Additional Gases

Figure 1 and Table 2 illustrate the effect of adding
different additional gases on the signal response
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Figure 1. Sensitivity increase on a 20 ng mL-1 mixed standard by using a) no additional gas, b) 5% O2, and c) 5% N2.

for a range of organotin compounds. Adding 5% O2

results in an increase in the measured peak area
ranging from 9-fold (DBT and MPhT) to 12-fold
(MBT). The addition of N2 results in a further
increase compared to analysis without addition of
an optional gas. Response factors range from 105
(DBT and TPhT) to 136 for MBT and 150 for TeBT.
This translates to a reduction of the method detec-
tion limit (3s) for TBT from 0.4 ng mL-1 (no gas) to
0.03 ng mL-1 (with 5% O2 added) to 0.006 ng mL-1

(with 5% N2 added). The table below summarizes
detection limits based on analysis of a calibration
standard for MBT, DBT, and TBT.
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Table 2. Effect of Different Additional Gases on Sensitivity of Organotin Compounds by GC-ICP-MS

Retention a) b) Response c) Response Response
time No gas added 5% O2 added factor 5% N2 added factor factor

Compound (min) (peak area) (peak area) compared to a) (peak area) compared to a) compared to b)

MBT 5.57 2274 27029 12 309702 136 12

DBT 6.38 3247 29238 9 340436 105 12

MPhT 6.84 2026 18173 9 215182 106 12

TBT 7.02 3490 33132 10 399868 115 12

TeBT 7.54 3717 34225 9 558916 150 16

DPhT 8.46 3181 29665 9 338057 106 11

TPhT 9.81 4287 41119 10 450803 105 11

Table 3. TBT Data for Sediment Extracts

HPLC-ICP-MS Standard GC-ICP-MS Standard
(ng/g as Sn) uncertainty k = 1 (ng/g as Sn) uncertainty k = 1

Sample n = 4 (ng/g as Sn) n = 4 (ng/g as Sn)

1 827 19 853 12
2 805 38 846 13
3 845 9 838 8

Mean 826 22 846 11

Expanded uncertainty (k = 2) ±87 ±39

Comparison of HPLC-ICP-MS and GC-ICP-MS for
Analysis of TBT in Sediment

Table 3 shows the comparative data obtained by
analysis of the same sediment extracts by both
methodologies. There is no statistically significant
difference between the two data sets. This confirms
that the chromatographic separation and the dif-
ferent sample pretreatment (dilution/derivatization)
used has no influence on the analytical result
obtained. The chromatography for both methods
appears in Figure 2 and Figure 3. The isotope
amount ratio measurement precision, measured
for 15 injections over a 6�8 hour period, is good for
both methods (1.6% for HPLC-ICP-MS and 1.7% for
GC-ICP-MS). The uncertainty estimates provided
by HPLC-ICP-MS tend to be larger than for GC

separations. This is a result of broader peaks
(50�60s by HPLC, compared to 4�6s by GC) and
greater baseline noise. 

Detection limits for sediment analysis are esti-
mated by peak height measurements (3s) as 3 pg
TBT as Sn for HPLC-ICP-MS and 0.03 pg TBT as Sn
for GC-ICP-MS with 5% O2 addition. This demon-
strates the superior sensitivity of GC-ICP-MS even
without sample preconcentration. 

The accuracy of the analytical procedure was eval-
uated by measuring extractions of the certified ref-
erence sediment PACS-2 (NRC, Canada). The mean
mass fraction obtained by the HPLC-ICP-MS analy-
sis of four extracts was 864 ±35 ng g-1 TBT as Sn
compared to a certified value of 980 ±130 ng g-1

TBT as Sn.
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Figure 3. GC-ICP-MS chromatogram.

1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00
0

2000

4000

6000

8000

10000

12000

14000

16000

18000

20000

22000

24000

Time

A
bu

nd
an

ce

Ion 120.00 (119.70 to 120.70): msd1.ms

Ion 117.00 (116.70 to 117.70): msd1.ms
DBT

TPhT

TBT

Figure 2. HPLC-ICP-MS chromatogram.



AGILENT TECHNOLOGIES 

Atomic Spectroscopy Solutions 
for Environmental Applications

7

Conclusions

Both HPLC-ICP-MS and GC-ICP-MS offer advan-
tages for organotin speciation analysis. While there
is no statistical difference in the results obtained,
HPLC-ICP-MS can be used for cheaper and faster
determinations of large sample batches, while the
superior sensitivity and the greater number of ana-
lytes separated make GC-ICP-MS an ideal tool for
monitoring studies at the ultratrace level.
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Introduction

Chromium (Cr) is used in stainless steel and other alloys, and is commonly 
used to provide a corrosion-resistant coating to steel and other metals. 
Cr is also widely used in dyes, preservatives and the tanning industry. Cr 
typically exists in one of two common oxidation states, Cr(III), also known 
as Cr3+ or trivalent chromium, and Cr(VI), Cr6+ or hexavalent chromium. 
These two oxidation states differ markedly in their properties, in that Cr(III) 
is an essential trace dietary nutrient for humans, while Cr(VI) is a known 
carcinogen. As a result, Cr is monitored and regulated in many sample types, 
including the environment, food, drinking water, pharmaceutical products 
and consumer goods. Worldwide, Cr is typically regulated in drinking water 
at a maximum allowable level of around 50 to 100 µg/L (ppb), but the Offi ce 
of Environmental Health Hazard Assessment (OEHHA) of the California EPA 
has recently published a draft Public Health Goal proposing a “negligible 
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risk” limit more than 1000x lower at 0.02 µg/L (20 ng/L 
or ppt) Cr(VI) in drinking water. The US EPA is expected 
to follow suit. Cr(VI) is also regulated in waste products, 
for example under the European Union Restrictions 
on Hazardous Substances (RoHS) regulations, which 
control certain harmful substances (including Cr(VI)) in 
electrical and electronic goods. Occupational exposure 
to Cr(VI) is strictly controlled in many industries; recent 
studies have also indicated a health risk from chronic 
exposure to low levels of Cr(VI) by ingestion. As a 
result, there is a need for a routine, highly sensitive 
method to determine both Cr(III) and Cr(VI) in a wide 
range of sample types. An HPLC-ICP-MS method using 
collision/reaction cell ICP-MS operated in helium cell 
mode is described below.  

Experimental

The Agilent 7700 Series ICP-MS with the Octopole 
Reaction System (ORS3) collision/reaction cell (CRC) 
provides sensitive and specifi c analysis of chromium 
(Cr) in the presence of multiple interferences. These 
interferences arise from carbon (ArC) and chloride 
(ClO) and can affect the two major isotopes of Cr at 
mass 52 and 53. Operating the ORS3 in helium mode 
removes the matrix-based polyatomic interferences 
from both Cr isotopes, allowing data to be internally 
validated by comparing the measured results for both 
isotopes. However, to directly measure Cr(VI), it must be 
separated from Cr(III), typically by anion exchange liquid 
chromatography (LC) or ion chromatography (IC), prior 
to the ICP-MS measurement. LC/IC-ICP-MS is a routine, 
well-established speciation technique. Measurement 
of Cr(VI) alone is simple, but the determination of both 
Cr species is more diffi cult, because Cr(III) is cationic 
and Cr(VI) is anionic in solution. In real sample analysis, 
the measurement can also be compromised by mineral 
elements in the sample competing for binding sites in 
the column, leading to low recovery and retention time 
shifts. A newly developed method overcomes these 
challenges.

2

HPLC conditions
An Agilent 1200 high performance liquid chromatograph 
(HPLC) equipped with a binary pump, autosampler 
and vacuum degasser was used in this study. The LC 
was fi tted with the Agilent LC bio-compatibility kit 
(part number 5065-9972), which replaces the metal 
components in the LC sample path with inert materials 
such as PEEK. The HPLC system was connected to 
the ICP-MS using the Agilent LC connection kit. An 
anion exchange column (4.6 mm internal diameter x 
30 mm polyhydroxymethacrylate base resin) was used 
for separation. The column was maintained at ambient 
temperature for all experiments. Details of the operating 
conditions are reported in Table 1.

ICP-MS conditions
An Agilent 7700x ICP-MS was used for Cr detection, and 
instrument operating conditions are shown in 
Table 1. The ORS3 was operated in helium mode to 
remove the matrix-based interferences ArC and ClOH 
on the primary Cr isotope at m/z 52 and ClO on the 
secondary isotope at m/z 53. 53Cr, was measured in 
addition to the primary 52Cr isotope to give confi rmation 
of the results at the primary isotope. He mode is 
universal (works for all polyatomic species), so the 
same He mode conditions could be used for both Cr 
isotopes. 

Table 1. Operating parameters of HPLC and ICP-MS

HPLC parameters
Column Agilent anion exchange, p/n G3268-80001 

4.6 mm x 30 mm

Mobile phase 5 mM EDTA (2Na)* – 5 mM NaH2PO4/15 mM 
Na2SO4, pH = 7.0 adjusted with NaOH

Flow rate 1.2 mL/min

Temperature Ambient

Injection volume 100 μL

ICP-MS parameters

RF power 1550 W

Sample depth 8 mm

Carrier gas 1.05 L/min

Dwell time 0.5 s/isotope

Isotopes monitored 52Cr, 53Cr

Cell gas He at 4 mL/min

* High-purity Na-EDTA (Dojindo Laboratory, Japan) was used for this work 
and no problem of trace metal contamination was encountered. 
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Results and discussion

Under the conditions described above, detection limits 
(DLs) of <200 ng/L for both 52Cr(III) and 52Cr(VI) were 
obtained. DLs were calculated as three times the peak-
to-peak signal to noise. The DLs obtained with injection 
volumes ranging from 5 µL to 100 µL are shown in 
Table 2.

Drinking water analysis
This method was applied to the determination of 
both Cr(III) and Cr(VI) species in spiked and unspiked 
mineral water samples. The three samples evaluated 
were a Japanese mineral water (Water A), and two 
French mineral waters referred to as Water B and C. 
The drinking waters selected covered a range of typical 
mineral water compositions. Water C was very highly 
mineralized (over 450 ppm Ca and over 1000 ppm 
sulfate). The major element composition of the water 
samples is shown in Table 3. 

Figure 1 shows the chromatograms obtained from 
mineral water A: unspiked and also spiked with 10 µg/L 
of both Cr(III) and Cr(VI). Table 4 shows the summary 
results for the long-term analysis of all 3 water samples 
(8 hours, n=30 for each sample). The excellent long-
term stability and the accurate recovery of ppb-level 
spikes for both Cr species validates the effectiveness 
of the optimized method, and is especially impressive 
considering the high matrix level of Water C. RSDs for 
Cr(VI) and Cr(III) peak area and concentration were all 
<2.5%, demonstrating the stability and reproducibility of 
the method for use in routine labs. Furthermore, adding 
EDTA to form Cr(III)-EDTA prevented interconversion 
between Cr(III) and Cr (VI), demonstrated by good spike 
recovery for both species. 

3

Table 3. Major element composition for three different mineral waters

Element Water A (ppm) Water B (ppm) Water C (ppm)
Na 6.5 11.6 9.4

Ca 9.7 11.5 468

Mg 1.5 8 74.5

K 2.8 6.2 2.8

Sulfate - - 1121

Figure 1. Overlaid chromatograms for Mineral Water A — unspiked (black) 
and spiked with 10 µg/L Cr species (blue). Cr(III) elutes at ~1 min, Cr(VI) at 
~2.5 min.

Table 4. Concentration data for 10 µg/L spiked mineral water and stability 
test data (8 hours, n=30)

Sample 52Cr(III)-EDTA 52Cr(VI)
 Area Conc. µg/L Area Conc. µg/L 

Water A Average 906410 10.4 913019 10.3

%RSD 1.4 1.4 2.1 2.1

Water B Average 933560 10.7 920154 10.3

%RSD 1.0 1.0 2.3 2.3

Water C Average 900775 10.3 879234 9.9

%RSD 0.8 0.8 1.4 1.4

Table 2. DLs for Cr species as a function of injection volume

Injection vol. (µL) Peak height/counts Noise Area/counts DL (µg/L)
 52Cr(III) 52Cr(VI)       52Cr(III)   52Cr(VI) 52Cr(III) 52Cr(VI)
5    32621    24233 204     514586   503778       1.88       2.53

20  130764    97934 314   2101007 2007572       0.72       0.96

50  323593  241948 300   5154321 4970771       0.28       0.37

100  632808  475244 274 10204281 9796463       0.13       0.17
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Quantifi cation of Cr(VI) at ultra-trace levels
While the new method was developed to measure 
both Cr(III) and Cr(VI) in drinking water, the state of 
California in the US has recently (2009) proposed a new 
“Public Health Goal” of 0.02 µg/L for Cr(VI) in drinking 
water. To meet this goal, the method was optimized for 
higher sensitivity and selectivity for Cr(VI) alone. The 
same column was used for separation, but the method 
was modifi ed with a larger injection volume and lower 
concentration of EDTA(2Na) in the mobile phase. With 
these modifi cations, Cr(III) could not be quantifi ed 
because of interference from the water dip due to the 
large injection volume. 

Using the larger injection volume and modifi ed mobile 
phase, the detection limit for Cr(VI) was reduced to 
single ng/L (ppt). Although high concentration anions 
are present in drinking water, no peak shape change 
or retention time shift occurred, as illustrated in the 
chromatograms for a 50 ng/L standard and 3 California 
waters shown in Figure 2. Calibration linearity was 
better than 0.9995 for Cr(VI) (calibration range 0.05–
1.00 µg/L) as shown in Figure 3. The Cr(VI) detection 
limit (3x peak-to-peak signal to noise) was calculated at 
0.008 µg/L. 

Table 5 shows the analysis and spike recovery data for 
the two drinking waters (tap water A and B) and the 
river water (river water A) from California. The measured 
concentration of Cr(VI) in all three samples exceeded 
the proposed California regulation of 0.02 ppb. Overlaid 
chromatograms for tap water A (unspiked and spiked 
with 0.5 µg/L Cr(VI)) are shown in Figure 4.

Figure 2. Chromatograms of a 50 ng/L Cr(VI) standard solution (left) and 
three different waters (unspiked) from the state of California (right) 

4

Figure 3. Calibration plot for Cr(VI) using modifi ed method
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Conclusions

Accurate, sensitive determination of chromium species 
in highly mineralized waters was demonstrated using 
anion exchange chromatography after conversion 
of Cr(III), which is cationic, to its anionic form by 
complexing with EDTA. Analysis is rapid, taking 
only about 3 minutes, and is capable of measuring 
both species at concentrations less than 200 ng/L. 
To improve Cr(VI) sensitivity further, the method 
was modifi ed by adjusting the mobile phase and 
increasing the injection volume. While this prevents the 
simultaneous measurement of Cr(III), the detection limit 
for Cr(VI) was improved to ~0.008 µg/L (8 ppt), which 
is well below the draft Public Health Goal of 0.02 µg/L 
proposed by the state of California.

5

Table 5. Analysis and spike recovery data (0.5 µg/L Cr(VI)) for three different water samples. Units: µg/L.

Tap water A Tap water B Tap water C
Non-spiked Spiked Recovery (%) Non-spiked Spiked Recovery (%) Non-spiked Spiked Recovery (%)

1 0.1840 0.6335 90.58 0.1203 0.6198 99.12 0.0411 0.5231 96.27

2 0.1772 0.6470 93.28 0.1281 0.6222 99.60 0.0423 0.5282 97.30

Average 0.1806 0.6403 91.93 0.1242 0.6210 99.36 0.0417 0.5256 96.79

Figure 4. Chromatograms of Cr(VI) for spiked (0.5 µg/L) and unspiked tap 
water A
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Introduction

Iopromide is an iodinated contrast medium (ICM), 
which is used to image internal body organs and blood 
vessels by x-ray or computerized tomography (CT) 
scan. Iopromide is generally given to patients in g/L 
concentrations and is excreted within 24 hours in the 
patient’s urine [1]. It is very hydrophilic (log Kow = –2.33) 
and non-ionic, properties that make it quite persistent 
in the environment. The molecular formula of iopromide 
is C18H24I3N3O8 and its chemical structure is shown in 
Figure 1.

Figure 1. Chemical structure of iopromide  

Iopromide’s presence in surface waters and 
wastewaters has been widely reported as ranging from 
a few ng/L to as much as 10 µg/L in sewage treatment 
plants [2–4]. Furthermore, ICMs are known to be 
resistant to sewage treatment and studies have shown 
they are relatively poorly removed by conventional 
treatment processes [2, 5–7]. Due to its presence and 
environmental persistence, it has also been suggested 
that iopromide be used as a potential indicator 
compound of wastewater contamination [8].

Recent studies indicate that iopromide and other 
ICMs can form toxic iodinated disinfection byproducts 
(I-DBPs) during oxidation and disinfection water 
treatment processes [4, 9, 10]. Certain I-DBPs are 
known to be several times more toxic than chlorinated 
and brominated disinfection by-products [11–13] but 
are, as yet, not regulated by the US Environmental 
Protection Agency (USEPA) or other regulatory 
agencies. 

2

Most analytical methods developed for iopromide and 
other ICMs involve the use of LC coupled to a mass 
spectrometer, generally a triple quadrupole mass 
spectrometer [9, 14–17]. Hybrid methods involving ion 
trap and nuclear magnetic resonance have also been 
employed. This application note describes the optimized 
conditions for sensitive and reproducible analysis of 
sub-ppb levels of iopromide in water extracts, using an 
Agilent 1260 LC coupled to an Agilent 7700x ICP-MS. 
With the use of a 500 µL injection volume, we have 
established a lower method reporting limit (MRL) of 
0.1 ppb for iopromide in the diluted methanol extracts in 
our assay; in theory this corresponds to a lower MRL of 
2 ppt in our environmental water samples.

Experimental

Environmental water samples were collected at 
established monitoring points along the rivers and 
creeks in the state of California, including locations 
near water treatment plants. The water samples were 
fi ltered through 0.7 µm fi lters and then extracted using 
an automated solid-phase extraction (SPE) system. 
200 mg hydrophilic-lipophilic balance (HLB) cartridges 
were fi rst preconditioned with 5 mL of methyl tertiary 
butyl ether (MTBE), followed by 5 mL of methanol and 
5 mL of HPLC grade water. 1 L of each sample was 
then loaded onto a cartridge at a fl ow rate of 15 mL/
min, after which the cartridges were rinsed with HPLC 
grade water followed by drying with nitrogen gas 
for 30 minutes. Adsorbed analytes were then eluted 
into 15 mL graduated conical tubes with 5 mL of 
methanol followed by 5 mL of 10/90 (v/v) methanol/
MTBE solution. The eluent was then evaporated to a 
total volume less than 100 µL under fl owing nitrogen 
followed by reconstitution to 1.0 mL total volume using 
methanol. 50 µL of this extract was then diluted with 
950 µL of HPLC grade water to give the fi nal extract 
used for IC-ICP-MS analysis.

These diluted extracts were injected into an Agilent 
1260 HPLC coupled to an Agilent 7700x ICP-MS, with 
an injection volume of 500 µL. The chromatographic 
separation was performed using a Dionex AG16 
4 x 50 mm guard column followed by a Dionex AS16 
4 x 250 mm analytical column. A gradient elution from 
2–90 mM sodium hydroxide (NaOH) was established, 
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using a binary gradient consisting of reagent water 
(A) and 100 mM NaOH (B) with a constant fl ow rate 
of 1.0 mL/min. Gradient parameters were as follows:  
2% B for 18.5 minutes then increased linearly for 
3.5 minutes to 40% B and held for two minutes, fi nally 
stepping up to 90% B and holding for six minutes. The 
gradient returned to 2% B for fi ve minutes at the end of 
the run, to re-equilibrate the column, giving a total run 
time of 35 minutes. A 25 second needle wash using 10% 
aqueous methanol was used following all injections of 
standards and samples. 

The Agilent 7700x ICP-MS was operated with HMI 
sample introduction (0.6 L/min dilution gas, 
0.5 L/min carrier gas, sample depth = 9 mm) and in 
helium collision mode (He fl ow 3.5 mL/min). Iodine 
(m/z 127) intensity was monitored in time-resolved 
analysis (TRA) mode using a 2 second integration 
time over a 37 minute time window. The use of HMI 
allows for extended analysis of high matrix samples 
with minimal matrix deposition in the interface cones, 
and the use of the He collision cell removes potential 
polyatomic interferences on masses 127 such as 
126XeH+. A calibration curve for iopromide was prepared 
using aqueous standards with concentrations of 0.0, 0.1, 
1, 10, 100 and 1000 ppb of intact compound (Figure 3).

Results and discussion

Using the method described, we have been able to 
detect iopromide in all non-zero standards used in 
our study. The chromatogram obtained for the 0.1 ppb 
injection is clearly distinguishable from the blank 
injection (as shown in Figure 2), and the calibration 
curve is linear over four orders of magnitude (as shown 
in Figure 3). This concentration range encompasses 
the levels at which iopromide has been observed in 
environmental waters including undiluted wastewater 
effl uent. 

The standards and samples in this report were analyzed 
during a 24 hour continuous sequence. The results 
obtained from this sequence are shown in Table 1. The 
other CCVs analyzed at the end of this sequence all 
agreed with their predicted values within approximately 
10%.

3

In addition to iopromide, several other iodine containing 
compounds were detected in our chromatograms, 
as shown in Figure 4. These unknown species can 
be quantifi ed based on their iodine content, using 
compound-independent calibrations (CIC), where the 
iodine content of an unknown compound is calibrated 
using the iodine response for a known compound, in 
this case iopromide. ICP-MS is ideally suited for analysis 
using CIC, as the high temperature ICP ion source 
ensures that the elemental response of the target 
element (iodine in this case) is essentially independent 
of the compound in which the target element is 
present. The quantitation of the iodine content in these 
unidentifi ed peaks is listed in Table 2.
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Figure 3. Calibration curve (log log) obtained for iopromide. The concentration axis is in ppb iopromide and the calibration points are at 0.0, 0.1, 1, 10, 100, and 
1000 ppb of iopromide. Inset table lists calibration standard responses.

Figure 2. Comparison of the iodine chromatograms (m/z 127) obtained from injections of an aqueous blank extract (top) and an aqueous 0.1 ppb iopromide 
standard (bottom). The retention time of iopromide is 10.1 minutes.
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Table 1. Summary of iopromide concentration determined in all samples measured 

Sample Conc. (ppb)
007SMPL.d 4/20/2012 2:03 PM Sample SJC1 246.19

008SMPL.d 4/20/2012 2:48 PM Sample LAR Ref 0.14

009SMPL.d 4/20/2012 3:33 PM Sample LAR Eq blank 0.19

010SMPL.d 4/20/2012 4:18 PM Sample LAR 6 2.53

011SMPL.d 4/20/2012 5:04 PM Sample LAR 5 1.97

012SMPL.d 4/20/2012 5:49 PM Sample LAR 4 2.44

013SMPL.d 4/20/2012 6:34 PM Sample LAR 3 1.86

014SMPL.d 4/20/2012 7:19 PM Sample LAR 2 0.57

015SMPL.d 4/20/2012 8:04 PM Sample LAR 1 2.19

016SMPL.d 4/20/2012 8:50 PM Sample Eq blank 0.00

017SMPL.d 4/20/2012 9:35 PM Sample 100 ppb STD 107.23

018SMPL.d 4/20/2012 10:20 PM Sample SGR ref 0.14

019SMPL.d 4/20/2012 11:05 PM Sample SGR 6 32.69

020SMPL.d 4/20/2012 11:51 PM Sample SGR 5b 33.34

021SMPL.d 4/21/2012 12:36 AM Sample SGR 5a 1.68

022SMPL.d 4/21/2012 1:21 AM Sample SGR 5 85.22

023SMPL.d 4/21/2012 2:06 AM Sample SGR 3b 1.13

024SMPL.d 4/21/2012 2:52 AM Sample SGR 3a 108.35

025SMPL.d 4/21/2012 3:37 AM Sample Blank 0.05

Figure 4. Extracted ion chromatogram (m/z 127) of a representative sample indicating the presence of various iodinated compounds in water extracts

5
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compounds in these samples that are likely from 
anthropogenic sources and may prove to be biologically 
active.

Conclusions

We have successfully quantifi ed iopromide in a series of 
environmental water extracts using an Agilent 1260 LC 
coupled to an Agilent 7700x ICP-MS. This experimental 
arrangement allowed for us to establish an analytical 
method with a lower method reporting limit (MRL) of 
0.1 ppb iopromide in extracts prepared via automated 
SPE. The use of the HMI interface allowed for an 
extended (>24 h) analysis to be completed (using non-
volatile eluents) with minimal matrix deposition on the 
interface cones, and the use of He collision gas mode 
provides effective removal of polyatomic interferences. 
Not only does our work confi rm and quantitate the 
presence of iopromide in these environmental samples, 
it indicates the presence of other iodinated organic 

Table 2. Summary of the concentrations of iodinated compounds (expressed as iodine concentration) measured in all extracts. Note that the results for all 
compounds including iopromide are expressed as iodine concentration, so the reported values shown for iopromide expressed as iodine are approximately half 
the actual iopromide concentrations shown in Table 1. 

Sample Unknown 1
RT 5.2 min

Unknown 2
RT 8.5 min

Iopromide (as I) Unknown 3
RT 12 min

Unkown 4
RT 30 min

Data fi le Acq. date and time Type Sample name Conc. (ppb) Conc. (ppb) Conc. (ppb) Conc. (ppb) Conc. (ppb)

007SMPL.d 4/20/2012 2:03 PM Sample SJC1 268.55 0.24 118.17 5.77 9.64

008SMPL.d 4/20/2012 2:48 PM Sample LAR Ref 1.43 0.23 0.07 0.00 55.55

009SMPL.d 4/20/2012 3:33 PM Sample LAR Eq blank 1.86 0.20 0.09 0.00 0.38

010SMPL.d 4/20/2012 4:18 PM Sample LAR 6 84.23 0.29 1.21 6.16 17.13

011SMPL.d 4/20/2012 5:04 PM Sample LAR 5 98.87 0.39 0.95 7.11 11.95

012SMPL.d 4/20/2012 5:49 PM Sample LAR 4 128.68 0.38 1.17 12.97 13.03

013SMPL.d 4/20/2012 6:34 PM Sample LAR 3 116.40 0.27 0.89 10.21 12.62

014SMPL.d 4/20/2012 7:19 PM Sample LAR 2 156.01 0.22 0.28 12.86 14.87

015SMPL.d 4/20/2012 8:04 PM Sample LAR 1 189.00 0.29 1.05 12.15 22.51

016SMPL.d 4/20/2012 8:50 PM Sample Eq blank 0.28 0.19 0.00 0.00 0.21

017SMPL.d 4/20/2012 9:35 PM Sample 100 ppb STD 0.00 0.15 51.47 N/D 0.11

018SMPL.d 4/20/2012 10:20 PM Sample SGR ref 0.34 0.21 0.07 0.00 0.29

019SMPL.d 4/20/2012 11:05 PM Sample SGR 6 142.49 0.16 15.69 8.46 20.54

020SMPL.d 4/20/2012 11:51 PM Sample SGR 5b 194.45 0.12 16.00 11.20 14.92

021SMPL.d 4/21/2012 12:36 AM Sample SGR 5a 7.27 0.19 0.81 0.37 54.73

022SMPL.d 4/21/2012 1:21 AM Sample SGR 5 326.73 0.10 40.91 11.29 5.66

023SMPL.d 4/21/2012 2:06 AM Sample SGR 3b 24.46 0.28 0.54 3.95 6.56

024SMPL.d 4/21/2012 2:52 AM Sample SGR 3a 322.50 N/D 52.01 11.36 3.14

025SMPL.d 4/21/2012 3:37 AM Sample Blank 0.03 0.23 0.03 0.00 0.18

6
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Abstract 

A coupled system of high performance liquid chromatog-
raphy (HPLC) with inductively coupled plasma mass
spectrometry (ICP-MS) as an element specific detector
was used for analysis of three organophosphorus chemical
warfare degradation products. Ethyl methylphosphonic
acid (EMPA, the major hydrolysis product of VX), iso-
propyl methylphosphonic acid (IMPA, the major hydroly-
sis product of Sarin (GB)), and methylphosphonic acid
(MPA, the final hydrolysis product of both) were sepa-
rated by reversed phase ion-pairing high performance
liquid chromatography (RP-IP-HPLC). The separated
organophosphorus hydrolyzates were directly introduced
into ICP-MS and detected at m/z 31. Detection limits for
EMPA, IMPA, and MPA were found to be 263, 183, and 
139 pg/mL, respectively, with separation in less than 
15 minutes. The developed method was successfully
applied to an environmental sample matrix. 

Introduction

Recent increases in terrorist activity and the threat
of chemical weapon attacks have led to the demand
for a rapid and reliable method for the analysis of

Ultra-Trace Analysis of Organophosphorus
Chemical Warfare Agent Degradation
Products by HPLC-ICP-MS

Application 

chemical warfare agents (CWA) and their degrada-
tion products. As a result of the Chemical Weapons
Conventions (CWC), which banned the production,
acquisition, retention, and direct or indirect trans-
fer of chemical weapons, destruction of all chemi-
cal weapons held in reserve was mandated [1, 2].
These chemicals, which include nerve and vesicant
agents, pose a deadly threat, not only to the human
population, but also to vital aquatic and agricul-
tural resources (Table 1.) [1, 3–6]. Based on these
facts, the development of sensitive and selective
analytical techniques for the analysis of CWA and
their degradation products is of high importance
to ensure homeland security.

Phosphorus containing nerve agents along with
their degradation products present difficulties for
ultra-trace analysis due to their high polarity, low
volatility and lack of a good chromophore. Direct
analysis of CWA degradation products provides an
indirect technique for CWA detection (Figure 1).
Previous studies have successfully utilized meth-
ods such as gas chromatography/mass spectrome-
try (GC-MS), ion mobility/mass spectrometry
(IMMS), and liquid chromatography/mass spec-
trometry (LC-MS) for the analysis of organophos-
phorus containing degradation products with
detection limits in the ng/mL range [4, 5, 7]. How-
ever, considering the lethal doses as reported in
Table 1, lower detection limits in the pg/mL range
are desirable for such nerve agents and their
degradation products. To achieve this lower level
detection requires a more sensitive and selective
analytical detection technique, such as inductively
coupled plasma mass spectrometry (ICP-MS).

Homeland Security

*Published in: Journal of Analytical Atomic Spectrometry, vol. 21, 396–403 (2006)
All tables and figures reproduced with permission of the Royal Society of Chemistry.
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Degradation product
Agent liquid LD50 Chemical warfare Degradation Oral-human LDLO

Chemical warfare agent (mg kg–1)1 degradation products product pKa (mg kg–1)

0.14 2.16

24 2.24 143–428*

See above pKa1 = 2.41
pKa2 = 7.54
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Figure 1. Degradation pathway of Sarin and VX.

Table 1. Chemical Warfare Agents and Degradation Products
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1 Vapor form LD50 values range from ~0.09–2 mg-min/m3 (Agent MSDS)

*Cerilliant MSDS
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Elemental speciation analysis by ICP-MS allows for
high sensitivity, low level detection, and elemental
selectivity, making it the instrument of choice for
ultra-trace elemental speciation studies [8–14].
Phosphorous (m/z = 31) analysis by ICP-MS until
recently was limited due to its high first ionization
potential (10.5 eV) and polyatomic interferences,
including 14N16O1H+ and 15N16O+ (m/z = 31) [15].
Sector-field MS detection with ICP sources do pro-
vide a potential resolution enhancement but at the
expense of losing part of the beam. For elements
with high ionization potentials the throughput is
clearly diminished. Recent developments in colli-
sion/reaction cell (CRC) technology [16, 17] have
allowed for the analysis of elements prone to iso-
baric and polyatomic interferences through
removal by collisional dissociation (collision
energy >> bond energy), chemical reaction, and/or
energy discrimination [9]. 

In this study reversed phase ion-pairing chro-
matography was coupled with ICP-MS detection
for the analysis of three organophosphorus degra-
dation products of Sarin (GB) and VX. Helium CRC
optimization experiments for the removal of poly-
atomic interferences through collisional processes
and by application of an appropriate energy bar-
rier are also described. Analytical figures of merit
for each species studied, ethyl methylphosphonic
acid (EMPA), isopropyl methylphosphonic acid
(IMPA), and methylphosphonic acid (MPA), are
presented. Finally, the HPLC-ICP-MS system was
applied to spiked top soil samples for the determi-
nation of the three chemical warfare degradation
products of nerve agents Sarin and VX. 

Materials and Methods

Reagents

The three chemical warfare degradation products
(ethyl methylphosphonic acid (EMPA), isopropyl
methylphosphonic acid (IMPA), and methylphos-
phonic acid (MPA)) used were obtained from Ceril-
liant (Austin, TX) as 1 mg/mL certified reference
materials (CRMs). CRMs are used as standard ana-
lytical solutions for analysis of Schedule 1, 2, or 3
toxic chemicals, their precursors, and/or degrada-
tion products as mandated by the CWC for verifica-
tion [1, 5]. Stock solutions of 10 mg/mL for each

degradation product were prepared through dilu-
tion in HPLC buffer. Further dilution of these
stock solutions in HPLC buffer as well as prepara-
tion of standard mixtures over the range 
20–400 ng/mL were performed as needed. Instru-
ment tuning was accomplished through the use of
a 30 ng/mL adenosine 5'-triphosphate (Sigma, 
St. Louis, MO) corresponding to a phosphorus 
concentration of 5 ng/mL.

A 50 mmol/L ammonium acetate (Fisher Scientific,
Fairlawn, NJ) solution with 5 mmol/L
myristyltrimethylammonium bromide (Aldrich,
Milwaukee, WI) ion pairing agent and 2% methanol
(TEDIA, Fairfield, OH) at pH 4.85 was used as the
chromatographic buffer. The buffer was prepared
fresh from stock solution before starting the exper-
iments. Adjustment of the pH was accomplished
through addition of glacial acetic acid (Fisher 
Scientific, Fairlawn, NJ). 

Environmental top soil was collected from outside
of the laboratory at the University of Cincinnati.
Preparation of the soil samples consisted of plac-
ing 1.0 g solid material in 5.0 mL DDI water and
stirring for 15 minutes. The resulting solution was
filtered through 0.20 µm Nalgene nylon/cellulose
acetate syringe filters (Nalge Nune International
Corporation, Rochester, NY). Environmental soil
samples were processed as blanks and 100 ng/mL
spiked mixtures (prior to filtration) of ethyl
methylphosphonic acid (EMPA), isopropyl
methylphosphonic acid (IMPA), and methylphos-
phonic acid (MPA). 

Instrumentation

HPLC Conditions

An Agilent 1100 (Agilent Technologies, Palo Alto,
California) high performance liquid chromato-
graph (HPLC) equipped with a binary pump,
autosampler, vacuum degasser, thermostated
column compartment, and diode array detector
was used for the separation of the three chemical
warfare degradation products. A C8 column 
(Alltima C8,100 Å, 3.2 × 150 mm, 5 µm, Alltech
Associates Inc, Deerfield, IL) with a guard column
(Alltima C8, 7.5 × 3.0 mm, 5 µm, Alltech Associates
Inc, Deerfield, IL)  was used for all separation
experiments. A detailed description of the HPLC
separation conditions is provided in Table 2.
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Table 2. HPLC-ICP-MS Instrumental Parameters

ICP-MS parameters

Forward power 1500 W (with shielded torch)
Plasma gas flow rate 15.6 L/min
Auxiliary gas flow rate 1.0 L/min
Carrier gas flow rate 1.20 L/min
Nebulizer Glass expansion micro-concentric
Spray chamber ≈2 °C (Scott double channel)
Sampling depth 6 mm
Sampling and skimmer cones Nickel
Dwell time 0.1 s
Isotopes monitored (m/z) 31P and 47PO+

Octopole reaction system He (Flow optimized prior to experiment)

HPLC parameters

Instrument Agilent 1100 HPLC
Flow rate 0.5 mL/min
Injection volume 100 µL

50 mM Ammonium acetate; 
2% Methanol 

Buffer 5 mM Myristyltrimethylammonium bromide  

pH 4.85
Column Alltima C8 (3.2 × 150 mm) 5 µm

ICP-MS

An Agilent 7500ce (Agilent Technologies, Tokyo,
Japan) ICP-MS equipped with shielded torch and
collision/reaction cell technology was used for the
element specific detection of 31P and 47PO+ through-
out this experiment. The collision/ reaction cell
consisted of an octopole ion guide operated in rf
only mode and also served for the removal of poly-
atomic interferences. Electronic coupling of the
ICP-MS with the HPLC was accomplished through
the use of a remote cable which allowed for simul-
taneous starting prior to each chromatographic
run. A detailed description of ICP-MS operating
conditions is provided in Table 2.

Results and Discussion

Due to the nature of the compounds of interest,
ion-pairing chromatography was investigated as
the chromatographic separation technique. The
acid dissociation constants for the chemical war-
fare degradation products are provided in Table 1.
Based upon these values a buffer system (acetic
acid/ ammonium acetate; pKa 4.8) at pH 4.85 was
used in the separation experiments. It was believed
that the hydrophobicity and difference in effective
charges of the different species would allow for
separation by the proposed chromatography.

Myristyltrimethylammonium bromide along with
an ammonium acetate/acetic acid buffer (pH 4.85)
and 2% methanol for the mobile phase allowed 
separation of methylphosphonic acid, ethyl
methylphosphonic acid, and isopropyl methylphos-
phonic acid with the selected column in less than
fifteen minutes (Figure 2A).

ICP-MS Detection

Element specific detection by ICP-MS is a popular
analytical technique based on the high sensitivity
and selectivity offered by this instrument. In this
experiment, instrument sensitivity and selectivity
was vital because of the need for element specific
detection of phosphorus (m/z = 31) and the complex
nature of the environmental matrix analyzed.
Recently phosphorus analysis by ICP-MS has grown
in popularity due to the ability to remove nitrogen-
based polyatomic interferences on 31P, and the abil-
ity to ionize phosphorous sufficiently, in spite of its
high first ionization potential. Other researchers
depended upon the formation of PO+ (m/z = 47) [19,
20], or the use of high-resolution mass spectrome-
ters to differentiate between the polyatomic inter-
ferences and the phosphorus signal at m/z = 31 
[12, 21–23]. Monitoring PO+ in these experiments
was performed to ensure no loss of 31P signal by
oxide formation. 
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Chemical Warfare Detection Limits
Degradation Products Analytical Method ng mL–1

Ion mobility mass spectrometryA 560–17005

LC-ESI-TOFB 80–10003

Electrophoresis microchip with 48–8624

contactless conductivity detectorC

RP-IP-HPLC-ICP-MSD 0.139–0.263*

A Based on concentration producing a signal three times that of the noise.

B Estimated in SIM mode at concentrations down to 50 ng/mL for signal-to-noise ratio of 3:1.

C Estimated from signal-to-noise characteristics (S/N = 3) of the response for 150 ng/mL mixture. 

D Based on IUPAC.

*This work
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This study involved the use of helium collision cell
for the removal of 14N16O1H+ and 15N16O+ interferences
through a collision/energy discrimination process.
Any fragmentation of the polyatomic interferences
would need to overcome the nitrogen-oxygen bond
energy by using helium [9, 21]. After overcoming the
polyatomic interferences with collisional dissocia-
tion, selective ion transmission by adjusting the pole
bias plays a vital role in analyte response. Helium
was chosen as the collision gas for all experiments
due to its light/non-reactive nature to allow for
reduction of the background signal at m/z 31. 
Optimization of the helium gas flow rate was accom-
plished through the use of a mass flow control valve
and constant introduction of 30 ng/mL adenosine 
5'-triphosphate (corresponding to 5 ng/mL phospho-
rus) in buffer. Phosphorus response versus helium
flow rate was plotted and the flow rate correspond-
ing to optimal signal and the lowest background
(buffer signal m/z = 31) was selected (Table 2.). The
gas flow used for all experiments ranged from
3.5–4.0 mL/min helium for all experiments based
upon the optimization results.

Analytical Figures of Merit

Calibration curves were prepared through the use of
standard mixtures ranging from 20–400 ng/mL. All
regression coefficients (r2) values were acceptable
with the lowest value being 0.993. Detection limits
(3σ) based on three times the standard deviation of
seven replicates of the blank peak areas (IUPAC) for
the analysis of MPA, EMPA, and IMPA were found to
be 139, 263, and 183 pg/mL, respectively. The detec-
tion limits are an improvement of at least one order
of magnitude compared with those reported in
other analytical techniques for these warfare agent
hydrolyzates (Table 3), although the detection limits
reported here were calculated based on a concen-
tration that would give a signal three times that of
the noise. The precision for repeated injections of a
20 ng/mL standard mixture was lower than 1% for
retention times and lower than 6% for peak areas.
Column recovery was calculated to evaluate the
extraction efficiency for the sample preparation and
separation techniques. These values ranged from
69%–86%. The analytical figures of merit are 
summarized in Table 4.

Table 3. Chemical Warfare Degradation Product Detection Limits

P
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CH3 OH

O

OCH2CH3

P
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Table 4. Analytical Figures of Merit Based on 20 ng/mL Mixture

Chemical warfare Detection limit Column RSD (%) RSD (%)
degradation product pg/mL recovery peak area retention time

MPA 139 86.2 2.75 0.38

EMPA 263 69.2 5.39 0.55

IMPA 183 73.0 5.96 0.65

Complex Samples  

Investigation of complex sample matrix effects on
the method led to the collection of top soil samples.
Samples were treated with the sample preparation
procedure described in the experimental section.
Figure 2B provides a chromatogram of spiked top
soil samples. The blank chromatogram (not shown)
did not show the presence of any unknown peaks
and the spiked top soil sample demonstrates the
same separation profile compared to the standard
sample chromatogram (Figure 2A).

Conclusion

In this work the coupling of ion-pairing reversed
phase HPLC with ICP-MS equipped with collision/

reaction cell allowed for trace analysis of three
organophosphorus chemical warfare degradation
products: MPA, EMPA, and IMPA. Ion-pairing 
chromatography offered a good separation based on
interactions of the analyte between the stationary
and mobile phases as well as slight charge differ-
ences between the species of interest. This method
provides a highly sensitive and selective technique
with baseline separation of the three species within
15 minutes and detection limits of less than 
263 pg/mL. Application of the developed method to
environmental soil demonstrated the RP-IP-HPLC-
ICP-MS technique as high potential for complex
sample speciation analysis. Investigation of alterna-
tive liquid and gas chromatographic separation
techniques coupled with atomic mass spectrometric
detection are currently underway.
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Introduction

With the development of Agilent’s helium (He) mode Octopole Reaction 
System (ORS) collision cell and the introduction of High Matrix Introduction 
(HMI) aerosol dilution technology, robust and accurate ICP-MS analysis 
of complex high matrix environmental samples such as soils and sludges 
has become routine [1]. However, increased competition and fi nancial 
pressure in contract environmental laboratories has led to a greater focus 
on the productivity of the analytical instruments and methods used. At 
the same time, it is essential that data quality and ease-of-use are not 
compromised as sample throughput is increased. To address these more 
demanding productivity requirements, Agilent has developed a new version 
of the Integrated Sample Introduction System, ISIS 3, which allows Agilent 

Maximizing productivity for high matrix 
sample analysis using the Agilent 7900 
ICP-MS with ISIS 3 discrete sampling 
system
EPA 6020A compliant analysis in less than 90 seconds per 
sample

Application note
Authors

Kazuo Yamanaka1 and Steve Wilbur2

1Agilent Technologies, Japan
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7900 ICP-MS users to perform high speed discrete 
sampling analysis while maintaining data quality in full 
compliance with US Environmental Protection Agency 
(EPA) requirements for data acquisition. 

By combining the unique benefi ts of the Agilent 
7900 ORS4 He mode collision cell, Ultra High Matrix 
Introduction (UHMI) and ISIS 3, a rare synergy has been 
achieved, resulting in a system that provides much 
faster analysis while also offering improved ease-of-use 
and superior matrix tolerance. This work demonstrates 
the benefi ts of combining He mode for interference 
removal, aerosol dilution using UHMI, and discrete 
sampling to achieve the best possible productivity and 
data quality.

Contract laboratory success factors
In a contract environmental laboratory, a successful 
analytical run is measured by:

• Accuracy (is the analytical result correct?)
• Precision (how reproducible is the result?)
• Regulatory compliance (will it hold up to legal 

scrutiny?)
• Expense (how much did it cost to obtain?)
Given the increasing focus on productivity as a key 
aspect of the “expense” of the analysis, it is apparent 
that performing the analysis more quickly while 
maintaining detection limits that are “fi t for purpose” 
(in other words, meet the regulatory requirements) is a 
primary goal of routine contract laboratories. The fast 
cell gas switching capability of the ORS4 permits the 

2

use of discrete sampling in combination with multiple 
gas modes for optimum measurement of both interfered 
and uninterfered (mostly low mass) elements. The high 
sensitivity of the 7900 ICP-MS also permits the use of 
very short integration times without degrading detection 
limits.

Experimental
Instrumentation
An Agilent 7900 ICP-MS fi tted with standard nickel 
cones, glass concentric nebulizer and UHMI option 
was used for the analysis. UHMI maximizes the plasma 
robustness of the 7900 ICP-MS through a combination 
of aerosol dilution and automated plasma temperature 
optimization. Compared to the previous generation HMI 
used on the Agilent 7700 Series ICP-MS, UHMI with 
the 7900 ICP-MS provides a wider range of aerosol 
dilution (up to 100x) and improves sample washout 
performance.

The 7900 ICP-MS was fi tted with the optional 
ISIS 3 discrete sampling (DS) accessory to achieve 
the required high sample throughput. ISIS-DS also 
contributes to further improvement in matrix tolerance 
for large sample batches by minimizing the period that 
the instrument is exposed to the sample during each 
measurement. The ISIS 3 switching valve is positioned 
close to the nebulizer to minimize the tubing length and 
optimize the discrete sampling analysis cycle. A seventh 
port on the ISIS 3 switching valve allows the internal 
standard (ISTD) solution to be added online to the 
carrier fl ow in the valve, providing effi cient mixing of the 
solutions and rapid stabilization prior to nebulization. 

Table 1. Agilent 7900 ICP-MS and ISIS 3 operating conditions

ICP-MS Parameters No gas mode He mode

RF power (W) 1600

Carrier gas fl ow (L/min) 0.77

Dilution gas fl ow (L/min) 0.28

Lens tune Autotune Autotune

Cell gas fl ow (mL/min) 0.0 4.3

Energy discrimination (V) 5.0

Number of elements 1 analyte, 1 ISTD 25 analytes, 6 ISTDs

Total acquisition time (3 reps) 
(seconds) 41

ISIS-DS Parameters

Loop volume (µL) 1000

Time Uptake Pump Speed

Sample load 12 sec 28%

Stabilize 7 sec 5%

Probe rinse 23 sec 5%

Probe rinse 1 6 sec 80%

Probe rinse 2 10 sec 5%

Optional loop probe wash 9 sec 50%

Optional loop wash 1 sec 5%
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The fundamentals of ISIS-DS operation are described 
in Agilent Technologies publication 5990-3678EN [2]. 
A new feature of ISIS 3 is the addition of a computer 
controlled three-way valve for switching between the 
internal standard solution and the tuning solution. This 
valve permits fully automatic instrument optimization 
and sample analysis without the need to manually 
switch tubing. In this study, autotune with fi xed plasma 
parameters was used for instrument optimization. 
Instrument conditions are shown in Table 1.

3

Figure 1 shows the basic operation of the ISIS-DS 
system: Step 1 – Load (upper left). The sample is rapidly 
drawn into the sample loop using the high speed ISIS 3 
piston pump while the blank carrier with online internal 
standards is constantly pumped to the nebulizer. Step 
2 – Inject (upper right). Rotation of the 7 port valve 
then diverts the carrier through the loop, pushing the 
sample ahead of it to the nebulizer. At the same time, 
the autosampler probe moves to the rinse port to rinse 
the sample introduction tubing before the next sample 
is loaded.

Figure 1. Overview of ISIS-DS operation. Valve in load position (upper left) and inject position (upper right). Actual analyte and internal standard signals during 
ISIS 3 operation are shown in lower plot with annotation.
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The loop volume of 1000 µL provides a steady-state 
signal long enough for three replicate measurements 
in two different cell modes to be acquired. This 
highlights one of the important practical benefi ts of 
effective interference removal in He mode, where the 
same cell gas and conditions can be used to remove 
all polyatomic interferences so only a single cell mode 
is required for all interfered analytes. The Agilent 
ORS4 on the 7900 ICP-MS also includes a fast cell gas 
switching capability, so two cell modes (He mode and 
no gas mode) can be acquired in triplicate during each 
injection. In contrast, when discrete sampling is used 
on ICP-MS systems that utilize reactive cell gases, 
signifi cantly longer time is required to switch between 
the different reaction gases and cell settings required 

for multi-element analysis, so cell settings must be 
compromised, the sample must be run several times, 
or alternative means of interference control must be 
implemented.

Accuracy, productivity and long term stability were 
tested by analyzing a sequence of typical environmental 
samples for an extended period, representing the 
routine workload performed in contract environmental 
laboratories. The samples consisted of Certifi ed 
Reference Materials (CRMs) for water, soil, and 
sediment, spiked samples and Quality Control (QC) 
samples as specifi ed by EPA method 6020A (Figure 2). 
Calibration standards were prepared in a 1% HNO3 and 
0.5% HCl matrix. No matrix matching was required and 
no recalibrations were performed throughout the 9.5 
hour sequence.

Results

This study used He cell mode for most elements and no 
gas mode for low mass elements. In all, 383 samples 
were measured in 9 hours and 35 minutes with a run-to-
run time of 90 seconds per sample. The throughput was 
increased by ~ 30% compared to a similar study carried 
out using a 7700x ICP-MS with ISIS 2 [3].

Method Detection Limits
Three sigma Method Detection Limits (MDLs) were 
calculated from ten replicates of the low standard 
(trace elements: 0.1 ppb, mineral elements: 10 ppb, 
Hg: 0.01 ppb) (Table 2). Beryllium was acquired in no 
gas mode and the other elements were acquired in He 
mode. Integration times were kept as short as possible 
in order to minimize the total acquisition time. These are 
not “best possible” detection limits but are more than 
suffi cient for the method requirements. Lower detection 
limits could be achieved with a longer analysis time 
and signifi cant investment in higher purity reagents and 
clean working practices to reduce blank contamination 
levels, but this would come with a commensurate 
increase in the cost of analysis.

Initial Calibration

0.1 – 100 ppb for trace elements

10 – 10,000 ppb for mineral elements

0.01 – 2 ppb for Hg

Initial QC

LLICV, ICV

ICS-A, ICS-AB

Samples

NIST 1640a

1/10 NIST 1640a

River Sediment A

River Sediment B

Estuarine Sediment

Soil A

Soil B

(1/10, 1/50, 1/10 Matrix Spike, 1/10 
Matrix Spike Duplicate of all samples)

Figure 2.  Sequence of samples, calibrants and QC solutions analyzed in a 
single 9.5 hour sequence. Sample Block was repeated continuously with 
automatic insertion of Periodic QC Block after every 10 sample runs. Number 
of analysis in 9 hours 35 minutes totaled 383. 

Acronyms: Low Level Initial Calibration Verifi cation (LLICV), Initial Calibration 
Verifi cation (ICV), Interference Check Sample (ICS), Continuing Calibration 
Verifi cation (CCV), Low Level Continuing Calibration Verifi cation (LLCCV), 
Continuing Calibration Blank (CCB)

Periodic QC 

(run after every 10 samples)

CCV, LLCCV, CCB
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The most recent version of EPA 6020A (Feb 2007) has 
added the requirement for a Low Level Initial Calibration 
Verifi cation (LLICV) check at approximately the method 
reporting limit. The recommended control limits are 
±30% of the actual value. The results for the LLICV 
and Initial Calibration Verifi cation (ICV) check solution 
are shown in Table 3. LLICV results confi rm sub ppb 
reporting limits for all trace elements and reporting 
limits in the 10–50 ppb range for the mineral elements. 
Reducing laboratory and reagent contamination for the 
mineral elements would allow lower reporting limits if 
required.

In addition to calculating and verifying MDLs and 
reporting limits, method 6020A requires that internal 
standard (ISTD) recoveries for all samples exceed 70% 
of the ISTD response in the calibration blank. Continuing 
Calibration Verifi cation (CCV) samples at the midpoint 
concentration of the calibration must be analyzed after 
every 10 real samples and must be recovered within 
±10% of the true value. If either of these criteria is 
not met, the affected samples must be re-analyzed, 
either after dilution in the case of ISTD failure, or after 
recalibration in the case of CCV failure. CCV recoveries 
for all 28 CCV replicates run over the course of the 
sequence are shown in Figure 3. Only sodium, aluminum 
and magnesium exceeded the +10% limit as a result of 
cross contamination from high concentration sample 
analysis. Internal standard recoveries are shown in 
Figure 4. The near horizontal slope of the ISTD plot 
indicates that there was no loss in sensitivity due 
to matrix accumulation on the interface or lenses 
for the entire sequence. In addition, there were no 
internal standard failures in any of the samples, which 
demonstrates the exceptional matrix tolerance delivered 
by the 7900 ICP-MS system with UHMI.

Meeting EPA QA/QC requirements
EPA method 6020A is a performance-based method. 
Consequently, unlike method 200.8 for drinking water 
analysis, the EPA has not restricted the use of collision/
reaction cell (CRC) technology for method 6020 
applications. 

Table 2. Three sigma method detection limits calculated from 10 replicates of 
the low calibration standard

Isotope/
Element Cell Mode Integration 

Time (s)
3 sigma MDL 

(ppb)

9 Be    No gas 0.5 0.015

23 Na He 0.1 2.1

24 Mg He 0.1 0.87

27 Al He 0.5 0.22

39 K He 0.1 3.9

44 Ca He 0.2 5.4

51 V He 0.3 0.020

52 Cr He 0.3 0.020

55 Mn He 0.3 0.033

56 Fe He 0.3 0.23

59 Co He 0.3 0.014

60 Ni He 0.3 0.022

63 Cu He 0.3 0.009

66 Zn He 0.3 0.055

75 As He 1.0 0.022

78 Se He 2.0 0.20

95 Mo He 0.3 0.016

107 Ag He 0.3 0.010

111 Cd He 0.3 0.027

121 Sb He 0.3 0.023

137 Ba He 0.3 0.031

201 Hg He 2.0 0.007

205 Tl He 0.3 0.006

208 Pb He 0.3 (0.1x3)* 0.016

232 Th He 0.1 0.007

238 U He 0.1 0.008

* Pb is measured as the sum of the three most abundant isotopes, 206, 207 
and 208
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Figure 3. Continuing calibration verifi cation (CCV) recoveries over the course of the sequence. Note: some sodium, aluminum and magnesium plots exceeded 
the +10% limit as a result of cross contamination from high concentration sample analysis.

Figure 4. Internal standard recoveries normalized to the calibration blank for all samples. Due to limited space, not all sample names are shown. No internal 
standard failures occurred.
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Table 3.  Low Level Initial Calibration Verifi cation (LLICV) and Initial 
Calibration Verifi cation (ICV) concentrations and recoveries. The EPA limits 
for LLICV recoveries are ±30 percent of actual; limits for ICV recoveries are 
±10 percent of actual

Isotope/
Element LLICV (ppb)

LLICV 
Recovery 

(%)
ICV (ppb)

ICV 
Recovery 

(%)

9 Be 0.1 96 50 101

23 Na 50 95 5,000 100

24 Mg 10 103 5,000 101

27 Al 10 94 50 101

39 K 50 102 5,000 101

44 Ca 50 119 5,000 103

51 V 0.1 99 50 100

52 Cr 0.5 100 50 102

55 Mn 0.5 104 50 101

56 Fe 10 97 5,000 100

59 Co 0.1 98 50 102

60 Ni 0.1 87 50 102

63 Cu 0.1 100 50 102

66 Zn 0.5 105 50 101

75 As 0.1 103 50 102

78 Se 1.0 115 50 100

95 Mo 0.1 92 50 101

107 Ag 0.1 105 50 103

111 Cd 0.1 103 50 101

121 Sb 0.1 110 50 100

137 Ba 0.1 99 50 100

201 Hg 0.1 126 1 105

205 Tl 0.1 108 50 102

208 Pb 0.5 102 50 100

232 Th 0.1 106 50 102

238 U 0.1 107 50 101

Recovery of certifi ed reference values
Six certifi ed reference samples were analyzed 
repeatedly. They were NIST 1640a Natural water (NIST, 
Gaithersburg MD), CRM River Sediment A, CRM River 
Sediment B, CRM Estuarine Sediment, CRM Soil A 
and CRM Soil B (High Purity Standards – Charleston 
SC, USA). NIST 1640a was analyzed undiluted, while 
the other reference materials were analyzed after 
both 10x and 50x dilutions. Values shown in Table 4 
were taken from the 10x dilutions. Each sample was 
measured multiple times over the sequence and 
the mean concentration, percent relative standard 
deviation (% RSD), and mean recovery were calculated 
for each analyte (Table 4). Not all reference materials 
are certifi ed for all analytes – blank cells indicate the 
absence of a certifi ed value.

Matrix spike and matrix spike duplicates
Along with the above CRMs, Matrix Spike (MS) CRMs 
and Matrix Spike Duplicates (MSD) CRMs spiked at 
the calibration midpoint (50 ppb for trace elements, 
5000 ppb for mineral elements (Na, Mg, K, Ca and 
Fe), and 1 ppb for Hg) were analyzed periodically, 
interspersed with the other samples throughout the 
sequence. The number of repeats was 14 for each 
of these sample types except for 7 repeats of NIST 
1640a. No matrix matching of the calibration standards 
and blanks to these samples was required, as UHMI 
effectively eliminates matrix suppression by ensuring 
very high temperature robust plasma conditions (around 
0.2% CeO/Ce ratio in He mode). Results are shown in 
Table 5.

All elements met the EPA limits of 75% to 125% 
recovery for matrix spikes with excellent precision. 
Relative Percent Difference (RPD) was calculated 
between the MS and MSD samples. EPA 6020A 
requires the RPD to be less than ± 20% for analytes 
whose concentration is greater than 100x the MDL. All 
elements passed the MS/MSD test with RPD below 
2% for all elements further highlighting the excellent 
precision capabilities of the 7900 ICP-MS. 
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Table 4. Mean measured values, percent Relative Standard Deviations (%RSDs), mean recoveries for all certifi ed elements in the six CRMs analyzed. Blank cells 
indicate no certifi ed value.

Isotope/
Element

NIST 1640a (n=7) River Sediment A (1/10, n=14)* River Sediment B (1/10, n=14)*

Mean conc. 
(ppb) %RSD

Mean 
recovery 

(%)
Mean conc. 

(ppb) %RSD
Mean 

recovery 
(%)

Mean conc. 
(ppb) %RSD

Mean 
recovery 

(%)

9 Be 2.80 2.4 93 0.026 9.8 ND 

23 Na 3,112 2.0 107 5,326 1.8 107 5,610 1.6 112

24 Mg 1,062 1.7 101 7,375 1.8 105 13,130 1.3 109

27 Al 57.8 4.4 109 25,180 1.3 101 61,460 0.6 102

39 K 561 5.4 97 14,730 2.4 98 20,220 2.3 101

44 Ca 5,373 3.2 97 29,050 1.8 97 28,960 1.6 97

51 V 15.4 1.5 103 25.5 1.1 102 104 0.7 104

52 Cr 40.5 1.6 101 30,950 1.1 103 1,592 0.9 106

55 Mn 40.0 1.7 100 786 2.2 98 587 1.1 98

56 Fe 44.2 5.7 121 122,000 0.9 102 41,610 0.6 104

59 Co 20.7 2.1 103 12.1 1.5 121 16.3 1.3 109

60 Ni 25.7 1.8 103 52.2 1.4 104 52.8 1.4 106

63 Cu 87.9 2.0 103 101.9 1.7 102 104 1.4 104

66 Zn 56.1 1.3 102 1,454 0.9 97 493 0.8 99

75 As 7.99 1.4 100 60.2 1.3 100 20.4 1.4 102

78 Se 18.5 5.1 93 2.28 5.7 114 0.95 10.5 95

95 Mo 45.8 2.0 101 0.074 7.0 0.17 4.8

107 Ag 8.25 2.8 103 ND 0.17 2.3

111 Cd 3.97 1.8 100 10.2 1.1 102 3.18 2.4 106

121 Sb 5.07 1.8 100 50.7 0.7 102 4.22 0.9 106

137 Ba 147 1.1 98 49.3 0.7 99 392 0.5 98

201 Hg ND ND 0.023 10.9

205 Tl 1.58 3.0 98 0.99 1.4 99 1.15 1.6 115

208 Pb 12.5 4.4 104 742 1.8 106 212 1.7 106

232 Th 0.002 40 2.04 2.6 102 9.93 2.3 99

238 U 25.2 3.8 100 1.02 3.1 102 3.02 2.9 101

* Concentration of 1/10 diluted solution.

ND:  less than detection limit
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Table 4 continued. Mean measured values, percent Relative Standard Deviations (%RSDs), mean recoveries for all certifi ed elements in the six CRMs analyzed. 
Blank cells indicate no certifi ed value.

Isotope/
Element

Estuarine Sediment (1/10, n=14)* Soil A (1/10, n=14)* Soil B (1/10, n=14)*

Mean conc. 
(ppb) %RSD

Mean 
recovery 

(%)
Mean conc. 

(ppb) %RSD
Mean 

recovery 
(%)

Mean conc. 
(ppb) %RSD

Mean 
recovery 

(%)

9 Be 1.78 1.7 89 ND  ND

23 Na 22,170 1.2 111 7,659 1.2 109 10,980 1.7 110

24 Mg 10,950 1.2 110 7,583 1.1 108 8,720 2.0 109

27 Al 70,960 0.7 101 50,750 1.1 101 71,180 1.7 102

39 K 15,120 2.6 101 19,870 3.0 99 20,920 3.1 100

44 Ca 7,821 2.2 98 33,620 2.1 96 12,140 2.2 97

51 V 104 0.6 104 10.4 0.7 104 82.7 1.6 103

52 Cr 82.8 0.5 104 0.36 32.4 41.6 1.6 104

55 Mn 393 1.5 98 10.4 1.4 104 10,055 1.8 101

56 Fe 36,250 0.7 104 20,540 0.5 103 36,110 1.6 103

59 Co 11.2 1.5 112 0.34 1.1 11.0 2.1 110

60 Ni 31.6 1.3 105 31.0 1.2 103 21.3 1.7 106

63 Cu 20.9 1.5 104 30.8 1.3 103 326 2.3 109

66 Zn 150 0.8 100 99.6 0.9 100 7,050 1.7 101

75 As 10.4 1.6 104 20.2 1.4 101 607 2.1 101

78 Se 4.63 5.0 93 1.00 13.9 100 ND

95 Mo 0.04 11.4 0.044 10.7 0.16 5.2

107 Ag 0.016 7.0 0.020 6.3 0.080 4.7

111 Cd 0.11 9.1 0.37 3.3 20.5 1.7 103

121 Sb 0.56 1.6 3.13 1.0 104 40.9 1.7 102

137 Ba 1.33 2.6 493 0.5 99 697 1.6 100

201 Hg 0.016 12.8 0.048 5.3 0.007 29

205 Tl 0.010 8.3 0.016 4.1 0.15 2.6

208 Pb 29.3 1.5 98 39.0 1.7 98 6,352 2.6 106

232 Th 10.1 2.4 101 10.0 2.5 100 10.2 3.3 102

238 U 0.003 17.4 1.01 3.2 101 25.6 3.6 103

* Concentration of 1/10 diluted solution.

ND:  less than detection limit
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Table 5. Spike recoveries and Matrix Spike (MS)/Matrix Spike Duplicate (MSD) relative percent differences (RPD) for 1/10 River Sediment-A (n=13)

Isotope/Element Matrix Spike Mean (ppb) %RSD Spike (ppb) Mean Recovery (%) RPD MS/MSD (%)

9 Be 9.42 1.2 10 94 0.5

23 Na 6,374 1.9 1,000 105 0.4

24 Mg 8,360 1.8 1,000 98 0.1

27 Al 24,890 1.0 10 n/a

39 K 15,700 2.2 1,000 96 1.0

44 Ca 29,840 1.4 1,000 n/a

51 V 35.7 0.9 10 101 0.4

52 Cr 31,150 1.1 10 n/a

55 Mn 795 2.0 10 n/a

56 Fe 123,600 0.7 1,000 n/a

59 Co 22.6 1.4 10 105 0.3

60 Ni 62.8 1.3 10 106 0.5

63 Cu 113 1.6 10 107 0.5

66 Zn 1,466 0.7 10 n/a

75 As 70.2 1.5 10 100 0.5

78 Se 11.6 3.5 10 94 0.7

95 Mo 10.4 1.0 10 104 0.6

107 Ag 10.4 1.6 10 104 0.5

111 Cd 20.3 0.9 10 101 0.8

121 Sb 60.9 0.7 10 101 0.3

137 Ba 59.4 1.0 10 100 0.2

201 Hg 0.108 3.1 0.1 105 0.4

205 Tl 10.9 1.6 10 99 0.1

208 Pb 750 1.7 10 n/a

232 Th 12.1 2.3 10 101 0.3

238 U 11.1 2.6 10 101 0.6
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Table 5 continued. Spike recoveries and Matrix Spike (MS)/Matrix Spike Duplicate (MSD) relative percent differences (RPD) for 1/10 River Soil-B (n =14)

Isotope/Element Matrix Spike Mean (ppb) %RSD Spike (ppb) Mean Recovery (%) RPD MS/MSD (%)

9 Be 8.87 0.8 10 89 0.4

23 Na 12,020 1.0 1,000 103 0.1

24 Mg 9,768 0.9 1,000 105 0.2

27 Al 70,970 1.2 10 n/a

39 K 21,790 3.4 1,000 87 0.0

44 Ca 13,060 2.5 1,000 92 0.1

51 V 92.6 1.0 10 99 0.2

52 Cr 51.6 1.1 10 100 0.0

55 Mn 10,030 1.7 10 n/a

56 Fe 36,970 1.1 1,000 86 0.2

59 Co 21.5 1.1 10 104 0.1

60 Ni 31.5 1.0 10 103 0.0

63 Cu 334 1.5 10 86 0.2

66 Zn 7,007 1.2 10 n/a

75 As 615 2.1 10 n/a

78 Se 9.15 4.1 10 91 1.9

95 Mo 10.4 1.4 10 103 0.6

107 Ag 10.6 1.7 10 105 0.4

111 Cd 30.5 1.0 10 100 0.8

121 Sb 50.8 1.3 10 99 0.1

137 Ba 705 1.1 10 80 0.2

201 Hg 0.117 2.9 0.1 110 0.7

205 Tl 10.1 1.6 10 99 0.2

208 Pb 6,329 1.7 10 n/a

232 Th 20.4 2.4 10 101 0.1

238 U 35.9 2.7 10 103 1.4
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Conclusions

This study shows that long sequences of high Total 
Dissolved Solids (TDS) samples can be analyzed with 
high accuracy, precision, and long term stability using 
the Agilent 7900 ICP-MS. This was shown by combining 
the benefi ts of He mode for removing polyatomic 
interferences with the UHMI for highly robust plasma 
conditions, and the ISIS 3 discrete sampling system. The 
advantages are as follows:

• ISIS 3 uses constant fl ow nebulization to eliminate 
the need for stabilization after high speed uptake, 
reducing the run time by as much as a minute per 
sample.

• ISIS 3 separates sample uptake and analysis so the 
system can begin rinsing before the previous analysis 
is fi nished, reducing the run time by as much as an 
additional minute.

• ISIS 3 introduces sample to the mass spectrometer 
only during actual data acquisition; at all other times, 
a clean blank solution is being nebulized. This results 
in a 3–5x reduction in the amount of sample reaching 
the instrument with a resulting decreased requirement 
for cleaning and maintenance.

• ISIS 3 enables continuous workfl ow from system 
optimization to sample measurement and data 
analysis without interruption by manual handling of 
tubing. 

• Faster washout is achieved by close coupling of the 
ISIS 3 valve, nebulizer and UHMI, reducing required 
rinse time.

• UHMI reduces the total sample load introduced to 
the plasma by accurately and reproducibly controlling 
aerosol dilution, eliminating costly reruns and 
reducing system maintenance.

•  Fast cell gas switching supports the use of universal 
He mode and high sensitivity no gas mode in a 
single discrete sampling analysis (three replicate 
measurements per sample), optimizing acquisition 
conditions regardless of the sample matrix 
composition, without signifi cant impact on acquisition 
time.

The net benefi t is simpler operation, higher throughput 
and improved long term stability compared to 
conventional ICP-MS systems.
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Abstract 

A new method has been developed to analyze large num-
bers of air samples for trace metal content. To aid sample
throughput, an Agilent Integrated Sample Introduction
System (ISIS) was used with an Agilent 7500c Octopole
Reaction System-ICP-MS operating in semiquantitative
analysis mode. Using this methodology, 2,500 samples
were analyzed for dissolved and extractable elemental
composition in approximately 2 weeks.  Instrument stabil-
ity and reliability was demonstrated by good recoveries
for the NIST 1643e water CRM.  Data handling made use
of macros to download and export sample results in a
format easily imported by statistical analysis software.

Introduction

ICP-MS is unique it its ability to rapidly determine
the approximate elemental composition of
unknown samples using a process called “semi-
quantitative analysis” or “semiquant.” In semi-
quant, the mass spectrometer is rapidly scanned
over the entire mass range, thereby detecting the
response for every possible element or isotope.
From these responses, semiquant can estimate the
relative concentration of each element based on a
table of known relative responses for all isotopes. If
the concentration of a single or a few components
is known, for example, an added internal stan-
dard(s), then the concentrations of the remaining

High-Throughput Semiquantitative 
Screening of Ambient Air Samples by 
ORS-ICP-MS and Integrated Sample 
Introduction System (ISIS)

Application 

elements can be determined. 

Traditionally, a limitation of semiquant has been
the possibility of uncorrected polyatomic interfer-
ences leading to false positive results. While the
advent of collision reaction cell (CRC) technology
has significantly reduced this problem in quantita-
tive ICP-MS, in most cases, it has not benefited
semiquant in the same way. This is because semi-
quant must be performed with all elements
acquired under identical conditions so that
response factors can be interpolated across the
mass range. Reactive CRC processes create new
interferences and therefore cannot be used for all
elements simultaneously. However, helium (He)
collision mode does not create any new interfer-
ences and can be used to reduce virtually all poly-
atomic interferences using a process called kinetic
energy discrimination. Semiquant analysis using
He mode only is much less prone to interferences
than traditional semiquant and can be used even
in complex, unknown matrices. For these reasons,
it is particularly useful in surveys where nothing is
known about the possible composition of the sam-
ples, and therefore calibration for every possible
element would be expensive and time consuming.  

Since absolute quantitative accuracy and precision
are not expected, semiquant can rely on fewer
replicates and shorter integration times than
quantitative analysis. In this work, the entire mass
range is scanned in about 40 seconds. However, in
order to take full advantage of the rapid acquisi-
tion, equally rapid sample handling is required.  By
using the Agilent Integrated Sample Introduction
System (ISIS) in a segmented flow configuration,
sample uptake and rinseout were reduced to about
20 seconds each. The result was a complete, fully
automated semiquant survey of unknown samples

Environmental 
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in 1 minute per sample.

Midwest Research Institute (MRI)

MRI is an independent, not-for-profit research
organization headquartered in Kansas City, Mis-
souri, with laboratory facilities in Palm Bay,
Florida, and Rockville, Maryland. MRI also man-
ages the National Renewable Energy Laboratory in
Golden, Colorado. The Institute performs research
in energy, engineering, life sciences, national secu-
rity, and defense. 

Brevard Teaching and Research Laboratory (BTRL)
was one of the earliest laboratories in Florida to
acquire ICP-MS and has been using the technique
for trace element analysis since 1991. The company
was purchased by MRI in 1996 and recently
acquired an Agilent 7500c to support research in
bioanalytical and forensic applications.

Project Description

MRI was recently contracted to analyze 2,500 air
samples collected using a SpinCon Advanced Air
Sampler (Sceptor Industries, Kansas City, MO) for
elemental composition. The SpinCon  is a wet-con-
centrator air sampler designed to collect particu-
late matter and other airborne molecular material
directly into a collection solution. The composition
of the solution can be optimized to maximize recov-
ery of specific analytes. The volume available for
elemental analysis was approximately 5 mL; no
information about sample composition was pro-
vided. After preliminary discussions with the
client, it was determined that semiquantitative
analysis would be sufficient, provided a measure of
data quality could be defined and sample turn-
around requirements could be satisfied. Finally, a
turnaround time of 1 month was required to meet
project scheduling demands.

Experimental

Materials and Methods

An Agilent 7500c ICP-MS with Octopole Reaction
System (ORS) and ISIS was configured with an in-
house design for rapid sample throughput (see
Table 1 for operating parameters). A customized
ISIS program was developed using Agilent’s multi-
pump module (MPM) builder software1 to control

the ISIS valve and pumps for this application. The
system was operated in a so-called “stream selec-
tion” mode to maximize sample throughput.  

Calibration and check solutions were prepared
from National Institute of Standards and Technol-
ogy (NIST) traceable material.  The instrument was
calibrated before each use with a 29-component
multi-element standard prepared from stock solu-
tions obtained from SPEX Certiprep, Inc.
(Metuchen, NJ). 

NIST standard reference material 1643e, Trace Ele-
ments in Water, was diluted 10-fold with 1% nitric

1 Available from Agilent by special request. The MPM builder allows the user to
develop sophisticated, custom ISIS applications and integrate them into routine,
automated ICP-MS analysis.

Table 1. Instrumental Parameters for Agilent 7500c ORS 
ICP-MS

Parameter Value
RF power 1500 W
Plasma gas flow 15.0 L/min
Auxiliary gas flow 1.0 L/min
Makeup gas flow 0.30 L/min
Helium (ORS) gas flow 2.0 mL/min
Sampling depth 6.0 mm
Spray chamber temperature 7 °C
Number of isotopes acquired 196
Integration time per isotope 100 ms

Sample Preparation

Air samples were collected using the SpinCon air
sampler at a rate of 450 L/min directly into a 
10-mL volume of a proprietary collection solution.
A 5-mL aliquot was shipped to MRI (FL) and stored
at 4 °C until processed. 

Samples were prepared for dissolved and
extractable element analysis in a final matrix of 1%
nitric acid by volume. For dissolved element analy-
ses, the sample was mixed thoroughly and a 200-μL
aliquot removed then centrifuged at 1,000 rpm for
10 minutes. A 100-μL aliquot of the supernatant
was removed and diluted to 1,000 μL with 1% nitric
acid directly into an autosampler tube. For
extractable element analysis, a 200-μL aliquot of
sample was mixed with the processing reagents
and shaken at room temperature for 10 minutes to
simulate field processing. The sample was then
diluted to a final volume of 2,000 μL with 1% nitric
acid, centrifuged at 1,000 rpm for 10 minutes, and
a 1,000-μL aliquot transferred to an autosampler
tube. With this procedure, each sample produced
two fractions for analysis, resulting in a total of
5,000 individual analyses.
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ISIS Programming

In the standard high-throughput ISIS application
(Figure 1), the ISIS peristaltic pump (P1) is used
to rapidly deliver the sample or rinse solution to
the nebulizer peristaltic pump (P0), which oper-
ates at a fixed speed. The advantages of this con-
stant flow approach are that the plasma is never
disturbed by changes in the sample loading rate
and stabilization delays are minimized, since less
time is wasted waiting for the pump tubing to
stretch and relax, as occurs when the pump speed
is changed. A drawback is that at constant flow, 
approximately 35 seconds are required to move
the sample from mixing tee 1 to the nebulizer and
allow for signal stabilization. An additional 10 sec-
onds are required to transfer the sample from the
autosampler tube to mixing tee 1. With this config-
uration a stable signal profile is obtained approxi-
mately 45 seconds after the autosampler probe
enters a sample. 

Another consideration when using the standard
ISIS configuration is the time penalty incurred to
flush the sample still in the pump tubing when the
analysis is complete, which is in addition to the
normal rinse period. The rinse time required for
this application was evaluated with a 1,000-μg/L
cobalt standard. Using a cyclonic spray chamber
with an internal volume of 50 mL, the rinse time to
reduce the signal by three orders of magnitude 
(< 1 μg/L) was approximately 40 seconds. 

Given the constraints of the project, higher
throughput was needed. Using standard high-
throughput conditions with 40-second read time,
the total time required for a single sample is
approximately 120 seconds (rinse in/stabilize, 
40 seconds; data acquisition, 40 seconds; and rinse
out, 40 seconds). Using the CETAC ASX-510
autosampler, a fully loaded tray of 270 samples 
(three racks with 90 samples each) with calibra-
tion and QC checks every 20 samples requires
approximately 10 hours, which is longer than the
standard 8-hour shift.

P1 - feeds sample or rinse to mixing tee 1
P0 - feeds sample and internal standard to mixing tee 2 and drains spray chamber

P1

From
autosampler

Waste

Mixing tee 1

Internal standard

P0
Mixing tee 2

To nebulizer

Figure 1. Configuration for standard high-throughput application.
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Based on previous designs of segmented and con-
tinuous flow techniques used at MRI in the past, a
customized application (Figure 2) was developed
which significantly reduced the time required to
rinse the sample in and out of the ICP-MS system.
This approach, termed stream-selection, reduces
the overall cycle time by eliminating the delay asso-
ciated with the nebulizer pump, with one major dif-
ference from the standard high-throughput
approach: a switching valve is required. Like the
standard high-throughput application, liquid han-
dling may be performed using one ISIS pump in
combination with the on-board nebulizer pump.
The preferred configuration does away with the
standard nebulizer pump entirely and uses two
ISIS pumps for liquid handling.  

In this configuration, the sample and rinse streams
are independent and the ISIS valve selects which
stream goes to the nebulizer. In addition, the flow
rate of the sample stream is not coupled to the neb-
ulizer and can be adjusted without disturbing the
plasma.  With this design, one ISIS pump (Figure 2,
P1) is used to feed rinse solution to the nebulizer
and add the internal standard. The other ISIS
pump (Figure 2, P2) is used to manage the sample.
During the load step, the sample is transferred at
the maximum uptake rate to the valve. The pump is
then slowed to the analysis speed and after a short
delay (3 to 5 seconds) to allow the tubing to relax,
the sample flow is switched online to the internal
standard mixing tee and nebulizer. This arrange-
ment maintains the advantages of constant-flow
nebulization, with two additional benefits: the
transfer time of the sample to the spray chamber is
minimal since there is no pump between the valve
and the nebulizer, and rinsing of the spray cham-
ber can begin immediately upon completion of data
acquisition by switching the valve back to the load
position.  

Using this system, a stable signal can be attained in
approximately 20 seconds after the autosampler
probe enters a sample, and rinse out from 
1,000 μg/L to < 1 μg/L can still be accomplished
within ~20 seconds of the completion of data
acquisition. With a 40-second read time, the total
time required for a single sample is reduced from
approximately 120 seconds to approximately 
70 seconds (rinse in/stabilize, 20 seconds; data
acquisition, 40 seconds; and rinse out, 10 seconds).
Note that the programmed rinse time is only 
10 seconds. Since rinsing of the spray chamber
continues to occur during the 20-second load step

for the following sample, the effective rinse time is
actually 30 seconds.  In certain circumstances (for
example, samples of similar matrix composition
with moderate analyte levels), the programmed
rinse time could be eliminated altogether, reducing
the cycle time even further.  Using the CETAC ASX-
510 autosampler, a fully loaded tray of 270 samples 
(three racks with 90 samples each) with calibration
and QC checks every 20 samples requires approxi-
mately 6 hours, an improvement of approximately
40%. More significantly, the analysis can be com-
pleted in a single shift, with time available for a
second run to be prepared and set up for after-
hours analysis. A typical work day using this con-
figuration is shown in Table 2, and a total of 540
samples can be processed daily.

Table 2. Typical Work Schedule with the Stream Selection
Application

Time Activity
8:00 - 8:30 a.m. Instrument maintenance - check 

cones, pump tubing, and torch. 
Replace if necessary

8:30 - 9:15 a.m. Plasma ignition and warm-up, load 
samples, setup software,download 
results from previous run

9:15 - 9:30 a.m. Tuning and performance check
9:30 a.m.                  Start run #1 (270 samples)
10 a.m. - 2:30 p.m. Sample preparation for second run
3:30 p.m.                First run complete
3:30 - 4:00 p.m. Instrument maintenance - check 

cones, pump tubing, and torch
4:00 - 4:30 p.m. Plasma ignition and warm-up, load 

samples, set up software
4:30 - 4:45 p.m. Tuning and performance check
4:45 p.m.           Start run #2 (270 samples)
10:45 p.m. Run complete, instrument to standby

Results and Discussion

SRM Results

NIST 1643e was read 72 times over the course of
the study. A control chart for six elements, selected
to cover the full range of concentrations and shown
with target recovery limits of ± 30%, is presented in
Figure 3. Actual recoveries and %RSDs are pre-
sented in Table 3. Note that measured concentra-
tions were actually 10 times lower than the
certificate value and these results are corrected for
dilution.  
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2% HNO3

Waste Sample

Sample Load
P1 to mixing tee at 0.1 rps
P2 loads sample 1.0 rps

Internal standard

To nebulizer

P1

P2 Port plugged

2A - Sample Load

2% HNO3

Waste Sample

Sample Inject
P1 to waste at 0.1 rps
P2 feeds sample to mixing tee at 0.1 rps

Internal standard

To nebulizer

P1

P2 Port plugged

2B - Sample Inject

Figure 2. Configuration for stream selection application.
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Figure 3. Long-term stability of six representative elements in NIST 1643e (diluted 10x) covering the range of concentrations.

Table 3. Recovery of Certified Concentrations in NIST 1643e, n = 72

Element Expected Actual %RSD Recovery 
(mg/L) (mg/L) (n = 72) (%)

Be 0.014 0.014 19 98.5
Na 20.74 22.09 11 107
Mg 8.037 8.867 8.5 110
Al 0.142 0.148 25 105
K 2.034 2.246 11 110
Ca 32.30 32.54 10 100
V 0.038 0.039 8.9 103
Cr 0.020 0.021 11 106
Mn 0.039 0.041 8.4 105
Fe 0.098 0.104 9.0 106
Co 0.027 0.027 7.7 101
Ni 0.062 0.063 10 101
Cu 0.023 0.022 15 94.1
Zn 0.079 0.079 12 101
As 0.060 0.064 12 106
Rb 0.014 0.013 16 92.2
Sr 0.323 0.312 6.4 96.6
Mo 0.121 0.118 7.7 97.4
Ag 0.001 0.001 22 81.4
Cd 0.007 0.007 12 99.3
Sb 0.058 0.056 10 96.3
Ba 0.544 0.516 15 94.9
Tl 0.007 0.007 25 94.5
Pb 0.020 0.018 19 88.6
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Sample Results

Samples were analyzed without incident for the
duration of the project. Using this approach, 2,500
samples were analyzed for dissolved and soluble
element composition (a total of 5,000 analyses) in
approximately10 days. Analytical results were
exported to a dedicated database using post-run
macros for statistical analysis.  

As expected, the elemental distribution in most
samples was dominated by the mineral elements,
with Na, K, Ca, and Mg accounting for > 98% of the
total elemental composition. Elements typically
associated with urban airborne particulates, such
as aluminum, iron, and zinc, were found in moder-
ate (> 0.5 mg/L) to high (> 1 mg/L) concentrations
in all samples. This was expected since sampling
took place primarily in urban areas. 

In all cases, measured concentrations were higher
in the extractable analysis compared to the dis-
solved analysis. This was expected since particu-
late matter in the sample was expected to release
loosely bound elemental components to the
extracting solvent. Several samples were found to
contain levels of toxic metals at least 10 times
higher than the average value, but no conclusions
can be made since site-specific information was
not provided. 

Conclusions

It has been demonstrated that with careful selec-
tion of the collection fluid, samples collected by
the SpinCon advanced air sampler are directly
compatible with trace element analysis.  By using
semiquant analysis in He-only mode, with custom
ISIS programming to maximize throughput, it was
possible to analyze 2,500 samples for dissolved and
extractable elemental composition in approxi-
mately 2 weeks, meeting the project turnaround
time requirements.  This ISIS program could also
be used to improve throughput in quantitative
applications with similar results.  The performance
of the Agilent 7500c system was stable and reliable
for the duration of the project as demonstrated by
good recoveries for the NIST 1643e water CRM.
The use of macros to download and export sample
results significantly reduced the time spent prepar-
ing analysis reports and produced data in a format
easily imported by our statistical analysis soft-
ware.

For More Information
For more information on our products and ser-
vices, visit our Web site at www.agilent.com/chem.



AGILENT TECHNOLOGIES 

Atomic Spectroscopy Solutions 
for Environmental Applications

AGILENT TECHNOLOGIES 

Atomic Spectroscopy Solutions 
for Environmental Applications > Return to Table of Contents

> Search entire document

Introduction  

Uranium 236 is a long-lived radionuclide which is created from the naturally 
occurring trace isotope 235U (0.72% abundance) by thermal neutron capture. 
This process leads to a natural abundance of 236U in the range from  
10-14—10-13 relative to the major 238U isotope (236U/238U). 236U is also created 
during the process of uranium enrichment for nuclear fuel or weapons, 
and as a waste product from the consumption of enriched uranium fuel in 
nuclear reactors. The 236U/238U ratio is increased up to 10-3 in spent nuclear 
fuel, with background levels in the environment increased up to around 
10-7—10-8 as a result of global fallout [1]. The 236U/238U isotope ratio can 
therefore be used as a sensitive method to trace the accidental release of 
enriched uranium fuel, spent fuel and nuclear waste, and to investigate 
the effects of nuclear technology on the environment and human health.  
Consequently, instrumentation used in the accurate study of global fallout 
needs to perform 236U/238U isotopic ratio analysis at the <10-9 level. 

Using ICP-QQQ for UO2
+ product ion 

measurement to reduce uranium hydride 
ion interference and enable trace 236U 
isotopic analysis  
Application note

Author

Naoki Sugiyama 
Agilent Technologies, Tokyo, Japan
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Acceleration Mass Spectrometry (AMS) is often used 
for U isotope studies, as its high sensitivity provides a 
detection limit for 236U/238U of 10-13 [2]. Since ICP-MS is 
more widely available than AMS and sample preparation 
is much simpler, a number of analysts have investigated 
ICP-MS for the analysis of 236U/238U [3, 4, 5]. The main 
challenges for ICP-MS for this application are the 
interference on 236U+ by the hydride ion 235UH+, and the 
contribution at m/z 236 from tailing of the 235U+ and 
238U+ peaks. Hydride overlap and peak tailing are more 
problematic in samples that have been enriched, as 
these contain a higher proportion of 235U.

Tanimizu et al demonstrated that the 235UH+ interference 
could be effectively avoided using O2 cell gas on an 
Agilent 8800 ICP-QQQ, in combination with sample 
introduction via a membrane desolvator [6]. The O2 
reaction gas reacts less readily with UH+ than with U+, 
so the UOH+ product ion forms to a lesser degree than 
UO+, allowing 236U to be measured as 236UO+, without a 
significant contribution from 235UOH+.

The problem of peak tailing can also be alleviated with 
ICP-QQQ, as MS/MS operation dramatically improves 
abundance sensitivity (AS) performance. AS is a 
measure of the contribution that the adjacent peaks (at 
M – 1 and M + 1) make to the target analyte mass. The 
AS of the Agilent ICP-QQQ’s tandem MS configuration 
is the product of the abundance sensitivities of the 
two quadrupoles (Q1 AS x Q2 AS), so overall AS in 
MS/MS mode is <<10-10. This is several orders of 
magnitude better than the AS that can be achieved on 
conventional quadrupole ICP-MS or sector field ICP-MS, 
and the reduced contribution from peak tailing permits 
measurement of the 236U/238U ratio at the 10-10 level [6]. 

Agilent’s second generation ICP-QQQ, the Agilent 8900 
Triple Quadrupole ICP-MS, was used for the analysis, as 
it offers high sensitivity and an extended mass range to 
allow the measurement of uranium as the oxide (UO+) 
and dioxide (UO2

+) reaction product ions. In this work, 
uranium was measured via its dioxide ion, UO2

+, due 
to the efficient conversion (almost 100%) of U+ to UO2

+ 
with O2 cell gas. For this approach to be successful, ICP-
QQQ with MS/MS capability is necessary to give control 
of the reaction processes and product ions formed. 
The application is beyond the scope of conventional 
quadrupole ICP-MS (ICP-QMS), which lacks a mass 
selection step prior to the collision/reaction cell (CRC). 
For instance, when 236U is the analyte of interest, 
236U16O16O+ (at m/z 268) will suffer a severe overlap from 
235U17O16O+, as ICP-QMS has no way to reject 235U+ before 

it enters the CRC. With ICP-QQQ, the first quadrupole 
(Q1) controls the ions that can enter the cell, so inter-
isotope product ion overlaps cannot occur. This makes 
the approach of using UO+ or UO2

+ for isotopic analysis 
measurements both controllable and consistent. 

Experimental

Instrumentation 
An Agilent 8900 ICP-QQQ (#100, Advanced Applications 
Configuration) was used for all measurements. The 
instrument was fitted with a standard quartz torch with 
2.5 mm injector, and the standard x-lens was used. A 
self-aspirating PFA nebulizer (part number G3139-65100) 
was used for sample delivery, to provide better washout 
compared to the standard glass concentric nebulizer 
and peristaltic pump. Plasma conditions were optimized 
for maximum sensitivity, leading to a slightly higher 
than normal total carrier gas flow rate and a CeO+/Ce+ 
of 1.8%. These plasma conditions did not significantly 
increase the level of UH+, as hydride ion formation is not 
dependent on carrier gas flow rate. Instrument operating 
conditions are given in Table 1.

Table 1. ICP-QQQ operating conditions 

Parameter Unit Value
RF power W 1550
Sampling depth mm 8.0
Carrier gas flow rate L/min 0.8
Makeup gas flow rate L/min 0.30
Extraction 1 lens V -15
Extraction 2 lens V -250
Omega lens V 12
Omega bias lens V -180
Octp Bias V 0
KED V -10
Acquisition mode MS/MS
Wait time offset ms 10

Reagents 
Uranium solutions were prepared at suitable 
concentrations by diluting SPEX multi element standard 
XSTC-331 (SPEX CertiPrep, Metuchen, NJ, USA) with 
de-ionized water. All sample, blank, and rinse solutions 
were spiked with high purity TAMAPURE 100 HNO3 
(Tama Kagaku, Saitama, Japan) to a concentration of 
1%. 
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Results and discussion

UO+ and UO2
+ formation as a function of O2 cell gas 

flow rate
The rate of formation of UO+ and UO2

+ was studied as a 
function of O2 cell gas flow rate. A solution containing 
10 ppb uranium (1000x dilution of XSTC-331) was 
introduced into the ICP-QQQ. The signals of 238U+, 
238U16O+, and 238U16O16O+ were measured via three mass 
pairs (Q1→Q2) = (238→238), (238→254) and  
(238→270), and plotted against the O2 cell gas flow 
rate. The octopole bias (Octp Bias) voltage was 
optimized to give the maximum UO2

+ signal (0 V).  

Figure 1. U+ (238 → 238), UO+ (238 → 254), and UO2
+ (238 → 270) as a 

function of O2 cell gas flow rate

Figure 1 shows that UO+ formation reaches a maximum 
at an O2 flow rate of 5% of full scale (equivalent to 
0.074 mL/min as O2), which is in good agreement 
with Tanimizu [6]. Above 0.075 mL/min flow rate, the 
formation of UO+ decreased, while the formation of 
UO2

+ increased, reaching a maximum at an O2 flow 
of 22% of full scale (0.33 mL/min). This indicates the 
conversion of UO+ to UO2

+ via a chain reaction. The 
highest count of UO2

+ at 22% flow rate far exceeded the 
counts of U+ at a flow rate of 0% (i.e. no gas mode). The 
8900 was optimized for highest sensitivity for the UO2+ 
product ion, which may explain the apparent increase in 
sensitivity for UO2

+ compared to U+.

Effect of product ion selection on hydride ion formation 
rate
The hydride ratio was measured at the optimal O2 
flow rate for U+ and each of the U-oxide product ions: 
238UH+/238U+, 238UOH+/238UO+, and 238UO2H+/238UO2

+.

A sample containing 50 ppb U (200x diluted XSTC-
331) was introduced as the test solution for the 
measurement of the hydride formation ratio. Ten 
replicate measurements were made, with integration 
times of 1s and 10s for the analyte and hydride ions 
respectively. The results, summarized in Table 2, 
show that measuring UO+ decreases the hydride ratio 
by a factor of ~20, while measuring UO2

+ leads to 
more than a three orders of magnitude improvement, 
reducing the hydride ratio to 10-8. The findings suggest 
the interference of 235U hydride on 236U could also 
be reduced by around three orders of magnitude by 
measuring 236U as the 236UO2

+ product ion. 

Uranium detection limit 
The detection limit (DL) of U was estimated using the 
UO2

+ method. A blank solution was introduced and the 
signal of the three mass pairs (236→268; 238→270 
and 239→271) corresponding to 236U+→236UO2

+; 
238U+→238UO2

+; and 238UH+→238UO2H+ were measured 
using an integration time of 10 s. The results in Table 3 
are based on 10 replicate measurements. As shown, 
very low background counts were obtained for each of 
the mass pairs of interest. The DL for U was calculated 
from the concentration equivalent to three times 
the standard deviation of the background, using the 
sensitivity of 238UO2

+ given in Table 2 and the background 
for mass pair 238→270 in Table 3. The DL for uranium 
was calculated to be 0.34 ppq (fg/g). 

Table 2. UH+/U+ ratios obtained by measuring uranium as U+, UO+ and UO2
+

  U+ analysis UH+ analysis UH+/U+

   O2 cell gas 
flow

Mass pair 
for U+

Count RSD Mass pair  
for UH+

Count RSD  

  % Q1/Q2 cps % Q1/Q2 cps %  
as U+ 0 238/238 24168974 2.8 239/239 1578.5 0.6 6.53E-05
as UO+ 5 238/254 14152816 4.2 239/255 48.9 4.3 3.46E-06
as UOO+ 22 238/270 40527770 2.0 239/271 2.3 20.8 5.68E-08
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Table 3. Blank signal and SD for mass pairs used for 236U/238U analysis 
using UO2

+ method with an O2 cell gas flow rate of 0.33 mL/min, n = 10

236→268 238→270 239→271
Count-cps SD cps Count-cps SD cps Count-cps SD cps

0.15 0.14 0.18 0.09 0.09 0.09

Conclusions

The Agilent 8900 ICP-QQQ operating in MS/MS mode 
with O2 cell gas has been shown to be suitable for 
the measurement of U as its reaction product ion 
UO2

+. This approach was successful in reducing the 
contribution from the hydride ion (i.e. 235UH overlap 
on 236U), the formation of which was decreased by 
three orders of magnitude compared to direct, on-
mass measurement of U+. MS/MS mode with O2 
cell gas gave a UO2H+/UO2

+ ratio in the 10-8 range, 
without the use of a desolvation system, suggesting 
that the approach could be successful in reducing 
the interference of 235UH+ on 236U+, even in samples 
containing enriched U. This has the potential to allow 
rapid trace-level measurement of 236U/238U isotopic 
ratios, providing valuable information on global fallout 
following accidental release of nuclear material into 
the environment.

Considering that the typical 235U/238U ratio is 7 x 10-3, 
our results suggest that the 235UH interference on 
236U can be reduced sufficiently to allow 236U/238U 
measurement in the 10-10 range to be achieved using 
this method. The ultra-low instrumental background 
noise level and high sensitivity of the 8900 ICP-QQQ 
meant that a DL of uranium of 0.34 fg/g was achieved. 

Based on previous studies, it is anticipated that a 
lower DL for U, and 236U/238U measurements with 
lower 236U abundance, could be achieved by combining 
the Agilent 8900 ICP-QQQ with sample introduction 
using a membrane desolvation system. 
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Introduction

The radioactive actinide element neptunium (Np) is formed by neutron 
bombardment of uranium (U), with more than 50,000 kg of Np produced 
annually as a by-product of nuclear-power generation. Smaller quantities 
of Np can be found as a decay product of americium-241 (241Am) used in 
ionizing smoke detectors, with trace quantities being produced from nuclear 
bomb testing, and naturally (from natural neutron capture) in U ores. 

Accurate analysis of neptunium 237 in 
a uranium matrix, using the exceptional 
abundance sensitivity of MS/MS on the 
Agilent 8800 ICP-QQQ
Application note
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The predominant isotope 237Np is produced as follows:

237Np sits at the top of the “neptunium decay series” 
which in turn produces a series of other radioactive 
elements with medium to very short half-lives, 
eventually forming Bi and Tl (Figure 1). 

237Np is extremely mobile in the environment, as it 
readily forms aqueous solutions (more so than any other 
actinide), attaches to particles and colloids, and does 
not readily become trapped in humic substrates such as 
soil. 

Np also has a high affinity for calcium-rich materials 
including certain clays and concrete, so care is needed 
with its storage. Although Np is not readily absorbed in 
the human gut, once in the body, it will pre-concentrate 
in the bones. 

The relatively long half-life of 237Np (~2.14 million 
years) means that it is persistent in the environment, 
so it requires suitable containment, and needs to be 
monitored at low levels.

Abundance sensitivity of ICP-QQQ with MS/MS
Samples that contain Np usually contain U at far higher 
concentrations. The determination of ultra-trace 237Np 
in environmental samples and nuclear materials (fuel or 
waste) is difficult by ICP-MS because of the overlap due 
to peak tailing from the large 238U peak. 

Conventional quadrupole ICP-MS instruments (ICP-
QMS) operate at unit mass resolution to separate 
adjacent masses, meaning a nominal resolution 
(expressed as M/ΔM) of 237 at m/z 237. However, peak 
separation also depends on the abundance sensitivity 
(AS) of the spectrometer. AS is a measure of the peak 
tailing, calculated from the contribution that an intense 
peak makes to its neighbouring masses. 

Figure 1. Np-237 decay series. Adapted from “The NUBASE Evaluation of 
Nuclear and Decay Properties”. Nuclear Physics A 729: 3–128. DOI: 
10.1016/j.nuclphysa.2003.11.001

Quadrupole ICP-MS instruments can achieve AS of up 
to 1 x 10-7 (a peak of 1 x 107 cps contributes 1 cps to 
the adjacent masses), so a peak with an intensity much 
higher than 107 cps will make a significant contribution 
to the peaks either side. High Resolution-Sector Field 
(HR-SF)-ICP-MS has better resolution than ICP-QMS 
(M/ΔM of up to 10,000), but poorer AS. So adjacent 
peaks may appear to be separated on the mass scale, 
but the peak tail of an intense peak may still contribute 
to the masses above and below. The Agilent 8800 
Triple Quadrupole ICP-MS (ICP-QQQ) uses a unique 
configuration with two quadrupole mass analyzers (Q1 
and Q2) either side of the collision reaction cell. When 
both quadrupoles are operated as unit mass filters 
(MS/MS mode), this configuration delivers unmatched 
peak separation because the abundance sensitivity 
performance is the product of two mass separations – 
Q1 AS x Q2 AS – giving an overall AS of <<10-10. 
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ICP-QQQ is therefore able to successfully separate 237Np 
from the 238U overlap, even when the U is present at 
many orders of magnitude higher concentration. This 
is demonstrated in Figure 2, which shows the spectra 
of 100 ppt Np in a 10 ppm U matrix measured in Single 
Quad (SQ) mode (top) and MS/MS mode below. The 
ICP-QQQ spectrum shows the superior peak separation 
provided by MS/MS mode, and the clear elimination 
of the contribution on mass 237 from the adjacent 238 
peak. 

Figure 2. Spectra of 100 ppt Np in a 10 ppm U matrix sample solution 
obtained using ICP-QQQ in Single Quad mode (top) and MS/MS mode 
(bottom). MS/MS mode eliminates the peak tail on the low mass side of the 
intense 238U peak.

Experimental
Instrumentation
The Agilent 8800 ICP-QQQ was configured with an  
SPS 4 autosampler, and the standard sample 
introduction system consisting of a Micromist nebulizer, 
quartz spray chamber, quartz torch and Ni interface 
cones. Instrument operating parameters are given in 
Table 1. 

Table 1. ICP-QQQ operating parameters.

Parameter Value

RF power 1550 W

Sampling depth 8.0 mm
Nebulizer gas flow rate 1.15 L/min
Spray chamber temp 2 °C
Cell gas None

Calibration 
A blank and four neptunium calibration standards 
from 100 to 2000 ng/L (ppt) were prepared in nitric acid 
(2% v/v, Ultrapur, Merck, Germany ). The calibration 
curve obtained by ICP-QQQ showed excellent linearity 
over the calibrated range with a calibration coefficient 
of 1.0000 (Figure 3). As Np is essentially absent from 
the environment and does not occur as a typical reagent 
contaminant, the Background Equivalent Concentration 
(BEC) obtained was ~0.0009 ng/L (0.9 pg/L, ppq) and 
the Detection Limit (DL) was ~0.0031 ng/L (3.1 ppq). 
This illustrates the exceptionally low background and 
high ion transmission (sensitivity) of the 8800 ICP-QQQ 
when operating in MS/MS mode.

Figure 3. Calibration curve for 237Np obtained by ICP-QQQ.

235U

234U

238U
237Np cannot be measured 
due to overlap from the 
238U peak

237Np
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Results and discussion
Table 2. Measurement of 237Np in a series of U matrix samples using ICP-QQQ and ICP-QMS.

8800 ICP-QQQ 7900 ICP-QMS

Sample Name Reported 237Np
conc., ug/L CPS Reported 237Np

conc., ug/L CPS

1 ppm U - unspiked 0.0000 1.10 0.0016 570.48
1 ppm U, 0.1 ppb Np 0.1021 14942.85 0.1018 36525.19
1 ppm U, 1.0 ppb Np 1.0445 152806.38 1.0100 362304.66
10 ppm U - unspiked 0.0000 0.83 0.0154 5519.75
10 ppm U, 0.1 ppb Np 0.1029 15052.99 0.1152 41339.80
10 ppm U, 1.0 ppb Np 1.0486 153402.27 1.0196 365764.86
100 ppm U - unspiked 0.0000 3.97 0.1581 56728.76
100 ppm U, 0.1 ppb Np 0.0997 14586.02 0.2494 89482.09
100 ppm U, 1.0 ppb Np 0.9859 144228.95 1.0597 380137.27

The Abundance Sensitivity performance of the ICP-QQQ 
in MS/MS mode was tested using a series of spiked 
and unspiked uranium solutions. Three sets of uranium 
solutions were prepared, at concentrations of 1, 10 
and 100 mg/L (ppm). For each concentration level, the 
U matrix solutions were measured unspiked, and with 
Np spikes at 0.1 and 1.0 µg/L (ppb). For comparison 
purposes, the samples were analyzed using an Agilent 
8800 ICP-QQQ and an Agilent 7900 ICP-QMS, to assess 
the impact of the improved AS performance of the  
QQQ configuration.

The results in Table 2 show that accurate recoveries 
were achieved for both Np spike levels in all of the U 
matrix samples analyzed by ICP-QQQ—even with U:Np 
concentrations at a ratio of 1,000,000:1. In contrast, the 
Np results measured on the 7900 quadrupole ICP-MS 
show a small contribution from the U matrix. This U 
signal contributes to a false-positive result for Np in 

the higher U matrix samples, including the unspiked 
U matrices. While the U signal only increased the 
apparent Np concentration by a small amount  
(sub-µg/L), the low level at which Np must be 
monitored means that this false signal is significant. 
The ICP-QMS results show that the interference 
effect is more pronounced with increasing U matrix 
concentration, due to the relatively poor AS of ICP-QMS 
compared to ICP-QQQ.

Conclusions

ICP-MS is used successfully for the analysis of trace 
elements in a wide range of complex sample matrices. 
However, several challenging interferences remain, 
including the measurement of trace analytes that occur 
close to major or matrix element peaks. This study has 
shown that the superior abundance sensitivity provided 
by the Agilent 8800 ICP-QQQ’s tandem quadrupole mass 
analyzer configuration (MS/MS) has practical benefits 
for the analysis of trace concentrations of Np at m/z 
237 in the presence of high concentrations of the 
adjacent major isotope of U at m/z 238.

Conventional quadrupole-ICP-MS cannot resolve the 
overlap/peak tailing from the 238U isotope sufficiently to 
allow ultra-trace level analysis of 237Np; SF-ICP-MS also 
has insufficient abundance sensitivity to resolve the 
adjacent masses well enough to perform this analysis.
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Introduction  

Quadrupole ICP-MS (ICP-QMS) is one of the most widely used analytical 
techniques in inorganic testing laboratories, due to its performance 
characteristics of high sensitivity, low detection limits, wide dynamic range, 
and high speed multi-element analysis. 

Recent advances have seen a dramatic improvement in matrix tolerance: 
Agilent’s High Matrix Introduction (HMI) technology uses aerosol dilution 
to reduce the sample matrix load on the plasma, ensuring that much higher 
matrix levels—up to % levels of total dissolved solids (TDS)—can be 
analyzed routinely. 

Control of interferences has also been improved significantly, with Agilent’s 
octopole-based collision/reaction cell (CRC) operating in helium (He) 
collision mode to eliminate a wide range of matrix based polyatomic 
interferences using one set of cell conditions [1]. Reliable and accurate 
quantitation of all required elements at the regulated levels in a wide 
variety of sample matrices is now possible using ICP-QMS. However, some 
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applications require greater sensitivity for some specific 
elements, while some complex sample matrices may 
cause spectral interferences that remain a challenge. 

Improved interference removal with ICP-QQQ
The Agilent 8800 Triple Quadrupole ICP-MS (ICP-QQQ) 
is a new type of ICP-MS that was first commercialized 
in 2012. With its unique tandem MS configuration, 
comprising two scanning quadrupole mass analyzers 
either side of an octopole-based collision reaction cell, 
the Agilent 8800 is able to use MS/MS mode to resolve 
difficult spectral interferences [2]. The improved control 
of reaction cell chemistry offered by MS/MS mode 
has meant that the instrument has found widespread 
acceptance in industry and research labs in fields such 
as semiconductor device and high purity chemical/
material manufacturing, life-science, geoscience, radio-
nuclides and many others [3-5]. 

MS/MS mode can also be beneficial for the more 
difficult elements and problematic interferences 
sometimes encountered in routine applications such 
as the analysis of soils, waste water, groundwater, 
and food samples. The Agilent 8800 ICP-QQQ has 
matrix tolerance and robustness comparable to Agilent 
quadrupole ICP-MS systems, so the instrument can 
be used to analyze high-matrix samples such as soil, 
ground water and food digests routinely.

Solving problems associated with As and Se analysis
Many countries regulate the permitted concentrations 
of arsenic (As) and selenium (Se) in drinking water, 
surface water, soils, and foodstuffs.  Arsenic is a 
well-known toxic element which is also carcinogenic 
to humans. Se is known to be an essential element 
for humans, but can be toxic in excess. The preferred 
isotopes of both As and Se can suffer spectral 
interferences from polyatomic ions including ArCl+, 
CaCl+, ArAr+, GeH+, and BrH+. These interferences 
can be reduced using ICP-QMS operating in He mode, 
allowing the accurate and precise measurement of As 
and Se at the concentration levels required to meet 
typical regulatory demands. 

Removal of doubly charged REE interferences 
He mode can be considered a universal cell gas 
for reducing polyatomic interferences using kinetic 
energy discrimination (KED), but KED is not effective 

against doubly-charged ion overlaps. A quadrupole 
mass analyzer separates ions based on their mass to 
charge ratio (m/z), so a doubly-charged ion appears at 
half its true mass. The isotopes normally used for the 
determination of As (at m/z 75) and Se (at m/z 78 or 
80) can therefore suffer overlap from the doubly charged 
ions of rare earth elements (REE) with isotopes at m/z 
150, 156 and 160 (150Nd, 150Sm, 156Gd, 156Dy, 160Gd, and 
160Dy). The presence of these REEs in the sample can 
therefore lead to errors in As and Se determination, 
especially when the levels of As and Se are low relative 
to the REE content. One example is the determination 
of Se in soil, as illustrated by the analysis of the 
certified reference material (CRM) National Institute 
of Standards and Technology (NIST) 1646a, shown in 
Figure 1. The result obtained for Se in He mode was 
about 3x the certified value of 0.193 ppm (in the original 
solid material). A semi-quantitative analysis revealed 
that the digested CRM sample contained a significant 
concentration of gadolinium (Gd); the doubly-charged 
ions (154Gd++), 156Gd++ and 160Gd++ overlap (77Se+), 78Se+ 
and 80Se+ respectively, causing false positive errors. 

Arsenic (monoisotopic at m/z 75) also suffers doubly-
charged interference from REEs 150Sm++ and 150Nd++. 
To avoid the REE++ overlaps, an alternative mode can 
be used to measure As and Se using oxygen (O2) cell 
gas. Using MS/MS and mass shift mode, the reaction 
product ions formed in the cell (AsO+ at m/z 91 and 
SeO+ at m/z 94 or 96) are measured, free from REE++ 
overlaps. MS/MS is required for accurate results in 
this mode, as the first quadrupole (Q1) must operate 
as a mass filter to remove any existing ions that might 
overlap the newly-formed product ions (e.g. 91Zr+ on 
75As16O+, and 94Mo+ on 78Se16O+).

As can be seen in Figure 1, MS/MS mode using mass 
shift with O2 reaction gas successfully avoided the 
doubly-charged interferences allowing consistent, 
low-level determination of Se measured as 78SeO+ and 
80SeO+ at m/z 94 and 96 respectively. The recoveries in 
O2 mode are a little lower that the certified value due 
to the fact that an acid extraction was used, rather 
than a total digestion with hydrofluoric acid (HF).
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Figure 1. Measured concentration of Se in NIST 1646a. He mode (green 
bars), O2 mass shift mode (black bars) and certified value (red bar).  These 
results were obtained without using HF in the digestion procedure. 

A similar mass-shift approach using O2 cell gas and 
MS/MS mode on the 8800 ICP-QQQ was used to 
determine As and Se in NIST 1547 Peach Leaves and 
NIST 1515 Apple Leaves, which contain low μg/kg 
levels of As and Se in the presence of mg/kg levels of 
REEs [6].

Typically, the REE content of environmental samples 
is low, but the use of MS/MS mode with O2 reaction 
cell gas for the determination of As and Se avoids 
the potential risk of overestimating the concentration 
of these two important elements in the case of an 
unexpectedly high level of REEs. 

In this study, the Agilent 8800 ICP-QQQ was evaluated 
as a the routine tool for the analysis of 28 elements, 
including As and Se, in soil and sediment digests.

Experimental

Instrumentation
A standard Agilent 8800 ICP-QQQ equipped with a 
quartz spray chamber, glass concentric nebulizer, on-line 
internal standard (ISTD) addition kit, and Ni interface 
cones was used. HMI technology is standard on the 
Agilent 8800, allowing %-level matrix samples such 
as undiluted seawater to be analyzed [7]. The plasma 
conditions were selected according to the sample type 
and expected matrix level using the “Preset plasma” 
function of ICP-MS MassHunter software. Preset 
plasma condition HMI-4, where the number 4 represents 
the approximate aerosol dilution factor, was used for 
this analysis. 

Acquisition conditions
For the multi-element analysis of the soil samples, a 
multi-tune method was used so all elements could 
be acquired in the optimum cell gas mode. He mode 
was used for all elements apart from S, Se and As, 
which were determined in O2 mode. The method was 
based on the standard preset method for soil samples 
(“EPA6020”), which was modified to include O2 cell 
gas mode. Preset plasma condition “HMI-4” was 
selected, to provide robust plasma conditions with a 
Ce oxide ratio of 0.4-0.5%, suitable for the analysis 
of soil digests and ground waters. The HMI setting 
automatically applies the predefined and calibrated 
parameters for RF power, sampling depth, carrier gas 
flow rate and dilution gas flow rate, giving precise and 
consistent plasma conditions for the target sample 
types. The lens voltages were auto-tuned for maximum 
sensitivity. Table 1 summarizes the instrument operating 
parameters. 

Table 1. Agilent 8800 ICP-QQQ operating conditions

Parameter Setting

He mode O2 mode
Plasma conditions HMI-4

RF power (W) 1600
Sampling depth (mm) 10

Carrier gas flow rate (L/min) 0.57
Dilution gas flow rate (L/min) 0.34

Extract 1 (V) 0
Extract 2 (V) -200

Omega  lens (V) 8.0
Omega bias (V) -115

Cell gas flow (mL/min) 5.0 0.3 (30% of full scale)
KED (V) 5 -7

 
Shaded parameters were predefined by selecting preset plasma condition HMI-4. 
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Reagents
Certified Reference Materials
Five soil and sediment CRMs purchased from High-
Purity Standards Inc. (Charleston, SC, USA) were 
analyzed in this study. These included CRM River 
Sediment A, CRM River Sediment B, CRM Estuarine 
Sediment, CRM Soil A and CRM Soil B.

Standards
Calibration standards were prepared from an Agilent 
multi-element environmental calibration standard (p/n 
5183-4688) which contains 1000 ppm each of Fe, K, 
Ca, Na, Mg, and 10 ppm each of Ag, Al, As, Ba, Be, 
Cd, Co, Cr, Cu, Mn, Mo, Ni, Pb, Sb, Se, Th, Tl, U, V, and 
Zn. The mercury calibration was prepared from an 
Atomic Absorption grade single element Hg standard 
purchased from Kanto Chemicals (Tokyo, Japan). Sulfur 
and phosphorus calibrations were prepared from Spex 
single element S and P standards (SPEX CertiPrep, NJ, 
USA). The ISTD solution was prepared from an Agilent 
internal standard stock solution for ICP-MS systems 
(p/n 5188-6525), which was diluted 250 fold and added 
to the sample via the on-line ISTD kit. All solutions were 
prepared in 1% HNO3 and 0.5% HCl using electronics 
(EL) grade acids from Kanto Chemicals. 

The calibration range was 0 to 100 ppb for most 
elements, 0 to 2 ppb for Hg and 0 to 10 ppm for Na, Mg, 
Al, P, S, K, Ca and Fe.

Sample analysis and quality control protocol
The sequence consisted of an initial multi-level 
calibration, covering the typical range for the target 
analytes, followed by a QC block containing an Initial 
Calibration Blank (ICB) check, Low Level Initial 
Calibration Verification (LLICV) solution and Initial 
Calibration Verification (ICV) solution.  After calibration 
and initial QC check, thirteen sample blocks were 
analyzed per the flow chart shown in Figure 2; each 
block consisted of 10 samples (2 each of Soil A, Soil B, 
Estuarine Sediment, River Sediment A, River Sediment 
B). A Periodic Block consisting of Continuing Calibration 
Blank (CCB) and Continuing Calibration Verification 
(CCV) samples was automatically inserted into the 
sequence after each set of 10 real samples. 

Figure 2. Sequence of calibrants, samples, and QC solutions analyzed in 
a single 12 hour sequence. Sample Block was repeated continuously with 
automatic insertion of Periodic QC Block after every 10 sample runs. 

The total number of analyses of calibration standards, 
QC samples and soil samples was 177 over ~12 hours. 
The sample-to-sample run time was about 4 minutes 
which included a 15 s probe rinse and 50 s sample 
introduction system rinse.

Table 2 details the selected isotopes, integration times, 
ISTD reference elements, and method performance 
figures for all of the analytes measured.
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Table 2. Details of elements analyzed 

Analyte Isotope Cell mode Integration time 
(sec)

ISTD LLICV 
(ppb)

LLICV recovery 
(%)

MDL 
(ppb)

PQL 
(ppb)

Be 9 He 3 6 Li 0.5 94 0.06 0.18
Na 23 He 0.1 45 Sc 10 103 0.98 2.9
Mg 24 He 0.1 45 Sc 10 106 0.73 2.2
Al 27 He 0.1 45 Sc 10 99 1.00 3.0
P 31 He 1 45 Sc 20 93 3.20 9.6
K 39 He 0.1 45 Sc 50 123 7.50 22.5
S 32 O2 ( 32 → 48) 0.1 74 → 90 Ge 20 104 4.10 12
Ca 44 He 0.1 45 Sc 100 87 2.70 8.1
V 51 He 0.3 74 Ge 0.2 118 0.021 0.063
Cr 52 He 0.3 74 Ge 0.5 128 0.040 0.12
Mn 55 He 0.3 74 Ge 0.5 97 0.062 0.19
Fe 56 He 0.1 74 Ge 10 115 0.45 1.4
Co 59 He 0.3 74 Ge 0.1 104 0.017 0.051
Ni 60 He 0.3 74 Ge 0.2 115 0.049 0.15
Cu 63 He 0.3 74 Ge 0.1 91 0.021 0.063
Zn 66 He 0.3 74 Ge 0.2 80 0.063 0.19
As 75 O2 ( 75 → 91) 1 74 → 90 Ge 0.2 123 0.024 0.072
Se 78 O2 ( 78 → 94) 3 74 → 90 Ge 0.2 120 0.049 0.15
Mo 95 He 0.3 115 In 0.1 105 0.022 0.066
Ag 107 He 0.3 115 In 0.1 111 0.015 0.045
Cd 111 He 3 115 In 0.1 104 0.012 0.036
Sb 121 He 0.3 115 In 0.1 107 0.011 0.033
Ba 135 He 0.3 115 In 0.2 95 0.055 0.17
Hg 201 He 1 193 Ir 0.01 92 0.003 0.009
Tl 205 He 0.3 175 Lu 0.1 107 0.008 0.024
Pb 208 He 0.3 175 Lu 0.1 94 0.009 0.027
Th 232 He 0.3 175 Lu 0.1 97 0.007 0.021
U 238 He 0.3 175 Lu 0.1 102 0.009 0.027

Results and discussion

Method detection limits (MDL), practical quantitation 
limits (PQL) and LLICV recovery
The MDL for each element was calculated as 3 times 
the standard deviation of 10 replicates of the low level 
standard (trace elements: 0.1 ppb, mineral elements: 
10 ppb, Hg: 0.01 ppb). PQLs were calculated as 3x 
the MDL. The results are summarized in Table 2. The 
method provided excellent sensitivity (PQLs for most 
elements were in the ppt range), under operating 
conditions that also provided high matrix tolerance. 
The LLICV check results are also given in Table 2, 
demonstrating that recoveries for all elements were 
within the ±30% required by EPA 6020A. 

ISTD and CCV stability 
Figure 3 shows the ISTD signal stability for 130 soil and 
sediment samples analysis over 12 hours. The ISTD 
recoveries for all samples were well within the EPA6020 
requirements of between 30% and 120% of the value in 
the initial calibration standard. These ISTD recoveries 
are comparable to the results obtained routinely using 
ICP-QMS, demonstrating the equivalent robustness of 
ICP-QQQ to ICP-QMS. 
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Figure 3. ISTD signal stability for 130 soil/sediment samples (plus calibration standards and QC samples) over 12 hours

Figure 4. CCV recovery for all elements over the 12 hour analysis period

The midpoint of the calibration was used as the CCV 
solution. CCV recovery over the 12 hours analysis 
was within ±10% for all elements, as shown in Figure 
4. The CCV recovery test results over the 12 hour 
analytical cycle met the criteria of EPA 6020A, again 
demonstrating that the Agilent 8800 has the high matrix 
tolerance required for routine soil/sediment analysis. 

CRM recovery 
The accuracy of the method was evaluated by analyzing 
the five soil and sediment CRMs as unknown samples. 
Each CRM was measured 26 times in the batch. The 
mean concentrations and relative standard deviation 
(%RSD) were calculated and compared to the certified 
value, as shown in Table 3. The mean concentration for 
all elements was in good agreement with the certified 
value, with most RSDs being well below 5% over the 12 
hour analysis. 
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Table 3. Mean measured values, %RSDs, and mean recoveries for all certified elements in the five CRMs analyzed. Blank cells indicate no certified value.

  River Sediment A (1/10, n=26) River Sediment B (1/10, n=26) Estuarine Sediment (1/10, n=26)
  Mean   

conc. 
(ppb)

RSD  
(%)

Certified, 
(ppb)

Mean  
Recovery  

(%)

Mean   
conc., 
(ppb)

RSD 
(%)

Certified,
(ppb)

Mean  
Recovery  

(%)

Mean   
conc. 
(ppb)

RSD 
(%)

Certified
(ppb)

Mean  
Recovery 

(%)
9Be ND       ND       2.1 5.5 2.0 106
23Na 5191 2.6 5000 104 5019 3.3 5000 100 20862 2.4 20000 104
24Mg 7292 2.6 7000 104 12036 3.2 12000 100 10553 2.7 10000 106
27Al 25862 2.4 25000 103 58736 3.1 60000 98 70884 2.7 70000 101
31P ND       995 3.4 1000 99 520 2.4 500 104
32S ND       ND       ND      
39K 15623 2.2 15000 104 19868 3.3 20000 99 15568 2.7 15000 104
44Ca 28860 2.1 30000 96 28663 1.6 30000 96 7760 3.2 8000 97
51V 26 2.6 25 105 97 3.6 100 97 103 2.9 100 103
52Cr 29792 2.7 30000 99 1381 4.1 1500 92 83 3.0 80 104
55Mn 809 2.2 800 101 571 3.4 600 95 399 2.9 400 100
56Fe 120085 2.7 120000 100 38968 3.0 40000 97 35335 3.3 35000 101
59Co 11 2.9 10 106 15.2 3.1 15 101 10.8 2.8 10 108
60Ni 52 2.8 50 103 49.4 3.0 50 99 30.7 3.2 30 102
63Cu 102 2.9 100 102 97.6 3.1 100 98 20.2 3.1 20 101
66Zn 1499 2.5 1500 100 480 2.9 500 96 151 2.9 150 101
75As 60 3.6 60 100 19.7 3.8 20 99 10.5 3.6 10 105
78Se 2.0 3.6 2.0 101 1.0 7.1 1.0 96 4.9 3.0 5.0 99
95Mo 0.19 10.5     0.27 9.9     ND      
107Ag 0.15 9.0     0.17 7.3     0.015 16.4    
111Cd 10.3 2.0 10 103 3.1 2.3 3.0 103 0.11 4.5    
121Sb 50.8 2.1 50 102 4.2 3.3 4.0 104 0.58 4.4    
135Ba 50.9 2.1 50 102 397 2.8 400 99 1.5 5.4    
201Hg ND       ND       ND      
205Tl 0.97 2.0 1.0 97 1.15 1.8 1.0 115 ND      
208Pb 719 2.1 700 103 197 3.1 200 99 30.7 2.6 30 102
232Th 2.1 3.1 2.0 106 10 3.4 10 99 10.4 2.5 10 104
238U 1.0 2.4 1.0 104 2.9 3.3 3.0 98 ND      

Table 3 continues on next page.
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Table 3. continued... Mean measured values, %RSDs, and mean recoveries for all certified elements in the five CRMs analyzed. Blank cells indicate no certified 
value.

  Soil A (1/10, n=26) Soil B (1/10, n=26)
  Mean conc. 

(ppb)
RSD  
(%)

Certified 
(ppb)

Mean Recovery  
(%)

Mean conc. 
(ppb)

RSD 
(%)

Certified 
(ppb)

Mean Recovery 
(%)

9Be ND       ND      
23Na 7292 2.6 7000 104 10449 2.1 10000 104
24Mg 7341 2.6 7000 105 8444 2.2 8000 106
27Al 51034 2.5 50000 102 71051 2.6 70000 102
31P 1042 2.0 1000 104 1034 2.5 1000 103
32S ND       ND      
39K 20678 2.3 20000 103 21678 2.2 21000 103
44Ca 33670 1.8 35000 96 12209 3.2 12500 98
51V 10.4 3.4 10 104 82 2.4 80 103
52Cr ND       41 2.5 40 102
55Mn 10.9 3.0 10 109 9650 2.7 10000 97
56Fe 20215 2.2 20000 101 35350 2.5 35000 101
59Co 0.33 3.1     11 2.2 10 107
60Ni 30.2 2.6 30 101 21 2.5 20 104
63Cu 30.2 2.4 30 101 307 2.3 300 102
66Zn 101 2.3 100 101 6767 2.4 7000 97
75As 20.4 3.0 20 102 614 5.5 600 102
78Se 1.0 6.2 1.0 99 ND      
95Mo ND       0.21 12.6    
107Ag 0.038 17.3     0.075 12.7    
111Cd 0.37 2.9 0.30 125* 21 2.1 20 103
121Sb 3.2 3.5 3.0 106 41 1.9 40 104
135Ba 513 2.6 500 103 724 1.7 700 103
201Hg 0.018       ND      
205Tl ND       0.15 3.4    
208Pb 41 2.4 40 101 6080 1.7 6000 101
232Th 10 2.2 10 103 10 1.9 10 102
238U 1.0 2.5 1.0 102 25 1.9 25 102

 
ND: less than detection limit 
*A previous study [8] also showed high Cd recovery for Soil A, possibly indicating a bias in the reference value. The high Cd result was not due to interference 
from MoO, as He mode successfully removes MoO, and the Mo concentration in this sample is low (<DL).
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Conclusions

The Agilent 8800 ICP-QQQ with HMI offers the 
robustness and matrix tolerance required for the 
routine analysis of the widest range of trace and major 
elements in high matrix samples such as soil and 
sediments. Doubly-charged REE interferences that can 
affect arsenic and selenium measurement at trace 
levels were avoided using O2 cell gas and MS/MS 
mass-shift mode. Most other elements were measured 
in He mode, proven to remove common matrix-based 
polyatomic interferences in complex and variable 
matrices.

While not all soils, sediments and food products contain 
significant concentrations of REEs, the presence of 
REEs can lead to false positive results for As and Se 
when such samples are analyzed using conventional 
quadrupole ICP-MS. The use of the ICP-QQQ with  
MS/MS improves confidence in the results for 
these two important elements, in the analysis of 
environmental and food samples that often contain 
complex, variable, high TDS matrices. Furthermore, 
method development is simplified with the use of pre-
set methods and auto tuning, ensuring reproducible 
performance from day to day and irrespective of 
operator experience.
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Introduction

Lead (Pb) isotopic abundances exhibit the greatest natural variation of any 
element. This is because three of the four stable isotopes of lead (206Pb, 207Pb 
and 208Pb) are mainly derived from the radioactive decay of other elements 
(238U, 235U and 232Th respectively). As a result, the Pb isotopic abundances 
seen today are largely dependent upon the original concentration of U and 
Th in the rock, and the overall age of the deposit. The fourth stable isotope 
(204Pb) is the only “natural” or non-radiogenic isotope — i.e., it was formed 
entirely in a primordial supernova event rather than later as a decay product. 
The decay series and half-lives that lead to the different radiogenic Pb 
isotopes can result in markedly different relative isotope abundances, which 
vary with the geological location, chemical makeup and age of the material. 

Lead isotope analysis: Removal of 204Hg 
isobaric interference from 204Pb using 
ICP-QQQ in MS/MS mode
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These variations can be used to trace the origin of 
materials in archaeology, environmental contamination, 
medicine, food etc., as well as geochronology (rock and 
mineral dating) studies. Other uses requiring access 
to Pb isotopic information include Isotope Dilution 
Analysis (IDA) and stable isotope tracer studies. 

Being able to accurately measure all of the Pb isotopes 
is important for a number of investigations, of which 
geochronology is one of the most important. Two 
different approaches are used for such dating studies, 
based on measurement of the Pb/Pb or Pb/U ratios. Of 
the two approaches, Pb/U dating is probably utilized 
more frequently, and is generally replacing Pb/ Pb 
measurement particularly for “younger” deposits. 
However, the Pb/Pb method is still very important for 
those very old or U-depleted deposits and for meteoritic 
dating.

Whichever methodology is selected, the natural 
or “common lead” 204Pb isotope is measured as a 
reference to calculate the original (primordial) level of 
the other (mainly radiogenic) Pb isotopes, so accurate 
measurement of 204Pb is essential. Unfortunately, for 
measurements made using inductively coupled plasma 
mass spectrometry (ICP-MS), 204Pb suffers an isobaric 
interference from 204Hg (an isobaric overlap is where 
isotopes of different elements occur at the same 
nominal mass) meaning that any mercury present as 
contamination or as a component of the sample would 
bias the measurement of 204Pb.

Techniques for removal or avoidance of interferences 
in ICP-MS can include sample preparation or 
separation approaches (often very time consuming), or 
instrumental/spectral resolution using a high resolution 
sector-fi eld ICP-MS instrument (ICP-SF-MS). ICP-SF-MS 
is a useful technique for the avoidance of polyatomic 
interferences in ICP-MS, but the spectral resolution 
(M/ ∆M) required to separate the isobaric overlap from 
204Hg on 204Pb is close to 500,000, which is around 50 

2

times higher than the maximum resolution of ~10,000 
that can be achieved on any commercial ICP-SF-MS:

Equation 1. Calculation of theoretical resolution needed 
to separate equal molar quantities of 204Hg from 204Pb

Accurate masses: 203.973481Hg; 203.973037Pb

R = 
203.973037

` 459400
203.973481 – 203.973037

“Chemical resolution” (whereby an ion-molecule 
reaction is used to attenuate the interference and/ or 
move the analyte to an interference-free mass) is 
an alternative approach that has become available 
more recently for ICP-MS instruments equipped with 
a collision/reaction cell (CRC). Chemical resolution 
involves introducing a reactive gas into the Collision 
Reaction Cell and utilizing ion-molecule chemistry to 
either a) react with the interfering ion to neutralize 
it (e.g. via a charge transfer reaction) or move it to a 
different mass, or b) react with the analyte to form a 
new product ion that can be measured at an alternative 
interference-free mass (e.g., via a molecular addition or 
cluster reaction).

In the case of the 204Hg overlap on 204Pb, ammonia gas 
can be used to separate the two ions. Mercury reacts 
very effi ciently (essentially 100%) with ammonia gas; 
this reaction is by charge transfer — the Hg+ ion is 
neutralized to Hg0 transferring the charge to ammonia:

Equation 2. Mercury ion-molecule reaction scheme with 
ammonia gas

Hg+ + NH3 & Hg0 + “NH3
+”

This effi cient reaction means that the 204Hg isobaric 
interference can theoretically be removed from 204Pb, 
provided Pb is not also neutralized by reaction with the 
ammonia cell gas.
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Experimental
An Agilent 8800 Triple Quadrupole ICP-MS (ICP-QQQ) 
instrument was used to investigate whether this 
chemical resolution application can offer a reliable 
and practical solution to the problem of the 204Hg/204Pb 
overlap in the presence of matrix elements typical of 
geological sample types.

The 8800 ICP-QQQ offers a very fl exible means of 
investigating and utilizing ion-molecule reactions.  The 
instrument can be operated under conditions that 
simulate conventional quadrupole ICP-MS instruments 
(with the CRC operated in either ion guide or bandpass 
mode), as well as utilizing MS/MS modes which are 
unique to the ICP-QQQ’s tandem MS confi guration. 
For further information on the operating modes of the 
8800 ICP-QQQ see the Agilent 8800 ICP-QQQ Application 
Handbook (Pub No. 5991-2802EN).

For the preliminary experiments, the 8800 ICP-QQQ 
was setup using the standard sample introduction 
system consisting of a Micromist nebulizer, quartz 
spray chamber and 2.5 mm injector torch; standard 
Ni interface cones were fi tted and solutions were 
sampled from an Agilent I-AS autosampler. Instrumental 
conditions are presented in Table 1. In order to minimize 
peristaltic pump “noise”, the isotope analysis was 
performed using free aspiration.

3

All solutions were prepared from high purity single 
element standards (Spex, USA). Ultrapure water (Merck 
Millipore, Germany) and acids (Merck, Germany) were 
used throughout. An acid matrix consisting of 1% 
HNO3/0.5% HCl (v/v) was used for all working solutions 
and rinses.

Results and discussion

To confi rm that Pb does not undergo a charge-transfer 
reaction (and to check if any cluster ions are formed) a 
1 µg/L (ppb) Pb solution was aspirated and a Product 
Ion Scan (ProIS) performed. A ProIS fi xes the fi rst 
quadrupole (Q1) at a selected mass, thereby only 
allowing the target precursor ions into the cell. The 
analyzer quad (Q2) is then scanned over the entire 
spectrum or a user-defi ned mass region to measure 
any reaction product ions that are formed. In this case, 
Q1 was set to 208 amu (the most abundant isotope of 
lead — 208Pb), and Q2 was scanned across the mass 
range 200–260 amu. Small peaks were observed at 225 
and 242 amu indicating the formation of minor cluster 
ions — Pb(NH3) and Pb(NH3)2 respectively. The sum 
of the signal for these clusters amounted to <0.5% of 
the total Pb signal (the sum of the unreacted precursor 
and reacted product Pb ions); at this level the product 
ions can be considered negligible and ignored. Pb did 
not appear to undergo any charge transfer reaction, as 
the Pb signal with ammonia gas in the cell remained at 
practically the same level as with no reaction gas.

To assess the effectiveness of the removal of the 204Hg 
signal in NH3 mode, and to check whether a bias may 
be introduced when operating in ammonia reaction 
mode, the Pb isotopic pattern was checked for a 1 µg/L 
lead solution spiked with 10 µg/L Hg; Tl at 1 µg/L was 
also included to confi rm that no hydrogen donation 
occurs (i.e., Tl-H interference) from a non-Pb source. 
Figure 1 displays the Pb and Tl peaks under MS/MS 
ammonia reaction mode. The overlay of the theoretical 
natural abundance templates demonstrates that the Hg 
contribution at m/z 204 was completely removed, and 
the measured Pb and Tl peaks match the theoretical 
templates well, indicating that no bias or new 
interferences are introduced.

Table 1. 8800 ICP-QQQ operating conditions

Parameter Value

RF power (W) 1550

Carrier as fl ow rate (L/min) 1.05 

Sampling depth (mm) 10

Extraction lens 1 (V) 0

Extraction lens 2 (V) -170

Octopole bias (V) -8

Energy discrimination (V) -8

NH3 fl ow (10% in He) (mL/min) 0.0 or 1.7
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Hg ions appear at their natural masses, including the 
204Hg isotope which contributes a severe overlap on 
204Pb. From the comparison of Figures 1 and 2, it can 
clearly be observed that the Hg from the 10 µg/L spike 
contributes the vast majority of the total signal at m/z 
204 in no gas mode.

As a comparison of the potential impact of the isobaric 
204Hg interference and the method applicability, the 
same 1 µg/L Pb  and Tl solution spiked with 10 µg/L 
of Hg was also measured in no gas mode. Figure 2 
displays the spectrum for the spiked solution without 
reaction gas, demonstrating that, in no gas mode, the 

Figure 2. No gas spectrum for a solution with 1 ppb Pb and Tl and 10 ppb Hg — a clear overlap from the 204Hg isotope can be observed on 204Pb

Figure 1. Ammonia MS/MS reaction mode spectrum for a solution with 1 ppb Pb  and Tl and 10 ppb Hg — the Hg has been completely removed from the mass 
spectrum. Isotopic abundance (with the theoretical template overlaid) for Pb and Tl under ammonia reaction mode — pattern fi ts the theoretical template.
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As the charge transfer reaction that is used to remove 
the Hg+ ions is very effi cient, it could reasonably be 
argued that this application could be performed on a 
conventional quadrupole ICP-MS using NH3 reaction 
gas. This may indeed be the case for simple, pure 
standards; but natural materials, especially geological 
samples, contain a very complex mix of major and 
trace elements. Combined with this, ammonia is a very 
reactive gas and can form complex clusters and reaction 
product ions from many coexisting elements including 
Ti, Y and the REE elements. If these clusters form at the 
same mass as one or more of the lead isotopes then 
the use of ammonia cell gas without MS/ MS mode 
would introduce further bias and errors. To test this 
hypothesis a solution of NIST 981 Pb isotope standard 
(1 µg/L) was spiked with 10 µg/L Hg and 50 µg/L REE 
mix (to keep the experiment relatively simple no other 
potential matrix elements were added). The standard 
was measured using the 8800 ICP-QQQ operated in 

single quadrupole “bandpass” mode (where Q1 allows 
a “window” of masses covering a range above and 
below the Q2 set mass into the cell) and the resulting 
spectrum is displayed in Figure 3. From this spectrum, 
the complexity of the reaction product ions generated 
in ammonia reaction gas mode is apparent; all of the 
masses in the range measured are affected by reaction 
product ions, and the isotopes for lead are all interfered. 
Table 2 displays some of the possible interferences 
from REE-ammonia cluster ions, but it is clear that 
many different REE-ammonia clusters could affect the 
Pb isotopes. It is worth noting that other matrix and 
analyte elements could also contribute product ions at 
these masses, and the only way to be sure of avoiding 
these overlaps is to prevent these parent ions from 
entering the cell. Once the REE ions have entered the 
cell, reaction with the ammonia cell gas proceeds very 
quickly, and the resulting product ions have the same 
m/z as the target Pb isotopes so cannot be selectively 
removed using a bandpass fi lter in the cell.

Figure 3. Reaction product ions observed for a NIST 981 Pb standard spiked with Hg and mixed REE, measured in Single Quadrupole Bandpass mode. All masses 
measured have peaks from the REE-ammonia clusters and the Pb isotopes are swamped by the interferences. Under MS/MS mode (overlay and inset) the 
cluster interferences are completely removed and the true Pb and Tl signal can be observed.
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Table 2.  Examples of some possible interferences from REE-ammonia 
clusters on lead isotopes

Mass Cluster
204Pb Eu(NH3)3; Yb(NH3)2 ; Ce(NH3)4

206Pb Yb(NH3)2;  Lu(NH2)2; La(NH3)4; Ce(NH3)4; Gd(NH3)3 
207Pb La(NH3)4; Yb(NH3)2; Gd(NH3)3 
208Pb Ce(NH3)4; GdNH(NH3)2; TbNH(NH3)2; Yb(NH3)2; Gd(NH3)3 

Many other sample types contain REEs at appreciable 
levels, including geological, food, soil and other 
environmental samples. The formation of REE-ammonia 
cluster ions therefore limits the applicability of reaction 
mode with ammonia cell gas, unless adequate control 
of the reaction chemistry is provided by using MS/MS 
mode on the ICP-QQQ. The Hg/REE spiked NIST 981 
Pb sample was also measured using the exact same 
cell conditions as above, but with the 8800 ICP-QQQ 

operated in MS/ MS mode (shown in the overlay and 
inset spectrum in Figure 3). In MS/MS mode, all ions 
apart from the selected Pb masses are rejected by Q1, 
so the REE ions do not enter the cell and therefore 
cannot form reaction product ions that would overlap 
Pb. The NIST standard was also spiked with 1 ppb 
uranium to test the possibility of simultaneous U/Pb 
measurements and Figure 4 shows the same spiked 
NIST 981 standard measured under MS/MS mode peak 
jumping for the masses of interest (Tl, Pb and U) using 
on-mass as well as mass-shift measurement, within the 
same acquisition. Although uranium partially reacted 
with ammonia it can be monitored using both the U(NH) 
adduct ion and directly on its original mass. This does 
mean that both Pb and U can be monitored under the 
same analytical conditions.

Figure 4. MS/MS ammonia reaction mode of NIST 981 spiked with Hg and REE’s. No interferences are found on any lead isotopes. The instrument was also 
operated simultaneously for on-mass and mass-shift measurement for uranium.
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Figure 5 displays the schematic for the MS/MS mode 
measurement of 204Pb (the same principle applies to 
measurement of the other Pb isotopes): Q1 is set to 
m/z 204 rejecting all ions greater or less than 204 amu 
(<> 204X); only the remaining ions (204Hg and 204Pb) enter 
the cell, which is pressurized with ammonia. The Hg+ 
ions undergo a charge transfer reaction to form Hg0 and, 
as neutral particles are not focused by the electrostatic 
fi elds at the cell exit, the Hg0 is rejected before Q2.

To check the accuracy of the NH3 MS/MS mode for 
Pb isotope analysis, two NIST lead standards were 
measured under isotope analysis mode. The Pb 
standards were spiked with Hg and REE’s at 10 ppb 
and 50 ppb respectively along with individual Hg and 
REE spikes and unspiked. The instrument was set 
to measure the samples using three different cell 
conditions: single quadrupole mode without cell gas, 
single quadrupole bandpass with ammonia cell gas 
and MS/MS mode with ammonia cell gas. The NIST 
982 standard was used as the reference standard to 
correct for Mass Bias (i.e., to calibrate the isotope 
ratio accuracy). Table 3 displays the data for the 
204/206 isotope ratio measured in NIST 981 run as an 
unknown sample, together with the certifi ed values and 

deviation/recovery against the certifi ed values. Data 
for NIST 982 with the Hg/REE spike additions is also 
included, with all ratios being mass bias corrected using 
the unspiked NIST 982. It is clear that interferences 
from Hg and the REE’s cause signifi cant error in the 
isotopic measurement of between 2 and ~300x in all 
modes apart from ammonia reaction mode with MS/
MS.

The data presented in Table 3 confi rm that the Agilent 
8800 ICP-QQQ operating in MS/MS mode with ammonia 
reaction gas offers a powerful solution to the 204Hg 
isobaric interference on 204Pb.

The same reaction chemistry has also been applied 
to laser ablation (dry plasma) analysis using the 8800 
ICP-QQQ, with data acquisition using time resolved 
analysis (TRA). The removal of the 204Hg overlap 
on Pb at mass 204 was also effective under these 
measurement conditions, indicating that the 8800 
ICP-QQQ MS/MS method with ammonia reaction gas 
can also be applied to direct in situ Pb/Pb dating of 
minerals and other samples such as archaeological 
artefacts, where bulk measurement or sample digestion 
is not an option.

<>204Hg+

<>204Pb+

All REEs

204Hg0

NH3 reaction gas

Q1
MS/MS
204 amu

Hg+ & Hg0

charge transfer reaction

Q2
 

204 amu

204Pb+

Figure 5. Schematic representation of MS/MS reaction mode for Hg interference removal . Q1 is set to m/z 204 rejecting all ions at masses other than 204 amu 
(<> 204X).

204Pb+

204Hg+
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Conclusions

Chemical resolution using the Agilent 8800 ICP-QQQ 
offers exciting possibilities for the removal of diffi cult 
interferences that otherwise would require cumbersome 
sample preparation, and opens application areas that 
cannot be addressed using high resolution sector-fi eld 
ICP-MS. In situations where sample preparation is 
not possible, such as direct analysis by laser ablation 
ICP-MS, chemical resolution in conjunction with 
MS/ MS technology provides reliable interference 
removal without the need for complex and often 
unreliable mathematical correction.

Table 3. Analysis of 204/206 Pb ratio in certifi ed NIST lead isotope standard with and without Hg and REE matrix spikes (982 material used for mass bias 
correction). *This 981 solution had some Hg contamination which biased the results in no gas mode.

204/206 No gas NH3 bandpass NH3 MS/MS

IR Deviation IR Deviation IR Deviation

Certifi ed 0.059042

NIST 981* 0.1403 2.376 0.0605 1.025 0.0591 1.001

NIST 981 + Hg 22.0480 373.429 0.0589 0.998 0.0588 0.997

NIST 981 + REE 0.1489 2.522 0.1192 2.019 0.0582 0.986

NIST 981 + Hg REE 17.0132 288.155 0.1192 2.018 0.0611 1.034

Certifi ed 0.027219

NIST 982 0.0272 1.000 0.0272 1.000 0.0272 1.000

NIST 982 + Hg 0.8851 32.517 0.0273 1.003 0.0278 1.022

NIST 982 + REE 0.0292 1.072 0.0989 3.633 0.0275 1.012

NIST 982 +Hg REE 0.7251 26.639 0.0989 3.635 0.0276 1.013
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Introduction

Selenium (Se) is an important element in environmental and agricultural 
studies and in human health, as it is an essential trace nutrient but is also 
toxic in excess. The role of certain chemical forms of Se is also the subject 
of significant research into cancer prevention. ICP-MS is the analytical 
method of choice for both total and speciated Se measurements, but Se is 
difficult to quantify accurately at trace levels by ICP-MS for several reasons:
• Se has a high first ionization potential (IP = 9.75 eV), which means it is 

poorly ionized in the plasma and therefore its signal intensity is low.
• Because Se is poorly ionized, it suffers signal suppression in high matrix 

samples, an issue that is further compounded by the lack of a suitable 
internal standard element with similar mass and IP.

• All the analytically useful Se isotopes suffer from multiple spectral 
interferences in real world samples, as summarized in Table 1.

• The resolution required to separate all the spectral interferences is 
beyond the capabilities of sector-type high resolution ICP-MS.

The accurate measurement of selenium 
in twelve diverse reference materials 
using on-line isotope dilution with the 
8800 Triple Quadrupole ICP-MS in  
MS/MS mode
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While quadrupole ICP-MS with collision/reaction cell 
is used routinely to measure Se down to the levels that 
are relevant for environmental legislation, ultratrace 
(sub-ppb) quantification of Se in high and variable 
sample matrices remains challenging for the reasons 
mentioned above. 

This application note describes how a new instrument, 
the Agilent 8800 Triple Quadrupole ICP-MS, has solved 
the problem of ultratrace Se measurement in variable 
high matrix samples. The new 8800 ICP-MS Triple 
Quad (commonly abbreviated to ICP-QQQ) features 
an additional quadrupole mass filter (Q1), situated in 
front of a conventional collision/reaction cell (CRC) 
and quadrupole mass filter (Q2) to give an MS/MS 
(also called tandem MS) configuration. In ICP-MS/
MS, Q1 operates as a mass filter, allowing only the 
target analyte mass to enter the cell, and rejecting all 
other masses. This means that ions from the plasma 
and sample matrix are prevented from entering the 
cell, so the cell conditions remain consistent even if 
the sample matrix varies. This improves interference 
removal efficiency in collision mode (using He cell gas) 
compared to conventional quadrupole ICP-MS (ICP-
QMS).

The greatest benefit of MS/MS, however, is the 
dramatic improvement of performance in reaction 
mode. Inside the cell, the analyte and any on-mass 
interferences are separated by their different reaction 
rates with an appropriate reactive gas. Because 
plasma and matrix ions are eliminated by Q1, the 
reaction efficiency is greatly enhanced and the reaction 
pathways and product ions remain consistent across 
a wide range of sample matrices. This unique aspect 
of MS/MS greatly simplifies method development and 
routine operation in reaction mode, because the same 
cell conditions give effective interference removal for 
multiple sample types. 2

As with established reaction mode methods in 
conventional ICP-QMS, a range of cell gases may 
be used, depending on the analyte being measured. 
However, the unique capability of MS/MS and what 
makes the 8800 ICP-MS so powerful is that the chosen 
reaction gas gives reliable interference removal for each 
target analyte regardless of sample matrix, because in 
MS/MS mode, the sample matrix ions are rejected by 
Q1. 

Depending on the analyte and reaction mode used, the 
second quadrupole (Q2), is set to measure either the 
analyte ion at its original mass (on-mass measurement), 
or a cell-formed product ion (formed by reaction of 
the analyte ion with the cell gas) at a different mass. 
In the case where the analyte ion is more reactive 
than its interferences, separation of the overlapping 
ion is achieved by reacting the analyte away from 
the interference and measuring the analyte at a 
new product ion mass that is free from overlap. This 
alternate approach is referred to as indirect or mass-
shift measurement.

This application note compares the effectiveness of 
different reaction gases and measurement strategies 
for multiple Se isotopes to highlight the capabilities 
of the 8800 ICP-MS. However, in normal routine use, 
standardized cell conditions are used for the same 
analyte across a wide variety of sample types, and are 
predefined in turnkey, preset methods. 

While conventional ICP-QMS reaction mode methods 
are typically applicable to a single, preferred isotope 
for each analyte, the consistent and reliable removal of 
multiple matrix interferences by MS/MS on the 8800 
can make multiple isotopes available for measurement. 
This allows the use of isotope dilution (ID) analysis, 
which is the most accurate quantification technique 

Table 1. Spectral interferences on major Se isotopes

Se isotope                                                                                             Interference
m/z Abundance % Isobaric Argide Oxide Hydride Chloride Doubly-charged Dimer
77 7.63  39K38Ar+ 61Ni16O+, 59Co18O+ 76GeH+, 76SeH+ 40Ar37Cl+, 40Ca37Cl+ 154Sm++, 154Gd++  

78 23.77 78Kr+ 40Ca38Ar+ 62Ni16O+ 77SeH+ 41K37Cl+ 156Gd++, 156Dy++ 38Ar40Ar+, 39K39K+

80 49.61 80Kr+ 40Ca40Ar+ 64Ni16O+, 64Zn16O+, 32S216O+, 32S16O3
+ 79BrH+ 45Sc35Cl+ 160Gd++, 160Gd++ 40Ar40Ar+, 40Ca40Ca+

82 8.73 82Kr+ 42Ca40Ar+ 66Zn16O+, 32S34S16O+, 34S16O3
+ 81BrH+ 45Sc37Cl+ 162Dy++, 162Er++  
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for ultratrace measurement in high and variable matrix 
samples. On-line isotope dilution analysis (OIDA) [1] is 
a very powerful and useful development of traditional 
isotope dilution, since it removes the time consuming 
step of spiking enriched-isotope standards into each 
separate sample. To demonstrate the power of the 
8800 in MS/MS mode for accurate, ultratrace Se 
measurement in a range of different sample types, OIDA 
was used to quantify Se in a range of certified reference 
materials (CRMs). 

Experimental

Instrumentation
An Agilent 8800 ICP-QQQ equipped with a standard 
sample introduction system was used for the study. 
The standard sample introduction system consists of a 
glass concentric nebulizer, a quartz double-pass Scott-
type spray chamber, and a quartz torch with 2.5 mm id 
injector. 

The configuration of the Agilent 8800 instrument is 
similar to the Agilent 7700 Series ICP-QMS, except 
for the addition of a quadrupole (Q1) in front of the 3rd 
generation Octopole Reaction System (ORS3) cell. Q1 
is typically operated as a mass filter (MS/MS mode) 
ensuring that all non-target ion masses are rejected 
prior to the cell. In the cell gas studies described in this 
note, both on-mass measurement (where the analyte 
is measured directly at its original mass) and mass-
shift mode (where the analyte is reacted away from the 
interference and measured indirectly as a cell-formed 
product ion) were evaluated. Although the use of 
indirect (mass-shift) measurement is not unique to the 
8800, the product ion spectra generated by MS/MS are 
far simpler than those generated by traditional ICP-QMS, 
because MS/MS mode ensures that any co-existing 
ions that might overlap the new product ion mass are 
rejected by Q1. This means that indirect measurement is 
much more accurate and more widely applicable and, as 
with MS/MS direct on-mass measurement, little or no 
method development is required when an existing mode 
is applied to a new sample type.

3

Cell gas and measurement mode investigation 
As stated above, with MS/MS the reaction gas and 
measurement mode remains consistent for a given 
analyte, regardless of sample type. However, for the 
purpose of demonstrating the interference removal 
power of the 8800 ICP-MS, a range of different 
gases and gas mixes was used, and both direct and 
indirect measurement modes were investigated for 
Se measurement in four different synthetic sample 
matrices. Data was acquired for three Se isotopes, 78, 
80 and 82, since isotope dilution requires two isotopes 
free from interference. Instrument operating parameters 
are shown in Table 2. Cell gases evaluated were He 
(which is inert, and therefore a collision gas), and three 
reaction gases/gas mixes H2, O2/H2 and *NH3/H2. 

Table 2. Agilent 8800 ICP-MS operating parameters

Parameter                       Value
RF power (W)                       1550

Sampling depth (mm)                       8

Carrier gas flow rate  (L/min)                       1.05

Operating mode                       MS/MS

KED (V) 5                       -6

Octopole bias (V) -95                       -18

Cell gas He   H2   O2/H2 NH3/H2

Cell gas flow rate (mL/min) 10   6   O2 = 0.4 
  H2 = 2.0

*NH3 = 6.0 
H2 = 2.0

*10% NH3 in He

The 8800 ICP-MS was operated in MS/MS mode in all 
cases, where Q1 functions as a unit mass filter, allowing 
the Se isotopes at mass to charge (m/z) 78, 80 and 82 
to pass sequentially to the cell. For He, H2 and NH3/H2 
cell gas modes, the Se isotopes were measured directly, 
on-mass at m/z 78, 80 and 82 (Q2 set to the same mass 
as Q1). On-mass interferences entering the cell were 
removed by collision and kinetic energy discrimination 
(KED) in the case of He, or by reaction in the other gas 
modes.

To investigate the effectiveness of mass-shift 
measurement for Se, O2/H2 cell gas was also used. Se+ 
reacts reasonably quickly with O2 to form SeO+, allowing 
the Se 78, 80 and 82 isotopes to be measured indirectly 
as SeO+ at m/z 94, 96 and 98 respectively. Shifting 
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the Se+ to SeO+ moves it away from the on-mass 
interferences, which do not react with the cell gas and 
so remain at their original masses, and are subsequently 
rejected by Q2. O2 cell gas alone can be used for Se 
measurement at levels down to 10s of ppt, but the use 
of a mixed O2/H2 cell gas permits even lower levels of 
Se to be measured — detection limits of single-ppt can 
be achieved reliably. H2 and O2 were added to the ORS3 
separately using independent mass flow controllers. 
The 8800 ICP-MS features four separate cell gas lines, 
so gases can be mixed in the cell, reducing the need for 
expensive premixed gas blends.

Figure 1 illustrates the indirect method using the 
measurement of 80Se as an example. Q1 is set to m/z 
80, rejecting all the ions at masses other than m/z 80. 
Only the analyte ion 80Se+, plus any interfering ions at 
the same m/z (for example, 40Ar40Ar+, 160Gd++ and 160Dy++) 
are allowed to pass through to the cell. Q2 is set to 
measure the analyte reaction product ion (80Se16O+) 
at m/z 96. The original interfering ions ArAr+, Gd++ 
and Dy++ do not react with O2, so these interferences 
remain at mass 80 and so are rejected by Q2. The SeO+ 
product ion at m/z 96 would be interfered by isobaric 
overlaps from 96Zr+, 96Mo+ and 96Ru+ when measured 
using ICP-QMS, but these isotopes are all rejected by 
Q1 on the 8800 ICP-MS and so the SeO+ product ion can 
be measured at its new mass, completely free from any 
interference. This is the unique benefit of MS/MS and 
what makes it much more accurate and powerful than 
using reaction mode with ICP-QMS. 

The sample matrices evaluated in the cell gas mode test 
were:

• 1% HNO3

• 500 ppb Br
• A mix containing 1 ppm of each rare earth element 

(REE)
• 200 ppm Ca in 0.5% HCl

The Br, REE and Ca matrices were chosen since these 
elements all give rise to severe interferences on Se, as 
shown in Table 1. Background equivalent concentrations 
(BECs) for the Se isotopes 78, 80 and 82 were measured 
in each gas mode, and the results are shown in Figure 2.

In the simplest matrix, 1% HNO3, all gas modes 
eliminated the interferences on 78Se, but not the other 
two Se isotopes. Since ID requires two interference-free 
masses, He mode could not be used, even in 1% HNO3. 
The other gas modes all worked well for at least two Se 
isotopes in HNO3. When 500 ppb Br was present, only 
NH3/H2 and O2/H2 worked well for all isotopes. With 
200 pm Ca in 1% HCl, the situation was the same — 
only NH3/H2 and O2/H2 worked well for all Se isotopes. 
When the 1 ppm mixed REE matrix was tested however, 
only O2/H2 could remove the interferences on all the Se 
isotopes. It can be seen therefore that using O2/H2 cell 
gas and indirect measurement, Se can be measured at 
ultratrace levels in any of the test sample types, giving a 
choice of three interference-free isotopes. Even doubly-
charged REE interferences on Se, which cannot be 
removed effectively by any other ICP-MS technique, are 

4

Figure 1. Illustration of indirect measurement of Se using mass-shift with O2/H2 reaction gas. 80Se+ is reacted away from the interference and measured as SeO+ 
at m/z 96. Zr, Mo and Ru isotopes at m/z 96 do not interfere with SeO+ measurement since they are rejected by Q1.
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removed by the 8800 using MS/MS mode with indirect 
measurement. The ability of the 8800 ICP-MS to remove 
all these interferences under a single set of operating 
conditions permits accurate analysis of multiple Se 
isotopes in practically any natural sample matrix. This 
consistent and reliable performance ensures that no 
prior knowledge of sample matrix is required and matrix-
specific method development is no longer necessary.

Selenium on-line isotope dilution analysis (OIDA) 
A 82Se-enriched standard (82Se 97.43%, 80Se 1.65% and 
78Se 0.51%), Oak Ridge National Laboratory (USA), was 
dissolved in ultrapure HNO3 and diluted to make an 
isotopic spike solution. This spike solution was then 
added on-line to all samples using the standard Agilent 
ISTD mixing kit. The presence of carbon enhances the 
ionization of Se in the plasma, increasing sensitivity, 
so isopropyl alcohol (IPA) was added to the spike 
solution to give a final concentration of about 1% IPA in 
the sample. The Se concentration in the samples was 
calculated using the measured isotope ratios of two Se 
isotopes according to the formula presented in Figure 3. 
No internal standard is required for OIDA, since the 

change in the Se ratio is measured and not the absolute 
Se signal. As a result, errors due non-spectroscopic 
effects such as signal drift are eliminated. For an 
explanation of the theory and practical application of 
OIDA, see Reference [1]. Figure 3 shows the isotope 
dilution formula used to calculate the Se concentrations 
in each sample.
     rRm - Rs                  Rs - Rm

                   Rm - Rn                Rs - rRm

Rm: Measured isotope ratio of mixed reference standard and 
spike solution
rRm: Measured isotope ratio of mixed unkown sample and 
spike solution

Cx: Concentration of unknown sample

Cr: Concentration of natural reference standard

Rn: Natural isotope ratio

Rs: Isotope ratio of spike

Figure 3. Isotope dilution formula used to calculate analyte concentration

5

Figure 2. Se BECs (all in ppt) in four synthetic matrices using four different cell gases 

(     ) (     )Cx = Cr      [1]



AGILENT TECHNOLOGIES 

Atomic Spectroscopy Solutions 
for Environmental Applications

Quantification error study using OIDA
For accurate quantification using ID, the measured 
isotope ratios must be corrected for mass bias by 
bracketing the unknown samples with a mass bias 
correction standard. However, with the OIDA method, 
good accuracy can be achieved without the need 
for mass bias correction, if the concentration of the 
unknown sample (Cx) is close to the concentration of 
the natural reference standard (Cr) — see Reference 
[2]. Theoretically, there is zero error when Cx = Cr. The 
accuracy of the Se ratio measurement with no mass 
bias correction was investigated. Natural Se solutions 
at 0.025 ppb to ~20 ppb were analyzed using a 2 ppb 
natural Se solution as the reference standard. Figure 4 
shows that measurement accuracy of 95–105% without 
correction should be achievable at Se concentrations 
ranging from 100 ppt to 5 ppb. 

Figure 4. Quantification error analysis of the OIDA method

Results

The concentration of Se was determined in twelve 
different CRMs using the OIDA method (with no 
correction for mass bias). The CRMs consisted of a wide 
range of different sample matrices obtained from NIST 
(Gaithersburg MD, USA), GSJ Geochemical Reference 
Samples (Tokyo, Japan), Japan Society for Analytical 
Chemistry (Tokyo, Japan), and National Institute of 
Metrology (Beijing, China), as follows:

• NIST 1643e Environmental Water

• JASC 0302-3 River Water

• JB-3 Basalt Rock

• JSI-1 Sediment 

• NIST 1646a Estuarine Sediment)

• JSAC0411 Volcanic Ash Soil

• NIST 1566a Oyster Tissue

• NCSZC 81002 Human Hair

• NIST 2976 Mussel Tissue

• NIST 1575a Pine Needles

• NIST 1515 Apple Leaves

• NIST1573a Tomato Leaves

The CRMs were prepared either by simple dilution (for 
the water samples) or by digestion in a mixture of HNO3, 
HCl and H2O2 using a Milestone ETHOS closed vessel 
microwave digestion system (Milestone, Sorisole, 
Italy) and following the manufacturer’s recommended 
procedures. The tested samples were all diluted to give 
an expected Se concentration between 100 ppt and 
5 ppb, although for unknown samples this would not 
be necessary if mass bias correction was applied. An 
integration time of 1 s was used for each of the three 
Se isotopes measured and ten replicates were acquired. 
This provided the measured isotope ratio value rRm. 
The Se concentration was then calculated by using the 
formula in Figure 3. 

Figure 5 shows the Se results for each CRM expressed 
as % recovery relative to the certified value. The 
measured results for Se were in good agreement with 
the CRM values (90–112%), using both Se isotope pairs: 
78/82 and 80/82. The accurate measurement of Se in 
this wide range of sample matrices, some including high 
levels of Ca and REE, demonstrates the consistency and 
matrix-independence of the interference removal offered 
by the 8800 in MS/MS mode, using O2/H2 cell gas with 
indirect measurement. Good recoveries for both isotope 
pairs quantified by OIDA demonstrate that the 8800 ICP-
MS was able to remove multiple interferences from 78Se, 
80Se and 82Se.
6
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Conclusions

Until now it has been difficult to accurately measure 
Se at ultratrace levels in high matrix samples. The poor 
ionization and low signal sensitivity of Se, the absence 
of a good internal standard and the presence of multiple 
interferences on all Se isotopes makes this one of the 
most difficult applications in ICP-MS.

However, it has been shown that the new Agilent 
8800 ICP Triple Quad operating in MS/MS mode 
is able to remove all interferences on the three 
major Se isotopes, giving accurate Se measurement 
regardless of sample type. By effectively eliminating 
matrix-derived and plasma-based interfering ions, Q1 
ensures that the cell conditions remain consistent with 
widely different sample matrices, delivering accurate 
analysis for unknown and variable samples. By mass-
shifting Se+ by reaction with O2/H2, and performing 
indirect measurement of Se as the SeO+ product ion, 
all potential interferences are removed, including 
the challenging polyatomic and doubly-charged 
interferences from Ca, Br and REE matrices. In contrast 

Figure 5. Measurement of Se in twelve CRMs using the Agilent 8800 in MS/MS mode with OIDA. Data shown for both Se 78/82 and Se 80/82 ratios.

with ICP-QMS, the 8800 with MS/MS also eliminates 
the elemental isobaric overlaps from Zr, Mo and Ru, 
which would interfere with the measurement of the 
SeO+ product ions.

Importantly, MS/MS enables the use of a single set of 
operating conditions for each element, regardless of 
the sample matrix. This eliminates the matrix-specific 
method development that is required for reaction 
modes on ICP-QMS, making the 8800 easier to use than 
conventional quadrupole ICP-MS.

The ability of the 8800 ICP-MS to make multiple 
isotopes available for measurement also enables 
the use of ID for quantitation. OIDA, a variant of ID 
more suited to routine labs, was successfully used to 
measure twelve widely different CRMs with no internal 
standard and without the need for mass bias correction. 

The 8800 brings the power of MS/MS to ICP-MS to 
improve accuracy and ease of use, and to expand the 
applicability of ICP-MS to the most challenging sample 
types. 

7
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Introduction

Iodine 129 (129I) is a long-lived radionuclide (half-life 15.7 My), which has 
been released into the environment as a result of nuclear weapons testing 
and accidental releases from nuclear power plants and spent nuclear fuel 
reprocessing plants. ICP-MS is a fast and sensitive technique, requiring 
minimal sample preparation for the measurement of 129I and also the 
analytically important 129I/127I ratio in environmental samples. However, this 
is a challenging application for two reasons: 129I suffers an isobaric spectral 
interference from 129Xe (present as an impurity in the argon plasma gas), 
and 129I is present at extremely low concentrations. Consequently, high 
sensitivity and low background are critical for the accurate measurement of 
the 129I concentration and the 129I/127I ratio. 

Application note
Nuclear
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In previous work [1], the 129Xe interference was 
successfully eliminated using a single quadrupole 
ICP-MS (ICP-QMS) with an octopole reaction cell, 
operated in reaction mode. Using O2 cell gas, Xe+ 
ions are converted to Xe atoms by charge transfer, 
eliminating them from the spectrum. This approach 
enabled a detection limit (DL) of 1.1 ppt for 129I and the 
129I/127I ratio in NIST 3231 SRM Level I and II standards 
was successfully measured. Some limitations of ICP-
QMS were also noted. Due to the extremely large 
difference in isotopic abundance (129I/127I of 10-6 -10-8) 
that is common to many radionuclide measurements, 
overlap of the trace peak by the major peak becomes an 
issue. The ability of an MS to resolve adjacent peaks is 
referred to as abundance sensitivity and trace analysis 
of 129I stretches the limits of ICP-QMS abundance 
sensitivity performance. In the previous work, helium 
gas was also added to the cell to thermalize the ion 
beam and improve abundance sensitivity. In this case, 
the trace peak was 2 amu higher than the major peak, 
and high mass tailing was reduced by He addition to 
allow accurate measurement. Low mass tailing is much 
more severe in ICP-QMS, and had the trace peak been 
1–2 amu lower than the major peak, it would have not 
been possible to measure.

Since the previous work was completed, Agilent 
has developed the 8800 Triple Quadrupole ICP-MS 
(commonly abbreviated to ICP-QQQ). The 8800 features 
an additional quadrupole mass fi lter (Q1), situated in 
front of the Octopole Reaction System (ORS3) cell and 
quadrupole mass fi lter (now called Q2), in an MS/MS 
confi guration. In ICP-MS/MS, Q1 operates as a mass 
fi lter, allowing only the target analyte mass to enter the 
cell, and rejecting all other masses. Because plasma and 
matrix ions are eliminated by Q1, the reaction effi ciency 
is greatly enhanced and the reaction pathways and 
product ions remain consistent across a wide range of 
sample matrices. The increase in sensitivity in reaction 
mode with the 8800 compared to ICP-QMS, and the 
consistent interference removal performance regardless 
of sample type are both important benefi ts for this 
application. In addition, the four-stage vacuum system 
of the 8800 gives a lower fi nal vacuum and therefore a 
lower background, which improves 129I DL and 129I/127I 
ratio precision. Another key benefi t of the 8800 for 
radionuclide isotope ratio measurement applications is 
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the tremendous improvement in abundance sensitivity 
over ICP-QMS. Because the abundance sensitivity of an 
MS/MS is the product of the abundance sensitivities of 
the two quadrupoles, the 8800 demonstrates the highest 
abundance sensitivity ever seen in ICP-MS, at <10-10. 

The purpose of this study was to apply the 8800, in MS/
MS mode, to the determination of 129I, improving both 
the 129I DL and 129I/127I ratio precision over the previous 
work, while achieving an abundance sensitivity far 
better than previously achieved by ICP-QMS. 

Experimental

Instrumentation
An Agilent 8800 Triple Quad ICP-MS was used for 
this study. The standard sample introduction system 
consisted of a glass concentric nebulizer, a Peltier-
cooled quartz double-pass Scott-type spray chamber, 
and a one-piece quartz torch with 2.5 mm internal 
diameter (ID) injector. Table 1 shows the ICP-QQQ 
operating parameters. 

Table 1. Agilent 8800 ICP-QQQ operating parameters

Parameter   Value
RF power 1550 W

Sampling depth 8 mm

Carrier gas fl ow rate 1.05 L/min

Spray chamber temperature 2 °C

Cell gas O2

Cell gas flow 0.7 mL/min

Reference materials and calibration standards
Calibration standards were prepared by diluting 129I 
isotopic standards (NIST SRM 3231 Level I and II (NIST, 
Gaithersburg MD, USA)) with 0.5% TMAH in deionized 
water. The Level I certifi ed value for 129I/127I = 0.981 x 
10-6 ± 0.012 x 10-6 and the Level II certifi ed value = 0.982 
x 10-8 ± 0.012 x 10-8. A blank iodine matrix (no 129I) was 
prepared from potassium iodide to give a concentration 
of 889 mg/L iodine (127I only), that was then diluted 
as needed. These standards were used to check the 
linearity of the iodine isotope response and to measure 
the 129I/127I ratio.
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Results and discussion

Xe+ interference removal by reaction with oxygen 
To highlight the benefi ts of the MS/MS confi guration 
compared to ICP-QMS for this application, the 8800 
was fi rst operated with Q1 set to allow all ions to pass 
through to the cell — that is, Q1 functions as a simple 
ion guide. This essentially replicates the characteristics 
of a traditional ICP-QMS system. Using the 127I blank 
solution (diluted to 8.89 mg/L iodine), data was 
acquired both in no gas mode and in reaction mode 
using O2 as the reaction gas. Figure 1 compares the 
plasma background spectrum in no gas mode versus 
reaction mode with O2. O2 reacts with Xe+ ions via 
charge transfer as follows: 

Xe+ + O2 → Xe + O2
+, k = 1.1 x 10-10

Xe+ ions are converted to neutral Xe and therefore are 
removed from the spectrum. As a result, the isobaric 
interference from 129Xe+ is reduced to the level of the 
instrument background, allowing 129I to be measured. 
Note, however, the relatively poor abundance sensitivity 
of ICP-QMS — the low mass side peak of 127I tailing 
into m/z 126 (shown in log mode). Although it does not 
impact the application in this case, measuring a trace 
peak at m/z 126 would be impossible.

Improved abundance sensitivity with MS/MS
The 8800 was then switched to MS/MS mode: Q1 
was set to allow only ions of m/z 127 and 129 to pass 
through to the cell. Q2 was set to reject all ions except 
the target analyte masses (m/z 127 and 129). O2 was 
added to the cell to remove Xe+ ions, as in Figure 1 
(bottom). Solutions of NIST 3231 Level I and II were 
measured and the resulting spectra overlaid in Figure 2. 
Both solutions contained 88.9 mg/L 127I. 

As can be seen, the MS/MS mode spectra demonstrate 
abundance sensitivity far better than ICP-QMS (Figure 
1), with the peak sides reaching baseline with no tailing. 
This vastly improved abundance sensitivity opens up 
new applications not previously possible with ICP-MS 
(either ICP-QMS or high resolution ICP-MS), for example 
in the trace analysis of high purity metals, clinical 
and petrochemical analysis, and in other radionuclide 
applications.

3

127I+

Xe+

Single Q, No gas mode

Single Q, Oxygen mode

127I+

MS/MS, Oxygen mode127I+

129I+ 129I/127I=10-6

129I/127I=10-8

Figure 1. Mass spectra of I and Xe in an 8.89 mg/L 127I solution. The Agilent 
8800 was operated like an ICP-QMS. Top: No gas mode; Bottom: O2 reaction 
mode. The overlaid blue spectrum is the blank. 

Figure 2. 127I and 129I measured using the Agilent 8800 in MS/MS mode with 
O2 reaction gas. NIST 3231 Level I (black) and II (blue) spectra are overlaid.
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Calibration curves for 127I and 129I
In order to check the linearity of both iodine isotopes, 
different concentration solutions of NIST 3231 SRM 
Level I in 0.5% TMAH were prepared and analyzed as 
calibration standards. The calibration curves for 127I 
and 129I are shown in Figure 3. Excellent linearity was 
achieved in both cases. The background equivalent 
concentrations (BECs) for 127I and 129I were 2.97 μg/L 
and 0.04 ng/L, while the detection limits (3σ, n = 10) for 
127I and 129I were 0.26 μg/L and 0.07 ng/L, respectively. 
The BEC and DL for 127I were higher due to carryover 
from the 127I solution aspirated earlier. The DL for 129I 
was approximately 15x lower than the value obtained 
(1.074 ng/L) in the previous work, due to the higher 
sensitivity and lower background level of the 8800 
ICP-QQQ.

Analysis of NIST 3231 SRM Level I and II 
The 129I/127I ratio of diluted NIST 3231 SRM at different 
concentrations was measured using the 8800 ICP-QQQ. 
The results are summarized in Table 2. After subtracting 
the 129I blank, the measured 129I/127I ratio of the NIST 
3231 SRM corresponded well with the certifi ed values of 
0.981 x 10-6 (Level I) and 0.982 x 10-8 (Level II). Precision 
was signifi cantly improved over the previous work, 
especially for NIST 3231 Level II due to the superior 
signal/noise of the 8800.

Figure 3. Calibration plot for 127I (top) and 129I (bottom) obtained from multiple 
dilutions of NIST 3231 SRM (Level I). Note the different concentration units 
used in these two calibration plots — µg/L (ppb) for 127I and ng/L (ppt) for 
129I.

4
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Table 2. Analytical results for NIST 3231 Level I (129I/127I = 0.981 x 10-6) and Level II (129I/127I = 0.982 x 10-8) 

Sample name Dilution factor 127 129 129I/127I 129I/127I RSD
CPS CPS average CPS RSD CPS CPS average CPS RSD (average n = 5) (%)

NIST 3231 10-6

(129I/127I = 0.981 x 10-6)

301,734,441 297.1 0.927 x 10-6

303,368,628 274.8 0.893 x 10-6

20 300,284,575 302,731,524 0.6 300.5 290.5 3.6 0.988 x 10-6 0.947 x 10-6 4.1

305,488,255 285.9 0.923 x 10-6

302,781,721 294.4 0.960 x 10-6

594,277,896 585.6 0.971 x 10-6

592,633,576 597.4 0.994 x 10-6

10 590,000,723 592,626,739 0.3 586.5 589.4 0.8 0.980 x 10-6 0.981 x 10-6 0.8

593,387,443 588.5 0.978 x 10-6

592,834,056 588.9 0.979 x 10-6

NIST 3231 10-8

(129I/127I = 0.982 x 10-8)

608,737,949 15.1 1.12 x 10-8

608,536,242 14.8 1.07 x 10-8

10 602,626,536 605,248,499 0.5 14.2 14.5 3.3 0.979 x 10-8 1.02 x 10-8 7.2

603,091,763 13.9 0.929 x 10-8

603,250,003 14.5 1.03 x 10-8

Conclusions

The new Agilent 8800 ICP-QQQ demonstrated excellent 
analytical performance for this challenging application 
due to its superior signal/noise over ICP-QMS. 
Accurate determination of ultratrace levels of 129I were 
demonstrated as well as excellent agreement with 
certifi ed values for NIST 3231 iodine isotope ratios. This 
performance was achieved at a much better abundance 
sensitivity, a unique feature of MS/MS mode. While 
the superior abundance sensitivity of the 8800 was not 
essential to the determination of 129I in this case, it will 
open up new applications in high purity metals and 
radionuclide measurement not currently possible by 
ICP-MS. 
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Removal of Ree++ interference on arsenic and 
selenium 

keywords
Rare Earth Elements, REE, arsenic, selenium, 
environmental, food, CRMs, oxygen mass-shift

introduction
Trace analysis of arsenic (As) and selenium (Se) in 
environmental and food samples is of a great interest, 
since both elements can be toxic even at quite low 
levels. It is difficult to quantify As and Se accurately at 
trace levels in some matrices by quadrupole ICP-MS 
as all the analytically useful isotopes can suffer from 
multiple spectral interferences, as summarized in Table 
1. This application investigates ICP-QQQ in MS/MS 
reaction mode to remove interferences on As and Se, 

with an emphasis on the removal of the doubly-charged 
ions arising from Rare Earth Elements (REE++). While 
the concentration of REEs in environmental and food 
samples is usually low, some plants will accumulate 
REEs from the soil, and a high concentration will lead to 
false positive results for As and Se. 

experimental
instrumentation: Agilent 8800 #100.

plasma conditions: Preset plasma/Low matrix.

ion lens tune: Soft extraction tune: Extract 1 = 0 V, 
Extract 2 = -180 V. 

cRc conditions: O2 gas flow rate of 0.2 mL/min, 
Octopole bias = -8 V and KED = -6 V. 

acquisition parameters: MS/MS O2 mass-shift method 
to measure As+ (as AsO+) and Se+ (as SeO+), as 
illustrated in Figure 1. Unlike conventional quadrupole 
ICP-MS, the 8800 ICP-QQQ mass-shift method can be 
applied to complex matrix samples that may contain 
Zr and/or Mo. The MS/MS configuration prevents 
undesired ions such as 91Zr+ and 94Mo+ from overlapping 
the MO+ product ions, as they are rejected by Q1. 

Kazumi Nakano and Yasuyuki Shikamori 
Agilent Technologies, Japan

table 1. Selected spectral interferences on As and Se isotopes
as and Se 
isotope

interference

element m abundance 
%

doubly 
charged

chloride dimer

As 75 100 150Sm++, 
150Nd++

40Ar37Cl+, 
40Ca37Cl+

Se 77 7.63 154Sm++, 
154Gd++

40Ar37Cl+, 
40Ca37Cl+

78 23.77 156Gd++,  
156Dy++

41K37Cl+ 38Ar40Ar+, 
39K39K+

80 49.61 160Gd++,  
160Gd++

45Sc35Cl+ 40Ar40Ar+, 
40Ca40Ca+

82 8.73 164Dy++,  
164Er++

45Sc37Cl+

75As+ 75As+ 75AsO+

150Nd2+, 150Sm2+, 151Eu2+, 
40Ar35Cl+, 40Ca35Cl+, 91Zr+

150Nd2+, 150Sm2+, 151Eu2+, 
40Ar35Cl+, 40Ca35Cl+91Zr+

75As16O+

O2

Q1 (m/z=75) Q1 (m/z=75)ORS

78Se+ 78Se+ 78SeO+

156Gd2+, 156Dy2+, 139LaOH2+, 
140CeO2+, 38Ar40Ar+ 94Mo+

156Gd2+, 156Dy2+, 139LaOH2+, 
140CeO2+, 38Ar40Ar+94Mo+

78Se16O+

O2

Q1 (m/z=78) Q1 (m/z=94)ORS

Figure 1. ICP-QQQ MS/MS O2 mass-shift method for measuring 75As (top) and 78Se (bottom)
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Samples and sample preparation: SPEX XSTC-1 (a 
mixture of 10 ppm each of Ce, Dy, Er, Eu, Gd, Ho, La, Lu, 
Nd, Pr, Sm, Sc, Tb, Tm, Yb and Y) purchased from SPEX 
CertiPrep Ltd. (UK) was used. Four certified reference 
materials (CRMs): NIST 1515 Apple Leaves, NIST 1573a 
Tomato Leaves, NIST 1575a Pine Needles and NMIJ 
7531a Brown Rice, were used for the method validation. 
It should be noted that NIST 1515 contains 3 mg/kg 
Sm and Gd, and 0.2 mg/kg Eu. NIST 1573a contains 
0.19 mg/kg Sm, 0.17 mg/kg Gd, 5% Ca and 2.7% K, a 
combination of matrix elements that might be expected 
to cause severe interferences on As and Se. All CRMs 
were microwave-digested in HNO3 and H2O2, diluted and 
analyzed. 

Results and discussion
effectiveness of o2 mass-shift method for removing 
Ree++ interferences
To investigate the effectiveness of interference removal 
modes on the 8800 ICP-QQQ, As and Se were measured 
in a mixed REE solution containing 1 ppm each of Ce, Dy, 
Er, Eu, Gd, Ho, La, Lu, Nd, Pr, Sm, Sc, Tb, Tm, Yb and Y. 

Three different 8800 ICP-QQQ cell modes were used:

•	 Single Quad (SQ); no gas
•	 Single Quad (SQ); reaction mode using hydrogen (H2) 

cell gas
•	 MS/MS; reaction mode using O2 cell gas with + 16 

amu mass-shift
“Single Quad” represents the performance of 
conventional ICP-QMS while MS/MS mode is unique to 
ICP-QQQ.

Figure 2 shows the BECs of As and Se in each of the 
measurement modes. The results in Figure 2 illustrate 
the excellent interference removal performance of the 
O2 mass-shift method for the detection of As and Se in a 
matrix containing REEs. 

Figure 2. BEC of As and Se in 1ppm REE mixed solution with three measurement modes: no gas, H2 on-mass and O2 mass-shift mode. 
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Figure 3 shows the product ion scan spectra obtained 
using O2 mass-shift mode for a solution containing 
1 ppm REEs without (left) and with (right) a 1 ppb As 
spike. As illustrated in the schematic, Q1 was fixed 
at m/z = 75 and Q2 was scanned across the selected 
mass range, to monitor all existing and cell-formed ions 
derived from precursor ions at m/z 75. Figure 3 (left) 
shows the product ions from m/z 75 in the blank REE 
matrix; the signal at Q2 m/z = 75 (mass of As) is due to 
REE++. The absence of a signal at m/z = 91 (the mass of 
AsO+) in the blank REE matrix, indicates that the REEs 
do not react with O2 in the cell to give rise to product 
ions (such as REEO2

++) that overlap AsO+ at m/z 91. 
Consequently, As can be successfully measured as AsO+ 
at m/z = 91 as shown in Figure 3 (right). 

Method validation with cRMs
The ICP-QQQ method was applied to the measurement 
of As and Se in four CRMs. Table 2 summarizes the 
results. The measured concentrations of As and Se in 
the CRMs were all in good agreement with the certified 
values.

table 2. Results of the determination of As and Se in four CRMs using MS/MS O2 mass-shift mode on the 8800 ICP-QQQ 
as (as aso+ at m/z 91) Se (as Seo+ at m/z 94)

certified Found average Recovery certified Found average Recovery 

mg/kg mg/kg % mg/kg mg/kg %

NIST1515 Apple Leaves 0.038±0.007 0.037 97 0.050±0.009 0.050 100

NIST1575a Pine Needles 0.039±0.002 0.038 97 0.099±0.004 0.099 100

NIST1573a Tomato 
Leaves

0.112±0.004 0.113 101 0.054±0.003 0.058 107

NMIJ 7531a Brown Rice 0.280±0.009 0.258 92 NA 0.032 NA

O2 O2

REE2+

Q1(75) Q2(scan) Q1(75) Q2(scan)
75As+, 
REE2+

REE2+

As

Si
gn

al 
in

te
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ity

Si
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al 
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ity

75 91 75 9170 80 100 110
Q2

70 80 100 110
Q2
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x104
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Figure 3. Product ion scan spectrum of O2 mass-shift method. (Left) 1 ppm mixed-REE solution and (right) 1 ppm mixed-REE plus 1 ppb As 
spike.
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Removal of molybdenum oxide interference on 
cadmium 

keywords
cadmium, molybdenum oxide, environmental, food, 
CRMs, hydrogen on-mass

introduction
Cadmium (Cd) is a well-known toxic element along with 
As, Hg and Pb. The maximum contamination level of 
these elements in food, pharmaceuticals, drinking water, 
wastewater and other matrices is strictly controlled 
under national and international legislation. Out of the 
eight natural isotopes of Cd, only 111Cd is free from direct 
overlap by an atomic isobar (an isotope of a different 
element at the same mass as the Cd isotope), and even 
111Cd is potentially subject to spectroscopic interference 
by 95MoO+. Fortunately, the concentration of Mo is low 
in most samples, and quadrupole ICP-MS (ICP-QMS) 
operating in helium collision mode can remove the 
interference, allowing the accurate measurement of 
Cd. However, there are some cases where the Mo 
concentration is high and a better interference removal 
technique is required in order to accurately determine 
Cd. This paper describes the application of MS/MS 
H2 reaction mode on the Agilent 8800 ICP-QQQ for the 
determination of trace Cd in the presence of a high 
concentration of Mo. 

experimental
instrumentation: Agilent 8800 #100. Indium (In) was 
introduced as the internal standard using the on-line 
ISTD kit. 

plasma conditions and ion lens tune: RF power = 
1550 W; sampling depth = 8.0 mm; carrier  
gas = 1.01 L/min; make up gas/dilution gas (MUGS/
DiGS) = 0.0 L/min; Soft extraction tune: Extract 1 = 0 V, 
Extract 2 = -165 V, Omega bias = -100 V, Omega = 11.4 V.

cRc conditions: H2 flow rate 9.0 mL/min,  
Octopole bias = -22 V, KED = +5 V.

acquisition parameters: MS/MS H2 on-mass method 
i.e. 111Cd was measured at m/z 111 using quadrupole 
settings of (Q1 = 111, Q2 = 111).

Results and discussion
optimization of h2 flow rate
Figure 1 (left) shows the signal at m/z 111 for a 10 ppm 
Mo solution and a 10 ppm Mo + 1 ppm Cd solution, 
plotted as a function of H2 flow rate. Figure 1 (right) 
shows the calculated BEC of Cd in the presence 
of 10 ppm Mo. The optimum cell gas flow rate of 
9.0 mL/ min was used for subsequent experiments. 

Michiko Yamanaka 
Agilent Technologies, Japan
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table 1. Measurement of Cd in four CRMs using the 8800 ICP-QQQ in MS/MS mode with H2 reaction 
gas

Without Mo addition With 10 ppm Mo addition

cRMs certified determined Recovery determined Recovery 
mg/kg mg/kg % mg/kg %

NIST 1515 Apple Leaves 0.014 0.013 93 0.016 115

NIST1573a Tomato Leaves 1.52 1.496 98 1.475 97

NIST1575a Pine Needles 0.223 0.220 99 0.224 100

NMIJ 7531a Brown Rice 
Flour

0.308 0.298 97 0.293 95

In order to test the effectiveness of MS/MS mode 
with H2 cell gas in comparison to no gas mode, a spike 
recovery test of 1 ppb Cd in a series of Mo matrix 
solutions ranging from 0.1 to 100 ppm was conducted. 
Figure 2 summarizes the results. In no gas mode, the 
error in quantification of the 1 ppb Cd spike dramatically 
increases with the concentration of Mo; in contrast, H2 
reaction mode delivers a consistent and accurate result 
for Cd even in the presence of 100 ppm Mo.

Method validation: analysis of cd in cRMs
The concentration of Cd was determined in four different 
CRMs: NIST 1515 Apple Leaves, NIST 1573a Tomato 
Leaves, NIST 1575a Pine Needles and NMIJ 7531a 

Brown Rice Flour (National Metrology Institute of 
Japan). Each sample was microwave digested following 
the manufacturer’s recommended procedures, then 
diluted and analyzed by ICP-QQQ; the final dilution 
factor was around 100–200. For each CRM, the digested 
sample was analyzed using the developed method. A 
second sample of each CRM was prepared and analyzed 
after the addition of a 10 ppm Mo spike. As summarized 
in Table 1, good recoveries were obtained for all four 
references materials both for the unspiked samples and 
the duplicates with the high added Mo concentration, 
demonstrating the validity of the method for real sample 
analysis.
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Figure 2. 1 ppb Cd spike recovery in a series of Mo matrix solutions using no gas mode and MS/MS H2 mode
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Feasibility study of fluorine detection by icp-qqq 

keywords
fluorine-containing polyatomic ions, barium, oxygen on-
mass, ammonia mass-shift

introduction
Fluorine (19F) cannot be directly detected by conventional 
quadrupole ICP-MS (ICP-QMS) because of severe water-
derived interferences at m/z 19 from 1H3

16O+ and 1H18O+, 
and extremely low sensitivity due to the fact that it is 
very difficult to convert fluorine atoms to the positive 
ions that are measured in ICP-MS. The interference 
problem can be resolved by high resolution ICP-MS, 
but the sensitivity issue remains a challenge because 
almost no F atoms are ionized in an argon plasma due to 
F having an ionization potential (17.423 eV) that is higher 
than that of Ar (15.760 eV).

However, fluorine-containing polyatomic ions (XF+) 
can be formed in the plasma and they may be used to 
determine fluorine. Candidate ions are those with a 
high bond-dissociation energy for the X+-F bond and 
low ionization potential of X or XF. Since oxygen is 
present in the plasma (from the water matrix or from air 
entrainment), the formation of XO+ or XO often competes 
against that of XF+. Therefore, a low bond-dissociation 
energy for X+-O and X-O bonds (low affinity of X+ and X 
for O) is also desirable for the efficient formation of XF+. 
Barium was selected as "X" for this feasibility study, 
based on its thermochemical properties (Table 1).

experimental

instrumentation: Agilent 8800 #200 with a Micromist 
nebulizer.

plasma conditions and ion lens tune: RF power = 
1500 W; Sampling depth = 8 mm; CRGS flow rate = 
1.00 L/min; sample uptake rate 0.33 mL/min; 100 ppm 
Ba uptake rate = 0.03 mL/min; MUGS flow rate = 
0.32 L/ min; Extract 1 = -150 V, Extract 2 = -4 V. 

cRc conditions: O2 gas at 1 mL/min (100%), Octopole 
bias = -60 V, Energy discrimination = -10 V in O2 mode; 
10% NH3/90% He flow rate 8.5 mL/min (85%), Octopole 
bias = -20 V, Energy discrimination = -10 V in NH3 mode. 

acquisition parameters: MS/MS O2 on-mass and 
MS/ MS NH3 mass-shift. Integration time per mass for 
BaF and BaF(NH3)3 = 1 sec; integration time per mass for 
BaF(NH3)4 = 10 sec.

In order to produce BaF+ in the plasma, Ba solution 
was mixed online with fluorine standards per a fixed 
mixing ratio of 1:10. The mixing occurred just before the 
nebulizer. BaF+ was efficiently formed under general 
plasma conditions with the BaO+/Ba+ ratio at about 
11%. Under hotter plasma conditions, the formation of 
BaF+ decreases because it tends to break apart. Under 
cooler plasma conditions, the formation of BaF+ also 
decreases because of the formation of BaO+ or, possibly, 
BaO. The signal intensity of BaF+ was proportional to the 
concentration of Ba, which was fixed at about 10 ppm 
(after mixing). 

Noriyuki Yamada 
Agilent Technologies, Japan

table 1. Gas phase thermochemical properties of elements having an affinity for fluorine*
element X d0(X+-F) ip (X) d0(X-F) ip (XF) d0(X+-o) d0(X-o)

c 7.77 11.27 5.60 9.11 8.35 11.15
al 3.16 5.99 6.99 9.73 1.81 5.31

Si 7.01 8.15 5.69 7.54 4.99 11.49

ba 6.39 5.21 5.98 4.70 5.60 5.80

la 6.83 5.61 6.86 5.56 8.73 8.50

eu 6.05 5.67 5.59 5.90 4.00 5.90

*Unit: eV. D0(A-F) is the bond-dissociation energy for A-F bond (affinity of A for F) and IP(B) is 
the ionization potential of B.
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interference removal using MS/MS mode
138Ba19F+ (m/z=157) suffers an interference from 
138Ba18O1H+. O2 and NH3 were tested as reaction gases 
to reduce the interference. It was found that O2 reacts 
with BaOH+ more efficiently than it reacts with BaF+ 
in high energy reaction mode (octopole bias < -50 V). 
Therefore, using MS/MS mode, a mass pair (Q1 → Q2) 
= (157 → 157) was selected to detect BaF+ in O2 mode. 
With Q1 set to 157 amu, 138Ba+ was prevented from 
entering the cell and forming new interferences through 
unwanted reactions. 

NH3 was found to react with BaF+ at a high NH3 flow 
rate to form BaF(NH3)n

+, where n = 2, 3, 4. The most 
abundant complex ion was BaF(NH3)3

+ at m/z = 208, 
but BaF(NH3)4

+ at m/z = 225 was preferable in terms of 
signal to background ratio or BEC. Mass pairs (Q1 → Q2) 
= (157 → 208) and (157 → 225) were selected in NH3 
mode. 

Results and discussion
Figures 1 and 2 show calibration curves up to 2 mg/L 
(ppm) for fluorine in deionized water. The lowest 
detection limit (27 ppb) was obtained in O2 mode. 
The lowest BEC (87 ppb) was obtained by measuring 
BaF(NH3)4

+ in NH3 mode. Table 2 shows the BEC and DL 
results for F obtained from this study in comparison with 
the literature values.

conclusions
Based on this preliminary study, it is clear that the 
controlled reaction chemistry that is possible with 
MS/MS mode on the 8800 ICP-QQQ can provide a 
novel approach to the measurement of F by ICP-MS. 
In addition to demonstrating detection limits that 
are comparable with published data measured using 
conventional quadrupole ICP-MS or high-resolution 
ICP-MS, the 8800 ICP-QQQ also allows unprecedented 
flexibility to monitor specific reaction transitions, making 
it invaluable for method development.

Figure 1. Calibration curve for F measured as BaF+ in O2 mode Figure 2. Calibration curve for F measured as BaF(NH3)4
+ in NH3 mode

table 2. Analytical performance for fluorine detection by ICP-MS
analyte ion Sensitivity [cps/ppm] bec [ppm] dl [ppm] technique, reference

F- 60,000 NA 0.11 Negative ion mode ICP-MS, Appl. Spectrosc, 42, 425 (1988)
F+ 3,000 NA 0.023 He-ICP-MS, Japan analyst 52(4), 275-278, 2003

al+ (alF2+ complex) NA 0.0033 0.0001 IC-ICP-MS (indirect determination), Analyst. 1999 Jan;124(1):27-31

F+ 26 2.05 5.07 HR-ICP-MS, J. Anal. At. Spectrom, 18, 1443, 2003

baF+ 4,073 0.23 0.027 ICP-QQQ, O2 mode, this work

baF(nh3)3
+ 929 0.17 0.043 ICP-QQQ, NH3 mode, this work

baF(nh3)4
+ 67 0.087 0.031 ICP-QQQ, NH3 mode, this work

0
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icp-qqq with oxygen reaction mode for accurate 
trace-level arsenic analysis in complex samples 

keywords
arsenic, zirconium, doubly-charged ion interferences, 
oxygen mass-shift

introduction
Arsenic (As), with its high first ionization potential and 
single isotope at mass 75, is one of the most difficult 
elements to measure accurately by ICP-MS, particularly 
in complex matrices. The polyatomic interferences from 
ArCl+ and CaCl+ that overlap As+ at mass 75 can be 
removed effectively using quadrupole ICP-MS (ICP-QMS) 
in helium collision mode, but collision mode cannot 
resolve the doubly-charged ion interferences from 150Nd++ 
and 150Sm++. A quadrupole mass spectrometer separates 
ions based on their mass to charge ratio (m/z), so 
doubly-charged ions appear at half their true mass; 
150Nd++ and 150Sm++ therefore give an apparent overlap on 
As at mass 75.

Oxygen reaction mode (O2 mode) offers a solution to 
these doubly-charged ion overlaps, since As can be 
converted to a reaction product ion 75As16O+, measured 
at m/z 91, where it is separated from the doubly 
charged Nd and Sm, which do not form such product 
ions. However, the new mass of the AsO+ product ion is 
also overlapped by an isotope of zirconium (91Zr+). The 
presence of Zr in a sample may therefore cause an error 
in the results for As measured as AsO+ using O2 reaction 
mode on ICP-QMS.

ICP-QQQ solves this problem, as MS/MS mode allows 
all masses apart from m/z 75 (including the 91Zr+ ions) 
to be rejected by the first quadrupole (Q1), ensuring 
that the AsO+ product ions can be measured free from 
overlap. ICP-QQQ with MS/MS therefore allows the 
accurate determination of As in complex samples that 
contain any combination of Cl, Ca, Nd, Sm and Zr.

experimental

Reagents and sample preparation: All of the sample 
matrices used for this work were prepared using single-
element stock solutions (Spex CertiPrep, Claritas grade). 
The acid matrix and elemental standard concentrations 
are shown in the caption for each spectrum and are 
representative of the acid matrix (dilute HNO3/HCl) and 
matrix levels commonly found in ICP-MS samples.

The sample matrices investigated were:

•	 Dilute nitric acid (1% HNO3)
•	 Dilute hydrochloric acid (5% HCl)
•	 Calcium (100 ppm)
•	 Neodymium and samarium (1 ppm each element)
•	 Zirconium (0.5 ppm)
instrumentation: Agilent 8800 #100.

plasma conditions and ion lens tune: Preset plasma/
General purpose, Soft extraction tune: Extract 1 = 0 V, 
Extract 2 = -170 V.

acquisition conditions: Four operational modes were 
used, to investigate the different interference removal 
performance provided by the different cell modes:

•	 Single Quad (SQ); no gas
•	 Single Quad (SQ); collision mode (using helium (He) 

cell gas at a flow rate of 4 mL/min)
•	 Single Quad (SQ); reaction mode (using oxygen (O2) 

cell gas at a flow rate of 0.2 mL/min).
•	 MS/MS; reaction mode (using O2 cell gas at a flow 

rate of 0.2 mL/min)
KED bias voltage was +5 V in no gas and He mode, and 
-8 V in O2 mode.

The three “Single Quad” modes represent the 
performance available on conventional ICP-QMS 
operating in collision or reaction mode. MS/MS mode is 
unique to the tandem mass spectrometer configuration 
of the 8800 ICP-QQQ.

Ed McCurdy and Glenn Woods 
Agilent Technologies (UK) Ltd.
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Results and discussion

Figures 1a, 1b and 1c illustrate how Single Quad mode 
with He cell gas is effective at removing the common 
ArCl+ and CaCl+ polyatomic interferences on As+ at 
m/z 75, but is ineffective against the Nd++/Sm++ 
interferences.
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Figure 1. a) As+ (m/z 75) in no gas mode, showing polyatomic interferences from ArCl+ and CaCl+; b) ArCl+ and CaCl+ polyatomics 
are removed in He collision mode; c) He collision mode fails to remove Nd++ and Sm++ interferences at m/z 75.
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Figures 2a and 2b show how Single Quad mode with O2 
reaction gas successfully avoids the doubly-charged Nd 
and Sm interferences by mass-shifting the As to the new 
AsO+ product ion mass at m/z 91; but O2 reaction mode 
on ICP-QMS cannot remove the 91Zr+ overlap on the AsO+ 
product ion. 

0

2

4

x104

CP
S

84 85 86 87 88 89 90 91 92 93 94 95 96 97 98
Q2

Trace Sr contamination 
from 100 ppm Ca

As (1 ppb) in: 
5% HCl 
5% HCl + 100 ppm Ca 
1 ppm Nd/Sm

As (as AsO+) 
(1 ppb)

Sr contamination 
from 100 ppm Ca As (1 ppb) in: 

5% HCl 
5% HCl + 100 ppm Ca 
1 ppm Nd/Sm
0.5 ppm Zr

As (as AsO+) 
(1 ppb)

0.5 ppm 
Zr

a)

b)

0

2

4

x104

CP
S

84 85 86 87 88 89 90 91 92 93 94 95 96 97 98
Q2

Figure 2. a) Nd++ and Sm++ interferences at m/z 75 are avoided in SQ O2 reaction mode, by measuring As as the AsO+ product ion 
at m/z 91; b) SQ O2 reaction mode fails to remove 91Zr+ overlap on the AsO+ product ion.
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Figure 3 shows that the 8800 ICP-QQQ in MS/MS mode 
with O2 reaction gas provides reliable and consistent 
measurement of As (as AsO+) in all matrices. All the 
original polyatomic and doubly-charged interferences at 
m/z 75 are avoided by mass-shifting the As to m/z 91; 
and in MS/MS mode the 91Zr+ ion is removed by Q1, so 
the potential overlap on the AsO+ product ion at m/z 91 
is also removed. 

conclusions
With the combination of O2 reaction mode and MS/ MS 
operation, the 8800 ICP-QQQ provides a reliable approach 
to the accurate measurement of As in complex samples. 
All the polyatomic and doubly-charged interferences 
that affect As measurement at its native mass (m/z 75) 
are avoided by using O2 mode to mass-shift the As to 
its AsO+ product ion, measured at m/z 91. Furthermore, 
uniquely to the 8800 ICP-QQQ, MS/MS mode also 
eliminates potential native ion overlaps at m/z 91, as 
they are rejected by Q1 that is set to m/z 75 when 
measuring As.
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Figure 3. MS/MS mass-shift with O2 reaction mode provides consistent, interference-free measurement of As as AsO in all the 
matrices.
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avoidance of spectral overlaps on reaction product 
ions with o2 cell gas: comparison of quadrupole 
icp-MS and icp-qqq 

keywords
titanium, reaction chemistry, oxygen mass-shift

introduction
The 8800 ICP-QQQ opens up many new analytical 
possibilities and novel methodologies for interference 
removal based on reaction chemistry. The major benefit 
provided by the 8800 ICP-QQQ is its unique tandem mass 
spectrometer configuration, which permits operation 
in MS/MS mode. In MS/MS, the first quadrupole 
(Q1) operates as a 1 amu mass filter, providing precise 
selection of the ions that can enter the reaction cell, and 
therefore control of the reaction processes that occur. 
This level of reaction process control is fundamentally 
different to the operation of conventional quadrupole 
ICP-MS (ICP-QMS) when using these same reaction 
chemistries, as ICP-QMS has no way to reject ions 
before they enter the cell, and so cannot select which 
ions are involved in the reactions.

This difference is apparent in many reaction chemistries, 
including both on-mass measurements (where the 
interfering ions are reactive and are moved away from 
the analyte ions, which are then measured at the natural 
mass), and mass-shift methods (where the analyte 
ions are reactive and are moved to a new product ion 

mass that is free from the original overlap). Overlaps on 
analyte product ions commonly occur in ICP-QMS and 
can give severe errors in results, especially in cases 
where the sample matrix or co-existing analyte levels 
vary from sample to sample.

In this note, we compare the performance of ICP-QMS 
(the 8800 ICP-QQQ operated in Single Quad mode with 
Q1 as a bandpass filter) and ICP-QQQ (the 8800 ICP-QQQ 
operated in MS/ MS mode) for the measurement of 
titanium (Ti) as TiO+ product ions, using oxygen reaction 
mode (O2 mode).

The native ion overlaps that could affect the 
measurement of TiO+ product ions with oxygen reaction 
gas are shown in Table 1. It should be noted that these 
native ion overlaps cannot be rejected by the cell 
bandpass settings of a conventional quadrupole ICP-MS, 
because they occur at the same mass as the analyte 
product ion being measured.

experimental

For the spectral comparison, scan data were collected 
for the mass range from m/z 60 to 69, covering the TiO+ 
product ions formed from Ti in O2 reaction mode.

instrumentation: Agilent 8800 #100.

plasma conditions and ion lens tune: Preset plasma/
General purpose, Soft extraction tune: Extract 1 = 0 V, 
Extract 2 = -180 V.

cRc conditions: Cell gas = O2 gas at 0.3 mL/min, 
Octopole bias = -5 V, KED = -7 V.

acquisition parameters: Scan range = m/z 60 to 69; 
points per peak = 20; integration time per mass = 1 sec.

Ed McCurdy 
Agilent Technologies (UK) Ltd.

table 1. Potential native ion overlaps on TiO+ product ions in O2 
reaction mode
precursor 
ion (q1)

product ion 
(q2)

potential overlaps from other 
analytes

ti tio ni cu Zn
46 62 62Ni  –  –

47 63  – 63Cu – 

48 64 –  – 64Zn

49 65 – 65Cu  –

50 66 – – 66Zn
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Results and discussion
The comparative results for TiO+ measured in Single 
Quad (SQ) mode and MS/MS mode are shown in the 
overlaid spectra in Figures 1 and 2. In both cases, the 
TiO+ ions at mass 62, 63, 64, 65 and 66 (from the 5 
isotopes of Ti at 46, 47, 48, 49 and 50, respectively) are 
shown, measured using the same O2 reaction mode 
conditions for both modes. The four solutions measured 
for the overlaid spectra are:

1. 1 ppb Ti in 1% HNO3

2. 1 ppb Ti + 10 ppb Ni in 1% HNO3

3. 1 ppb Ti + 10 ppb Cu in 1% HNO3

4. 1 ppb Ti + 10 ppb Zn in 1% HNO3

The overlaid spectra in Single Quad mode, shown in 
Figure 1, show that the peaks for the five TiO+ isotopes 
match the theoretical isotopic template in the 1 ppb 
Ti sample. However, in the other samples containing 
the elements Ni, Cu and Zn, all of the TiO+ product 

ions suffer significant overlap from the native Ni 
(m/z 62), Cu (m/z 63 and 65) and Zn (m/z 64 and 66) 
ions. Unexpected or variable levels of these common 
elements would lead to an error in the reported results 
for Ti measured as TiO+ using quadrupole ICP-MS in O2 
reaction mode.

In contrast, the overlaid spectra for MS/MS mode, 
shown in Figure 2, demonstrate consistent measurement 
of all five TiO+ product ions in all four solutions. The 
presence of the other elements Ni, Cu and Zn has no 
impact on the TiO+ peaks and all five TiO+ product ion 
isotopes could be used to give reliable results for Ti in 
these variable samples. This illustrates how MS/ MS 
mode on the 8800 ICP-QQQ can simplify method 
development, because consistent cell conditions, 
acquisition parameters and isotope selection can be 
used for a range of variable sample types. A further 
benefit is that interferences are removed from all 
isotopes under the same cell conditions, so secondary 
(or qualifier) isotopes become available for data 
confirmation or isotope analysis.
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Figure 1. Overlaid spectra for TiO+ product ions in variable samples measured using SQ mode (see text for sample composition).
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Figure 2. Overlaid spectra for TiO+ product ions in variable samples measured using MS/MS mode (see text for sample 
composition)

conclusions
The comparative spectra presented in this note illustrate 
the improved accuracy and consistency delivered by 
ICP-QQQ operating in MS/MS mode, compared to a 
conventional quadrupole ICP-MS using a reaction cell 
with bandpass filter. By rejecting non-target native 
ions that would occur at the same mass as analyte 
product ions, potential interferences can be eliminated 
by MS/MS. This allows simpler, more consistent 
method development, as well as improving accuracy for 
interfered elements in complex and variable samples.
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Introduction

According to the European Commission (EC) Recommendation (2011/696/EU)  
a nanomaterial, for regulatory purposes, is ‘natural, incidental or 
manufactured material containing particles, in an unbound state or as an 
aggregate or as agglomerate and where, for 50% or more of the particles 
in the number size distribution, one or more external dimensions is in the 
size range 1 nm–100 nm’ [1]. Materials with external dimensions or internal 
structures on the nanometre scale develop unique properties that are not 
present in the materials’ macroscale form.

Analysis of 10 nm gold nanoparticles 
using the high sensitivity of the  
Agilent 8900 ICP-QQQ
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Gold nanoparticles (NPs) have a broad range of uses: 
they are increasingly used in medical applications to 
deliver drugs, or as biomarkers in the diagnosis of 
tumors or heart disease. Industrial and technology 
applications range from plastics, coatings and textiles 
to organic photovoltaics, electronic chip manufacturing, 
catalyst applications, and fuel cells. They are even used 
in colorimetric sensors designed to test whether foods 
are safe for consumption [2].

Gold, in common with silver, is a relatively easy element 
to measure by ICP-MS as it is not affected by common 
spectral interferences. This means ICP-MS is highly 
suitable for characterizing the gold based nanoparticle 
content of samples, as it is easy for the signal generated 
from the nanoparticles to be distinguished from the 
background signal [3]. The NP number concentration 
of a sample can be determined using the ICP-MS in 
Single Particle acquisition mode (spICP-MS), where the 
ICP-MS measures the signal generated by each NP as 
it passes through the plasma [4]. Dedicated software 
facilitates automated acquisition and calibration 
approaches to support calculation of the particle 
number, concentration, and size distribution of the NPs 
in a sample [5].

However, the detection of very small particles (<20 nm) 
remains challenging for spICP-MS, due to the low signal 
generated from such particles. The measured signal 
in spICP-MS is based on the number of ions present 
in an individual particle, which is proportional to the 
mass of the particle. But particle mass decreases as 
the cube of the diameter, so a factor of 2 reduction in 
particle diameter (for example from 60 nm to 30 nm) 
results in an 8x reduction in mass and therefore signal. 
Likewise, a 15 nm particle will generate only 1/64 the 
signal of a 60 nm particle. It is clear from this that an 
instrument with very high sensitivity combined with very 
low background is essential to support detection and 
analysis at smaller particle sizes.

The Agilent 8900 Triple Quadrupole ICP-MS (ICP-QQQ) 
has low background (<0.2 cps) and sensitivity up to 
Gcps/ppm, making it suited to small particle detection. 
In addition, the 8900 can operate with a very short 
(0.1 ms) dwell time, which supports very fast time 
resolved analysis (TRA) acquisitions and leads to an 
improvement in the signal-to-noise ratio.

In this study, 10 nm gold nanoparticles (Au NPs) were 
measured in spICP-MS mode using the Agilent 8900 
ICP-QQQ with Agilent’s Single Nanoparticle Application 
Module software option. The performance of the 
instrument for the measurement of peak signals from 
individual small NPs is described.

Experimental
Reference materials and sample preparation
Three Au NP reference materials were used in the 
investigation: NIST 8011 with a nominal diameter of 
10 nm (8.9 ± 0.1 nm determined by Transmission 
Electron Microscopy (TEM)), NIST 8012 with a nominal 
diameter of 30 nm (27.6 ± 2.1 nm determined by TEM) 
and NIST 8013 with a nominal diameter of 60 nm 
(56.0 ± 0.5 nm determined by TEM).
Stabilization of ionic gold standard 
In order for the signals measured in spICP-MS to be 
converted into particle size, it is necessary to know 
the specific sensitivity (counts per second per unit 
concentration) for the element of interest. To determine 
this specific element sensitivity, an ionic standard is 
prepared using the same element as the one in the 
target NP sample, in this case, gold. However, ionic 
gold isn’t sufficiently stable for this purpose, even 
in an acidified solution. As an alternative, L-cysteine 
can be used as an effective stabilizer of ionic gold 
because of the formation of a chemical bond between 
the L-cysteine thiol group and the gold surface [6]. 
In this work, both the gold ionic solution and Au NP 
samples were prepared in solutions that contained 
0.01% L-cysteine, ensuring the stability of the Au ionic 
standard, and providing a consistent matrix for all 
solutions.

Intermediate diluted solutions were prepared with 1% 
ethanol in deionized water to ensure the stabilization 
of NPs in solution. Final solutions were diluted to a Au 
concentration of between 0.2 and 50 ng/L (ppt) using 
0.01% L-cysteine. A gold ionic standard of 100 ng/L was 
prepared with 0.01% L-cysteine and used to determine 
the elemental response factor for Au.The nebulization 
efficiency was determined by ‘the particle size method’ 
[7]. In this method a sample (reference) with known 
particle size is introduced into the ICP-MS in order to 
calculate the nebulization efficiency. Here, NIST 8013 
Au NP reference material was used as the reference 
particle size (56 nm by TEM).
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Instrumentation
An Agilent 8900 ICP-QQQ (#100, Advanced Applications 
configuration) was used for all measurements. The 
instrument was equipped with a standard glass 
concentric nebulizer, quartz spray chamber, a quartz 
torch with 1.0 mm i.d. injector, and standard nickel 
sampling and skimmer cones. Samples were introduced 
directly into the ICP-MS with the standard peristaltic 
pump and pump tubing (1.02 mm i.d.). Analyses were 
performed by measuring 197Au in fast TRA mode, using a 
dwell time of 0.1 ms (100 μs) per point, with no settling 
time between measurements. The Au signal was 
measured in Single Quad mode with no cell gas in the 
collision/reaction cell (CRC). The general settings of the 
Agilent 8900 ICP-QQQ are detailed in Table 1.

Table 1. ICP-QQQ operating parameters.

Parameter Value

RF power 1550 W
Sampling depth 7 mm
Carrier gas 0.78 L/min
Sample uptake rate 0.35 mL/min
Spray chamber temp. 2 °C
Dwell time 0.1 ms
Settling time 0 ms
Acquired mass number 197
Acquired time 60 s
Cell gas (No gas mode)

Single Nanoparticle Application Module
All aspects of method setup and data analysis 
were carried out using the fully integrated Single 
Nanoparticle Application Module option of the ICP-MS 
MassHunter software. The Method Wizard guides the 
analyst through the automated creation of the method, 
including setting up suitable acquisition parameters, 
entering reference material values, and defining data 
analysis parameters. The “Batch at a Glance” data 
table summarizes sample results for an entire batch, 
while detailed graphical results are displayed for 
each selected sample, allowing results to be viewed 
and compared, or method settings to be optimized if 
necessary (Figure 1).

Figure 1. Data view from the Single Nanoparticle Application Module of  
ICP-MS MassHunter. Final batch results are reported in tabular and  
graphical formats.

Results and discussion

Time resolved signals of 10 nm Au NPs 
The narrow signal pulse generated from each particle 
that is ionized in the plasma is collected in fast TRA 
mode. The ion intensity is proportional to the mass 
of the target element in the original particle, allowing 
for the determination of the particle size, assuming 
spherical particles. Representative TRA signals 
measured in A, a blank solution (0.01% L-cysteine 
without Au NPs), and B, a solution containing 10 nm Au 
NPs are shown in Figure 2. Due to the high sensitivity 
and low background of the Agilent 8900 ICP-QQQ, small 
10 nm Au NPs provided clear peaks (Figure 2B) that 
were easily distinguished from the signal observed in 
the blank solution (Figure 2A).

Figure 2. Au single nanoparticle events acquired using fast TRA mode with 
0.1 ms dwell time. A: Blank (0.01% L-cysteine). B: 10 nm Au NP.
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Analysis of Au NPs samples 
Solutions containing gold NPs with particle sizes 
of 10 nm, 30 nm and 60 nm were prepared at 
concentrations of 0.25 ng/L, 5 ng/L and 50 ng/L, 
respectively. The solutions were measured using fast 
TRA acquisition on the Agilent 8900 ICP-QQQ, and the 
frequency distribution plots of the signals are shown in 
Figure 3. The particle signals were clearly distinguished 
from the background signal (shown in Figure 3A), even 
for the 10 nm particles (Figure 3B), confirming the 
high sensitivity capability of the 8900 ICP-QQQ. From 
Figure 3B, we can estimate that the practical detection 
limit of the particle diameter is around 30,000 cps 
(equivalent to ~6.5 nm). The background equivalent 
diameter (BED) was estimated to be 3 nm, based on the 
analysis of the 10 nm particle standard.

Figure 3. Frequency distribution for Au NP signals. A: blank  
(0.01% L-cysteine). B: 10 nm. C: 30 nm. D: 60 nm. E: mixture of 10, 30 and 
60 nm.

Figure 4. Particle size distribution calculated for Au NPs. A: 10 nm. B: 30 nm.  
C: 60 nm. D: mixture of 10, 30 and 60 nm.

Figure 4 shows the results for the particle size analysis 
of the different Au NP solutions. The plots confirm that 
all of the Au NP sizes could be determined accurately, 
including the 10 nm NPs. All of the size distributions 
demonstrated a Gaussian distribution, as indicated in 
the ‘Report of Investigation’ supplied by NIST. Figure 4D 
shows the calculated particle size distribution for a 
mixture of 10, 30 and 60 nm Au NPs, demonstrating that 
multiple particle sizes could be analyzed accurately and 
with good resolution in a mixed solution. The results for 
the median, mode and mean particle sizes for all three 
standards agreed well with the reference sizes obtained 
by TEM (Table 2).
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Table 2. Particle size and particle concentration determination for Au NPs.

Measured particle size (n=10)

Nominal 
size (nm)

Median Mode Mean *Reference 
particle size 
obtained by 
TEM (nm)

Size 
(nm)

RSD 
(%)

Size 
(nm)

RSD 
(%)

Size 
(nm)

RSD 
(%)

10 9.0 3.3 10 0.0 9.2 3.3 8.9 ± 0.1
30 26.9 0.3 28 0.0 27.0 0.3 27.6 ± 2.1
60 56.1 0.3 56 1.8 57.2 0.4 56.0 ± 0.5

*Values supplied by NIST

Conclusions

The low background and high sensitivity of the Agilent 
8900 ICP-QQQ make it suitable for single particle 
analysis of solutions containing the smallest-sized 
nanoparticles. The size and composition of gold NP 
solutions were characterized from 10 nm up to 60 nm 
with good accuracy. The estimated practical detection 
limit of the particle diameter was 6.5 nm and BED was 3 
nm. Accurate particle size analysis was performed with 
good resolution for a mixed solution containing 10, 30 
and 60 nm NPs.

The entire process of nanoparticle determination 
is facilitated by the optional Single Nanoparticle 
Application Module for ICP-MS MassHunter software. 
The method provides quick and accurate results for Au 
nanoparticles down to 10 nm diameter.

References 

1. EU, 2011a. Commission recommendation of 18 
October 2011 on the definition of nanomaterial 
(2011/696/EU). Official Journal L 275, 38–40.

2. Gold Nanoparticles - Properties, Applications, Mar 
27 2013, AZoNano, www.azonano.com/article.
aspx?ArticleID=3284

3. S. Sannac, ‘Single particle analysis of nanomaterials 
using the Agilent 7900 ICP-MS‘, Agilent publication, 
2014, 5991-4401EN

4. S. Wilbur, M. Yamanaka and S. Sannac, 
‘Characterization of nanoparticles in aqueous 
samples by ICP-MS’, Agilent publication,  
2015, 5991-5516EN

5. M. Yamanaka, K. Yamanaka, T. Itagaki, S. Wilbur, 
‘Automated, high sensitivity analysis of single 
nanoparticle using the Agilent 7900 ICP-MS with 
Single Nanoparticle Application Module‘, Agilent 
publication, 2015, 5991-5891EN

6. C. G. Dodero, L. De Michieli, O. Cavalleri, R. Rolandi, 
L. Oliveri, A. Dacca, R. Parodi, Colloids Surf., A, 2000, 
175, 121-128

7. H. E. Pace, N. J. Rogers, C. Jarolimek, V.A. Coleman, 
C.P. Higgins and J. F. Ranville, Anal. Chem.,  
2011, 83, 9361-936



AGILENT TECHNOLOGIES 

Atomic Spectroscopy Solutions 
for Environmental Applications> Return to Table of Contents

> Search entire document

Introduction  

Nanomaterials are increasingly used in industrial processes, manufactured 
goods, medicines, and consumer products such as cosmetics, sunscreen, 
and food. The measurement of nanoparticles (NPs) is the focus of attention 
because the fate of NPs in the environment and the potential for toxic 
effects once absorbed into the body are not yet well understood.

ICP-MS is a well-established technique for measuring the elemental content 
of materials; the relatively recent development of Single Particle acquisition 
mode (spICP-MS) now provides a powerful method to characterize the 
NP content of a sample. spICP-MS is used to record the target element 
signals generated from individual NPs in the solution analyzed, allowing 
simultaneous determination of the number, concentration, and size of 
particles present, as well as the dissolved element concentration. This 
approach has been developed by many researchers [1-4], and modern 
ICP-MS instruments can now offer automated acquisition and calibration 
approaches to support NP characterization. Current ICP-MS systems use 
short dwell times and acquire data continuously for a single isotope with no 
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settling time between measurements. This enables the 
detection of smaller particles because, while the total 
background counts over the dwell period are reduced 
proportionally, the signal from the particle plume is not 
reduced. However, if the dwell time is shorter than the 
duration of the plume, which is typically around 0.5 ms, 
then the analyte signal is also reduced with decreasing 
dwell time. This increases the error in the counting 
statistics. It is important to maintain statistically valid 
count rates by using the highest possible sensitivity 
(signal-to-noise) and an appropriate dwell time.

There are many challenges in measuring NPs accurately 
by conventional quadrupole ICP-MS, particularly the 
ability to distinguish the background signal from the 
signal generated from a small particle. Consequently, it 
is not surprising that much of the work reported thus far 
has concentrated on elements such as silver and gold, 
which are relatively easy to measure by ICP-MS. These 
elements have high sensitivity, are not typically affected 
by interferences, and are normally absent from natural 
samples, making it easier to measure smaller particles.

In practice, however, many natural and engineered NPs 
are based on elements that are much more difficult 
to measure by ICP-MS, for example, iron, sulphur, 
titanium and silicon-based NPs. For these elements, 
there are potentially intense polyatomic interferences 
from the sample matrix or plasma background, and in 
some cases sensitivity is low due to low ionization or 
the necessity to measure a minor isotope. As silicon 
dioxide (SiO2) NPs are used for a variety of applications 
including paints, coatings, adhesives, food additives, 
polishing microelectronic devices etc., there is a clear 
requirement for them to be monitored. However, Si 
measurement by ICP-MS is not easy since the major 
isotope of Si (28Si – 92.23% abundance) is interfered 
by the background polyatomic ions CO and N2. The 
interferences can be addressed using reaction chemistry 
in the collision/reaction cell of an ICP-MS, and for 
controlled and consistent reaction processes, a tandem 
mass spectrometer instrument such as the Agilent 8900 
Triple Quadrupole ICP-MS (ICP-QQQ) is required.

The 8900 ICP-QQQ uses two quadrupole mass filters (Q1 
and Q2), with an octopole reaction cell located between 
them, to provide a double mass selection capability, 
commonly termed MS/MS. MS/MS provides an elegant 

approach for solving even the most challenging cases 
of spectral overlap, and can also offer a clear insight 
into the cell processes. ICP-QQQ allows the successful 
determination of the most problematic elements such 
as Si.

In this work, SiO2 NPs were measured in spICP-MS 
mode using MS/MS on the Agilent 8900 ICP-QQQ, 
equipped with Single Nanoparticle Application Module 
software. The capabilities of the instrument for the 
measurement of SiO2 are discussed.

Experimental

Reference materials and sample preparation
SiO2 NP reference materials with nominal diameters 
of 50 nm, 60 nm, 100 nm, and 200 nm were purchased 
from nanoComposix (San Diego, USA). All the reference 
materials were diluted to a particle concentration of 
between 40 and 1000 ng/L with deionized (DI) water, 
and sonicated for 5 min to ensure sample homogeneity. 
In order to check the potential impact of the CO 
interference on the 28Si signal, a SiO2 NP solution 
containing a carbon matrix of 1% ethanol was also 
prepared using the same procedure. A Si ionic standard 
of 5 μg/L was prepared with DI water and used to 
measure the elemental response factor.

Instrumentation
An Agilent 8900 ICP-QQQ (#100, Advanced Applications 
Configuration) was used throughout. The instrument 
was equipped with standard nickel sampling and 
skimmer cones, a glass concentric nebulizer, quartz 
spray chamber and quartz torch with 1 mm injector. 
Samples were introduced directly into the ICP-MS with 
the standard peristaltic pump and pump tubing (1.02 mm 
i.d.). Analyses were performed by measuring 28Si in fast 
Time Resolved Analysis (fast TRA) mode, using a dwell 
time of 0.1 ms (100 μs) per point with no settling time 
between measurements. The 28Si signal was measured 
on-mass in MS/MS mode, where both quadrupoles (Q1 
and Q2) were set to m/z 28. Hydrogen cell gas was used 
to eliminate any on-mass polyatomic interferences such 
as 12C16O and 14N2. The general settings of the Agilent 
8900 ICP-QQQ are detailed in Table 1.
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Figure 1. Data view from the Single Nanoparticle Application Module software

The optional Single Nanoparticle Application Module of 
the ICP-MS MassHunter software was used for method 
setup and data analysis. Sample results for an entire 
batch are summarized in the ‘Batch at a Glance’, which 
displays detailed graphical results for the selected 
sample, permitting visual confirmation and optimization 
of particle threshold and method settings if needed 
(Figure 1). 

Table 1. ICP-QQQ operating parameters

Parameter Value

RF power 1550 W 
Sampling depth 7 mm 
Carrier gas 0.76 L/min 
Sample uptake rate 0.35 mL/min 
Spray chamber temp. 2 °C
Dwell time 0.1 ms
Settling time 0 ms
Acquired mass number 28 for Q1 and Q2
Cell gas Hydrogen

Cell gas flow rate 2.0 mL/min (for water samples)
3.0 mL/min (for 1% ethanol samples)



AGILENT TECHNOLOGIES 

Atomic Spectroscopy Solutions 
for Environmental Applications

4

Results and discussion

Nebulization efficiency 
In order to convert the signals measured with spICP-MS 
to the particle content of the original sample, it is 
necessary to calculate or measure the nebulization 
efficiency. The nebulization efficiency is the ratio of the 
amount of analyte entering the plasma to the amount 
of analyte delivered to the nebulizer, and is usually 
calculated by measuring a reference material of known 
particle size. However, well characterized CRMs are 
usually very expensive, making them unsuitable for 
use in routine analysis. In this work, we obtained the 
nebulization efficiency in two ways. First, measuring the 
sample uptake mass (g/min) coming into the nebulizer 
and the drain mass (g/min) coming out of the spray 
chamber. The difference between them corresponds 
to the mass of the sample aerosol being delivered 
to the torch, and the nebulization efficiency can be 
calculated from the mass delivered to the torch divided 
by the sample uptake mass. Another way to obtain 
nebulization efficiency is calculating from the size of an 
Au NP reference material. Both methods gave the same 
nebulization efficiency value (0.065) using the operation 
conditions in Table 1. 

Figure 2. SiO2 single nanoparticle events acquired using fast TRA mode with 
0.1 ms dwell time. A DI water. B 50 nm. C 60 nm. D 100 nm. Inset: zoomed in 
A and B.

Time resolved signals of SiO2 NPs 
TRA measurement of NPs by ICP-MS produces a narrow 
signal peak for each particle that passes through the 
plasma, with the peak intensity being proportional to 
the particle mass. The typical signals measured in DI 
water (without particles) and in solutions containing 
SiO2 particles with diameters of 50 nm, 60 nm and 
100 nm are shown in Figure 2. Fast TRA mode allows 
multiple measurements to be made during the signal 
peak from a single particle, so the shape and duration 
of the ion plume from each NP can be identified. The 
Single Nanoparticle Application Module of ICP-MS 
MassHunter includes the calculations to convert signal 
intensity to particle diameter (assuming spherical 
particles). Due to the high sensitivity and the effective 
interference removal of the Agilent 8900 ICP-QQQ, small 
50 nm SiO2 particles provided clear peaks (Figure 2B) 
that were easily distinguished from the baseline signal 
and the low background signal observed in DI water 
(Figure 2A). 

Analysis of SiO2 NPs 
The frequency distribution plots of the signals obtained 
from SiO2 nanoparticles are shown in Figure 3. The 
particle concentrations prepared for 50 nm, 60 nm 
and 100 nm particle were 40 ng/L, 40 ng/L and 
100 ng/L respectively. The particle signals were clearly 
distinguished from the background (dissolved, ionic 
component) signals, although the background and 
particle signals were partially overlapped for the 50 nm 
particles (shown in Figure 3B). From these results we 
can estimate that the practical detection limit for the 
particle diameter was below 50 nm. The background 
equivalent diameter (BED) was 22 nm for the 50 nm 
particle analysis.

The intensity of the pulse generated by a single 
nanoparticle is a function of the mass of the 
nanoparticle and hence of its size. Assuming SiO2 
particles are spherical, the particle mass mp for a 
particle of diameter d is given by:

where ρ is the density of SiO2. This equation means 
that the particle mass, or the signal from one NP, is 
proportional to the cube of the particle diameter.
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Figure 4. Particle size distribution calculated for SiO2 nanoparticles. A 50 nm. 
B 60 nm. C 100 nm. D 200 nm

Figure 5. Relationship between particle diameter (by TEM) and mean signal 
intensity (by spICP-QQQ).

Removal of carbon interference
Real samples such as biological fluids and tissues, food 
matrices, pharmaceutical ingredients, organic solvents, 
etc. contain carbon matrices which cause a 12C16O 
polyatomic ion interference on 28Si. The 8900 ICP-QQQ in 
MS/MS mode with hydrogen cell gas can eliminate this 
interference effectively. The particle size distribution 
for a mixed solution of the 100 nm and 200 nm SiO2 

Table 2. Particle size and particle concentration determination for SiO2 nanoparticles

Nominal size
(nm)

Measured particle size *Reference particle 
size obtained by 

TEM (nm)

Prepared particle 
concentration

(ng/L)

Measured particle 
concentration

(ng/L)
Median  

(nm)
Mode  
(nm)

Mean   
(nm)

50 49 50 50 46.3 ± 3.1 40 49
60 61 62 62 57.8 ± 3.5 40 45
100 99 100 102 97.0 ± 4.8 100 92
200 200 204 200 198.5 ± 10.5 1000 956

*Certificate values supplied by nanoComposix

The results for the size analysis of different SiO2 NP 
solutions are shown in Figure 4. The plots confirm 
that all the SiO2 particle sizes could be determined 
accurately, including the 50 nm NPs, which can be 
distinguished from the background signal as a result 
of the removal of polyatomic interferences in MS/
MS mode with H2 cell gas, combined with the high 
sensitivity of the 8900 ICP-QQQ. All the size distributions 
demonstrated a Gaussian distribution, as indicated by 
the supplier of the SiO2 NPs. The results for median, 
mode and mean particle sizes agreed well with the 
reference sizes obtained by TEM (Table 2). Also, the 
measured particle concentration agreed well with the 
prepared particle concentration, although the result of 
50 nm was slightly higher due to overlapping from the 
background signal.

Figure 5 shows the plot of the mean signal intensity 
measured by spICP-QQQ versus the particle diameter 
determined by TEM. The logarithmic plot has a slope of 
2.84, which is in good agreement with the theoretical 
cube relationship between diameter and mass indicated 
in the previous equation [1].

Figure 3. Frequency distribution for SiO2 nanoparticle signals. A DI water. B 
50 nm (40 ng/L). C 60 nm (40 ng/L). D 100 nm (100 ng/L)
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NPs measured in a sample containing 1% ethanol is 
shown in Figure 6. Despite the high concentration of 
carbon, the size distribution for each group of particle 
sizes was consistent with the result obtained by 
TEM, and the different particle sizes were separated 
with excellent resolution. This result suggests that the 
spICP-QQQ technique can resolve matrix interferences to 
allow accurate determination of particle sizes for SiO2 
nanoparticles in real sample matrices.

Figure 6. Size distribution results of 100 nm and 200 nm SiO2 NPs in 1% 
ethanol

Conclusions

The Agilent 8900 ICP-QQQ operating in MS/MS 
mode with H2 cell gas was used successfully for the 
determination and characterization of SiO2 nanoparticles. 
MS/MS operation effectively eliminated polyatomic ions 
which interfere with Si analysis at m/z 28, delivering 
low background signals and excellent sensitivity, even 
in the presence of a high level of carbon matrix. The 
dedicated Single Nanoparticle Application Module for 
ICP-MS MassHunter software was used to calculate the 
particle sizes, providing accurate results for individual NP 
reference materials and mixed solutions. The spICP-QQQ 
method provides fast analysis times, excellent detection 
limits for particle size and concentration, and accurate 
results for SiO2 particles less than 100 nm.
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Introduction  

Synthetic amorphous silica (SAS) is one of the most commonly used 
nanomaterials. It is an authorized food additive and is also found in a wide 
variety of industrial and consumer products from polymers, paints, and 
textiles to toothpastes, detergents and cosmetics. Silica nanoparticles 
(NPs) also have great potential for a variety of other applications, including 
diagnostic and therapeutic applications in medicine [1].

Although silica NPs have been in use for a long time, their potential long-
term effects on human health and the environment are not well understood. 
There is an increasing need for analytical methods that are capable of 
identifying, characterizing and quantifying NPs, and for the development of 
reference materials for quality assurance of measurements [2, 3]. Methods 
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are required to support upcoming regulation [4], to 
enable quality and compliance control of nano-products, 
and in the assessment of nano-safety. A recent risk 
assessment of synthetic amorphous silica raised 
concerns on the long-term health effects due to its 
presence in food, highlighting that further investigation 
on this topic is warranted [5]. 

Field-flow fractionation (FFF) in combination with 
elemental and particle size detectors is a highly 
promising approach to separate and characterize NPs 
[6], but it has rarely been applied to nanosilica. In this 
study, quantitative characterization of silica NPs was 
accomplished by on-line coupling of asymmetric flow 
FFF (A4F) with multi angle light scattering (MALS) 
and triple quadrupole ICP-MS (ICP-QQQ) for silicon 
detection. Element-specific detection using the Agilent 
8800 ICP-QQQ provides quantitative Si concentrations 
in each of the size fractions separated online by FFF. 
In this new method, the ICP-QQQ was used in MS/MS 
mode with oxygen (O2) cell gas to successfully avoid the 
polyatomic interferences affecting m/z 28-30, enabling 
fractograms of all three silicon isotopes (28Si, 29Si, 30Si) 
to be measured.

Experimental

Instrumentation
A metal-free Postnova Analytics AF2000 MT asymmetric 
flow FFF (A4F) system equipped with a flat separation 
channel (320 mm × 60 mm) of 280 mm length was 
coupled online to a Postnova 3621 MALS detector. A 
350 µm spacer was used along with a 10 kDa molecular 
weight cut-off regenerated cellulose membrane 
(Postnova Analytics), as an accumulation wall.

An Agilent 8800 Triple Quadrupole ICP-MS (ICP-QQQ), 
equipped with an octopole-based collision/reaction cell 
(CRC) was used for detection of the Si isotopes. The 
ICP-QQQ is a tandem mass spectrometer configuration, 
with two quadrupole mass analyzers (Q1 and Q2) 
separated by the CRC. This configuration means that 
the instrument can be operated in MS/MS mode, where 
both quadrupoles are acting as mass filters (1 amu 
resolution), to allow precise control of the reaction 
chemistry that takes place in the cell. Si measurements 
were performed using mass-shift mode with O2 
(99.999% purity grade) as the reaction gas. The sample 

introduction system comprised inert components, 
including a demountable torch with platinum injector 
and a PFA concentric nebulizer with a double-pass PFA 
spray chamber cooled to 2 °C. The outlet of the MALS 
was connected to the inlet of the ICP nebulizer and 
the FFF eluate was mixed via an inert T-piece with an 
internal standard solution containing 2 µg/L Ge in 0.1% 
nitric acid, delivered by the ICP-QQQ’s peristaltic pump. 
The ICP-QQQ operating and acquisition parameters 
are summarized in Table 1. All sample handling and 
analytical measurements were carried out in clean 
room conditions.

Table 1. Optimized ICP-QQQ parameters 

Parameter Setting

RF power (W) 1550
Carrier gas flow rate (L/min) 0.90
O2 reaction gas flow rate (mL/min) 1.15
Q1 bias (V) -1 
Octopole bias (V) -5.3
Acquisition mode Time Resolved Analysis
Integration time/mass (sec) 0.5
Sampling period (sec) 2
Total acquisition time (min) 50
Selected mass pairs (Q1 → Q2) 28 → 44, 29 → 45, 30 → 46, 72 → 72

Materials and reagents
Near-monodisperse, non-functionalized silica 
nanoparticle suspensions (‘NanoXact’) with nominal 
diameters of 20, 50, 80, 100, 120, 140, 160, and 180 nm 
were used (Nanocomposix, San Diego, CA). Certified Si 
and Ge standards at 1000 mg/L (High Purity Standard, 
Charleston, SC) were used for the preparation of the 
silicon calibration and internal standard solutions. 
Ultrapure HNO3, HF (Carlo Erba Reagenti, Rodano, Italy) 
and H2O2 (Merck KGaA, Darmstadt, Germany) were 
used as reagents in closed-vessel microwave digestion 
according to Aureli et al. [7].

Determination of particle size and mass concentration 
of silica NPs by FFF‑MALS‑ICP‑QQQ
The FFF method was developed to achieve controlled 
separation of particles over a size range of one order of 
magnitude (~20-200 nm as hydrodynamic diameter, dh) 
with maximum recovery of analyte material. The silica 
nanoparticle suspensions with nominal diameters of 
20, 50, 80, 100, 120, 160, 180 nm were characterized by 
FFF-MALS-ICP-QQQ in terms of size and mass fraction.
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Particle size was calculated by converting the radius 
of gyration (rg) obtained by MALS into dh according 
to the relation rg/rh= 0.775 (dh = 2rh) based on the 
consistent spherical shape of the particles used. The 
results compared well with the dh values reported by 
the manufacturer (Table 2). As a result, the dh values 
of the certificate were used as the reference values for 
particle size calibration. Calibration was performed by 
injecting single near-monodisperse silica suspensions 
and plotting the known particle size against the 
resulting elution time. A curve-fitting equation was then 
determined to allow calibration of the particle sizes in 
the test samples. A typical calibration curve is shown in 
Figure 1.

Figure 1. Calibration curve for silica nanoparticles

Particle mass concentrations of the near-monodisperse 
silica suspensions were determined by ICP-QQQ, 
and were found to be in the range 5.7—8.9 mg/mL. 
These values were used to calibrate the particle mass 
measured in the test samples.

The total silicon content of the 20 and 50 nm particle 
suspensions was also determined after microwave 
digestion. The average difference between the total 
silica concentration (after digestion) and the particle 
concentration of the undigested particles was only 2.4%, 
suggesting that ionic calibrants added post-FFF could 
be used to quantify silicon measurements by ICP-QQQ. 
In addition, pre-channel calibration of particle mass was 
used to account for possible losses occurring, e.g. in the 
FFF channel [8], by performing injections of the 20, 50, 
100, 180 nm NP dispersions at a concentration of 1.2, 
2.5, 6, 12 µg/mL SiO2.

Table 2. Silica NP suspensions used for size calibration 

Nominal sizea

(nm)
TEM diametera

(nm)
dh reference valuea 

(nm)
dh found valueb

(nm)
20 23.2 ± 2.4 24.9 31.2 ± 8.3
50 47.7 ± 3.7 61.6 60.4 ± 10.6
80 82.6 ± 4.7 96.0 103.0 ± 14.7

100 101.7 ± 9.0 116.6 111.2 ± 14.2
120 119.9 ± 16.7 154.7 152.8 ± 16.0
160 156.0 ± 18.1 175.8 167.0 ± 10.8
180 186.8 ± 13.1 221.1 203.1 ± 19.6

aHydrodynamic diameter per the manufacturer’s certificate.
bHydrodynamic diameter as assessed by converting rg values obtained by MALS into dh 
according to the relation rg/rh= 0.775 (dh = 2rh) based on the consistent spherical shape 
of the particles used.

Results and discussion

Removal of interferences on silicon
Sensitive and accurate silicon determination by single 
quadrupole ICP-MS is hindered due to polyatomic 
interferences affecting the three naturally occurring 
isotopes 28Si (14N14N+, 12C16O+), 29Si (14N15N+, 14N14NH+, 
13C16O+, 12C16OH+), and 30Si (15N15N+, 14N15NH+, 14N16O+, 
13C17O+, 12C17OH+). The natural abundances of the three 
isotopes are 92.2%, 4.7%, and 3.1%, respectively. 

The Agilent 8800 ICP-QQQ with MS/MS capability can 
use mass-shift to selectively shift the target analyte 
ion away from intense spectral interferences at the 
analyte ion’s original native mass. With oxygen (O2) 
MS/MS mass-shift mode, the reaction product ion is 
shifted from its original analyte ion mass by +16 amu 
by an O-atom addition reaction, and can therefore be 
detected free from the original interference. In this case, 
Q1 was set to m/z 28, 29 and 30 to allow each of the 
Si isotopes into the cell in turn, and O2 was added into 
the cell to convert the Si+ ions into SiO+ product ions, 
which were measured at the corresponding m/z of 44, 
45 and 46 (Q2). As illustrated in Figure 2, the signal 
intensities obtained at m/z 44, 45 and 46 followed the 
natural isotopic pattern of Si, confirming that no mass 
bias was introduced in the reaction cell. Table 3 shows 
that satisfactory results in terms of LoD and BEC were 
obtained for the three silicon isotopes. 
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Table 3. Linearity, sensitivity, LoD and BEC of silicon determination by ICP-QQQ using O2 mass-shift mode

Analytical
conditions Precursor and Product Ion Q1 → Q2 m/z R Sensitivity

cps/µg/L
b (blank)

cps
LoD
µg/L

BEC
µg/L

O2 1.15 mL/min

28Si → 28Si16O+ 28 → 44 0.9998 4876 13472 0.09 2.8
29Si → 29Si16O+ 29 → 45 0.9998 260 782 0.31 3.0
30Si → 30Si16O+ 30 → 46 0.9994 183 1112 0.56 6.1

Figure 2. Measured silicon isotopes (blue peaks) with the theoretical isotopic 
abundance template overlaid. Reproduced by permission of The Royal Society 
of Chemistry.

In the absence of a biological-matrix reference material 
with certified concentration values for silicon, an 
internal quality control material ISS-BL (bovine liver 
sample spiked with soluble silicon) was prepared to 
check the accuracy of the total silicon determinations 
[7]. The 8800 ICP-QQQ was used to analyze Si using 
the oxygen MS/MS mass-shift mode, and the results 
are shown in Table 4. The measured Si concentrations 
based on the SiO+ product ions (m/z 44, 45 and 
46) derived from all three Si isotopes were in good 
agreement with the target values established using 
three independent techniques (ICP-DRC-MS, ICP-OES 
and HR ICP-MS) [7].

Table 4. Accuracy of total silicon determination by ICP-QQQ (n=5).

Target value 28Si16O+ 29Si16O+ 30Si16O+

Measured Si 
concentration
(µg/g)

20.4±1.9 20.9±1.8 21.2±2.1 20.0±1.8

Optimization of the FFF method
The FFF focusing time and cross flow values were 
optimized to ensure a clear separation of the void peak 
from the peak originating from the smallest particle 
size used in this study (20 nm), while minimizing 
losses in the void peak and achieving satisfactory peak 
resolution.

Figure 3 shows the overlaid fractograms for the seven 
NanoXact silica particle size suspensions from 20 to 
180 nm (see Table 2) measured at m/z 44 (28SiO+) using 
ICP-QQQ. All peak maxima are separated, allowing 
the accurate determination of particle diameter in 
unknown samples in a size-range covering one order of 
magnitude. In particular, separation of size fractions in 
the nano-range (≤100 nm) is good.

The baseline signal of the fractogram is relatively high, 
indicating the presence of Si contamination in the FFF 
eluent, as other ions that could potentially contribute 
to the signal at m/z 44 should have been removed by 
the O2 mass shift mode of the ICP-QQQ. To investigate 
this background signal, the pure eluent was analyzed 
for total silicon content. The FFF eluent consisted of a 
0.1-µm filtered mixture containing 0.02% v/v of FL-70 -  
a commercially available alkaline surfactant mixture. 
The surfactant was found to contain 64.2 µg/L Si, which 
accounts for the high background signal. Reducing 
the Si contamination in the eluent would improve the 
analytical performance of the method.

Analysis of test samples
The FFF-MALS-ICP-QQQ method was applied to the 
characterization of two test samples, the reference 
material ERM-FD100 and the NanoXact silica 
suspension with 140 nm nominal diameter. Firstly, 
the recovery of the particle mass in two samples was 
investigated by both pre-channel calibration with 
silica NPs and post-channel calibration with elemental 
standards. Quantification using post channel-calibration 
with ionic silicon was less accurate than pre-channel 
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calibration using silica NPs. The latter approach ensures 
accurate quantification as the calibrants undergo the 
same injection/separation procedure as the samples.

Figure 3. Overlaid FFF-ICP-QQQ fractograms of individual near-monodisperse 
NanoXact silica particle solutions. Numbers above the peaks represent the 
nominal size of each fraction in nm. Reproduced by permission of The Royal 
Society of Chemistry (RSC)

The hydrodynamic diameter of the silica NPs in the two 
test samples was calculated both from the radius of 
gyration (MALS) and by size calibration (FFF-ICP-QQQ). 
The results are compared with the reference values in 
Table 5. 

In general, good agreement was found between the 
two experimentally determined values and with the 
reference value. It has to be noted that in the FFF-MALS 
analysis of ERM-FD100, the measured value was close 
to the size detection limit of the technique [9, 10] and 
a high sample concentration had to be used. Overall, 
the availability of two measurement approaches in 
the present method gives greater confidence in the 
estimation of reliable size values.

Conclusions

On-line coupling of asymmetric flow FFF with multi-
angle light scattering and ICP-QQQ detection was used 
successfully for the quantitative characterization of 
silica NPs. Accurate dimensional characterization of 
the particles separated by FFF was achieved by means 
of both ICP-QQQ detection with size calibrants, and 
standardless sizing by MALS. ICP-QQQ was used to 
provide element-specific quantitative measurement of 
the silicon present in the size fractions separated online 
by FFF. Calibration of particle mass was performed 
using both pre-channel calibration with silica NPs and 
post-channel calibration with elemental standards. The 
newly-developed FFF-MALS-ICP-QQQ method enabled 
dimensional and mass determination of silica particles 
over a size range of one order of magnitude with 
satisfactory recoveries of analyte material.

The Agilent 8800 ICP-QQQ with MS/MS mode is able to 
measure all three silicon isotopes as their SiO+ product 
ions. This is an important feature of the method and 
opens application areas involving the use of isotopically 
enriched silica NPs, and absolute quantification of 
silica using isotope dilution (ID) analysis. The method 
is currently being used for the detection of nano-sized 
silica in foodstuffs.

Table 5. Size characterization of two test samples by asymmetric FFF-MALS-ICP-QQQ.

Test sample Reference diameter (nm) dh calculated from rh as measured 
by FFF‑MALS(nm)

dh obtained by size calibration in 
FFF‑ICP‑QQQ(nm)

ERM‑FD100 19.4 ± 1.3a 22.9 ± 4.2 23.3 ± 3.8

NanoXact silica 140 nm 150.4b 142.3 ± 10.6 167.4 ± 8.9

a Certified value measured by electron microscopy. 
b Reference value reported on the manufacturer’s certificate, measured by dynamic light-scattering.
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Introduction

Advances in nanotechnology are forecast to have a major impact on a broad 
range of industry segments. Because of the novel physical and chemical 
characteristics of nanoparticles (NPs), much remains unknown of their 
environmental fate and toxicological properties. As a result, there is a 
growing need for a rapid, accurate, sensitive technique for characterizing 
and quantifying NPs in a wide range of sample types. ICP-MS can be used 
to measure individual NPs using a technique called single particle ICP-MS 
(sp-ICP-MS). This approach allows simultaneous determination of NP size, 
size distribution, elemental composition, and number concentration in a 
single, rapid analysis [1-3]. Recent enhancements to ICP-MS hardware and 
software have further improved this technique. 

Agilent has developed a dedicated Single Nanoparticle Application Module 
for ICP-MS MassHunter software (G5714A) to simplify sp-ICP-MS analysis 
using the Agilent 7900 ICP-MS. The 7900 ICP-MS uses short dwell times 
(below 1 ms) and fast Time Resolved Analysis (TRA) mode, permitting single 
element acquisition at a sampling rate as fast as 100 μs, with no settling time. 

Automated, high sensitivity analysis of 
single nanoparticles using the Agilent 
7900 ICP-MS with Single Nanoparticle 
Application Module
Application note
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The capability to make multiple measurements during 
the signal pulse from a single particle significantly 
reduces the risk of overlapping signals from adjacent 
particles. Another advantage is the option to use a 
lower sample dilution and shorter sample acquisition 
time. The large data sets produced by the sp-ICP-MS 
analysis are managed and processed using the Single 
Nanoparticle Application Module [4].

The performance of the Agilent 7900 ICP-MS with the 
Single Nanoparticle Application Module was evaluated 
using gold (Au) and silver (Ag) NP reference standards.

Experimental

Reference materials and sample preparation
The Au NP reference materials used were NIST 
8013 with a nominal 60 nm diameter (56.0 ± 0.5 nm 
determined by Transmission Electron Microscopy (TEM)) 
and NIST 8012 with a nominal 30 nm diameter (27.6 ± 
2.1 nm by TEM). Four Ag NP samples from  
Sigma-Aldrich with nominal diameters of 20 nm, 40 nm, 
60 nm, 100 nm were also used. All reference materials 
and samples were diluted to between 10 and 100 ng/L 
with 10% ethanol in deionized water, and sonicated 
for 5 min to ensure sample homogeneity. A Au ionic 
standard of 1 μg/L was prepared with 10% ethanol/1% 
HCl and was used to determine the elemental response 
factor.

Instrumentation
An Agilent 7900 ICP-MS was used throughout. The 
instrument was equipped with standard nickel sampling 
and skimmer cones, a standard glass concentric 
nebulizer, quartz spray chamber and quartz torch. 
Samples were introduced directly into the ICP-MS 
with the standard peristaltic pump and tubing (i.d. 
1.02 mm). Analyses were performed in TRA mode using 
an integration time of 0.1 ms (100 μs) per point with no 
settling time between measurements. 

The newly developed Single Nanoparticle Application 
Module of the ICP-MS MassHunter software was 
used for method setup and data analysis. The Method 
Wizard guides the user through the entire process 
and automatically provides or calculates most critical 
method parameters.  As illustrated in Figure 1, single 
particle final batch results are automatically reported in 

tabular and graphical format. Users can scroll through 
the samples in the batch table and review individual 
graphical results. Powerful manual optimization tools 
are also available if required. The general settings of the 
Agilent 7900 ICP-MS are detailed in Table 1.

Figure 1. Screen shot of the Single Particle Application Module of the ICP-MS 
MassHunter software

Table 1. ICP-MS operating parameters

Parameter Value
RF power 1550 W 

Sampling depth 7 mm 
Carrier gas 0.76 L/min 

Sample uptake rate 0.35 mL/min 
Spray chamber temperature 2 °C 

Dwell time 0.1 ms
Settling time 0 ms
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Results and discussion

Time resolved analysis of NPs 
ICP-MS measurement of NPs provides narrow time 
resolved peaks with the intensity dependant on the 
particle mass. Typical peaks are shown in Figure 2. 
A reduction by half in particle size results in an 8x 
reduction in mass and therefore signal. Fast TRA mode 
allows the shape and duration of the ion plume from a 
single NP to be determined.

Figure 2. Nanoparticle events acquired using fast TRA mode with 0.1 ms 
dwell time. Left – wide scale. Right – zoomed in on 30 nm and 60 nm Au NPs.

Analysis of Au NPs 
The measured concentrations of the Au NPs in the 
SRMs showed good agreement with the nominal 
concentrations and reference size obtained by TEM 
(Table 2). Figure 3 shows the particle size distribution 
graphically for both 60 and 30 nm particles.

Figure 3. Particle size distribution for Au NPs. A: NIST 8013 (nominal 60 nm). 
B: NIST 8012 (nominal 30 nm). 

Analysis of mixtures of Au NPs 
In addition to the excellent resolution of particle size, 
sp-ICP-MS can quantify the number of particles in 
different size groups. Two mixed solutions with different 
ratios of 60 nm and 30 nm Au NPs were prepared and 
measured. Good results were obtained for total particle 
concentration, as shown in Table 3. The particle number 
distribution for each particle size shows excellent 
agreement with the prepared particle number, as shown 
in Figures 4 and 5. The median size for each group was 
consistent with the values obtained by TEM. These 
results suggest that this technique can accurately 
discriminate particle size groups.    

Table 3. Results for the analysis of Au NPs mixture

Sample 
Measured 

conc. 
(particles/L) 

Measured 
conc.  

(ng/L) 

Prepared  
total conc.  

(ng/L)
Recovery 

(%) 

60 nm (NIST 8013) 50 ng/L 
+  
30 nm (NIST 8012) 5 ng/L

4.78 x107 57.6 55 105

60 nm (NIST 8013) 80 ng/L 
+ 
30 nm (NIST 8012) 2 ng/L

5.13 x107 86.1 82 105

Table 2. Results for the analysis of Au NPs

Sample 
(prepared  

concentration)

Measured 
concentration 
(particles/L)

Measured 
concentration 

(ng/L)

Measured  
particle size 

(nm)

Reference particle  
size obtained by TEM  

(nm)
NIST 8013 Nominal 60 nm 
(100 ng/L) 5.59 x 107 103 55 56.0 ± 0.5 

NIST 8012 Nominal 30 nm 
(10 ng/L) 4.27 x 107 10.5 28 27.6 ± 2.1 
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Reference 
particle size by 

TEM (nm)

Measured 
particle size  

(nm)

Prepared 
particle number 

ratio (%)

Measured 
particle number 

ratio (%)
56.0 ± 0.5 58 55.6 57.8

27.6 ± 2.1 28 44.4 42.2

Figure 4. Particle size distribution for a sample containing 50 ng/L of 60 nm 
Au NPs and 5 ng/L 30 nm of Au NPs

Reference particle  
size by TEM  

(nm)

Measured  
particle size  

(nm)

Prepared particle  
number ratio  

(%)

Measured particle  
number ratio  

(%)

56.0 ± 0.5 58 83.3 84.7
27.6 ± 2.1 28 16.7 15.3

Figure 5. Particle size distribution for a sample containing 80 ng/L of 60 nm 
Au NPs and 2 ng/L 30 nm of Au NPs

Analysis of Ag NPs 

The results for the analysis of the Ag NP mixture 
containing different sized NPs are shown in Figure 6. 
The 20 nm Ag NP can be easily measured due to 
the high sensitivity of the Agilent 7900 ICP-MS. The 
particle size distribution measured in the Ag NP mixture 
indicates good resolution between the 20 nm, 40 nm, 
60 nm, and 100 nm particles. 

Figure 6. Size distribution results of 20, 40, 60, 100 nm Ag NPs 

Conclusions

The Agilent 7900 ICP-MS with dedicated Single 
Nanoparticle Application Module for ICP-MS 
MassHunter software was used successfully for the 
determination and characterization of nanoparticles. The 
integrated data analysis software is capable of quickly 
and automatically performing the complex calculations 
required for the analysis of single particles, while 
permitting simple, visual optimization and validation of 
results in single particle mode. The sp-ICP-MS method 
provides a combination of particle size distribution and 
sample concentration information that is generally not 
available with other techniques.
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Introduction

Nanoparticles (NPs) are common components in a wide range of materials 
in industries from high technology electronics, optics, and medical devices, 
to food additives, pharmaceuticals, cosmetics and environmental sciences. 
Nanomaterials occur naturally, but the rapid expansion in their use is due to 
the development of manmade or engineered nanoparticles (ENPs). As the 
health impact of these relatively new materials is not yet fully understood 
and concerns have been raised about their safety, there is an urgent 
requirement to develop analytical methods that are capable of identifying 
and characterizing NPs. Such methods should not only measure the total 
concentration of the analyte(s), but also be able to identify if particles are 
present in the sample, and characterize their size and number [1].  

Single particle analysis of nanomaterials 
using the Agilent 7900 ICP-MS

Application note
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The flexibility of ICP-MS means that it can be used as 
an elemental detector for separation techniques such 
as Field Flow Fractionation (FFF) [2] or can be used to 
measure individual particles in the sample [3]. The latter 
mode is referred to as single particle (SP-ICP-MS) mode. 
For SP-ICP-MS mode to be successful, samples 
containing NPs need to be introduced at a low flow rate 
and the number of particles in the solution needs to be 
sufficiently low. Operating the ICP-MS in time resolved 
analysis (TRA) mode makes it possible to collect the 
intensity for a single particle as it is vaporized and 
ionized in the plasma. The signal intensity at each 
measured data point can then be correlated to the size 
and mass fraction of the NP. The key feature of SP-
ICP-MS analysis lies in the capacity of the ICP-MS to 
distinguish the data collected for each individual NP, 
and to separate the NP signals from the baseline (due to 
the instrument background, any interferences, and the 
dissolved component of the element in the solution). To 
achieve this, care must be applied in the sample dilution 
(particle number in solution) and in the selection of the 
integration time [3–5]. Sample dilution (and integration 
time) should be selected to ensure that no more than 
around 1 in 10 of the measured data points contains 
a particle. The remaining measured points are used to 
give an accurate background measurement, which is 
essential to allow the particle signals to be accurately 
discriminated from the dissolved elemental or electronic 
background. 
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For a given content of NPs in the sample following its 
dilution, the integration time of the ICP-MS should be:
• Long enough to collect the entire signal from one NP 

and avoid the partial measurement of the particle 
(one particle’s signal being split between two ICP-MS 
data points), which would lead to an underestimate 
of the particle size and an overestimate of the 
particle number. Sufficiently long integration time 
is also important in ensuring that the NP signal can 
be accurately discriminated from the background 
signal [4].

• Short enough to avoid the measurement of two NPs 
in a single integration period, which would lead 
to an overestimate of the size of the NPs, and an 
underestimate of the particle number [3, 5].

To satisfy both of these requirements, the typical 
recommended integration (or dwell) times used in 
previous studies are in the range from 1 to 10 ms per 
point.
With the latest generation of ICP-MS systems such 
as the Agilent 7900, shorter dwell times (below 
1 ms) can be used, and the settling time between 
measurements has been eliminated. This allows an 
alternative measurement approach to be used, where 
the ICP-MS acquisition rate is fast enough to make 
several individual measurements during the signal pulse 
from the cloud of ions from one particle arriving at the 
detector. This allows integration of the signal from a 
single particle, akin to the measurement of a very short-
lived chromatographic peak. 
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In a previous study of nanoparticles, we used an 
Agilent 7700x ICP-MS [6]. In this work, we evaluate 
the performance of the Agilent 7900 ICP-MS for the 
measurement of individual NP peak signals. The 7900 
ICP-MS features a new orthogonal detector system 
that has a fast integration time of 100 μs, zero settling 
time between TRA readings, and an overall acquisition 
speed in TRA mode that is 30x faster than the 7700x, 
permitting fast transient signal measurement.

Experimental
Instrumentation
All measurements were performed using the Agilent 
7900 ICP-MS equipped with a standard sample 
introduction system consisting of a MicroMist nebulizer 
and Scott type double pass spray chamber. Samples 
were introduced directly into the ICP-MS using an 
ASX-520 autosampler with the standard peristaltic pump 
and tubing (i.d. 1.02 mm). 

Analyses were performed in TRA mode using an 
integration time of 3 ms or 0.1 ms (100 μs) per point 
depending upon the experiment. Total acquisition time 
was fixed at 60s for all analyses. The general settings of 
the 7900 ICP-MS are given in Table 1.
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Data analysis
Details of approaches used for data processing and 
interpretation of SP-ICP-MS analysis can be found in the 
literature [2–7]. In this work, a dedicated spread sheet 
developed by the National Institute of Food Safety in the 
Netherlands (RIKILT) was used for data conversion of 
the measurements made at an integration time of 3 ms.

Briefly, the custom spreadsheet uses the distribution 
plot of the signal intensities to allow the NP signals 
to be discriminated from the background (due to 
instrument noise and the signal from the dissolved 
component of the element in solution). The sensitivity 
of the ICP-MS (cps per μg/L) for the element of 
interest can be calibrated using conventional (non-
NP) measurement of a standard solution, and so the 
signal peaks from the NPs can then be converted into 
the mass concentration of the element measured. The 
density of the material/element of interest is then 
entered into the spreadsheet, allowing the volume of 
each NP to be calculated. Based on the assumption that 
the NPs are spherical, the cube root of the NP volume 
can then be used to calculate each NP’s diameter, 
allowing a size distribution plot to be generated, 
from which the median NP size is calculated. For the 

Table 1. 7900 ICP-MS operating parameters

Parameter Value

RF power 1550 W
Carrier gas 1.05 L/min

Make-up gas 0.10 L/min

Spray chamber temperature 2 °C

Nebulizer pump 0.1 rps 

Sample depth 8.0 mm

Oxide ratio 1.5%

Integration time 3 ms or 100 µs (see text)

Acquisition time 60 s

Mass monitored 107Ag or 197Au
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accurate conversion from intensities to particle sizes, 
the nebulization efficiency of the ICP-MS must be 
established, as well as the sensitivity for the target 
element. A sequence of analysis for samples containing 
NPs will therefore include at least the measurement of:

• A reference material with known NP particle size (for 
the evaluation of the nebulization efficiency)

• An ionic (dissolved) solution made from the same 
material as the unknown NP (for the determination of 
the ICP-MS sensitivity)

• The unknown sample(s) 
For complete characterization of the nanoparticle 
content of a given sample, the SP-ICP-MS analysis and 
custom spreadsheet calculations are able to determine 
the number of particles present in the sample, their size 
distribution, the median size of the NPs population and 
the mass concentration for the element that the NP is 
composed of.

Sample preparation
Gold nanoparticle reference material (RM) NIST 8013 
with a reference value of about 60 nm particle diameter 
was purchased from NIST (Gaithersburg, Maryland, 
USA). Silver NP samples with particle sizes from 10 to 
100 nm were acquired from Sigma-Aldrich (Saint-Louis, 
Missouri, USA).

The nanoparticle samples were diluted with water in 
polypropylene vials. Sample dilution was performed 
on the day of the analysis in order to avoid sample 
degradation. Before dilution of the samples and again 

prior to their analysis, all solutions were placed in an 
ultrasonic bath for 10 min to ensure that the samples 
were fully homogenized.

The gold NP standard at 60 nm (NIST 8013) was diluted 
to 50 ng/L Au concentration, for the evaluation of the 
nebulization efficiency to be used in the data conversion 
from raw signal to NP size. 

An ionic solution of silver was diluted to 0.5 μg/L and 
used to determine the ICP-MS system sensitivity for Ag.

The silver nanoparticle samples were diluted to 
concentrations between sub-ng/L and 400 ng/L 
depending upon the size of the NPs. As a general rule, 
the smaller the nanoparticle size, the higher the dilution 
needed to reduce the number of particles in solution to 
the correct level for optimum measurement (i.e. so that 
approximately 1 in 10 measurements will contain a NP).

Results and discussion

Single particle analysis at 3 ms 
The first analysis was performed using an integration 
time of 3 ms, which is typical of the range of timing 
used in the literature [3-7].

Figure 1 shows a TRA acquisition of a solution 
containing 40 nm Ag NPs measured using the 7900 
ICP-MS. From this raw data, the background signal 
was eliminated by the custom spreadsheet, and the 
remaining intensities were converted into particle size 
to give the distribution pattern shown in Figure 2.
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From the size distribution plot, the median size was 
calculated at 40 nm. This measured size is in good 
agreement with the 40 ±4 nm value provided by the 
supplier, which is verified using Transmission Electron 
Microscopy (TEM) analysis. The particle number in the 
diluted sample was estimated to be 3.4 x 107 particles/L 
and the mass concentration for Ag was 13 ng/L. 

A summary of the results for the analysis of different 
Ag NP samples containing different NP sizes is shown 
in Table 2. In all the cases, the 7900 ICP-MS results 
agree with the specification values provided by the NP 
manufacturer.

It is worth noting that in comparison to the previous 
work carried out using a 7700x ICP-MS [3], the superior 
sensitivity offered by the 7900 ICP-MS enables the 
measurement of lower NP sizes. The sensitivity of the 
7900 ICP-MS determined on the day of the analysis was 
600 counts per femtogram of silver. 

In addition, the design of the new orthogonal detector 
system reduces the impact of the electronic background 
(noise) on the NP analysis allowing the measurement of 
silver down to few attograms in SP-ICP-MS mode which 
represents NPs sized between 7 to 9 nm. 

Figure 1. Measurement of 40 nm Ag NPs acquired using SP-ICP-MS mode Figure 2. Particle size distribution for a 40 nm Ag NP sample
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Table 2. Results of particle size (diameter), particle number and element concentration for the analysis of Ag NPs

Supplier's specification (nm) 10 ±4 20 ±4 40 ±4 60 ±4 100 ±8

Experimental size (nm) 9 18 40 55 103

Number of particles (particles/L) 1.8 x 107 3.9 x 106 3.4 x 107 1.5 x 107 5.2 x 107

Element concentration (ng/L) 0.07 0.2 13 14 424
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Single particle analysis with 100 µs integration time
As mentioned previously in the text, the new fast TRA 
feature of the 7900 ICP-MS enables SP-ICP-MS analysis 
with an integration time of 100 µs. This short integration 
time enables the measurement of several data points 
across the signal pulse from the ion cloud created as 
a single NP passes through the plasma (Figure 3), as 
opposed to an integration time of 3 ms, where the entire 
signal pulse from an individual NP is contained in one 
TRA measurement reported as single intensity.

Different Ag NP samples were analyzed using an 
integration time of 100 µs. For each set of data, the 
integration of each NP peak has been realized. The 
background signal (due to instrument noise and the 
signal from the dissolved component of the element in 
solution) was eliminated by the custom spreadsheet 
allowing the median signal for each NP to be identified. 
It is possible therefore to study the relationship 
between NP size with its signal obtained by ICP-MS. 

Figure 4 shows the plot of the median signal against 
Ag NP size. A trend line has been calculated using 
Microsoft Excel to show the experimental relationship 
between the two parameters. 

As can be seen, the NP diameter is proportional to the 
cube root of its signal (number of atoms) which is in 
agreement with the theory of SP-ICP-MS analysis [7, 8] 
assuming spherical particles. The excellent linearity 
obtained between the NP signal versus its size also 
confirms that each NP sized between 10 and 100 nm is 
completely ionized when introduced to the 7900 ICP-MS, 
which is in good agreement with the expectation that 
the ICP is able to fully decompose and ionize solid 
particles that are smaller than ~100 nm diameter. 

Figure 4. Plot of the median integrated signal against the NP size 
accompanied by the calculated trend line. 
Note: the median signal is plotted on a log scale for ease of visualization.
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Figure 3. Measurement of one single 100 nm Ag NP with 100 μs integration
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Conclusions

The new Agilent 7900 ICP-MS has shown excellent 
analytical performance for this challenging application 
due to its superior detector, fast TRA acquisition mode, 
and improved sensitivity and background compared to 
the previous generation ICP-MS. The results confirm 
the suitability of the 7900 ICP-MS to characterize 
single Ag NPs with a size range from 10 to 100 nm. 
For research purposes, it is also possible to lower the 
integration time down to 100 µs in order to increase the 
number of data points acquired per single NP. The SP-
ICP-MS method described can provide size distribution, 
median size, number of particles and the elemental 
concentration of given NP samples.
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Introduction

Laboratories are constantly looking to improve productivity and reduce 
operating costs by increasing sample throughput and minimizing overheads. 
Agricultural labs typically deal with high quantities of samples, however, 
higher analysis speeds normally create some sort of analytical compromise, 
such as reduced precision.

The Agilent 5110 ICP-OES, combined with the fully integrated Advanced 
Valve System (AVS) [1], does not compromise speed or precision. It is 
designed to deliver faster, cost effective and simpler sample analysis and is 
ideal for high throughput labs. 

Ultra-high speed analysis of soil 
extracts using an Advanced Valve 
System installed on an Agilent 5110 
SVDV ICP-OES
Application note
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The AVS combined with the 5110’s Synchronous 
Vertical Dual View (SVDV) capability and Vista chip II 
detector covering all wavelengths in a single reading, 
allows the analysis of samples at ultra-high speeds, 
without compromising performance. This high speed 
sample throughput equates to a low cost-per-analysis, 
as shorter analysis times per sample results in less 
argon usage.

The Agilent Advanced Valve System (AVS 6/7) provides:

• Ease-of-use: the AVS is easy to setup and use as 
it is fully integrated within the ICP-OES hardware 
and controlled through the ICP Expert software. 
The ICP Expert software incorporates an AVS 
parameter calculator to assist with setup and 
method development. The AVS is designed for simple 
assembly and disassembly, facilitating simple routine 
maintenance, maximizing instrument up time.

• Uncompromising performance: Controlled bubble 
injection reduces sample uptake, stabilization times, 
and rinse delays to deliver the highest analytical 
precision.

• Speed: The robust high speed positive displacement 
pump also decreases uptake time, ensuring the 
sample loop can be filled quickly and effectively. 
A pre-emptive rinse means the autosampler probe 
moves while the loop is still filling. This starts 
autosampler probe rinse and valve rinse before the 
sample is even injected and decreases the total run 
time. 

This application note describes the ultra-high speed 
analysis of micronutrients Cu, Fe, Mn, Zn, Co, Ni and 
heavy metals Cd and Pb in a DTPA extracted soil sample 
using the Agilent 5110 Synchronous Vertical Dual View 
(SVDV) ICP-OES fitted with an integrated Advanced 
Valve System (AVS 6) six port switching valve, based on 
another 5110 ICP-OES DTPA application method [2].

Experimental
Instrumentation
All measurements were performed using an Agilent 
5110 SVDV ICP-OES fitted with an AVS 6 port valve 
and configured with an SPS 4 autosampler. The sample 
introduction system consisted of a SeaSpray nebulizer, 
double-pass cyclonic spray chamber and a 1.8 mm i.d 
injector torch. Tables 1 and 2 list the operating 
conditions used for the ICP-OES and the AVS 6 
(Figure 1).

Figure 1. The Agilent Advanced Valve System (AVS) six port valve

Table 1. Agilent 5110 SVDV ICP-OES instrument and method parameters

Parameter Setting

Replicates 1
Pump speed 25 rpm
Read time 1 s
Rinse time 0 s
RF power 1.20 kW
Stabilization time 2 s
Viewing mode SVDV
Viewing height 8 mm
Nebulizer flow 0.70 L/min
Plasma flow 12.0 L/min
Aux flow 1.0 L/min
SPS 4 autosampler rinse pump 
control speed Fast
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Table 2. Agilent AVS 6 settings

Parameter Setting

Loop volume 0.25 mL
Pump rate: Valve uptake 40 mL/min
Pump rate: Inject 28 mL/min
Valve uptake delay 2.6 s
Bubble injection time 2.6 s
Preemptive rinse time 1.0 s

Sample preparation
The procedure used to prepare the soil samples for 
analysis is typical for DTPA extraction and is described 
in a previous study [2].

Results and discussion

Stability 
The stability of the Agilent 5110 SVDV ICP-OES with 
integrated AVS 6 and SPS 4 autosampler was evaluated 
by analyzing a DTPA soil extract solution 120 times. 
Good precision was obtained, with all elements 
achieving < 3.4 %RSD over the duration of the run (Table 
3 and Figure 2). 

Table 3. Precision data for the repeated (n=120) measurement of 8 elements in a soil extract 

Results Cd  
214.439 nm

Co  
228.615 nm

Cu 
324.754 nm

Fe  
234.350 nm

Mn  
293.305 nm

Ni  
231.604 nm

Pb  
220.353 nm

Zn  
213.857 nm

Mean (mg/L) 0.021 0.135 1.29 18.6 1.42 0.175 0.811 0.254

%RSD 3.06 2.35 2.27 1.70 2.03 3.36 3.06 1.94

Figure 2. Stability plot from the repeated (n=120) measurement of 8 elements in a DTPA soil extract using a 5110 SVDV ICP-OES with AVS 6 
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Sample time and argon usage
The 5110 with AVS 6 analyzed 120 samples and 6 
standards in under 25 minutes. This equates to an 
average sample-to-sample run time of 11.7 seconds 
and an Ar consumption of only 3.4 L. Since only 1 mL 
of sample was used, the need for multiple extractions 
was avoided. This is ideal for hydroscopic soil samples, 
which supply very little extract. Furthermore, such 
efficient analysis of complex matrices extends the life of 
consumable items, further reducing operating costs.

Conclusions

Agilent’s 5110 SVDV ICP-OES with its vertical torch 
not only provides the robustness required for the 
determination of DTPA extracted soil samples over 
long sampling periods but delivers exceptionally fast 
analysis times, without any compromise in analytical 
performance. 

When fitted with a fully integrated AVS and the use of 
an SPS 4 autosampler the 5110 was able to achieve:

• Very fast analysis times with an average of 11.7 
seconds per sample.

• Excellent precision with < 3.4 % RSD for all elements 
over the duration of a 120 sample analytical run.

• Very low Ar consumption of < 3.4 L/sample.

By significantly improving sample analysis times, 
the 5110 SVDV ICP-OES fitted with AVS and SPS 4 
autosampler cuts the cost-per-analysis which is an 
important consideration of high throughput labs.
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Introduction

The elemental content of soils can impact plant development and crop yields 
as well as the safety of plant-based produce. Consequently, soil testing of 
micronutrients is commonly conducted to assess soil fertility, while heavy 
metals are analyzed to identify any potential toxicity issues.

Depending on the elements of interest in soils, different extraction methods 
and analytical techniques are employed. Soil extracting solutions containing 
chelating agents such as diethylenetriaminepentaacetic acid (DTPA) are 
often used for the extraction of micronutrients. 

Determination of elemental nutrients in 
DTPA extracted soil using the Agilent 
5110 SVDV ICP-OES

Application note
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The extracted solutions are commonly analyzed 
by Inductively Coupled Plasma Optical Emission 
Spectroscopy (ICP-OES) because the technique provides 
low cost of analysis and the wide concentration 
ranges required for soil testing, making it ideal for high 
throughput agricultural labs.

Radial View (RV) ICP-OES instruments are typically 
used for the analysis of agricultural samples due to the 
robustness of the vertical torch. However, sensitivity 
is compromised leading to higher detection limits. In 
contrast, the Agilent 5110 Synchronous Vertical Dual 
View (SVDV) ICP-OES features an axially-viewed, 
vertically-oriented plasma. This is ideal for complex 
agricultural samples such as soils, as SVDV ICP-OES 
provides much lower detection limits than RV ICP-OES.

The Agilent 5110 SVDV ICP-OES provides:

• Stability: the 5110’s solid state radio frequency (SSRF) 
system operates at 27 MHz, providing a robust and 
stable plasma capable of handling a wide range of 
samples, including complex matrices such as DTPA. 
The SSRF adjusts to rapid changes in the plasma, 
even when the sample uptake speed is increased via 
fast pumping to 80 rpm. This allows the same plasma 
gas flow rate to be used, regardless of sample type, 
accelerating method development by simplifying 
analytical parameter settings.

• Simplicity: the intuitive Agilent ICP Expert software 
has a familiar worksheet interface for easy 
method development.

• Speed and performance: SVDV with Dichroic Spectral 
Combiner (DSC) technology captures the axial and 
radial viewings of the plasma in one reading. The 
Vista Chip II CCD detector measures all wavelengths 
in a single reading, providing higher precision, shorter 
analysis time and less argon consumption per sample. 
Overall, the 5110 ICP-OES delivers fast warm-up, 
high throughput, high sensitivity, and the largest 
dynamic range.

• Reliability: the 5110 ICP-OES features a vertical plug-
and-play torch allowing measurement of the most 
challenging matrices. The quick and simple torch 
loader mechanism automatically aligns the torch and 
connects gases for fast startup and reproducible, 
consistent performance, irrespective of the operator.

• Flexibility: for high throughput applications, a fully 
integrated Advanced Valve System (AVS 6/7) six or 
seven port switching valve can be easily added into 
the 5110 ICP-OES.[1]

This application note describes the determination of 
micronutrients Cu, Fe, Mn, Zn, Co, Ni and heavy metals 
Cd and Pb in a DTPA extracted soil sample using the 
Agilent 5110 ICP-OES. For comparison purposes of 
sample analysis time and argon gas consumption, 
results were also obtained using the 5110 ICP-OES fitted 
with the integrated Advanced Valve System (AVS 6) six 
port switching valve.

Experimental

Instrumentation
All measurements were performed using an Agilent 
5110 SVDV ICP-OES configured with an SPS 4 
autosampler. The sample introduction system consisted 
of a SeaSpray nebulizer, double-pass cyclonic spray 
chamber and a 1.8 mm i.d injector torch. Instrument 
method parameters and analyte settings are listed 
in Table 1.
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Table 1. Agilent 5110 SVDV ICP-OES instrument and method parameters 

Parameter Setting

Element Cu Fe Mn Zn Cd Co Ni Pb

Wavelength (nm) 324.754 234.350 293.305 213.857 214.439 228.615 231.604 220.353

Nebulizer SeaSpray 

Nebulizer flow rate 0.7 L/min

Spray chamber Double-pass cyclonic

Pump speed 12 rpm

Sample pump tubing White-white

Waste pump tubing Blue-blue

RF power 1.20 kW

Plasma flow 12 L/min

Aux flow 1.0 L/min

Torch Demountable DV 1.8 mm i.d injector

Viewing height 8 mm

Read time 5 s

Number of replicates 3

Sample uptake delay 15 s

Rinse time 5 s

Stabilization time 15 s

Background correction Fitted

Samples
Soil samples were supplied dried and ground.

Sample preparation and calibration
DTPA extraction solution: the extraction solution 
comprised 0.005 M diethylenetriaminepentaacetic acid 
(DTPA), 0.01 M calcium chloride dihydrate (CaCl2.2H2O) 
and 0.1 M triethanolamine (TEA). 1.97 g of DTPA, 1.47 g 
CaCl2.2H2O and 14.92 g TEA were dissolved separately 
in deionized water and then combined. The pH was 
adjusted to 7.3 using concentrated HCl and the volume 
made up to 1 L with distilled water.

Sample extraction: 10 g of soil was weighed and 20 
mL of DTPA extraction solution added. After shaking 
for 120 minutes, the sample was filtered through with 
110 mm diameter filter paper.

Multi-element calibration standards: 0.01, 0.05, 0.1, 0.5 
and 1.0 µg/mL of Cd; 0.05, 0.25, 0.5, 2.5 and 5 µg/mL 
of Co and Ni; 0.1, 0.5, 1.0, 5.0 and 10.0 µg/mL of Cu, Zn 
and Pb; 0.5, 2.5, 5.0, 25.0 and 50.0 µg/mL of Mn; 1.0, 5.0, 
10.0, 50.0 and 100.0 µg/mL of Fe. All calibration blanks 
and standards were prepared in the DTPA extraction 
solution.

Spiked sample: 25 mL of the highest multi-element 
calibration standard was made up with 25 mL of the 
extracted soil sample.
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Working concentration range 
Linear calibrations were obtained for all elements. 
Calibration coefficients were greater than 0.999 
(Table 2), with less than 10% calibration error for 
each point. Figure 1 shows a calibration curve for 
Mn 293.305 nm up to 50 mg/kg with a correlation 
coefficient greater than 0.999 and less than 3% 
calibration error on each calibration point (Table 3).

Table 2. Wavelength and working calibration concentration range

Element and 
wavelength (nm)

Concentration range 
(mg/kg)

Concentration 
coefficient

Cu 324.754 0.1-10 0.999

Fe 234.350 1-100 0.999

Mn 293.305 0.5-50 0.999

Zn 213.857 0.1-10 0.999

Cd 214.439 0.01-1 0.999

Co 228.615 0.05-5 0.999

Ni 231.604 0.05-5 0.999

Pb 220.353 0.1-10 0.999

Figure 1. The calibration curve for Mn 293.305 nm shows excellent linearity 
across the calibrated range, with a correlation coefficient of 0.99975.

Table 3. Calibration error (%) for each calibration point for Mn 293.305 nm.

Standards Concentration (mg/kg) Calibration error (%)

Blank 0.0 0.00

Standard 1 0.5 1.98

Standard 2 2.5 0.92

Standard 3 5.0 0.05

Standard 4 25.0 1.88

Standard 5 50.0 2.74

Results and discussion

Method Detection Limits
The Method Detection Limits (MDLs) shown in Table 4 
are based on three sigma of ten replicate measurements 
of the blank DTPA extraction solution, based on a 
sample weight of 10 g during the analytical run. The 
results are an average of 6 determinations, performed 
on two separate instruments. The MDL of each element 
was found to be less than 0.025 mg/kg.

Table 4. Agilent 5110 SVDV ICP-OES MDLs based on a sampling weight of 
10 g for the DTPA extraction

Element Wavelength 
(nm)

MDL 
(mg/kg)

Cu  324.754 0.003

Fe  234.350 0.012

Mn  293.305 0.005

Zn  213.857 0.002

Cd  214.439 0.002

Co  228.615 0.005

Ni  231.604 0.008

Pb  220.353 0.025

Spike recoveries
All elements were determined in the soil extract. The 
spike recoveries shown are the average of the results 
obtained from two analytical runs on two instruments 
i.e. n=4 of the spiked sample (Table 5).  All spike 
recoveries were within ±10% of the expected values.

Table 5. Spike recoveries for all elements in the DTPA extracted soil sample 
obtained using an Agilent 5110 SVDV ICP-OES 

Element and 
wavelength  
(nm)

DTPA 
extracted 

soil sample 
(mg/kg)

Spiked conc. 
(mg/kg)

Measured 
spike conc. 

(mg/kg)  

Recovery 
(%)

Cu 324.754 0.93 5 4.76 95 

Fe 234.350 12.62 50 46.27 93

Mn 293.305 0.76 25 23.5 94

Zn 213.857 0.12 5 4.77 96

Cd 214.439 0.002 0.5 0.47 94

Co 228.615 0.07 2.5 2.37 96

Ni 231.604 0.06 2.5 2.37 95

Pb 220.353 0.55 5 4.76 95
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Table 7. Spike recoveries for all elements in the DTPA extracted soil sample 
obtained using the Agilent 5110 SVDV ICP-OES with AVS 6

Element and 
wavelength  
(nm)

Spiked 
concentration 

(mg/kg)

Measured spike 
concentration 

(mg/kg)

Recovery  
(%)

Cu 324.754 5 4.89 98

Fe 234.350 50 47.71 95

Mn 293.305 25 23.88 96

Zn 213.857 5 4.89 98

Cd 214.439 0.5 0.49 97

Co 228.615 2.5 2.43 97

Ni 231.604 2.5 2.41 96

Pb 220.353 5 4.86 97

Table 8. Comparison of analysis time and argon consumption per sample

5110 without AVS 6 5110 with AVS 6

Analysis time (s) 59 30

Sample-to-sample Ar 
consumption (L/sample) 17.1 8.7

Conclusions

Agilent’s 5110 SVDV ICP-OES with vertical torch and 
27MHz SSRF system provides the robustness required 
for analysis of nutrients and heavy metals in DTPA 
extracted soil samples.

The 5110 ICP-OES combines the robust qualities of a 
vertically-oriented plasma with the sensitivity benefits 
of an axially-viewed plasma to obtain good linearity 
over a wide concentration range and excellent method 
detection limits. The method was validated with spike 
recoveries obtained within ±10% of target values, 
demonstrating the accuracy of the developed method. 

Running the same method on a 5110 ICP-OES fitted 
with an Agilent AVS 6 switching valve system led to a 
significant reduction in sample analysis time and cut 
argon consumption by almost 50%.

Advanced Valve System: Comparison of results
The Agilent Advanced Valve System (AVS 6) is a fully 
integrated switching valve system, designed for the 
Agilent 5110 ICP-OES to deliver simpler, faster, more 
cost effective sample analysis [1, 2]. To test this 
premise, the spike recovery test was repeated using 
the 5110 fitted with the AVS 6 (6 port valve). The valve 
settings shown in Table 6 were selected using the AVS 
Parameter Calculator in the ICP Expert software.

Table 6. Agilent Advanced Valve System settings 

Parameter Setting

Loop volume 0.5 mL

Pump rate: Valve uptake 37.5 mL/min

Pump rate: Inject 9.9 mL/min

Valve uptake delay 4.4 s

Bubble injection time 2.2 s

Preemptive rinse time 1.7 s

Stabilization time 5 s

Rinse time 0 s

Spike recoveries for all elements in the DTPA extracted 
soil sample obtained using the 5110 fitted with the AVS 
6 are given in Table 7. The results are the average of 
3 spike replicates in a single analytical run. All results 
are within ±10% of the expected values, matching the 
performance of the results collected without a valve 
system. 

The AVS 6 reduces sample analysis time by almost 
50% (Table 8), without compromising the accuracy 
of the method. This boosts sample throughput and 
productivity, while at the same time reducing argon 
consumption. 
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Introduction

Many laboratories concerned with the analysis of elements in environmental 
samples, such as ground waters, industrial wastes, soils, sludge and 
sediment by ICP-OES, work to United States Environmental Protection 
Agency (US EPA) method 6010C guidelines. Fast sample throughput and low 
cost analysis is desirable for these labs but can be challenging to achieve 
using spectrochemical techniques due to the wide range of elements and 
their varying concentrations in typical samples. 

Traditionally, radial ICP-OES with a vertical torch or a dual view (DV) ICP-OES 
have been used for the determination of major, minor and trace elements in 
complex environmental samples.  However, the unique Synchronous Vertical 
Dual View (SVDV) configuration of the Agilent 5100 ICP-OES ensures that 
the instrument can be operated in the best mode for the application (axial, 
radial, vertical dual view or synchronous vertical dual view) providing full-
flexibility with established methods and application requirements [1].

High throughput, low cost analysis of 
environmental samples according to US 
EPA 6010C using the Agilent 5100 SVDV 
ICP-OES
Application note
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In this study, an Agilent 5100 ICP-OES operating in 
SVDV viewing mode was used for the analysis of 
major, minor and trace elements in a certified channel 
sludge reference material according to method 6010C. 
An Agilent SVS 2+ Switching Valve System was used 
with the ICP-OES to improve sample throughput and 
reduce argon gas consumption per sample. The 6010C 
method is a performance-based set of guidelines for the 
analysis of 31 elements in soils, sludge and sediment. 
6010C methodology requires the 5100 SVDV ICP-OES 
to meet performance criteria for calibration validity, 
linear dynamic range (LDR) and method detection limits 
(MDL), as well as a spectral interference checks (ISC).

Experimental

Instrumentation
All measurements were carried out using an 
Agilent 5100 SVDV ICP-OES with Dichroic Spectral 
Combiner (DSC) technology. The DSC improves analysis 
times by allowing a combination of axial and radial 
emissions from the plasma to be synchronously directed 
into the polychromator, with all wavelengths being 
measured in a single reading. The standard sample 
introduction system was used, comprising a SeaSpray 
nebulizer, double-pass glass cyclonic spray chamber and 
a standard 1.8 mm dual view torch. The instrument’s 
plug and play torch loader automatically aligns the torch 
and connects gases for fast start up and reproducible 
performance, irrespective of operator. 

An SPS 3 autosampler with the SVS 2+ switching 
valve was used to deliver samples to the ICP-OES. 
The innovative SVS 2+ is a 7 port switching valve that 
increases the productivity of the 5100 ICP-OES by 
reducing sample uptake, stabilization and rinse delays. 
The SVS 2+ includes a positive displacement pump 
that can reach up to 500 rpm and rapidly pumps sample 
through the sample loop. It also features a bubble 
injector to reduce sample usage and improve sample 
washout. A 3 second rinse was used to assist with 
washout of high concentration elements, such as iron, 
aluminum and calcium. Instrument operating conditions 
are listed in Table 1 and SVS 2+ settings are given in 
Table 2.

Table 1. Agilent 5100 SVDV ICP-OES operating parameters

Parameter Setting
Read time (s) 20 
Replicates 2
Sample uptake delay (s) 0 
Stabilization time (s) 10
Rinse time (s) 3
Fast pump (80 rpm) Yes

Background correction Left and/or right background  
correction

RF power (kW) 1.4 
Nebulizer flow (L/min) Default (0.70)
Plasma flow (L/min) Default (12.0)
Aux flow (L/min) Default (1.0) 
Viewing height (mm) Default (8) 

Table 2. SVS 2+ operating parameters

Condition Setting
Loop uptake delay (s) 5 
Uptake pump speed (refill) (rpm) 400
Uptake pump speed (inject) (rpm) 150
Sample loop size (mL) 1.0
Time in sample (s) 4.5
Bubble inject time (s) 4.8

Sample preparation
International Soil-Analytical Exchange (ISE) Channel 
sludge reference material 859 from de Bilt/Netherlands 
prepared for the Wageningen Evaluating Programs for 
Analytical Laboratories (WEPAL) proficiency program 
was used to check the quality of the analysis. 

A Milestone UltraWave was used for microwave 
digestion of the samples. Extraction (rather than 
total decomposition) of each sample was carried 
out according to US EPA method 3051A (Microwave 
Assisted Acid Digestion of Aqueous Samples and 
Extracts). Approximately 0.5 g of sample was accurately 
weighed into microwave vessels followed by addition 
of 4.5 mL HNO3 and 1.5 mL HCl. Microwave heating 
conditions are given in Table 3. After cooling the 
vessels, the digested solutions were quantitatively 
transferred to volumetric flasks and brought to 20 
mL volume with deionized water. The final acid 
concentration was 30% Reverse Aqua Regia (R. AR). For 
each set of the measurements at least one digestion 
blank containing the same amount of acid as the 
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samples was prepared for analysis. For each sample 
material, three replicates were prepared.

Table 3: Parameters used for microwave digestion

Parameter Setting
Ramp (min) 5.5
Temp (°C) 175 
Hold (min) 4.5 
Total (min) 10 

Calibration standard solutions
Calibration standards were prepared from 
AccuStandard® solutions, which are suitable for 
US EPA Contract Laboratory Program (CLP) analysis. 
The calibration standards and quality control (QC) 
solutions were diluted with >18 MW/cm3 deionized 
water and the acid concentration was matched to the 
acid concentration of the prepared sediment samples 
(30% v/v). An internal standard solution of 20 ppm Lu 
and 5 ppm Y was prepared and acid matched to the acid 
concentration of the samples. 

The following are suggested element mixes used for 
Method 6010C – prepared from the CLP multi-element 
stock solutions and CLP single element standard 
solutions.

• CLP Cal-1 Ca, Mg, Na, K

• CLP Cal-2 Cr, Mn, Ni, Zn

• CLP Cal-3 Al, Ba, Be, Co, Cu, Fe, V

• CLP Cal-4 As, Cd, Pb, Se, Tl

• CLP Cal-5 Sb

• CLP Cal-6 Hg, Ag

• CLP Cal-7 B, Mo

• CLP Cal-8 Ce, Li, P, Sn, Ti

Analytical sequence
In order to verify the accuracy and precision of the 
implementation of Method 6010C, QC samples were 
analyzed following calibration, during the run, and at 
the end of the run. Method performance was verified 
by analysis of an appropriate reference material. The 
following outlines a typical analytical sequence used in 
this study:

• Calibrate the instrument using blank and one 
standard

• Verify the calibration by analyzing the Initial 
Calibration Verification (ICV) standards, prepared 
from a purchased second source reference material 
at a concentration near the midpoint of the 
calibration range. The acceptance criteria for the 
ICV standard must be ±10% of the known values for 
each element. 

CLP-ICV-01: Ag, Ba, Be, Cd, Co, Cu, Fe, Mn, Ni, 
Pb, Tl, Zn

CLP-ICV-02: Al, As, Ca, Cr, K, Mg, Na, Sb, V
CLP-ICV-03: Sb

• Verify the calibration by analyzing the Initial 
Calibration Blank (ICB), prepared by acidifying 
reagent water to the same concentration of acid 
found in the standards and sample. The calibration 
blank result must be less than two to three times 
the method detection limit (MDL).

• Verify the lower calibration range (near the 
quantitation limit) by analyzing the Low-Level Initial 
Calibration Verification (LLICV) standard, prepared 
in the same acid matrix using the same standard 
used for calibration. The acceptance criteria for the 
ICV standard must be ± 30% of the known values 
for each element. The analysis data for the LLICV is 
displayed in Table 6.  

• Verify the accuracy of Inter Element Corrections 
(IEC’s) and background corrections by analyzing the 
Interference Check Solutions (ICS), prepared from 
known concentrations of the interfering elements 
and all elements of interest as follows:
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3 determinations over 3 separate days. Very low MDLs 
were obtained for all wavelengths.

Linear Dynamic Range (LDR)
Method 6010C requires that upper limit of the ICP linear 
range be established for each wavelength. The upper 
limit is considered to have been exceeded when the 
measured concentration is more than 10% below the 
true value. For this experiment, standards at the upper 
limits of the calibration range were prepared, analyzed 
and quantified against the calibration curves (minimum 
of three standard concentrations across the range). 
The results of the LDR are given in Table 4 and the 
calculated values were within ±10% of the true value.

The results in Table 4 show excellent upper 
concentration limit results for Na and K and for other 
elements, such as Fe, Mg, Ca, and Al. A LDR up to 
10,000 mg/L in solution for Fe is required for the 
analysis of tough samples such as sludges, sediment or 
soils. K 766 shows excellent linearity up to 1000 ppm, as 
shown in Figure 1. 

Figure 1. The calibration curve for K 766.491 nm in SVSD mode shows a wide 
linear range.

The LDR displayed by the 5100 ICP-OES permits the 
analysis of elements over a wide concentration range, 
without the need to dilute the samples frequently. This 
allows analysts to carry out single point calibration, 
thereby simplifying operation and improving productivity.

ICS A: 
containing interfering elements Al, Ca, 
and Mg at 250 mg/L and Fe at 100 
mg/L.

ICS AB: 

containing the same interfering 
elements plus all analyte elements of 
interest (Ag, As, Ba, Be, Cd, Co, Cr, Cu, 
Mn, Ni, Pb, Sb, Se, Tl, V and Zn). The 
measured value for the ICSAB must be 
within 20% of the true value. 

• Verify the calibration after every 10 samples with 
the Continuing Calibration Verification (CCV) 
standard, prepared in the same acid matrix using 
the same standard used for calibration, at the 
concentration near the midpoint of the calibration 
curve. 

CLP-CCV-01: 
Ag, Ba, Ca, Co, Cr, Cu, Fe, K, Mg, 
Mn, 
Na, Ni, V, Zn

CLP-CCV-02: As, Cd, Pb, Tl
CLP-CCV-03: Mo, B
CLP-CCV-04: P, Ti, Ce, Li, Sn, Sr

• Verify the calibration after every 10 samples with 
the Continuing Calibration Blank (CCB), prepared by 
acidifying reagent water to the same concentration 
of acid found in the standards and sample. The 
calibration blank result must be less than two to 
three times the MDL.

Performance characteristics
The initial performance parameters for 31 elements 
were determined as specified in US EPA Method 6010C 
using the wavelengths listed in Table 4.

Method Detection Limits 
The MDL of each element was determined per the 
procedure specified method 6010C and was expressed 
as the minimum concentration of an analyte that can 
be measured. Solutions spiked with each analyte at 
a concentration of two to three times the Instrument 
Detection Limit (IDL) were analyzed ten times and the 
standard deviation of each analyte concentration was 
multiplied by 3. The procedure was repeated three 
times to ensure a better estimate of the MDL was 
obtained. The results shown in Table 4 are an average of 
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Table 4. MDLs (µg/L) in solution for target elements and upper concentration 
limits (mg/L) acquired per EPA Method 6010C guidelines. 

Element and  
wavelength

LDR 
(mg/L)

MDL
(µg/L)

Ag 328.068 50 0.48
Al 308.215 2000 3.6
As 188.980 50 4.6
B 249.678 200 0.81
Ba 233.527 50 0.18
Be 313.042 5.0 0.04
Ca 318.127 1000 5.9
Cd 214.439 25 0.35
Ce 446.021 100 2.3
Co 228.615 250 0.54
Cr 205.560 100 0.47
Cu 324.754 100 0.42
Fe 273.358 10000 53
Hg 184.887 250 1.4
K 766.491 1000 21
Li 610.365 50 0.31

Mg 279.078 1000 3.5
Mn 257.610 50 0.08
Mo 202.032 50 0.48
Na 588.995 1000 50
Ni 231.476 100 3.7
P 213.618 500 6.3
Pb 220.353 200 3.1
Sb 206.834 200 4.0
Se 196.026 25 5.1
Sn 189.925 100 3.8
Sr 421.552 2.5 0.05
Ti 334.188 25 0.14
Tl 190.794 100 4.4
V 292.401 100 0.73
Zn 213.857 20 0.22

Results and Discussion

Sample analysis 
Sediment reference material WEPAL-ISE 859 was 
analyzed using the Agilent 5100 SVDV ICP-OES. While 
the samples and standards were matrix matched, an 
internal standard was also used to improve accuracy. 
Internal Standards Lu 261.541 and Lu 547.668 were 
used to correct for the lines selected by the DSC to be 
measured axially and Y 488.368 was used to correct for 
the elements measured radially by the DSC, in particular 
Na and K.

The results for the analysis of the CRM are given in 
Table 5. Excellent recoveries were obtained from an 
average of 3 determinations repeated over 3 days.
Fast Automated Curve Fitting (FACT) was used to 
correct for a Ca interference on Li 610.365.
Table 5. Recovery of elements present in CRM WEPAL-ISE 859 Channel 
sludge using the 5100 SVDV ICP-OES. All analytes were determined in a 
single analytical run.

Element and 
wavelength

Certified  
(mg/kg)

Measured 
(mg/kg) SD %Recovery

Ag 328.068 (4.68)Inf 4.70 0.154 101
Al 308.215 28000 27572 0.287 101
As 188.980 38.0 40.0 0.624 107
B 249.678 (29.3 )Inf 29.6 0.045 102
Ba 233.527 (466)Inf 473 0.027 102
Be 313.042 (1.59)Ind 1.58 0.025 99
Ca 318.127 31000 31442 1.87 102
Cd 214.439 6.29 5.91 0.031 96
Ce 446.021 (38.9)Inf 37.4 0.350 97
Co 228.615 13.4 13.6 0.099 100
Cr 205.560 124 129 0.078 104
Cu 324.754 127 129 0.079 101
Fe 273.358 37300 38068 7.51 102
Hg 184.887 1.86 1.81 0.250 97
K 766.491 4560 4502 5.67 99
Li 610.365 (32.2 )Inf 34.5 1.44 107

Mg 279.078 6980 7129 0.574 102
Mn 257.610 847 830.6 0.020 98
Mo 202.032 (1.91)Ind 1.85 0.154 97
Na 588.995 432 436 37.61 101
Ni 231.476 59.3 60.5 103 102
P 213.618 3810 3727 102.70 98
Pb 220.353 192 176 3.680 92
Sb 206.834 (2.18 )Inf 2.05 0.033 94
Se 196.026 (1.59)Ind 1.59 0.130 100
Sn 189.925 (21.2)Inf 19.6 0.366 92
Sr 421.552 (131)Inf 134 2.67 103
Ti 334.188 (339)Ind 358 20.54 106
Tl 190.794 (1.19)Inf 1.21 0.061 101
V 292.401 (50.8)Ind 50.9 0.816 100
Zn 213.857 816 800 10.6 98

Inf Informative value based on less than 8 results of coefficient of variation 
higher than 50%. 

Ind Indicative value based on at least 8 and less than 16 results or a 
coefficient of variation between 25% and 50%.
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The excellent recoveries demonstrate the capability 
of the 5100 SVDV to measure elements across a wide 
concentration range in a single measurement of the 
sample. Using the DSC, elements present at high 
concentrations, such as Na and K are measured radially, 
while elements at trace levels, such as Hg, As and Se 
are measured axially.  

Low Level of Quantitation Verification (LLQC) Standard
A single calibration standard and blank were used to 
establish the calibration curve and Low Level Check 
Standards (LLICV and LLCCV) were used to verify the 
calibration curve. The acceptance criteria for the LLQC 
standard must be within ± 30%. The analysis data 
for the LLICV is displayed in Table 6. The recoveries 
obtained in this study were all within the required limits. 

Table 6. Analysis data for the LLICV standard 

Element and 
wavelength

Measured 
(mg/L) %Recovery

Ag 328.068 0.020 98
Al 308.215 0.020 100
As 188.980 0.019 96
B 249.678 0.018 92
Ba 233.527 0.020 100
Be 313.042 0.020 98
Ca 318.127 0.194 97
Cd 214.439 0.019 96
Ce 446.021 0.023 116
Co 228.615 0.019 95
Cr 205.560 0.020 99
Cu 324.754 0.019 93
Fe 273.358 0.218 109
Hg 194.164 0.021 107
K 766.491 0.182 91
Li 610.365 0.019 96

Mg 279.078 0.019 96
Mn 257.610 0.021 107
Mo 202.032 0.017 85
Na 588.995 0.225 112
Ni 231.476 0.023 117
P 213.618 0.022 108
Pb 220.353 0.021 103
Sb 206.834 0.020 99
Se 196.026 0.020 99
Sn 189.925 0.021 104
Sr 421.552 0.022 108
Ti 334.188 0.020 101
Tl 190.794 0.020 99
V 292.401 0.020 98
Zn 213.857 0.020 99

Interference Check Solutions (ICS)
Channel sludge can contain high concentrations of 
unknown elements which can cause significant spectral 
overlaps that need to be identified. The ICP Expert v7 
software automatically calculates IEC factors based on 
the analysis of analyte and interference solutions. These 
correction factors are then automatically applied to each 
sample analysis. Two check solutions were analyzed, 
ICSA and ICSAB. The measured values for the standards 
(Table 7) are all within the required ± 20% of the true 
concentration limit.

Table 7. Analysis data for the ICSA and ICSAB standards

Element and 
wavelength

ICSA  
(mg/L)

ICSAB  
(mg/L)

Actual 
(mg/L) %Recovery

Ag 328.068 <MDL 2.05 2.00 103
Al 308.215 244 247 250 99
As 188.980 <MDL 0.995 1.00 99
Ba 233.527 <MDL 0.548 0.50 110
Be 313.042 <MDL 0.516 0.50 103
Ca 318.127 261 264 250.00 105
Cd 214.439 <MDL 1.01 1.00 101
Co 228.615 <MDL 0.481 0.50 96
Cr 205.560 <MDL 0.526 0.50 105
Cu 324.754 <MDL 0.544 0.50 109
Fe 273.358 100 102 100 102
Mg 279.078 260 263 250 105
Mn 257.610 <MDL 0.536 0.50 107
Ni 231.476 <MDL 0.972 1.00 97
Pb 220.353 <MDL 0.474 0.50 95
Sb 206.834 <MDL 6.19 6.00 103
Se 196.026 <MDL 0.547 0.50 109
Tl 190.794 <MDL 0.951 1.00 95
V 292.401 <MDL 0.496 0.50 99
Zn 213.857 <MDL 0.970 1.00 97

Long term stability
Long term stability was determined by analyzing a 
Standard Reference Material every 10 samples for 
eight hours. The 5100 SVDV ICP-OES showed excellent 
stability over the eight hour run with recoveries for 
all elements within 10% of the true value. RSD values 
of less than 1.5% were achieved for all elements over 
the duration of the run, except for slightly higher RSDs 
of 2.3% and 2.0% for Hg and Sb respectively. Figure 2 
shows that conditions remain stable for all elements 
during the eight hour sequence. 
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Figure 2. Stability for EPA 6010C elements using an 5100 ICP-OES with 
SVS 2+ valve.

The solid-state RF (SSRF) system operating at 27 MHz 
and the vertical torch position of the 5100 leads to 
excellent plasma robustness and long term stability, 
especially for challenging sludge samples. The plug 
and play vertical torch that ensures reproducible torch 
alignment and Mass Flow Controller control of all 
plasma gases also contributes to instrument stability 
over long periods of operation. Long term stability 
means re-runs of samples and costly QC can be 
reduced, leading to increased productivity.

Fast sample throughput and low argon consumption
An analysis sequence that adheres to US EPA protocols 
can be time-consuming as there are a large number of 
QC solutions that must be analyzed. In this study, the 
use of DSC technology with the SVS 2+ dramatically 
reduced the sample-to-sample analysis time to 
60 seconds. This equates to 60 samples per hour 
or 480 samples over an 8 hour day. The total argon 
consumption for the method was 19 L per sample. 

High-throughput laboratories typically measure more 
than 30 elements per sample and analyze hundreds, 
even thousands, of samples every day. Running the 
5100 SVDV ICP-OES using the SVS 2+ with SPS 3 
autosampler reduced the typical sample-to-sample 
measurement time by 73 seconds compared to the 
same analysis performed on a 5100 VDV without the 
SVS 2+ [2].

The rapid sample throughput capabilities of the Agilent 
5100 ICP-OES are due to the optimized positioning of 
the sample introduction system to minimize sample 
delivery time, the fast Vista Chip 2 detector which 
reads all wavelengths in a single measurement, and the 
SVS 2+ Switching Valve System. 

Conclusions

Agilent’s 5100 SVDV ICP-OES with a vertical torch 
provides the robustness and analytical performance 
required for the determination of tough environmental 
samples in accordance with US EPA method 6010C. 
The unique configuration of the 5100 SVDV with 
synchronous dual view significantly improves sample-
to-sample analysis times compared to conventional DV 
ICP-OES. This produces rapid sample throughput and 
reduced argon consumption. The SVS 2+ Switching 
Valve System further improves sample throughput by 
as much as 73 s compared to conventional sample 
introduction. Both rinse time and sample analysis time 
are reduced without any compromise in performance. 

In addition to excellent MDLs, spike recoveries, linearity, 
and excellent long-term stability, a sample to sample 
analysis time of just 60 seconds per sample was 
achieved. This enables more samples to be measured 
each day and reduces argon consumption to just 19 L 
per sample. 

The 5100 SVDV ICP-OES  fitted with the innovative 
SVS 2+ is a cost-effective and highly productive system 
suitable for labs running a wide range of environmental-
type samples such as soils, sediments and sludges.
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Introduction

Water quality has a direct impact on the health of all ecosystems, 
therefore environmental monitoring of water, wastewater and solid wastes 
for pollutants is an important activity and one that is often subject to 
strict legislation. ICP-OES is a well established technique that is used 
as a workhorse in many environmental labs where US Environmental 
Protection Agency (EPA) methods are run, especially the 200.7 regulation—
Determination of Metals and Trace Elements in Water, Solids and Biosolids 
by ICP-AES.  With many hundreds of samples per day to process, many 
environmental laboratories are constantly looking to improve productivity 
and reduce operating costs, while maintaining instrument robustness, ease-
of-use and analytical performance. 

To meet these demands, Agilent has developed the 5100 Synchronous 
Vertical Dual View (SVDV) ICP-OES, which improves sample throughput 
by taking a single reading of the vertical plasma for all wavelengths. This 
leads to faster analysis times and reduced argon consumption. In fact, the 
5100 SVDV fitted with next generation of valve technology to optimize the 

Ultra-fast determination of trace 
elements in water, conforming to 
US EPA 200.7 using the Agilent 5100 
Synchronous Vertical Dual View ICP-OES
Application note
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delivery of the sample to the instrument is up to 55% 
faster than conventional Dual View (DV) instruments 
fitted with a valve system. This is due to conventional 
DV requiring multiple readings (in some cases up to 4 
readings) to cover both axial and radial plasma views. 
Furthermore, the 5100 SVDV uses up to 50% less argon 
for a comparative EPA 200.7 compliant analysis and, 
with shorter run times, reduces wear on the sample 
introduction system (SIS) and torch.

The innovative SVS 2+ Switching Valve System is a 7 
port switching valve that is simpler to setup and operate 
compared to its predecessor and more than doubles the 
productivity of the 5100 ICP-OES by reducing sample 
uptake, stabilization times, and rinse delays. The 
SVS 2+, which can be used with the SPS 3 autosampler, 
includes a positive displacement pump that rapidly 
pumps sample through the sample loop and features a 
bubble injector to help with sample washout. 

Agilent has introduced unique Dichroic Spectral 
Combiner (DSC) technology with the 5100 SVDV ICP-
OES so that Easily Ionized Elements (EIE) such as 
sodium and potassium can be measured radially while 
other elements are measured axially, allowing % level 
and ppb level elements to be determined at the same 
time, in the same reading. The DSC achieves this by 
combining axial and radial light measurements from 
the vertical plasma, over the entire wavelength range, 
in a single measurement that is read by the high speed 
VistaChip II CCD detector. 

The vertical torch position of the 5100 leads to excellent 
plasma robustness and long term stability, especially 
for challenging sludge and trade wastes samples that 
can be run using the 200.7 method. The outcome is 
a reduced number of reruns of samples and quality 
control (QC) solutions, resulting in even higher sample 
throughput.

To keep the operation of the 5100 as simple as possible, 
the instrument includes a plug-and-play torch that 
automatically aligns the torch and connects all gases 
for fast start up while ensuring reproducible loading 
of the torch from operator-to-operator and lab-to-
lab. In addition, software applets that include pre-set 
method templates e.g. compliant with US EPA 200.7 

requirements, can be developed using the ICP Expert 
software to ensure fast startup with minimal user 
training.

This note describes the use of the Agilent 5100 SVDV 
ICP-OES for the ultra-fast determination of trace 
elements in water CRMs following US EPA method 
200.7 guidelines.

Instrumentation

All measurements were performed using an Agilent 
5100 SVDV ICP-OES with Dichroic Spectral Combiner 
(DSC) technology that runs axial and radial view 
analysis of a vertically orientated plasma at the same 
time. The sample introduction system consisted of a 
Seaspray nebulizer, single-pass glass cyclonic spray 
chamber, white-white pump tubing and a standard  
1.8 mm injector torch. The instrument uses a solid-
state RF (SSRF) system operating at 27 MHz to deliver a 
robust plasma capable of excellent long term analytical 
stability. An SPS 3 autosampler with the SVS 2+ 
switching valve was used to deliver samples to the 
instrument. The SPS 3 was setup with a 1.0 mm ID 
probe. The instrument operating conditions used are 
listed in Table 1 and SVS 2+ settings are given in Table 
2.

Tables 1 and 2 list the operating conditions used for the 
ICP-OES and the SVS 2+ during this analysis.

Table 1. Agilent 5100 SVDV ICP-OES operating parameters

Parameter   Setting

Read time (s) 20

Replicates 2

Sample uptake delay (s) 0

Stabilization time (s) 10

Rinse time (s) 0

Pump Speed (rpm) 12

Fast pump (rpm) Off

RF power (kW) 1.50 

Aux flow (L/min) 1.0 

Plasma flow (L/min) 12.0

Nebulizer flow (L/min) 0.7

Viewing height (mm) 5

Background Correction Off-Peak

2
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Table 2. SVS 2+ Switching Valve System settings

Parameter   Setting

Sample loop size (mL)                              1.0 

Loop uptake delay (s)                           7.0 

Uptake pump speed (rpm) - refill          355 

Uptake pump speed (rpm) – move      355

Uptake pump speed (rpm) – inject      100

Time in sample (s)                                  6.6 

Bubble inject time (s)                           6.8 

Sample and standard preparation

Standards were prepared from single element standards 
and diluted with 1% HNO3. To validate the method, 
the following trace metals in drinking water (TMDW) 
Certified Reference Materials (CRM) were analyzed: 
TMDW-A, and TMDW-B (High Purity Standards, 
Charleston, South Carolina, USA).

Interference correction 

Environmental samples can contain a wide range of 
elements at varying concentrations. Inter Element 
Corrections (IEC) have been established as the preferred 
correction technique for these spectral interferences 
in labs running US EPA methods. However, Agilent’s 
powerful spectral deconvolution Fast Automated 
Curve-fitting Technique (FACT) can also be used where 
accepted by local regulators. In this study, IEC factors 
were setup using the ICP Expert v7 software. Once the 
factors have been determined, they can be stored in a 
template and reused in subsequent analyses.

Results and discussion

Linear dynamic range analysis (LDR) 
The Vista Chip II detector used in the 5100 ICP-OES 
has the fastest processing speed (1 MHz) of any 
charge coupled device (CCD) detector used in ICP-OES 
and provides a full 8 orders of linear dynamic range 
by reducing the likelihood of pixel saturation and 
signal over-ranging. The SVDV configuration with its 
synchronous measurement of axial and radial signals 
also aids the upper concentration limit for each analyte 
beyond which results cannot be reported without 
dilution of the sample. The results in Table 3 show 

the excellent upper concentration limit results for Na 
and K, which are selected by the DSC to be measured 
from the radial light, and for the elements which are 
selected by the DSC to be measured from the axial light, 
in particular Mg, Ca, and Al. The maximum error for 
each calibration standard within the linear range cannot 
exceed 10%.

Table 3.  Upper concentration limits for the 5100 SVDV ICP-OES. All 
measurements were determined in a single analytical run

Element LDR (ppm)
Ag 328.068 50
Al 308.215 200
As 188.980 50
B 249.772 200
Ba 493.409 25
Be 313.042 5
Ca 315.887 100
Cd 226.502 50
Ce 413.765 100
Co 228.616 100
Cr 205.552 50
Cu 324.754 100
Fe 259.940 50
K 766.491 200
Li 670.784 20
Mg 279.079 500
Mn 257.610 10
Mo 203.846 100
Na 589.592 500
Ni 231.604 50
P 214.914 500
Pb 220.353 200
Sb 206.834 200
Se 196.026 50
Si 251.611 200
Sn 189.925 100
Sr 421.552 2.5
Ti 334.941 25
V 292.401 100
Zn 213.857 10
Tl 190.794 100

3
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Method detection limits (MDL) 
The method detection limits (MDL) of each element 
were determined according to the procedure in EPA 
Method 200.7 revision 5 (40 CFR, part 136 Appendix 
B, Section 9.2.1). A standard solution containing 
analytes at a concentration of 3–5 times the Instrument 
Detection Limit was measured on three non-consecutive 
days. Excellent detection limits were obtained for 
the elements selected by the DSC to be measured 
in the axial view e.g. As, Pb, and Se. In the same 
measurement, detection limits for K and Na were 
equivalent to those from a typical radial measurement. 

Table 4. Method detection limits acquired per EPA Method 200.7 guidelines. 
All MDLs were determined in a single analytical run.

Element MDL (µg/L)
Al 308.215 2.8
Sb 206.834 3.4
As 188.980 3.7
Ba 493.409 0.1
Be 313.042 0.04
B 249.772 0.9
Cd 226.502 0.2
Ca 315.887 4.7
Ce 413.765 3.7
Cr 205.552 0.5
Co 228.616 0.6
Cu 324.754 0.5
Fe 259.940 0.5
Pb 220.353 1.9
Li 670.784 0.1
Mg 279.079 4.6
Mn 257.610 0.1
Mo 203.846 1.2
Ni 231.604 0.9
P 214.914 8.2
K 766.491 21.6
Se 196.026 3.2
Si 251.611 1.4
Ag 328.068 0.4
Na 589.592 10.1
Sr 421.552 0.1
Ti 334.941 0.1
Tl 190.794 3.6
Sn 189.925 2.5
V 292.401 0.4
Zn 213.857 0.3

CRM recoveries
To test the accuracy of the analytical method, two 
TMDW CRMs were analyzed. The average of 7 
analyses of TMDW-A and TMDW-B are shown in 
Table 5, showing excellent recoveries for all elements, 
demonstrating the capability of the 5100 SVDV ICP-OES 
to analyze trace elements in the axial view, while at the 
same time measuring Na and K at high levels in radial 
view. 

Sample throughput
To analyze the full suite of elements on a conventional 
DV instrument would require a measurement in the 
axial view and one in the radial view, whereas it has 
been demonstrated that this can all be done in one 
measurement using the 5100 SVDV ICP-OES.

Running the 5100 SVDV method with the SPS 3 and 
SVS 2+, it was possible to analyze a sample every 
58 seconds which equates to an argon consumption of 
less than 21 L/sample using the operating parameters 
outlined in Table 1. This allows more samples to be 
run every day, and also reduces the cost of argon per 
sample. This equates to a reduction in argon usage of 
around 50%, compared to a conventional DV system 
where 2, 3, or even 4 readings of the sample are 
required to analyze the entire suite of elements. 

4
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Long term stability was determined by running a 
Instrument Performance Check sample every 10 
samples, as specified in the US EPA 200.7 method. 
The 5100’s plug-and-play vertical torch with Mass 
Flow Controller control of all plasma gases ensures 
reproducible torch alignment that contributes to 
instrument stability over long periods of operation. This 
is demonstrated in Figure 1, which shows that excellent 
long term stability was achieved over 12 hours, with all 
elements having recoveries within ±10% and a %RSD of 
less than 1.3% over the duration of the worksheet run. 
Long term stability means that costly quality control 
(QC) failures and reruns can be minimized. 

Figure 1. Long term stability over a 12 hour analysis
5

Table 5. Recovery of elements in two trace metals in drinking water CRMs using the 5100 SVDV ICP-OES.  
All analytes were determined in a single analytical run.

CRM-TMDW-A CRM-TMDW-B
Element/ 
wavelength 
(nm)

Certified 
(µg/L)

Measured 
(µg/L) SD Recovery 

(%)
Certified 
(µg/L)

Measured 
(µg/L) SD Recovery 

(%)

Al 308.215 125 131.0 15.7 105 125 125.2 4.8 100
Sb 206.834 55 55.7 1.7 101 55 55.3 3.5 100
As 188.980 55 58.0 2.3 105 10 10.4 2.7 104
Ba 493.409 500 493.9 6.8 99 500 483.3 7.9 97
Be 313.042 15 15.0 0.4 100 15 14.9 0.5 100
B 249.772 150 152.4 0.8 102 150 151.5 1.3 101
Cd 226.502 10 10.0 0.4 100 10 9.9 0.5 99
Ca 315.887 31000 31573 423 102 31000 31411 334 101
Cr 205.552 20 20.2 0.3 101 20 19.8 0.6 99
Co 228.616 25 23.9 0.5 96 25 23.4 0.4 94
Cu 324.754 20 18.8 0.1 94 20 19.1 0.3 96
Fe 259.940 90 98.0 6.4 109 90 95.1 1.9 106
Pb 220.353 20 20.4 1.0 102 20 19.8 0.6 99
Li 670.784 15 13.5 0.3 90 15 14.8 0.3 99
Mg 279.079 8000 8175 54.8 102 8000 8015 62.3 100
Mn 257.610 40 39.5 1.1 99 40 38.4 1.3 96
Mo 203.846 110 110.5 1.4 100 110 109.6 0.8 100
Ni 231.604 60 64.5 3.6 108 60 59.9 1.3 100
K 766.491 2500 2563 19.6 103 2500 2561 35.0 102
Se 196.026 11 11.3 1.3 103 11 11.4 1.8 103
Ag 328.068 2 1.9 0.2 94 2 1.8 0.2 91
Na 589.592 2300 2412 24.9 105 22000 22678 272 103
Sr 421.552 300 308.1 5.1 103 300 305.5 4.0 102
Tl 190.794 10 10.2 2.0 102 10 9.5 2.2 95
V 292.401 35 34.7 0.4 99 35 34.5 0.6 99
Zn 213.857 75 78.8 0.4 105 75 77.6 0.6 103

Long term stability
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Conclusions

The Agilent 5100 Synchronous Vertical Dual View 
(SVDV) ICP-OES, combined with an SPS 3 autosampler 
and the SVS 2+ switching valve is an ideal instrument 
to meet the productivity demands of environmental 
labs working to EPA methodology such as 200.7. The 
instrumentation achieves an excellent sample-to-sample 
cycle time of 58 seconds. This enables more samples to 
be measured each day and reduces argon consumption 
per sample by 50% per sample. 

The 5100 SVDV is up to 55% faster than conventional 
DV instruments because of the unique ability of the 
Dichroic Spectral Combiner (DSC) to select and measure 
axial and radial views of the plasma in one reading 
rather than the multiple readings required by previous 
generation DV instruments. 

Excellent method detection limits in the µg/L (ppb) 
range were obtained for all elements in a single run. 
Good recovery results for 26 elements in two TMDW 
CRMs were achieved, together with stability better than 
1.3% for all elements during a 12 hour period.

The study has shown that the 5100 SVDV ICP-OES 
delivers accurate results in the quickest possible time.
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Introduction  

Mercury is one of the most toxic heavy metals in the environment. It is therefore
important to routinely monitor the Hg level in many types of samples. The US EPA
approved methodology for the determination of Hg uses the cold vapor technique
with stannous chloride as the reducing agent [1]. This methodology is applicable to
Hg determinations in a range of waters (drinking, ground, surface, sea and brackish
waters) plus domestic and industrial wastes. It allows mercury detection down to
the sub-µg/L range. 

While Hg can be determined with direct aspiration using the ICP-OES technique, the
performance achieved is not sensitive enough for many environmental applications.  

Ultra-trace level determination of Hg therefore requires the use of a vapor generation acces-
sory such as the Agilent VGA-77. The detection limit of Hg achieved with this accessory
using an axially-viewing ICP-OES is 0.02 µg/L [2]. However, if the required determination
level of Hg is not so low, it is feasible to use on-line addition of reductant to achieve the
required signal enhancement. This work demonstrates a simple and convenient way to
determine Hg in the µg/L range using an axially-viewing ICP-OES. 
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The on-line addition of reductant results in an unusually large
quantity of liquid being nebulized. It is recommended that the
fast pump option be disabled during the sample uptake delay,
to minimize droplet condensation in the injector tube of the
torch. 

Materials and Reagents 

All chemicals and reagents used were of high-purity grade. 

• HCl, Tracepur, 36%, Merck. 

• HNO3, Ultrapure, 60%, Merck. 

• 1000 mg/L Hg certified standard solution, EM Science. 

• SnCl2, Analar, BDH. 

• Milli-Q water. 

Sample Preparation 

Preparation of SnCl2 Solutions 
Stannous chloride (SnCl2) can dissolve in less than its own mass
of water without apparent decomposition, but as the solution is
diluted, hydrolysis occurs to form an insoluble basic salt
(Sn(OH)Cl) which is readily oxidized by air. Therefore HCl must be
added to suppress hydrolysis and to help prevent the oxidation of
SnCl2 by air. An insufficient amount of HCl will result in a yellow-
colored solution. In this work, all SnCl2 solutions were prepared in
20% HCl. It is recommended to dissolve SnCl2 in concentrated
HCl prior to mixing with water. 

Sample Preparation for NIST 1641D Mercury in Water [3]
The certified reference material NIST 1641D mercury in water
is supplied in an ampoule. After the ampoule was opened, a
0.2 mL aliquot was transferred to a 100 mL volumetric flask to
make a 1 in 500 dilution with 2% v/v HNO3. 

Calibration solutions and blank were prepared in 2% v/v HNO3. 

Cleaning of the Torch After Analysis 
After the analysis, it was observed that the end of the outer
tube of the torch was covered by a layer of white powder,
which is presumably SnO2. This can be removed by simply
soaking the torch directly in concentrated HCl to dissolve the
white deposit. After soaking, rinse the torch with de-ionized
water and allow to dry. 

Instrumentation 

All measurements were performed on an Agilent 720-ES axially-
viewing ICP-OES. The Agilent 720-ES is a simultaneous ICP-OES
featuring an Echelle polychromator incorporating a quartz prism
and a custom-designed and patented CCD detector, which pro-
vides the benefit of simultaneous measurement and continuous
wavelength coverage over the range from 167 to 785 nm. The
system is available with a choice of sample introduction system;
either a 3 or 4 channel peristaltic pump for sample introduction
and mass flow control or manual pressure control of the nebu-
lizer gas flow. For this application, the system was fitted with a
mass flow controller and a four channel peristaltic pump. The
four channel peristaltic pump allows the sample, SnCl2 reductant
and the waste to be simultaneously pumped. To enable on-line
addition of the reductant to the sample, a Y-piece (Agilent
p/n 1610132400) was used to combine the sample and reduc-
tant flows prior to the sample introduction system. The mixture
was then nebulized into the plasma. 

A conventional one piece axial torch was used. The sample
introduction system consisted of a concentric glass nebulizer
and a glass cyclonic chamber. Agilent ICP Expert II software
was used for instrument operation. The operating parameters
of the system are listed in Table 1. 

Table 1. Instrument Operating Parameters 

Conditions Settings 

Power 1.2 kW 

Plasma gas flow 15 L/min 

Auxiliary gas flow 1.5 L/min 

Nebulizer flow 0.65 L/min 

Pump speed 12 rpm 

Pump tubing White-white (inlet) for both sample and 
reductant (1.02 mm id) 

Blue-blue (outlet) (1.65 mm id) 

Sample uptake rate 1.0 mL/min 

Sample uptake rate 1.0 mL/min 

Replicate read time 30 s 

Sample uptake delay time 80 s 

Fast pump Off 

Rinse time 120 s 

Sampling mode Manual 

Background correction Fitted 

Number of replicates 3  
10 for detection limit measurements 



AGILENT TECHNOLOGIES 

Atomic Spectroscopy Solutions 
for Environmental Applications

3

Results and Discussion 

Effect of SnCl2 on Hg Signal Intensity 
The effect of different SnCl2 concentrations on the signal
intensity of a 50 µg/L mercury solution was studied. As illus-
trated in Figure 1, on-line addition of SnCl2 has enhanced the
Hg signal over 30 times. 

from Cr if the sample has been prepared in K2Cr2O7. 

Detection Limit 
Detection limit (DL) is expressed as three times the standard
deviation of the blank intensity in concentration units. The
detection limits for Hg with and without the addition of SnCl2
are listed in Table 2. Generally speaking, an order of magnitude
improvement in detection limit is achieved with the addition of
SnCl2 as a reductant. 

However it is also noted that these detection limits are
around a factor of 10 higher than those that can be achieved

Figure 1. Effect of different SnCl2 concentrations on the signal intensity of
50 µg/L Hg. 

As the concentration of SnCl2 increases, the Hg signal intensity
increases, and then plateaus out at about 10–15% SnCl2.
Therefore, the concentration of SnCl2 used in this work was 15%. 

It is noted that for both the Hg 184 nm and Hg 194 nm lines, the
Hg signal increases up to 15% SnCl2, then slowly decreases as
the concentration of SnCl2 increases. This is caused by the
spectral interference of Sn on both the Hg 184 nm and Hg
194 nm lines, respectively. The potential spectral interferences
on various Hg lines are listed in Table 2. 

Table 2. Potential Spectral Interferences on Hg Emission Lines 

Wavelength (nm) Potential interferences 

184.887 Sn 184.821 nm 

194.164 Sn 194.205 nm 

253.652 Cr 253.634 nm
Cr 257.692 nm 

Figures 2 to 4 show the signal graphics for Hg at the 184, 194
and 253 nm lines with various SnCl2 concentrations. The sloping
background at the Hg 184 nm and Hg 194 nm lines is caused by
the presence of high levels of Sn. The Hg 253 line is free of
interference from Sn, but there is the potential for interference

Figure 2. Signal traces of 50 µg/L Hg 184 nm at various SnCl2 concentrations.

Figure 3. Signal traces of 50 µg/L Hg 194 nm at various SnCl2 concentrations

Figure 4. Signal traces of 50 µg/L Hg 253 nm at various SnCl2 concentrations.
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with the use of the cold vapor technique using the VGA-77
(0.02 µg/L2). 

Table 2. Detection Limits for Hg Achieved with On-line Addition of SnCl2 

DL (µg/L) 
Wavelength (nm) with 15% SnCl2 Without SnCl2
184.887 0.4 2.0 

194.164 0.2 2.0 

253.652 0.2 3.0 

Analysis of NIST 1641D Mercury in Water 

Conventional aqueous Hg standards of 1, 5 and 10 µg/L
were used to calibrate the instrument at each of the respec-
tive Hg wavelengths. The calibration graphs obtained for
each Hg emission line are shown in Figure 5. The NIST
1641d mercury in water certified reference material was

Figure 5. Calibration curves for Hg at (A) the 184 nm emission line, (B) the
194 nm emission line and (C) the 253 nm emission line. 

measured against these calibrations. The results are listed
in Table. 3. The measured values are in good agreement with
the certified values. 

Table 3. Results for Analysis of the NIST 1641D Mercury in Water Certified
Reference Material 

Concentration (mg/kg) 
Wavelength (nm) measured Certified 

184.887  1.592 ± 0.010 1.590 ± 0.018 

194.164  1.585 ± 0.010 1.590 ± 0.018 

253.652  1.596 ± 0.012 1.590 ± 0.018 

Conclusion 

The determination of Hg by on-line addition of SnCl2 using the
Agilent 720-ES axial ICP-OES instrument has been described.
The on-line addition of SnCl2 reductant for Hg determination
can provide a tenfold improvement in detection limit com-
pared with routine determination. This on-line reduction
method allows Hg determinations at µg/L levels without the
use of a cold vapor generation technique. It is also simple and
easy to implement. 
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Introduction

The United States Environmental Protection Agency (US EPA) Contract Laboratory
Program (CLP) defines the analytical methods accepted for the isolation, detection and
quantitative measurement of 23 target analytes (including mercury) and cyanide in
both water and soil/sediment environmental samples [1]. Data from the Statement of
Work (SOW) for Multi Media, Multi Concentration Inorganic Analysis (ILM05.3) is used
to define the nature and extent of contamination, and determine appropriate cleanup
actions, emergency response actions and enforcement/litigation activities [2].

This application note describes the use of the Agilent 710-ES to carry out the US
EPA/CLP compliant analysis of water samples.
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Instrumentation

The Agilent 710-ES with megapixel CCD detector was used,
providing simultaneous measurement for fast, precise and
accurate analysis. The MultiCal feature in the ICP Expert II
software extends the linear range, allowing the measurement
of elements from microgram per litre to percentage levels
from a single plasma view. The optical system is thermally
stabilized and contains no moving parts, ensuring excellent
long-term stability.

The Agilent SPS3 autosampler was used for sample 
introduction.

ILM05.3 Exhibit D recommends the use of an ionization
buffer if ionization effects are pronounced. The potential for
ionization interference caused by easily ionized elements
(Na, K and Ca) was addressed by adding a solution contain-
ing 1% caesium (ionization buffer) online to the sample
stream [3].

Materials and Reagents

Calibration and Quality Control (QC) solutions were prepared
from Inorganic Ventures, Inc. custom-grade multi-element
solutions including the Superfund CLP ICP Kit for ILM05.2.
NIST certified standard reference material 1643e Trace
Elements in Water, was measured as a Laboratory Control
Sample (LCS). The Superfund CLP ICP Kit for ILM05.2 
contained the following solutions:

Table 1. Superfund CLP ICP Kit for ILM05.2

Conc Required
Solution (mg/L) Elements Purpose dilution

CLPP-CAL-1 5000 Ca, Mg, K.Na Calibration 1:100
2000 Al, Ba standard
1000 Fe
500 Co, Mn, Ni, V, Zn
250 Ag, Cu
200 Cr
50 Be

CLPP-CAL-2 1000 Sb Calibration 1:100
standard

CLPP-CAL-3 1000 As, Pb, Se, Ti Calibration 1:100
500 Cd standard

CL-AES-CRQL 500 Ca, Mg,K CRQL (CRI) 1:100
20 Al, Ba
10 Fe
6 Sb, Zn
5 Co, V
4 Ni
3.5 Se
2.5 Cu,Ti
1.5 As, Mn
1 Cr, Pb, Ag
0.5 Be, Cd

CLPP-ICS-A 5000 Al, Ca, Mg ICSA 1:20
2000 Fe

CLPP-ICS-B4 100 Cd, Ni, Zn ICSAB 1:100
60 Sb
50 Ba, Be, Co, Cr, Cu

Mn, V
20 Ag
10 As, Ti
5 Pb, Se

QCP-CICV-1 2500 Ca, Mg, K, Na ICV, CCV 1:500 (ICV)
1000 Al, Ba 1:100(CCV)
500 Fe
250 Co, Mn, Ni, Zn
125 Ag, Cu
100 Cr
25 Be

QCP-CICV-2 500 Sb ICV, CCV 1:500 (ICV)
1:100 (CCV)

QCP-CICV-3 500 As, Pb, Se, Ti ICV, CCV 1:500 (ICV)
250 Cd 1:100 (CCV)

CLPP-SPK-1 2000 Al, Ba Matrix spike 1:1000
1000 Fe
500 Co, Mn,Ni, V, Zn
250 Cu
200 Cr
50 Ag, Be

CLPP-SPK-5 100 Sb Matrix spike 1:1000
50 Cd, Se, Ti
40 As
20 Pb
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Standard and Sample Preparation

The calibration and QC solutions were diluted with 
> 18 MW/cm3 deionized water and stabilized in1% v/v con-
centrated nitric acid (HNO3) and 5% v/v concentrated
hydrochloric acid (HCl) (both Merck Ultrapur). The sample
solutions were also prepared in 1% v/v HNO3 and 5% v/v HCl.

The calibration blank was prepared from > 18 MW/cm3 deion-
ized water in 1% v/v HNO3 and 5% v/v HCl (both Merck
Ultrapur).

A 1% w/v ionization buffer solution was prepared from Merck
Tracepur CsNO3 and stabilized in 1% v/v HNO3 (Merck
Ultrapur). The solution was introduced online to the sample
line using a spare channel on the peristaltic pump. A “Y-con-
nector” located between the nebulizer and peristaltic pump
was used to add the ionization buffer solution to the sample
stream.

Conditions

The instrument operating conditions are shown in Table 2.

Table 2. Instrument Operating Conditions

Parameter Setting

Power 1.4 kW

Plasma gas flow 15 L/min

Auxiliary gas flow 1.5 L/min

Spraychamber type Glass cyclonic

Torch Standard axial torch

Nebulizer type SeaSpray

Nebulizer gas pressure 220 kPa

Pump tubing Sample: white-white (1.02 mm id)
Waste: blue-blue (1.65 mm id)
Buffer/Reference (internal standard)
element: black-black (0.76 mm id)

Pump speed 12 rpm

Sample uptake 5 mL

Replicate read time 30 s

Number of replicates 2

Sample delay time 20 s

Stabilization time 15 s

Rinse time 40 s

Fast pump On

Background correction Off-peak

Table 3 shows the background correction points used.

Table 3. Off-Peak Background Correction Points Used

Element BC point left (nm) BC point right (nm)

Ag 328.068 0.030 n.u.

Al 308.215 n.u. 0.033

As 188.980 0.017 0.016

Ba 585.367 0.070 0.061

Be 234.861 n.u. 0.024

Ca 315.887 n.u. 0.044

Ca 370.602 0.053 n.u.

Cd 226.502 0.025 0.022

Co 228.615 0.026 0.022

Cr 267.716 0.029 0.025

Cu 324.754 0.039 0.033

Cu 327.395 0.034 0.037

Fe 258.588 0.028 0.025

Fe 259.940 0.022 0.025

K 404.721 0.046 n.u.

K 769.897 n.u. 0.099

Mg 279.800 0.030 n.u.

Mg 285.213 0.025 0.028

Mn 257.610 0.032 0.025

Na 330.237 0.026 0.032

Na 568.821 0.062 0.079

Na 589.592 0.065 0.076

Ni 231.604 0.021 0.023

Pb 220.353 0.014 0.015

Sb 206.834 0.020 0.019

Se 196.026 0.014 n.u.

Tl 190.794 0.021 n.u.

V 311.837 n.u. 0.047

Zn 206.200 0.019 0.019

Note: n.u. indicates “not used”

Discussion

Method Detection Limits (MDL) and Contract
Required Detection Limits (CRDL)
The MDL of each element was determined following the pro-
cedure defined in 40 CFR, part 136, as specified in Section
12.10.1.1 of Exhibit D in ILM05.3 Statement of Work. A stan-
dard solution containing analytes at a concentration of 3 to 
5 times the instrument manufacturer’s suggested IDL was
measured on 3 non-consecutive days. A replicate read time of
30 seconds was found to be sufficient to meet the contract
required detection limits (CRDLs) as specified in Section
12.10.1.2, Exhibit D of ILM05.3 Statement of Work. These
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CRDLs are reported in Table 4. Note that in this application,
the instrument operating parameters were optimized for 
elements having low-wavelength emission lines.

Table 4. Method Detection Limits

MDL 
CRQL required MDL

CRDL ILM05.3 ILM05.3 obtained
Element (µg/L) (µg/L) (µg/L) (µg/L) Result

Ag 328.068 5 10 5 0.8 Pass

Al 308.215 200 200 100 5 Pass

As 188.980 5 10 5 2 Pass

Ba 585.367 20 200 100 3 Pass

Be 234.861 1 5 2.5 0.03 Pass

Ca 315.887 5000 5000 2500 2 Pass

Ca 370.602 5000 5000 2500 8 Pass

Cd 226.502 2 5 2.5 0.1 Pass

Co 228.615 5 50 25 0.4 Pass

Cr 267.716 5 10 5 0.4 Pass

Cu 324.754 5 25 12.5 0.9 Pass

Fe 258.588 100 100 50 1 Pass

K 766.491 5000 5000 2500 13 Pass

K 769.897 5000 5000 2500 18 Pass

Mg 279.800 5000 5000 2500 2 Pass

Mn 257.610 10 15 7.5 0.06 Pass

Na 589.592 5000 5000 2500 1 Pass

Ni 231.604 20 40 20 0.5 Pass

Pb 220.353 3 10 5 1 Pass

Sb 206.834 5 60 30 2 Pass

Se 196.026 5 35 17.5 3 Pass

Tl 190.794 5 25 12.5 1 Pass

V 311.837 10 50 25 0.8 Pass

Zn 206.200 10 60 30 0.3 Pass

Linear Range Analysis (LRA)
The LRA represents the upper concentration limit for each
analyte of the ICP-OES linear range beyond which results
cannot be reported without dilution of the sample. The maxi-
mum error for each calibration standard within the linear range
cannot exceed 5% [4]. Table 5 shows the results for the LRA. 

Using the MultiCal feature, a second less sensitive wave-
length was added for the elements Ca, Fe, K, Mg and Na, as
shown in Table 5. To extend the linear dynamic range further
during the analysis, MultiCal automatically assigns sample
results to the appropriate wavelength. In the same way, QCP
tests and actions are applied only to those wavelengths for
which the results fall within the specified LDR.

It should be noted also, the LDR can be extended even further
by using the online over-range dilution capability of the SPS3
autosampler and diluter accessory in conjunction with
MultiCal.

Table 5. Linear Range Analysis

Minimum conc Maximum conc
Element Curve type (mg/L) (mg/L)

Ag 328.068 Linear 0 50

Al 308.215 Linear 0 40

As 188.980 Linear 0 50

Ba 585.367 Linear 0 200

Be 234.861 Linear 0 10

Ca 315.887 Linear 0 100

Ca 370.602 Linear 0 600

Cd 226.502 Linear 0 10

Co 228.615 Linear 0 60

Cr 267.716 Linear 0 50

Cu 324.754 Linear 0 50

Cu 327.395 Linear 0 100

Fe 258.588 Linear 0 600

Fe 259.940 Linear 0 200

K 404.721 Linear 100 600

K 766.491 Linear 0 100

K 769.897 Linear 0 100

Mg 279.800 Linear 0 600

Mg 285.213 Linear 0 50

Mn 257.610 Linear 0 50

Na 330.237 Linear 0 600

Na 568.821 Linear 0 600

Na 589.592 Linear 0 50

Ni 231.604 Linear 0 60

Pb 220.353 Linear 0 100

Sb 206.834 Linear 0 10

Se 196.026 Linear 0 100

Tl 190.794 Linear 0 100

V 311.837 Linear 0 60

Zn 206.200 Linear 0 100

Note: The US EPA recommends that the maximum silver concentration is 

limited to 2 mg/L.

Inter-Element Correction (IEC) and Interference
Check Samples (ICSA and ICSAB)
Inter-Element Correction factors are commonly used in 
ICP-OES to compensate for spectral interferences that may
arise on analyte lines. Interference Check Samples (ICS) are
used to confirm that interfering elements likely to be encoun-
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Table 7. Interference Check Sample AB

Expected Found 
ICSAB ICSAB % Recovery 

Element (mg/L) (mg/L) ICSAB Result

Ag 328.068 0.20 0.18 90 Pass

As 188.980 0.10 0.084 83 Pass

Ba 585.367 0.60 0.52 85 Pass

Be 234.861 0.60 0.52 86 Pass

Cd 226.502 1.01 0.97 96 Pass

Co 228.615 0.60 0.50 83 Pass

Cr 267.716 0.60 0.51 84 Pass

Cu 324.754 0.60 0.51 84 Pass

Mn 257.610 0.50 0.51 101 Pass

Ni 231.604 1.01 0.99 98 Pass

Pb 220.353 0.05 0.042 84 Pass

Sb 206.834 0.60 0.63 104 Pass

Se 196.026 0.05 0.052 103 Pass

Tl 190.794 0.10 0.087 86 Pass

V 311.837 0.50 0.49 98 Pass

Zn 206.200 1.01 1.00 99 Pass

Laboratory Control Sample (LCS)
An LCS obtained from the US EPA must be analyzed to
demonstrate that sample preparation procedures are appropri-
ate for the sample type. With the exception of silver and anti-
mony, the percentage recovery for the LCS must not fall out-
side the control limits of 80–120%. If an LCS cannot be
obtained from the US EPA, the Initial Calibration Verification
(ICV) solution may be used [4].

For this application, NIST 1643e Trace Elements in Water was
used as the LCS. Table 8 shows the percentage recovery for
all target elements falling within the US EPA requirements.

Duplicate Sample Analysis
The reproducibility of sample preparation was determined by
performing a duplicate sample analysis. A duplicate pair was
created by processing 2 aliquots of the same sample through
the sample preparation procedure. A control limit of 20% for the
Relative Percentage Difference (RPD) applies for samples with
a concentration greater than or equal to 5 × CRQL. For samples
with a concentration less than 5 × CRQL, but greater than the
CRQL, an absolute difference in concentration of ± CRQL
applies. If the sample has concentrations less than the CRQL,
the difference is not reported. Table 8 shows the RPDs for all
target analytes meeting the required US EPA specifications.

tered in environmental samples do not cause inaccurate
determination of analyte concentrations. 

To verify that inter-element and background correction fac-
tors are accurate, the interference check samples (ICS) must
be analyzed and reported for all elements and interferents.
ILM05.3 SOW states that the determined concentration of an
analyte in the ICSA must be within ± 2 × CRQL. All analytes
in the ICSAB must be recovered to within ± 20% of their true
value. Tables 6 and 7 show the results for all target elements
in ICSA and ICSAB without applying IEC factors. Since the
measured concentrations for both solutions meet the speci-
fied requirements, inter-element corrections for the 
application were not needed on the Agilent 710-ES.

Table 6. Interference Check Sample A

CRQL ILM05.3 ILM05.3 ± ICSA 
Element (µg/L) limit (µg/L) (µg/L) Result

Ag 328.068 10 20 -12 Pass

As 188.980 10 20 -10 Pass

Ba 585.367 200 400 0.8 Pass

Be 234.861 5 10 7 Pass

Cd 226.502 5 10 7 Pass

Co 228.615 50 100 0.05 Pass

Cr 267.716 10 20 0.4 Pass

Cu 324.754 25 50 -21 Pass

Mn 257.610 15 30 -2 Pass

Ni 231.604 40 80 3 Pass

Pb 220.353 10 20 3 Pass

Sb 206.834 60 120 1 Pass

Se 196.026 35 70 8 Pass

Tl 190.794 25 50 2 Pass

V 311.837 50 100 -3 Pass

Zn 206.200 60 120 3 Pass
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Spike Sample Analysis (Matrix Spike)
The spike sample analysis is designed to provide information
about the effect of the sample matrix on the digestion and/or
measurement methodology. Exhibit D (ICP-OES) of the
ILM05.3 document states the spiking levels required for each
of the analyzed elements. The spike recoveries must fall

within the limits of 75–125%. A post-digestion spike may
need to be performed if the recoveries do not fall within these
limits [4].

Table 8 shows the matrix spike recoveries for all target 
elements falling within the US EPA requirements.

Table 8. LCS Analysis

NIST 1643e NIST 1643e
NIST 1643e NIST 1643e sample duplicate % RPD or  Sample spike Added QC
certified measured LCS measured measured Control difference measured spike conc % Spike

Element (mg/L) LCS (mg/L) % recovery (mg/L) (mg/L) limit) (mg/L) (mg/L) (mg/L) recovery

Ag 328.068 0.001062 < CRQL – < CRQL < CRQL – – 0.0516 0.0485 106%

Al 308.215 0.1418 0.153 108% 0.153 0.157 CRQL 0.004 2.29 1.94 110%

As 188.980 0.06045 0.0571 95% 0.0632 0.0586 20% RPD 7.5% 0.106 0.0389 110%

Ba 585.367 0.5442 0.558 103% 0.558 0.555 CRQL 0.003 2.68 1.94 110%

Be 234.861 0.01398 0.0136 97% 0.0138 0.0140 CRQL 0.0002 0.0668 0.0485 109%

Ca 370.602 32.3 32.3 100% 32.5 32.6 20% RPD 0.5% – – –

Cd 226.502 0.006568 0.00650 99% 0.00680 0.00679 CRQL 0.00001 0.0617 0.0487 113%

Co 228.615 0.02706 0.0284 105% 0.0288 0.0295 CRQL 0.0007 0.576 0.485 113%

Cr 267.716 0.0204 0.0209 103% 0.0216 0.0213 CRQL 0.0003 0.240 0.194 112%

Cu 324.754 0.02276 0.0217 95% 0.0222 0.0217 CRQL 0.0005 0.288 0.242 110%

Fe 258.588 0.0981 0.104 106% 0.1059 0.1063 CRQL 0.0004 1.19 0.969 111%

K 769.897 2.034 2.13 105% 2.19 2.23 CRQL 0.04 – – –

Mg 279.800 8.037 7.85 98% 8.04 8.31 CRQL 0.27 – – –

Mn 257.610 0.03897 0.0409 105% 0.0420 0.0415 CRQL 0.0005 0.590 0.485 113%

Na 589.592 20.74 21.0 101% 21.3 21.8 CRQL 0.5 – – –

Ni 231.604 0.06241 0.0632 101% 0.0652 0.0641 CRQL 0.0011 0.613 0.485 113%

Pb 220.353 0.01963 0.0192 98% 0.0201 0.0191 CRQL 0.0010 0.0393 0.0195 99%

Sb 206.834 0.0583 0.0591 101% 0.0619 0.0613 CRQL 0.0006 0.169 0.0974 110%

Se 196.026 0.01197 < CRQL – < CRQL < CRQL – – 0.0519 0.0487 107%

Tl 190.794 0.007445 < CRQL – < CRQL < CRQL – – 0.0443 0.0487 91%

V 311.837 0.03786 0.0361 95% 0.0374 0.0367 CRQL 0.0007 0.568 0.485 109%

Zn 206.200 0.0785 0.0802 102% 0.0836 0.0864 CRQL 0.0028 0.644 0.485 116%

Quality Control (QC) Tests
The QC tests outlined in ILM05.3 are designed to ensure accu-
racy and precision the results obtained. Refer to Exhibit D - Part
A “Analytical Methods for Inductively Coupled Plasma - Atomic
Emission Spectroscopy” for detailed explanations of the QC
tests. The following QC solutions were used in this work.

Initial Calibration Verification (ICV)
The ICV test is run directly after the initial calibration to check
the validity of the calibration standards. The ICV solution is
obtained from the EPA or a secondary source. It must not be
prepared from the same solution as the calibration standards.
The recoveries of all target elements must be within the control
limits of 90–110%.
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Continuing Calibration Verification (CCV)
The Continuing Calibration Verification test is used to ensure
the validity of the calibration throughout the analysis and is
carried out at a frequency of 10% (every 10 analytical samples)
or every 2 hours, whichever is more frequent. The CCV is also
measured at the beginning, but not before the ICV and at the
end of the analysis. The recoveries of all target elements must
be within the control limits of 90–110%.

Contract Required Quantitation Limit (CRQL)
Check Standard (CRI)
A standard at the CRQL (CRI) must be analyzed to verify the
instrument calibration at low analyte concentrations. The
CRQL is the minimum level of quantification acceptable under
the contract Statement of Work (SOW). The CRI is measured

immediately after the ICV/ICB followed by the ICS. The CRI
must be run for every wavelength used for the analysis,
except Al, Ba, Ca, Fe, Mg, Na and K. The recoveries of all CRI
target elements must not fall outside the control limits of
70–130% and 50–150% for antimony, lead and thallium.

Initial and Continuing Calibration Blank
(ICB/CCB)
The ICB/CCB must be measured to ensure that adequate
washout is being achieved and sample is not being carried
over. The absolute value of the calibration blanks (ICB/CCB)
must not exceed the CRQL. The ICB is measured directly after
the ICV and the CCB is measured directly after the CCV.

Table 9 shows the results for the QC tests. All tests meet the
required US EPA specifications.

Table 9. ICV, CCV, CRI Test Solution Results

ICV conc. Measured ICV CCV conc. Measured CCV ICV conc. Measured ICV 
Element (mg/L) conc. (mg/L) % R (mg/L) conc. (mg/L) % R (mg/L) conc. (mg/L) % R

Ag 328.068 0.249 0.257 103 1.26 1.29 103 0.0101 0.00946 94

Al 308.215 1.99 2.12 107 10.0 10.5 104 0.202 0.212 105

As 188.980 1.00 1.05 105 5.02 5.08 101 0.0151 0.0145 96

Ba 585.367 1.99 2.15 108 10.0 10.5 104 0.202 0.209 103

Be 234.861 0.0498 0.0521 105 0.251 0.258 103 0.00504 0.00518 103

Ca 370.602 4.98 5.36 108 25.1 26.2 104 5.04 5.25 104

Cd 226.502 0.500 0.535 107 2.51 2.58 103 0.00504 0.00522 104

Co 228.615 0.498 0.542 109 2.51 2.65 105 0.0504 0.0534 106

Cr 267.716 0.199 0.216 108 1.00 1.05 105 0.0101 0.0100 99

Cu 324.754 0.249 0.267 107 1.26 1.31 104 0.0252 0.0254 101

Fe 258.588 0.995 1.07 108 5.02 5.22 104 0.101 0.106 105

K 769.897 4.98 5.43 109 25.1 27.1 108 5.04 5.39 107

Mg 279.800 4.98 5.13 103 25.1 25.8 103 5.04 5.14 102

Mn 257.610 0.498 0.543 109 2.51 2.67 106 0.0151 0.0164 108

Na 589.592 4.98 5.28 106 25.1 26.7 106 5.04 5.15 102

Ni 231.604 0.498 0.544 109 2.51 2.65 106 0.0404 0.0425 105

Pb 220.353 1.00 1.04 104 5.02 5.10 102 0.0101 0.00981 97

Sb 206.834 1.00 1.06 106 5.02 5.25 104 0.0605 0.0642 106

Se 196.026 1.00 1.08 107 5.02 5.29 105 0.0353 0.0375 106

Tl 190.794 1.00 1.03 103 5.02 5.02 100 0.0252 0.0262 104

V 311.837 0.498 0.535 107 2.51 2.61 104 0.0504 0.0497 99

Zn 206.200 0.498 0.538 108 2.51 2.64 105 0.0605 0.0641 106
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Long-Term Stability
Long-term stability over 8 hours was measured with a
repeatability of 1.23% RSD found for most elements up to a
maximum of 1.85% for selenium. As shown in Figure 1, the
CCV recoveries over the 8 hour period were all within 
specified limits.

Figure 1. Long-term stability of the 710-ES over 8 hours.

Conclusion

This work demonstrates the ability of the Agilent 710-ES
simultaneous ICP-OES with axially viewed plasma, to meet
the environmental regulations set by the US EPA for waters
and wastewaters.

The Agilent 710-ES provides the advantage of being able to
achieve this requirement from a single viewed plasma system.
This reduces time delays and costs related to repeating analy-
ses with other techniques or multiple measurements when
using dual viewed ICP-OES systems. The developed method
allows a sample to be measured for 22 elements in 3 minutes
and 34 seconds. An analysis that adheres strictly to US EPA
protocols is inherently time-consuming due to the large
number of quality control solutions that must be measured. 

MultiCal was used to extend the linear dynamic range of Ca,
Fe, K, Mg and Na, without requiring the sample to be diluted or
measured separately with radial viewing. The suitability of this
approach was proven with the CRI and Linear Dynamic Range
tests. Using standard US EPA conditions, it was also shown
that successful compliance with the Interference Correction
Standards tests could be achieved without Inter-Element
Correction factors.

The ICP Expert II software provides complete automation of
all US EPA protocols and the capability to customize QC pro-
tocols to meet the requirements of other regulatory bodies.
The Agilent 710-ES has been shown to meet all regulatory
requirements of USEPA ILM05.3 in a single, fast and fully
automated analysis.
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Introduction 

The United States Environmental Protection Agency (EPA) Contract Laboratory
Program (CLP) defines the analytical methods accepted for the isolation, detection
and quantitative measurement of 23 target analytes (including mercury) and
cyanide in both water and soil/sediment environmental samples [1]. Data from
the Statement of Work (SOW) for Multi Media, Multi Concentration Inorganic
Analysis (ILM05.3) is used to define the nature and extent of contamination, and
determine appropriate cleanup actions, emergency response actions and 
enforcement/litigation activities [2].

This application note describes the use of the Agilent 730-ES to carry out the US
EPA/CLP compliant analysis of water samples. 
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Instrumentation 

The Agilent 730-ES with custom-designed CCD detector was
used, providing true simultaneous measurement for fast, precise
and accurate analysis. The MultiCal feature in the ICP Expert II
software extends the linear range, allowing the measurement of
elements from microgram per litre to percentage levels from a
single plasma view. The optical system is thermally stabilized
and contains no moving parts, ensuring excellent long-term 
stability. 

An Agilent Switching Valve System (SVS) with the Agilent
SPS3 autosampler was used to improve the efficiency of
sample introduction, increasing sample throughput and
reducing analysis time. 

ILM05.3 Exhibit D recommends the use of an ionization buffer if
ionization effects are pronounced. The potential for ionization
interference caused by easily ionized elements (Na, K and Ca)
was addressed by adding a solution containing 1% caesium
(ionization buffer) online to the sample stream [3].

Materials and Reagents 

Calibration and Quality Control (QC) solutions were prepared
from Inorganic Ventures, Inc. custom-grade multi-element
solutions, including the Superfund CLP ICP Kit for ILM05.2.
NIST certified standard reference material 1643e Trace
Elements in Water was measured as a Laboratory Control
Sample. The Superfund CLP ICP Kit for ILM05.2 contained the
following solutions: 

Table 1. Superfund CLP ICP Kit for ILM05.2 

Conc Required
Solution (mg/L) Elements Purpose dilution

CLPP-CAL-1 5000 Ca, Mg, K.Na Calibration 1:100
2000 Al, Ba standard
1000 Fe
500 Co, Mn, Ni, V, Zn
250 Ag, Cu
200 Cr
50 Be

CLPP-CAL-2 1000 Sb Calibration 1:100
standard

CLPP-CAL-3 1000 As, Pb, Se, Ti Calibration 1:100
500 Cd standard

CL-AES-CRQL 500 Ca, Mg,K CRQL (CRI) 1:100
20 Al, Ba
10 Fe
6 Sb, Zn
5 Co, V
4 Ni
3.5 Se
2.5 Cu,Ti
1.5 As, Mn
1 Cr, Pb, Ag
0.5 Be, Cd

CLPP-ICS-A 5000 Al, Ca, Mg ICSA 1:20
2000 Fe

CLPP-ICS-B4 100 Cd, Ni, Zn ICSAB 1:100
60 Sb
50 Ba, Be, Co, Cr, Cu

Mn, V
20 Ag
10 As, Ti
5 Pb, Se

QCP-CICV-1 2500 Ca, Mg, K, Na ICV, CCV 1:500 (ICV)
1000 Al, Ba 1:100(CCV)
500 Fe
250 Co, Mn, Ni, Zn
125 Ag, Cu
100 Cr
25 Be

QCP-CICV-2 500 Sb ICV, CCV 1:500 (ICV)
1:100 (CCV)

QCP-CICV-3 500 As, Pb, Se, Ti ICV, CCV 1:500 (ICV)
250 Cd 1:100 (CCV)

CLPP-SPK-1 2000 Al, Ba Matrix spike 1:1000
1000 Fe
500 Co, Mn,Ni, V, Zn
250 Cu
200 Cr
50 Ag, Be

CLPP-SPK-5 100 Sb Matrix spike 1:1000
50 Cd, Se, Ti
40 As
20 Pb
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Standard and Sample Preparation 

The calibration and QC solutions were diluted with >18 MW/cm3

deionized water and stabilized in 1% v/v HNO3 and 5% v/v HCl
(both Merck Ultrapur). The sample solutions were also prepared
in 1% v/v HNO3 and 5% v/v HCl. 

The calibration blank was prepared from >18 MW/cm3

deionized water in 1% v/v HNO3 and 5% v/v HCl (both Merck
Ultrapur). 

A 1% w/v ionization buffer solution was prepared from Merck
Tracepur CsNO3 and stabilized in 1% v/v HNO3 (Merck
Ultrapur). The solution was introduced online to the sample
line using a spare channel on the peristaltic pump.  A “Y-con-
nector” located between the nebulizer and peristaltic pump
was used to add the ionization buffer solution to the sample
stream. 

Conditions 

The instrument operating conditions are shown in Table 2. 

Table 2. Instrument Operating Conditions 

Parameter Setting 

Power 1.4 kW 

Plasma gas flow 15 L/min 

Auxiliary gas flow 1.5 L/min 

Spraychamber type Glass cyclonic 

Torch Standard axial torch 

Nebulizer type SeaSpray 

Nebulizer gas flow 0.75 L/min 

Pump tubing Sample: white-white (1.02 mm id) 
Waste: blue-blue (1.65 mm id) 
Buffer/reference (internal standard)
element: black-black (0.76 mm ID) 

Pump speed 12 rpm 

Sample uptake  2.5 mL 

Replicate read time 30 s 

Number of replicates 2 

Sample delay time  25 s 

Switching valve delay 22 s 

Stabilization time 10 s 

Fast pump On 

Background correction Off-peak 

Table 3 shows the background correction points used. 

Table 3. Off-Peak Background Correction Points Used 

Element BC point left (nm) BC point right (nm) 

Ag 328.068 0.031 n.u. 

Al 237.312 0.022 n.u. 

As 188.980 0.0100 n.u. 

Ba 585.367 0.068 0.066 

Be 313.042 n.u. 0.032 

Ca 315.887 n.u. 0.033 

Ca 370.602 n.u. 0.041 

Cd 214.439 0.015 0.018 

Co 228.615 n.u. 0.023 

Cr 267.716 0.024 n.u. 

Cu 324.754 n.u. 0.033 

Fe 238.204 n.u. 0.021 

Fe 258.588 0.020 n.u. 

K 404.721 n.u. 0.030 

K 769.897 n.u. 0.088 

Mg 285.213 0.029 n.u. 

Mn 257.610 0.024 n.u. 

Na 330.237 0.030 n.u. 

Na 589.592 0.066 0.078 

Ni 231.604 n.u. 0.022 

Pb 220.353 0.010 0.012 

Sb 206.834 n.u. 0.018 

Se 196.026 0.010 n.u. 

Tl 190.794 0.013 n.u. 

V 292.401 0.032 n.u. 

Zn 206.200 n.u. 0.018 

Note: n.u. indicates “not used” 

Discussion 

Method Detection Limits (MDL) and Contract
Required Detection Limits (CRDL) 
The MDL of each element was determined following the pro-
cedure defined in 40 CFR, part 136, as specified in Section
12.10.1.1 of Exhibit D in ILM05.3 Statement of Work. A stan-
dard solution containing analytes at a concentration of 3 to 5
times the instrument manufacturer’s suggested IDL, was
measured on 3 non-consecutive days. A replicate read time of
30 seconds was found to be sufficient to meet the contract
required detection limits (CRDLs) as specified in Section
12.10.1.2, Exhibit D of ILM05.3 Statement of Work. These
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CRDLs are reported in Table 4. Note that in this application,
the instrument operating parameters were optimized for low
wavelength elements. When the conditions were optimized
for the higher wavelength elements such as Na and K, MDLs
improved by up to four times for those elements. 

Table 4. Method Detection Limits 

CRQL MDL required MDL 
Element CRDL ILM05.3 LM05.3 obtained  
wavelength (µg/L) (µg/L) (µg/L) (µg/L) Result

Ag 328.068 5 10 5 0.5 Pass 

Al 237.312 200 200 100 5 Pass 

As 188.980 5 10 5 1 Pass 

Ba 585.367 20 200 100 0.6 Pass 

Be 313.042 1 5 2.5 0.009 Pass 

Ca 315.887 5000 5000 2500 1 Pass 

Cd 214.439 2 5 2.5 0.09 Pass 

Co 228.615 5 50 25 0.4 Pass 

Cr 267.716 5 10 5 0.2 Pass 

Cu 324.754 5 25 12.5 0.7 Pass 

Fe 238.204 100 100 50 0.3 Pass 

K 769.897 5000 5000 2500 2 Pass 

Mg 285.213 5000 5000 2500 0.4 Pass 

Mn 257.610 10 15 7.5 0.06 Pass 

Na 589.592 5000 5000 2500 0.6 Pass 

Ni 231.604 20 40 20 0.7 Pass 

Pb 220.353 3 10 5 0.8 Pass 

Sb 206.834 5 60 30 1 Pass 

Se 196.026 5 35 17.5 1 Pass 

Tl 190.794 5 25 12.5 1 Pass 

V 292.401 10 50 25 0.3 Pass 

Zn 206.200 10 60 30 0.5 Pass 

The reproducibility of the Agilent 730-ES is demonstrated in
Table 5. Included are the key low wavelength elements As, Pb,
Sb, Se and Tl. The readback of the reagent blank solution
spiked with 5 µg/L of analyte shows the excellent repro-
ducibility of the Agilent 730-ES near method detection limit
levels. 

Table 5. Readback of Reagent Blank + 5 µg/L Analyte 

As Se Sb Tl Pb  
Run 1 188.980 196.026 206.834 190.794 220.353

R.Blk + 5 µg/L 5.21 4.65 5.49 5.48 5.26 

R.Blk + 5 µg/L 5.12 4.20 5.49 5.06 5.42 

R.Blk + 5 µg/L 5.51 4.67 5.67 4.71 5.13 

R.Blk + 5 µg/L 5.13 5.20 5.76 4.68 5.44 

R.Blk + 5 µg/L 5.60 5.14 4.87 5.48 5.15 

R.Blk + 5 µg/L 5.22 4.70 5.90 4.54 5.53 

R.Blk + 5 µg/L 4.94 5.12 5.07 5.19 5.80 

SD 0.23 0.36 0.37 0.39 0.24 

MDL – µg/L  0.73 1.14 1.17 1.21 0.74 

Average conc 5.25 4.81 5.46 5.02 5.39 

As Se Sb Tl Pb  
Run 2 188.980 196.026 206.834 190.794 220.353

R.Blk + 5 µg/L 5.63 5.18 4.73 4.75 5.00 

R.Blk + 5 µg/L 4.52 4.97 5.30 5.17 5.16 

R.Blk + 5 µg/L 4.65 5.13 5.17 4.92 4.67 

R.Blk + 5 µg/L 5.32 4.69 4.71 5.22 5.40 

R.Blk + 5 µg/L 5.58 4.06 5.53 5.38 4.70 

R.Blk + 5 µg/L  4.70 4.62 5.01 5.63 5.39 

R.Blk + 5 µg/L 5.42 5.10 4.63 4.74 4.97 

SD 0.48 0.40 0.34 0.33 0.30 

MDL – µg/L  1.49 1.26 1.07 1.04 0.93 

Average conc 5.12 4.82 5.01 5.12 5.04 

As Se Sb Tl Pb  
Run 3 188.980 196.026 206.834 190.794 220.353

R.Blk + 5 µg/L 5.50 4.50 4.69 5.22 5.18 

R.Blk + 5 µg/L 5.06 5.13 4.71 4.78 4.98 

R.Blk + 5 µg/L 4.89 5.08 5.71 4.25 5.06 

R.Blk + 5 µg/L 5.51 5.31 5.46 4.92 5.57 

R.Blk + 5 µg/L 4.96 5.54 5.17 4.70 5.46 

R.Blk + 5 µg/L 5.10 5.20 4.41 5.12 5.45 

R.Blk + 5 µg/L 4.80 5.37 4.74 4.61 5.63 

SD 0.28 0.33 0.47 0.33 0.26 

MDL – µg/L 0.89 1.04 1.48 1.03 0.81 

Average conc 5.12 5.16 4.98 4.80 5.34 

Linear Range Analysis (LRA) 
The LRA represents the upper concentration limit for each ana-
lyte of the ICP-OES linear range beyond which results cannot
be reported without dilution of the sample. The maximum error
for each calibration standard within the linear range cannot
exceed 5% [4]. Table 6 shows the results for the LRA.  
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Inter-Element Correction (IEC) and Interference
Check Samples (ICSA and ICSAB) 
Inter-Element Correction factors are commonly used in ICP-
OES to compensate for spectral interferences that may arise
on analyte wavelengths. Interference Check Samples (ICS) are
used to confirm that interfering elements likely to be encoun-
tered in environmental samples do not cause inaccurate
determination of analyte concentrations.  

To verify that inter-element and background correction factors
are accurate, the interference check samples (ICS) must be
analyzed and reported for all elements and interferents.
ILM05.3 SOW states that the determined concentration of an
analyte in the ICSA must be within ± 2 × CRQL. All analytes in
the ICSAB must be recovered to within ± 20% of their true
value. Tables 7 and 8 show the results for all target elements
in ICSA and ICSAB without applying IEC factors. Since the
measured concentrations for both solutions meet the speci-
fied requirements, inter-element corrections were not needed
for the application on the Agilent 730-ES. 

Table 7. Interference Check Sample A 

CRQL ILM05.3 ILM05.3 ±
Element (µg/L) limit (µg/L) ICSA (µg/L) Result

Ag 328.068 10 20 -10 Pass 

As 188.980 10 20 -2 Pass 

Ba 585.367 200 400 -0.4 Pass 

Be 313.042 5 10 0.1 Pass 

Cd 214.439 5 10 0.4 Pass 

Co 228.615 50 100 1 Pass 

Cr 267.716 10 20 0.2 Pass 

Cu 324.754 25 50 2 Pass 

Mn 257.610 15 30 2 Pass 

Ni 231.604 40 80 3 Pass 

Pb 220.353 10 20 -3 Pass 

Sb 206.834 60 120 15 Pass 

Se 196.026 35 70 11 Pass 

Tl 190.794 25 50 -0.4 Pass 

V 292.401 50 100 6 Pass 

Zn 206.200 60 120 3 Pass 

Using the MultiCal feature, a second less sensitive wavelength
was added for the elements K, Na, Ca, and Fe, as shown in
Table 6. To extend the linear dynamic range further during the
analysis, MultiCal automatically assigns sample results to the
appropriate wavelength. In the same way, QCP tests and
actions are applied only to those wavelengths for which the
results fall within the specified LDR. 

It should be noted also, the LDR can be extended even further
by using the online over-range dilution capability of the SPS3
autosampler and diluter accessory in conjunction with MultiCal. 

Table 6. Linear Range Analysis 

Minimum conc. Maximum conc.
Element Curve type (mg/L) (mg/L)

Ag 328.068 Linear 0 50 

Al 237.312 Linear 0 200 

As 188.980 Linear 0 100 

Ba 585.367 Linear 0 200 

Be 313.042 Linear 0 10 

Ca 315.887 Linear 0 200 

Ca 370.602 Linear 0 2000 

Cd 214.439 Linear 0 10 

Co 228.615 Linear 0 100 

Cr 267.716 Linear 0 100 

Cu 324.754 Linear 0 100 

Fe 238.204 Linear 0 200 

Fe 258.588 Linear 0 1000 

K 404.721 Linear 100 2000 

K 769.897 Linear 0 100 

Mg 285.213 Linear 0 50 

Mn 257.610 Linear 0 50 

Na 330.237 Linear 50 2000 

Na 589.592 Linear 0 100 

Ni 231.604 Linear 0 100 

Pb 220.353 Linear 0 100 

Sb 206.834 Linear 0 100 

Se 196.026 Linear 0 100 

Tl 190.794 Linear 0 100 

V 292.401 Linear 0 100 

Zn 206.200 Linear 0 100 

Note: The US EPA recommends that the maximum silver concentration is

limited to 2 mg/L.  
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Table 8. Interference Check Sample AB 

Expected Found ICSAB % recovery
Element ICSAB (mg/L) (mg/L) ICSAB Result

Ag 328.068 0.20 0.21 106 Pass 

As 188.980 0.10 0.097 97 Pass 

Ba 585.367 0.50 0.51 102 Pass 

Be 313.042 0.50 0.50 99 Pass 

Cd 214.439 1.01 0.98 97 Pass 

Co 228.615 0.50 0.49 98 Pass 

Cr 267.716 0.50 0.50 100 Pass 

Cu 324.754 0.50 0.52 104 Pass 

Mn 257.610 0.50 0.51 102 Pass 

Ni 231.604 1.01 0.99 98 Pass 

Pb 220.353 0.05 0.045 90 Pass 

Sb 206.834 0.60 0.63 105 Pass 

Se 196.026 0.05 0.06 118 Pass 

Tl 190.794 0.10 0.09 91 Pass 

V 292.401 0.50 0.51 101 Pass 

Zn 206.200 1.01 0.99 98 Pass 

Laboratory Control Sample (LCS)  
An LCS obtained from the US EPA must be analyzed to
demonstrate that sample preparation procedures are appro-
priate for the sample type. With the exception of silver and
antimony, the percentage recovery for the LCS must not fall
outside the control limits of 80–120%. If an LCS cannot be
obtained from the US EPA, the Initial Calibration Verification
(ICV) solution may be used [4]. 

For this application, NIST 1643e Trace Elements in Water was
used as the LCS. Table 9 shows the percentage recovery for
all target elements falling within the US EPA requirements. 

Duplicate Sample Analysis 
The reproducibility of the sample preparation was determined
by performing a duplicate sample analysis. A duplicate pair
was created by processing two aliquots of the same sample
through the sample preparation procedure. A control limit of
20% for the Relative Percentage Difference (RPD) applies for
samples with a concentration greater than or equal to 5 x
CRQL. For samples with a concentration less than 5 x CRQL
but greater than the CRQL, an absolute difference in concen-
tration of  ± CRQL applies. If the sample has concentrations
less than the CRQL, the difference is not reported. Tables 9
and 10 show the RPDs for the NIST 1643e certified standard
reference material and a local water sample with all target
analytes meeting the required US EPA specifications. 

Spike Sample Analysis (Matrix Spike) 
The spike sample analysis is designed to provide information
about the effect of the sample matrix on the digestion and/or
measurement methodology. Exhibit D (ICP-OES) of the
ILM05.3 document states the spiking levels required for each
of the analyzed elements. The spike recoveries must fall
within the limits of 75–125%. A post-digestion spike may
need to be performed if the recoveries do not fall within these
limits [4]. 

Tables 9 and 10 below show the matrix spike recoveries for
the NIST 1643e certified standard reference material and a
local water sample with all target elements falling within the
US EPA requirements. 
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Table 9. LCS Analysis 

NIST 1643e  NIST 1643e  NIST 1643e) % RPD or Sample spike  Added QC  
Element certified measured LCS LCS % duplicate LCS Control difference  measured spike conc. % spike
wavelength (mg/L) (mg/L) recovery measured (mg/L) limit (mg/L) (mg/L) (mg/L) recovery

Ag 328.068 0.001062 < CRQL – < CRQL – – 0.0443 0.0430 103.0% 

Al 237.312 0.1418 0.151 106.6 0.160 CRQL 0.009 1.93 1.72 104.3% 

As 188.980 0.06045 0.0590 97.5 0.0575 20%RPD 2.42% 0.0923 0.0379 97.8% 

Ba 585.367 0.5442 0.554 101.9 0.561 CRQL 0.007 2.35 1.72 106.8% 

Be 313.042 0.01398 0.0140 100.0 0.0142 CRQL 0.0002 0.0585 0.0430 105.6% 

Ca 315.887 32.3 32.0 99.0 32.1 20%RPD 0.560% – – – 

Cd 214.439 0.006568 0.00642 97.8 0.00645 CRQL 0.00003 0.0558 0.0473 105.2% 

Co 228.615 0.02706 0.0280 103.5 0.0283 CRQL 0.0003 0.484 0.430 106.6% 

Cr 267.716 0.0204 0.0209 102.4 0.0211 CRQL 0.0003 0.203 0.172 106.8% 

Cu 324.754 0.02276 0.0229 100.7 0.0242 CRQL 0.0013 0.247 0.215 104.9% 

Fe 238.204 0.0981 0.105 106.8 0.104 CRQL 0.001 1.03 0.859 108.5% 

K 769.897 2.034 2.11 103.7 2.13 CRQL 0.02 – – – 

Mg 285.213 8.037 8.55 106.4 8.65 CRQL 0.10 – – – 

Mn 257.610 0.03897 0.0410 105.1 0.0411 CRQL 0.0001 0.503 0.430 108.2% 

Na 589.592 20.74 21.6 104.1 20.9 CRQL 0.7 – – – 

Ni 231.604 0.06241 0.0629 100.9 0.0639 CRQL 0.001 0.516 0.430 106.1% 

Pb 220.353 0.01963 0.0207 105.7 0.0202 CRQL 0.0005 0.0385 0.0189 100.7% 

Sb 206.834 0.0583 0.0596 102.2 0.0608 CRQL 0.0012 0.144 0.0946 93.6% 

Se 196.026 0.01197 < CRQL – < CRQL – – 0.0561 0.0473 118.5% 

Tl 190.794 0.007445 < CRQL – < CRQL – – 0.0542 0.0473 114.6% 

V 292.401 0.03786 0.0389 102.7 0.0388 CRQL 0.0001 0.486 0.430 104.7% 

Zn 206.200 0.0785 0.0803 102.3 0.0820 CRQL 0.0017 0.538 0.430 107.7% 
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Table 10. Local Water Analysis 

Element Melbourne tap water Duplicate Control % RPD or Sample spike Added QC spike  % spike
wavelength measured (mg/L) measured (mg/L) limit difference (mg/L) measured (mg/L) conc. (mg/L) recovery

Ag 328.068 < CRQL < CRQL – –  0.0484 0.0491 98.6 

Al 237.312 0.0934 0.0944 CRQL 0.001 2.11 1.96 103 

As 188.980 < CRQL < CRQL – – 0.0395 0.0361 109 

Ba 585.367 0.0180 0.0172 CRQL 0.00078 2.05 1.96 104 

Be 313.042 < CRQL < CRQL – – 0.0513 0.0491 104 

Ca 315.887 3.64 3.63 CRQL 0.01 – – – 

Cd 214.439 < CRQL < CRQL – –  0.0486 0.0451 108 

Co 228.615 < CRQL < CRQL – – 0.510 0.491 104 

Cr 267.716 < CRQL < CRQL – – 0.206 0.196 105 

Cu 324.754 0.162 0.161 20% RPD 0.40% 0.412 0.246 102 

Fe 238.204 0.0935 0.0912 CRQL 0.0023 1.10 0.982 102 

K 769.897 0.598 0.596 CRQL 0.002 – – – 

Mg 285.213 1.115 1.112 CRQL 0.003 – – – 

Mn 257.610 0.00617 0.00611 CRQL 0.00006 0.524 0.491 105 

Na 589.592 4.075 4.073 CRQL 0.002 – – – 

Ni 231.604 < CRQL < CRQL – – 0.516 0.491 105 

Pb 220.353 < CRQL < CRQL – – 0.0201 0.0180 112 

Sb 206.834 < CRQL < CRQL – – 0.101 0.0901 112 

Se 196.026 < CRQL < CRQL – – 0.0493 0.0451 109 

Tl 190.794 < CRQL < CRQL – – 0.0474 0.0451 105 

V 292.401 < CRQL < CRQL – – 0.503 0.491 102 

Zn 206.200 0.00589 0.00685 CRQL 0.00096 0.530 0.491 107 

Contract Required Quantitation Limit (CRQL)
Check Standard (CRI) 
A standard at the CRQL (CRI) must be analyzed to verify the
instrument calibration at low analyte concentrations. The
CRQL is the minimum level of quantification acceptable under
the contract Statement of Work (SOW). The CRI is measured
immediately after the ICV/ICB followed by the ICS. The CRI
must be run for every wavelength used for the analysis,
except Al, Ba, Ca, Fe, Mg, Na and K. The recoveries of all CRI
target elements must not fall outside the control limits of
70–130% and 50–150% for antimony, lead and thallium. 

Initial and Continuing Calibration Blank (ICB/CCB) 
The ICB/CCB must be measured to ensure that adequate
washout is being achieved and sample is not being carried
over. The absolute value of the calibration blanks (ICB/CCB)
must not exceed the CRQL. The ICB is measured directly after
the ICV and the CCB is measured directly after the CCV. 

Table 11 shows the results for the QC tests. All tests meet the
required US EPA specifications. 

Quality Control (QC) Tests 
The QC tests outlined in ILM05.3 are designed to ensure accu-
racy and precision in the results obtained. Refer to Exhibit D –
Part A “Analytical Methods for Inductively Coupled Plasma –
Atomic Emission Spectroscopy” for detailed explanations of the
QC tests. The following QC solutions were used in this work. 

Initial Calibration Verification (ICV) 
The ICV test is run directly after the initial calibration to check the
validity of the calibration standards. The ICV solution is obtained
from the EPA or a secondary source. It must not be prepared from
the same solution as the calibration standards. The recoveries of
all target elements must be within the control limits of 90–110%. 

Continuing Calibration Verification (CCV) 
The Continuing Calibration Verification test is used to ensure the
validity of the calibration throughout the analysis and is carried
out at a frequency of 10% (every 10 analytical samples) or every
two hours, whichever is more frequent. The CCV is also mea-
sured at the beginning, but not before the ICV, and at the end of
the analysis. The recoveries of all target elements must be within
the control limits of 90–110%. 
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Table 11. ICV, CCV, CRI Test Solution Results 

Element  ICV conc  Measured ICV  CCV conc  Measured CCV  CRI conc  Measured CRI  
wavelength (mg/L) conc (mg/L) % R (mg/L) conc (mg/L) % R (mg/L) conc (mg/L) % R

Ag 328.068 0.247 0.268 108 1.25 1.37 110 0.0101 0.0108 107 

Al 237.312 1.98 2.00 101 10.0 10.3 103 0.201 0.200 99.1 

As 188.980 0.994 1.02 102 5.03 4.95 98.5 0.0151 0.0168 111 

Ba 585.367 1.98 2.07 105 10.0 10.3 103 0.201 0.203 101 

Be 313.042 0.0495 0.0504 102 0.250 0.254 101 0.00503 0.00520 103 

Ca 315.887 4.95 5.12 103 25.0 25.7 103 5.03 5.13 102 

Cd 214.439 0.497 0.523 105 2.51 2.55 101 0.00503 0.00518 103 

Co 228.615 0.495 0.508 103 2.50 2.58 103 0.0503 0.0519 103 

Cr 267.716 0.198 0.206 104 1.00 1.04 104 0.0101 0.0102 102 

Cu 324.754 0.247 0.256 103 1.25 1.32 105 0.0251 0.0258 103 

Fe 238.204 0.990 1.03 104 5.00 5.16 103 0.101 0.103 102 

K 769.897 4.95 5.30 107 25.0 26.5 106 5.03 5.31 106 

Mg 285.213 4.95 5.26 106 25.0 26.5 106 5.03 5.34 106 

Mn 257.610 0.495 0.518 105 2.50 2.58 103 0.0151 0.0161 107 

Na 589.592 4.95 5.41 109 25.0 26.8 107 5.03 5.42 108 

Ni 231.604 0.495 0.519 105 2.50 2.59 104 0.0403 0.0412 102 

Pb 220.353 0.994 1.01 102 5.03 4.98 99.0 0.0101 0.0104 104 

Sb 206.834 0.979 1.03 105 5.02 5.21 104 0.0604 0.0619 102 

Se 196.026 0.994 1.04 104 5.03 5.02 99.8 0.0352 0.0379 108 

Tl 190.794 0.994 1.01 102 5.03 4.99 99.2 0.0251 0.0233 92.7 

V 292.401 0.495 0.511 103 2.50 2.57 103 0.0503 0.0507 101 

Zn 206.200 0.495 0.521 105 2.50 2.59 104 0.0604 0.0621 103 

Speed of Analysis 
Due to the requirements set by the US EPA, a large number of
QC solutions must be measured to ensure compliance to US
EPA methodology, making these types of analyses time-con-
suming. However, the Agilent 730-ES Simultaneous ICP-OES
has shown that all US EPA requirements can be met with an
analysis time of 2 minutes and 25 seconds per solution. 

Conclusion 

This work has demonstrated the ability of the Agilent 730-ES
Simultaneous ICP-OES with axially-viewed plasma, to meet
the environmental regulations set by the US EPA for waters
and wastewaters. 

The Agilent 730-ES provides the advantage of being able to
achieve this requirement from a single viewed plasma
system. This reduces time delays and costs related to repeat-
ing analyses with other techniques or multiple measurements
when using dual viewed ICP-OES systems. The use of a
switching valve also decreases analysis time by providing

Long-Term Stability 
Long term stability over 8 hours was measured with a
repeatability of 0.75% RSD found for most elements up to a
maximum of 0.98% for cadmium. As shown in Figure 1, all
CCV recoveries over the 8 hour period were easily within
specified limits.  

Figure 1. Long-term stability of the Agilent 730-ES over 8 hours. 
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more efficient introduction and washout of the sample from
the sample introduction system.  

MultiCal was used to extend the linear dynamic range of Ca,
Fe, K and Na without requiring the sample to be diluted or
measured separately with radial viewing. The suitability of
this approach was proven with the CRI and Linear Dynamic
Range tests. Using standard US EPA conditions, it was also
shown that successful compliance with the Interference
Correction Standards tests could be achieved without 
Inter-Element Correction factors. 

The ICP Expert II software provides complete automation of
all US EPA protocols, and the capability to customize QC pro-
tocols to meet the requirements of other regulatory bodies.
The Agilent 730-ES ICP-OES was shown to meet all regulatory
requirements of USEPA ILM05.3 in a single, fast and fully
automated analysis. 
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Introduction 

Mercury is an element of great importance because of its toxicity. Over the last cen-
tury, emissions of mercury due to human activities have resulted in a tripling of the
concentration of mercury in the atmosphere and surface oceans [1]. The main pre-
sent-day sources of the additional man-made burden of environmental mercury are
coal combustion, municipal and medical waste incineration, and smelting [2].  

Elucidation of the pathways resulting in human exposure to mercury remains a mat-
ter of great interest. According to Liebert et al., “there is now [at the time they
wrote]…” scientific consensus that “…the most prevalent source of mercury expo-
sure for the general population is from dental amalgam, and chronic inhalation or
swallowing of amalgam mercury vapor is the major contributor to the total body
burden of mercury in the U.S.” [3]. 

Additional mercury body burdens may be derived from air, water or soils. Sewage
sludges and compost from solid waste and sewage sludge often have relatively high
mercury concentrations. Such organic wastes are often applied in agriculture as fer-
tilizers, and although the recycling of waste is desirable, waste contamination by
mercury may lead to higher concentrations of mercury in the soil to which it is
applied, compared to those found when the soil is conventionally fertilized [4, 5]. 
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Table 1. ICP Operating Conditions 

Parameter Setting

Power 0.9 kW

Plasma gas flow 13.5 L/min

Auxiliary gas flow 1.5 L/min

Nebulizer type Glass concentric

Nebulizer pressure 240 kPa

Spraychamber type Glass cyclonic (single-pass)

Torch type Standard axial torch

Pump tubing Spraychamber waste–blue/blue 

(1.65 mm ID)

Gas/Liquid separator waste–

purple/black (2.29 mm ID)

Instrument pump rate 45 rpm

Replicate read time (s) 5

Number of replicates 3

Sample delay time (s) 20

Stabilization delay time (s) 30

Fast pump Off

Table 2. VGA-77P Operating Conditions 

Parameter Setting

Inert gas Argon

Pump tubing Sample–purple/black (2.29 mm ID)

Reductant–black/black (0.76 mm ID)

Acid/water–black/black (0.76 mm ID)

Solution uptake rate Sample–8 mL/min

Reductant–1 mL/min

Acid/water–1 mL/min

Determination of the levels of mercury in solid wastes is there-
fore a matter of some interest. Concentrations of mercury in
sewage sludges are typically in the region of several parts per
million (by dry weight) [5]. A concentration of 5.6 µg/g has
been reported in Australian urban sewage sludge [6]. 

Atomic spectrochemical methods such as atomic absorption
spectrometry (AAS) and ICP-OES provide the required sensitiv-
ity for the measurement of mercury at the concentrations that
are usually encountered in environmental analysis. Vapor gen-
eration techniques for atomic spectrochemical analysis are
widely used because of the excellent sensitivities provided for
several elements, including mercury. This application note
describes a simple procedure for the determination of mercury
in a suitable solid organic reference material (NBS 2781,
Domestic Sludge) by vapor generation coupled with ICP-OES. 

Experimental 

An Agilent VGA-77P (Vapor Generation Accessory) was used
with an Agilent 710-ES (ICP-OES) equipped with a megapixel
CCD detector. The operating conditions of the ICP instrument
and VGA are as shown in Tables 1 and 2. Vapor produced by
the VGA was injected into the plasma through the nebulizer
and spraychamber. With the VGA in operation, the plasma
was run “dry”; accordingly, a lower-than-usual power was set
in the method. The VGA was operated under conditions as
previously described [7, 8]. Argon was used as the VGA carri-
er gas. The use of nitrogen as the VGA carrier gas is not
recommended on ICP.  

The instrument pump rate must be optimized to ensure that
the gas-liquid separator of the VGA is pumped effectively and
the liquid level does not rise, or fill the gas-liquid separator. A
pump rate of 40–45 rpm is usually sufficient for this purpose.
This rate must be maintained whenever the VGA is in opera-
tion with sample solution being pumped. This pump rate must
be incorporated into the ICP method, and can be set as a
default on the Ignition page of the Instrument Setup window
in the ICP Expert II software, so that as soon as the plasma is
turned on, the pump speed changes to the required value. An
autosampler was not used in this study. 
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Standard Solutions and Reagents 

Working solutions for mercury determination in the micro-
grams-per-litre range were prepared from a mercury standard
(May and Baker). All mercury solutions were stabilized with a
0.01% solution of AIR potassium dichromate, as described by
Feldman [9]; this procedure resulted in the stabilization of the
mercury solutions for many days. Calibration solutions were
prepared at concentrations of 5, 10 and 20 µg/L. Stannous
chloride was used as the reducing agent, though sodium
borohydride has also been used with the VGA [7,8]. A solution
of SnCl2 was prepared as a 25% w/v solution in 20% HCl from
AlR grade SnCl2 (BDH) and AlR HCl (BDH). “Conditioning” of
the VGA system was carried out according to advice by
Moffett [10]. Before conditioning, the response for very low
Hg concentrations may be variable. Conditioning of the active
sites in the tubing carrying the solutions and reaction prod-
ucts, can be achieved by running the highest concentration
Hg calibration standard (in this case 100 µg/L) through the
system, until the response for much lower concentrations (for
example, 1 µg/L) becomes stable. 

Sample Preparation 

The standard reference material NBS 2781 (Domestic sludge)
was selected for analysis. 3 mL of mixed nitric and hydrochloric
acids were added to approximately 0.1 g of the weighed SRM,
in the volume ratio 2:1. This was digested on a hot plate for
approximately two hours, or until fuming ceased. The solution
was cooled, filtered and diluted to 50 mL. A drop of Anti-Foam B
(Sigma Chemical Co.) was added to the solution after filtering. 

Results and Discussion 

Detection Limits 
Detection limits determined for a 30-second replicate read
time on the Agilent 710-ES instrument are shown in Table 3.
(Detection limits (DLs) were measured on two instruments
and similar values were obtained for the two.) Under the oper-
ating conditions used, it was found that the three lines used
gave similar DLs, with slightly better DLs for the 253 nm line.
This differs from the typical behavior for Agilent ICP-OES
instruments with aqueous sample introduction, for which the
185 nm and 194 nm lines both give slightly better detection
limits than does the 253 nm line [11]. This may be a result of
the use of lower RF power, a condition which tends to favor
the less “hard” spectral lines, as a result of the less efficient
ionization and excitation at the lower power. 

Table 3. Detection Limits (µg/L) for Hg in Aqueous Solution 

Replicate read time (s) 184.887 (nm) 194.164 (nm) 253.652 (nm)

30 0.023 0.022 0.020

Short-term precision, determined from the RSD of replicate
measurements of a 5 µg/L standard with 5 second replicate
read times, was usually 1–2% RSD. 

Analysis of a Certified Reference Material
Containing Hg 
Certified reference material NBS 2781 (Domestic sludge) was
analysed by both “normal” calibration and by the method of
additions. No difference was observed in the slopes of the
graphs determined by the two methods, indicating no chemical
interference. As can be seen from the results in Table 4 for the
analysis of eight aliquots of the SRM, the recovery of mercury
is within the range of values encompassed by the uncertainty
in the concentration of the reference material. 

Table 4. Results of Analysis of NBS 2781 

Hg Concentration, mg/kg

Measured value 3.40 ± 0.13

Certified value 3.64 ± 0.25

Recovery % 93

Conclusion 

An Agilent VGA-77P has been used with an Agilent 710-ES for
the analysis of a certified reference material (NBS 2781). The
results obtained agree with certified values, within the
combined uncertainties of the two results. 
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Introduction 

In agricultural science, soil samples are routinely analyzed for micronutrient con-
tent. Analytical data permits an assessment of the nutrient levels available for
plants, and provides an indication of possible nutrient deficiency. 

Available metals in soil are extracted with a variety of reagents, for example, diethylene
triaminepenta-acetic acid (DTPA), EDTA, water and ammonium acetate, depending on
the soil type and the form of the element required [1–4]. 

Inductively coupled plasma optical emission spectrometry  (ICP-OES) is a multi-ele-
ment analytical technique that offers fast sample throughput, high sensitivity and a
wide dynamic range. Soil analysis with this technique is well established[1,3,5–7].
This work describes the use of a radially-viewed simultaneous ICP-OES for the
analysis of different soil extracts. 
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1 M Ammonium Acetate Solution 
77 g of ammonium acetate was weighed and dissolved in
1000 mL of water. The pH was adjusted to 7.0 with ammonia
or acetic acid. 

0.01 M Calcium Dihydrogen Orthophosphate
Solution 
1 g of calcium carbonate was weighed into a beaker and 5 mL
of ultra-pure water was added. Slowly and with constant stir-
ring, 1.4 mL of 85% orthophosphoric acid was added. Mixing
was continued until the calcium carbonate had dissolved. The
solution was then made up to 1000 mL with ultra-pure water. 

Preparation of Soil Sample Extracts 

The soil samples were dried in a 40 °C oven for 24 hours, then
finely ground and sieved through a 200 mesh sieve. 

DTPA Extraction (for Zn, Fe, Mn, Cu) 
10 g of soil sample was weighed into a 125 mL conical 
flask. 100 mL of 0.005 M DTPA solution was added. The 
flask was stoppered and shaken for half an hour at 
180 oscillations/minute and the mixture was filtered. 

Ammonium Acetate Extraction (for Na, K, Ca, Mg) 
10 g of soil sample was weighed into a 125 mL conical 
flask, 100 mL of 1 M ammonium acetate solution at pH 7.0 
was then added. It was shaken for half an hour at 
180 oscillations/minute and the mixture was filtered.

Phosphate Extraction (for S) 
10 g of soil sample was weighed into a 100 mL plastic bottle,
50 mL of 0.01 M calcium dihydrogen orthophosphate solution
was added. The bottle was stoppered and placed in a 5 rpm
end-to-end tumbler for 16 hours and the mixture was filtered. 

Results and Discussion 

Wavelength Selection 
The selection of wavelengths was based on sensitivity, linear
dynamic range and freedom from spectral interferences. The
wavelengths used and method detection limits for soil
extracts are listed in Table 2. 

The ICP Expert II software allows the simultaneous mea-
surement of multiple wavelengths for a given element to
extend its calibration range. This important analytical tool
called MultiCal can also assist the analyst in confirming the
analytical results. 

Instrumentation 

An Agilent 725-ES with simultaneous CCD detection was
used for the measurements. The Agilent 725-ES features an
echelle polychromator equipped with a custom designed and
patented CCD detector [8] producing continuous wavelength
coverage from 167 to 784 nm. The polychromator can be
purged with either argon or nitrogen gas for measurements at
low UV wavelengths. 

The sample introduction consisted of a one-piece standard
quartz torch, V-groove nebuliser and a Sturman-Masters spray
chamber. An Agilent SPS3 autosampler was used to introduce
the solutions to the ICP. 

The operating parameters are listed in Table 1. 

Table 1. Instrument Operating Conditions

Condition Setting 

Power 1.2 kW 

Plasma gas flow 15 L/min 

Auxiliary gas flow 1.5 L/min 

Nebulizer flow 0.75 L/min 

Pump speed  15 rpm 

Integration time 5 s 

Points per peak 2 

Number of replicates 3 

Sample delay time  35 s 

Stabilization time 10 s 

Background correction Fitted 

Reagents and Standards 

All chemicals and reagents used were of analytical reagent
grade. All standards and blanks were matrix-matched with the
samples. All reagents and standards were prepared or diluted
in ultra-pure water (resistivity >18.2 MW/cm at 25 °C) supplied
from a Millipore water filtration system. 

Preparation of Extraction Solutions 

0.005 M Diethylene Triaminepenta-Acetic Acid
(DTPA) Solution 
1.96 g of DTPA, 14.92 g of triethanolamine and 1.47 g of
CaCl2.2H2O were weighed into a beaker and dissolved in
1000 mL of ultra-pure water. The pH was adjusted to 7.3 with 
concentrated HCl or triethanolamine. 
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Table 2. Wavelengths and Estimated Detection Limits Obtained at 5 s
Integration Time 

Stage Wavelength Method detection limits (µg/L) 

Ca 422.673 15

Ca 317.933 30 

Ca 183.738 1000 

Ca 220.861 5000 

Cu 324.754 10 

Cu 327.395 10 

Fe 238.204 10 

Fe 259.940 25 

K 766.491 30 

Mg 279.800 100 

Mg 279.079 300 

Mg 278.142 1000 

Mn 257.610 1.5 

Mn 259.372 2 

Na 588.995 10 

S 181.972 150 

Zn 213.857 5 

Zn 206.200 25 

Analysis of DTPA Extract for Zn, Fe, Mn, Cu 
The mean results of the analysis of control soil samples 1 and
2 are listed in Table 3. The measured values are in good
agreement with the certified values. 

Table 3. Results of Cu, Fe, Mn and Zn in DTPA Extract

Concentration (mg/L)

Control sample 1 Control sample 2 

Measured Certified Measured Certified
concentration range concentration range 

Cu 0.23 ± 0.01 0.20–0.24 0.130 ± 0.001 0.11–0.13 

Fe 13.20 ± 0.03 11.90–15.20 2.49 ± 0.01 2.10–2.60 

Mn 3.03 ± 0.02 2.60–3.10 1.410 ± 0.001 1.10–1.40 

Zn 0.330 ± 0.001 0.30–0.36 0.042 ± 0.001 0.03–0.04 

Analysis of Ammonium Acetate Extract for Na, K,
Ca, Mg 
The mean results of the analysis of control soil samples 1 and
2 are listed in Table 4. The measured values are in good
agreement with the certified values.  

Table 4. Results of Ca, K, Mg and Na in Ammonium Acetate Extract 

Concentration (mg/L) 

Control sample 1 Control sample 2 

Measured Certified Measured Certified
concentration range concentration range 

Ca 425 ± 3 430–444 64.7 ± 0.8 67–72 

K 11.7 ± 0.9 11.7–12.9 5.6 ± 0.1 5.4–6.2 

Mg 76.8 ± 1.2 76–83 13.1 ± 0.5 13.4–14.4 

Na 8.0 ± 0.5 7.6–8.3 22.1 ± 0.1 21.6–22.6 

Analysis of Phosphate Extract for Sulfur 
The primary S 181.972 nm line is recommended over the sec-
ondary S 180.669 nm line because of spectral interference
from calcium (Ca 180.672 nm) at the S 180.696 line. However,
with the use of FACT [9], both lines gave similar results. 

FACT is a Fast Automated Curve-fitting Technique that pro-
vides real time spectral correction to solve spectral interfer-
ence by deconvolution. The corrections are done in real time
with no time penalty and can be applied retrospectively.
Figure 1 shows the spectrum of control soil sample 1 at 
S 180.669 nm with FACT. 

Figure 1. Spectrum of control soil sample 1 at S 180.669 nm.
A is the signal trace of the soil sample.
B is the FACT model of the interference (Ca 180.672 nm).
C is the FACT deconvolution of the S analyte at 180.669 nm.



AGILENT TECHNOLOGIES 

Atomic Spectroscopy Solutions 
for Environmental Applications

www.agilent.com/chem

Agilent shall not be liable for errors contained herein or
for incidental or consequential damages in connection
with the furnishing, performance, or use of this material.

Information, descriptions, and specifications in this 
publication are subject to change without notice.

© Agilent Technologies, Inc.
Printed in the USA
November 1, 2010
IO-034

The mean results of the analysis of control soil samples 1 and
2 are listed in Table 5. The measured values are in good 
agreement with the certified values. 

Table 5. Results of S in Soil Extract 

Concentration (mg/L) 

Control sample 1 Control sample 2 

Measured Certified Measured Certified
concentration range concentration range 

S 181.972 2.63 ± 0.05 2.40–3.00 7.58 ± 0.02 6.80–8.00 

S 180.669 
(with FACT) 2.70 ± 0.01 2.40–3.00 7.68 ± 0.01 6.80–8.00 
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Introduction 

As part of the global strategy for sustainable farming, considerable emphasis has
been placed on the need for fast, accurate and precise determination of elements
in agricultural soil. As a result, simultaneous ICP-OES has become a widely used
technique for reporting the health of soils in the agricultural industry.

This work describes the preparation and analysis of certified reference soil materials
using the Agilent 730-ES simultaneous ICP-OES with CCD detection. The Agilent 730-ES
includes a switching valve system that improves the efficiency of sample introduction
and washout, providing greater sample throughput and accuracy.

A microwave-assisted acid digestion, based on recommendations given in US EPA
method 3051A, was used to rapidly extract the elements from the soil samples. This
method is not intended to accomplish total sample decomposition, and sample
matrix compounds such as quartz, silicates, titanium dioxide, alumina and other
oxides are not easily dissolved. For many environmental monitoring purposes, the
concentrations of extractable elements are more important than total concentrations,
as bound elements are not considered mobile in the environment [1]. 
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Preparation of Calibration Solutions 

Calibration solutions were prepared from Inorganic Ventures
Inc. custom-grade multi-element solutions (VAR-CAL-1A,
VAR-CAL-2A and VAR-MAJOR-1A) and from Spex CertiPrep
single element solutions. These solutions contained the 
following elements: 

VAR-CAL-1A (1000 mg/L): Mo, Sb, Sn, and Ti 

VAR-CAL-2A (1000 mg/L): Ag, Al, As, Ba, Be, Cd, Co, Cr, Cu,
Mn, Ni, Pb, Se, Th, Tl, U, V, and Zn 

VAR-MAJOR-1A (5000 ng/L): Ca, Fe, K, Mg, and Na 

Spex CertiPrep single element solutions: 1000 mg/L Al 
1000 mg/L P 
1000 mg/L Sr 
1000 mg/L Ti 

Tables 2 and 3 list the selected elemental wavelengths and
standard concentrations used to calibrate each element.
Sensitivity, linear dynamic range and freedom from spectral
interferences were taken into consideration during 
wavelength selection. 

Table 2. Calibration Standards for the Major and Minor Elements 

Wavelength Std 1 Std2 Std 3 Std 4 Std 5 Std 6
Element (nm) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)

Al 396.125 2 10 20 100 200 500 

Ca 317.933 1 10 20 100 200 500 

Fe 234.350 1 10 20 100 200 500 

Mg 285.213 1 10 20 100 200 - 

K 766.491 1 10 20 100 – – 

P 178.222 1 10 20 – – – 

Na 588.995 1 10 20 – – – 

Ti 336.122 1 10 20 – – – 

Instrumentation 

An Agilent 730-ES (simultaneous ICP-OES with axially viewed
plasma) was used for the analysis. 

The Agilent 730-ES features a custom designed CCD detector,
which provides true simultaneous measurement and full
wavelength coverage from 167 to 785 nm. The patented CCD
detector contains continuous angled arrays that are matched
exactly to the two-dimensional image from the echelle optics.
The thermally stabilized optical system contains no moving
parts, ensuring excellent long-term stability.  

The Agilent 730-ES also includes the productivity-enhancing
Switching Valve System (SVS) that provides more efficient
sample introduction and washout than traditional sample
introduction systems. The SVS consists of a software-con-
trolled, 4-port switching valve that instantaneously rinses the
spray chamber following sample measurement while 
simultaneously presenting the next sample for measurement. 

A Mars % closed vessel, microwave digestion system from
CEM was used to digest the solid samples. 

Solutions were presented to the spectrometer using the
Agilent SPS3, Sample Preparation System. 

Table 1 shows the operating parameters used in this work. 

Table 1. Operating Parameters 

Condition Setting

Power 1.2 kW

Plasma gas flow 15 L/min

Auxiliary gas flow 1.5 L/min

Spray chamber type Glass cyclonic (single-pass)

Torch Standard axial torch

Nebulizer type Seaspray

Nebulizer flow 0.7 L/min

Pump tubing Sample: white-white (1.02 mm ID)
Waste: blue-blue (1.65 mm ID)
Buffer/Reference element: black-black (0.76 mm id)

Pump speed 15 rpm

Total sample usage 1 mL

Replicate read time 3 s

Number of replicates 3

Sample delay time 20 s

Switching valve delay 17 s

Stabilization time 12 s

Rinse time 1 s

Fast pump On

Background correction Fitted
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Table 3. Calibration Standards for the Minor and Trace Elements 

Wavelength Std 1 Std2 Std 3 Std 4 Std 5 Std 6
Element (nm) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L)

Cu 327.395 10 50 250 1000 10 000 100 000 

Pb 220.353 10 50 250 1000 10 000 100 000 

Mn 260.568 10 50 250 1000 10 000 100 000 

Zn 206.200 10 50 250 1000 10 000 100 000 

As  188.980 10 50 250 1000 10 000 – 

Ba 455.403 10 50 250 1000 10 000 – 

Cr 267.716 10 50 250 1000 10 000 – 

Sr  407.771 20 50 250 1000 10 000 – 

Ni  231.604 10 50 250 1000 – – 

V 292.401 10 50 250 1000 – – 

Cd  226.502 10 50 250 – – – 

The calibration standard and blank solutions were prepared in
> 18MW/cm3 deionized water supplied from a Millipore
system and stabilized with 5% v/v HNO3 (Merck Tracepur). 

A solution containing 2 mg/L yttrium and 1% w/v CsNO3 in
5% v/v Tracepur HNO3 was introduced to the sample online
via the third channel of the peristaltic pump. Yttrium was used
for reference element (internal standard) correction and
cesium was used as an ionization buffer to eliminate ioniza-
tion affects that potentially exist with such matrix types [2-3]. 

Sample Preparation 

A closed-vessel microwave-assisted acid digestion was used
to extract the major, minor and trace elements from the soil
samples following USEPA method 3051A guidelines. This
method is designed to mimic extraction using conventional
heating with nitric acid (HNO3) and hydrochloric acid (HCl)
and does not accomplish total decomposition of the sample.
Therefore, the extracted analyte concentrations may not
reflect the total content in the sample [4]. Certified reference
materials NIST SRM 2710 Montana Soil and NIST SRM 2709
San Joaquin Soil were used to validate the method. 

The soil samples were prepared by accurately weighing 0.25 g
of sample into the microwave digestion vessels and adding 
9 mL of 10M HNO3 (Merck Tracepur) and 3 mL of 10 M HCl
(AnalaR). Following digestion, the solutions were cooled,
then centrifuged for 30 minutes and transferred to 25.00 mL
volumetric flasks. Each solution was diluted to volume with
>18MW/cm3 deionized water. Duplicate digestions were
carried out. 

Table 4 shows the settings used for the temperature dependent,
microwave assisted digestion.

Table 4. Settings Required for Microwave Digestion 

Max. % Ramp Pressure Temp. Hold 
Stage power power (min) (PSI) (°C) (min)

1 600W 100 5:00 350 120 0:00 

2 600 W 100 5:30 350 175 4:30 

Stage 1 was added as a reflux step to remove particulate
matter that adhered to the walls of the microwave vessel
during sample addition. 

The moisture content of each reference material was deter-
mined as the certified values are based on dry weights. The
samples were oven dried at 110 °C for 2 hours then cooled in
a desiccator for 4 hours. The data were adjusted accordingly. 

Table 5. Moisture Content 

Measured moisture  Quoted moisture
content content range 

Montana soil (NIST SRM 2710) 2.3% 1.7%–2.3% 

San Joaquin soil (NIST SRM 2709) 2.4% 1.8%– 2.5% 

Results and Discussion 

The measured concentrations of major, minor and trace ele-
ments in the respective soil reference materials are reported
in Tables 6–10. Analyses were performed in triplicate and the
error reported for each result represents the largest variation
from the mean value. 
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Table 6. Extractable Major Elements in Soil 

Al (Wt%) Ca (Wt%) Fe (Wt%) Mg (Wt%)

NIST SRM 2710 Montana soil Reference data
Certified median 1.8 0.41 2.7 0.57 
Certified range 1.2–2.6 0.38–0.48 2.2–3.2 0.43–0.60 

Sample data 
Digestion 1 2.07 ± 0.01 0.376 ± 0.003 2.50 ± 0.03 0.510 ± 0.016 
Recovery 115 92 93 89 

Duplicate data 
Digestion 2 2.05 ± 0.004 0.377 ± 0.001 2.50 ± 0.001 0.508 ± 0.005 
Recovery 114 92 93 89 

NIST SRM 2709 San Joaquin soil Reference data 
Certified median  2.6 1.5 3.0 1.4 
Certified range 2.0–3.1 1.4–1.7 2.5–3.3 1.2–1.5 

Sample data
Digestion 1 2.00 ± 0.01 1.38 ± 0.01 2.63 ± 0.01 1.15 ± 0.01 
Recovery 77 92 88 82 

Duplicate data 
Digestion 2 2.54 ± 0.02 1.38 ± 0.01 2.74 ± 0.01 1.21 ± 0.02 
Recovery 98 92 91 86 

Table 7. Extractable Major and Minor Elements in Soil  

K (Wt%) P (Wt%) Na (Wt%) Ti (Wt%)

NIST SRM 2710 Montana soil Reference data
Certified median 0.45 0.11 0.054 0.10
Certified range 0.37–0.50 0.106–0.11 0.049–0.062 0.092–0.11

Sample data
Digestion 1 0.497 ± 0.003 0.0677 ± 0.0008 0.0613 ± 0.0003 0.122 ± 0.001
Recovery 110 62 114 122

Duplicate data
Digestion 2 0.492 ± 0.001 0.0681 ± 0.0001 0.0612 ± 0.0002 0.120 ± 0.0003
Recovery 109 62 113 120

NIST SRM 2709 San Joaquin soil Reference data
Certified median 0.32 0.07 0.068 0.038
Certified range 0.26–0.37 0.05–0.07 0.063–0.11 0.03–0.04

Sample data
Digestion 1 0.347 ± 0.001 0.0442 ± 0.0003 0.0636 ± 0.0005 0.0234 ± 0.0001
Recovery 108 63 94 62

Duplicate data
Digestion 2 0.408 ± 0.004 0.0444 ± 0.0004 0.0684 ± 0.0003 0.0545 ± 0.0006
Recovery 127 63 101 143
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Table 8. Extractable Major and Minor Elements in Soil 

Zn (mg/kg) Mn (mg/kg) Cu (mg/kg) Ba (mg/kg) Sr (mg/kg)

NIST SRM 2710 Montana soil Reference data

Certified median 5900 7700 2700 360 100

Certified range 5200–6900 6200–9000 2400–3400 300–400 94–110

Sample data

Digestion 1 5815 ± 46 7054 ± 86 2426 ± 20 307 ± 4 90.9 ± 1.1

Recovery 99 92 90 85 91

Duplicate data

Digestion 2 5897 ± 18 7064 ± 10 2436 ± 5 306 ± 1 90.6 ± 0.2

Recovery 100 92 90 85 91

NIST SRM 2709 San Joaquin soil Reference data

Certified median 100 470 32 398 101

Certified range 87–120 360–600 26–40 392–400 100–112

Sample data

Digestion 1 87.2 ± 0.3 483 ± 3 29.2 ± 0.3 367 ± 1 88.7 ± 0.5

Recovery 87 103 91 92 88

Duplicate data

Digestion 2 84.2 ± 0.6 485 ± 6 29.3 ± 0.1 377 ± 3 91.4 ± 0.3

Recovery 84 103 92 95 90

Table 9. Extractable Major, Minor and Trace Elements in Soil

Pb (mg/kg) As (mg/kg) Cr (mg/kg) Ni (mg/kg) Co (mg/kg)

NIST SRM 2710 Montana soil Reference data
Certified median 5100 590 19 10.1 8.2
Certified range 4300–7000 490–600 15–23 8.8–15 6.3–12

Sample data
Digestion 1 4433 ± 22 514 ± 4 19.3 ± 0.1 10.4 ± 0.1 8.90 ± 0.06
Recovery 87 87 102 103 109

Duplicate data
Digestion 2 4484 ± 29 518 ± 1 19.2 ± 0.1 10.3 ± 0.2 8.99 ± 0.05
Recovery 88 88 101 102 110

NIST SRM 2709 San Joaquin soil Reference data
Certified Median median 13 < 20 79 78 12
Certified Rangerange 12–18 – 60–115 65–90 10–15

Sample data
Digestion 1 10.7 ± 0.1 15.3 ± 0.1 61.8 ± 0.2 67.7 ± 0.6 11.1 ± 0.1
Recovery 82 – 78 87 93

Duplicate data
Digestion 2 11.0 ± 0.5 15.2 ± 0.6 72.5 ± 0.2 68.2 ± 0.3 11.5 ± 0.1
Recovery 85 – 92 87 96
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Although a small amount of undissolved material was
observed following microwave digestion, the overall mea-
sured concentrations of extractable major, minor and trace
elements in the soil samples were in good agreement with
the certified leach data. 

The major and minor elements Al, Fe, Mg, Na and K were
within 15% of the respective certified median values and
within the certified range for Montana soil (NIST SRM 2710).
The same can be said for San Joaquin soil (NIST SRM 2709)
although variation between the original (digestion 1) and
duplicate values (digestion 2) were found to be greater with
the measured value for magnesium in the original sample and
potassium in the duplicate falling just outside the certified
range. Good recovery was also achieved for calcium at 92%
for both soil samples and duplicates, although the measured
concentrations fell just outside the lower end of the certified
range. With a measured recovery of 62–63% in both soil
sample types, phosphorus did not appear to undergo com-
plete extraction, although the reproducibility of the extraction
for P was excellent. On the other hand, titanium produced
mixed results suggesting incomplete extraction and in
homogeneity. 

The majority of the remaining extractable major, minor and
trace elements (Zn, Mn, Cu, Ba, Sr, Pb, As, Cr, Ni, Cd, Co, Mo
and V) fell within the certified range. Those that did not fall
within the certified ranges were within 16% of the certified
median value. 

Conclusion 

Two certified reference soil materials, containing variable
levels of major, minor and trace elements were digested fol-
lowing US EPA Method 3051A and analysed on the Agilent
730-ES Simultaneous ICP-OES. Agreement between the 
measured and certified values was generally very good. 

The switching valve, fast rinse accessory was also used
allowing more efficient introduction and washout of the
sample from the sample introduction system. The determina-
tion of 21 elements in a sample took less than 65 seconds
and required approximately 1 mL of solution, making the
Agilent 730-ES an excellent analytical tool for fast and 
efficient analysis of soils. 

Table 10. Extractable Major, Minor and Ttrace Elements in Soil

Cd (mg/kg) Mo (mg/kg) V (mg/kg)

NIST SRM 2710 Montana soil Reference data
Certified median 20 20 43
Certified range 13–26 13–27 37–50

Sample data
Digestion 1 16.4 ± 0.1 14.94 ± 0.1 48.74 ± 0.5
Recovery 82 75 113

Duplicate data
Digestion 2 16.64 ± 0.1 14.4 ± 0.3 48.64 ± 0.1
Recovery 83 75 113

NIST SRM 2709 San Joaquin soil Reference data
Certified Median median < 1 < 2 62
Certified Rangerange – – 51–70

Sample data
Digestion 1 < 0.2 1.514 ± 0.03 60.04 ± 0.2
Recovery – – 97

Duplicate data
Digestion 2 < 0.4 1.494 ± 0.05 74.24 ± 0.2
Recovery – – 120

Note: < value indicates an undetected element with the < value expressed as 10 times the standard deviation of background emission.
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Introduction

The elemental profile of river sediments provides valuable insight into the 
health of a river, as well as the wider environment. Some elements that are 
essential for the ecology of the river at trace levels e.g. manganese, copper 
and zinc, can be toxic at high concentrations.  

Traditionally, the concentration of elements in river sediments is determined 
via Flame Atomic Absorption Spectroscopy (FAAS). This technique has the 
drawback of requiring expensive and hazardous gases such as acetylene 
and nitrous oxide and also requires element-specific sample preparation that 
adds time and cost to the analysis.

The novel Agilent 4200 Microwave Plasma-Atomic Emission Spectrometer 
(MP-AES) is the ideal alternative for laboratories looking to transition 
away from FAAS to a higher performance, lower cost and safer technique. 
MP-AES is a fast sequential, multielement analytical technique that uses a 
microwave-induced nitrogen-based plasma for sample excitation. The use 
of nitrogen eliminates the need for acetylene and nitrous oxide, which can 

Elemental analysis of river sediment 
using the Agilent 4200 MP-AES 
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be generated from surrounding air, using a nitrogen 
generator. This makes it safer and allows unattended 
operation of the instrument, even for overnight runs.

This application demonstrates a simple, fast, low cost, 
and safe method to analyze major and minor elements 
in river sediment, with no compromise in data quality 
or ease of use. It describes a simple one step dilution 
sample preparation procedure and an analytical method 
that was used to analyze major elements, Ca, K, Mg, 
Na and Al, and minor elements, Fe, Zn, Cu, and Mn, in a 
river sediment certified reference material (CRM) using 
the Agilent 4200 MP-AES.

Experimental

Instrumentation
All measurements were performed using an Agilent 
4200 MP-AES fitted with a OneNeb nebulizer, double-
pass glass cyclonic spray chamber and easy-fit torch. 
Nitrogen was supplied from a Dewar, but could also 
have been obtained via the Agilent 4107 Nitrogen 
Generator (with air supplied from an air compressor). An 
Agilent SPS 4 autosampler was used to deliver samples 
to the instrument, allowing the system to be operated 
unattended. Method parameters are given in Table 1. 

Table 1. MP-AES method parameters

Instrument Parameter Setting
Nebulizer OneNeb
Nebulizer flow rate Optimized
Spay chamber Double pass glass cyclonic
Pump rate (rpm) 15 
Sample pump tubing Orange/green
Waste pump tubing Blue/blue
Autosampler Agilent SPS 4
Read time (s) 3 ; 2 for Na and K
Number of replicates 3
Fast pump during uptake On
Sample uptake delay (s) 55
Rinse time (s) 45 
Stabilization time (s) 10
Background correction Auto
Gas source Dewar nitrogen

Sample and sample preparation 
River Sediment Solution B CRM (CRM-RS-B) purchased 
from High Purity Standards (Charleston, SC, USA) was 
used to validate the method. The CRM was prepared for 
analysis by diluting 1:10 with 2% HNO3.

Calibration standards 
Single element Reference Materials (Agilent 
Technologies) were used to prepare a set of 
multielement calibration standards. The Blank and 
standards were prepared in 2% HNO3. No ionization 
buffers were required. 

Wavelength selection and calibration range 
Details of wavelength selection and nebulizer flow rate 
are given in Table 2. The Agilent 4200 MP-AES features 
continuous wavelength coverage and the MP Expert 
software includes an extensive wavelength database 
that allows the selection of wavelengths suited to 
the concentration range required for the analysis. 
All wavelengths were selected to provide the widest 
dynamic range while minimizing spectral interferences. 
For example, the less sensitive Mg 383.829 nm line 
was selected over the more sensitive Mg 285 nm line 
because it has a large linear dynamic range, meets the 
detection limit requirements of the application, and is 
free from spectral interferences. 

Table 2. Selected wavelength and nebulizer flow for each element being 
determined

Element Wavelength (nm) Nebulizer Flow  
(L/min)

Zn 213.857 0.45
Fe 373.486 0.5
Ca 422.673 0.6
Cu 324.754 0.7
Mg 383.829 0.9
K 766.491 0.75

Mn 403.076 0.9
Al 394.401 0.95
Na 588.995 0.95



AGILENT TECHNOLOGIES 

Atomic Spectroscopy Solutions 
for Environmental Applications

3

Results and discussion

Calibration
Each element was calibrated using a four point 
calibration. All calibration curves were linear, with a 
correlation coefficient greater than 0.999, and less 
than 10% calibration error on each calibration point. 
The calibration curve for Mg 383.829 nm (Figure 1) is a 
typical example, showing excellent linearity across the 
calibration range. 

Table 3 summarizes the calibration standard 
concentration range and correlation coefficients for all 
9 elements. Due to the wide working range of MP-AES, 
only one dilution of the sample was required to measure 
all of the elements of interest. Reducing the number of 
sample dilution steps improved productivity and reduced 
the risk of sample contamination and dilution errors. 
The wide dynamic range of MP-AES eliminates the need 
for the strategies commonly used on FAAS to determine 
elements present at high concentration, such as burner 
rotation or measuring elements in emission mode.

Table 3. Typical MP-AES calibration range

Element/ Wavelength 
(nm)

Std Conc. Range, 
mg/L

Linear Correlation 
Coefficient r

Ca 422.673 0-25 0.99992
Mg 383.829 0-25 0.99999
Na 588.995 0-20 0.99966
K 766.491 0-25 0.99991
Zn 213.857 0-10 0.99996
Fe 373.486 0-50 0.99998
Al 394.401 0-100 0.99994
Cu 324.754 0-5 1.00000
Mn 403.076 0-10 1.99991

Figure 1. Calibration curve for Mg 383.829 nm

Sample analysis
The river sediment CRM-RS-B was measured three 
times using two separate MP-AES instruments. The 
mean concentration, standard deviation (SD), and 
recovery was calculated for each analyte, as shown 
in Table 4. All elements were determined in one 
sample measurement. The precision between the two 
instruments was excellent, as indicated by the low 
SD. The mean of the measured results was in good 
agreement with CRM values (99-107%). 

The results demonstrate the ability of the 4200 MP-AES 
to measure low concentrations (Cu, Zn and Mn), 
in the presence of major elements (Fe, Ca, Mg, K, 
Al) and achieve excellent recoveries across a wide 
concentration range. 
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Table 4. MP-AES recovery of certified elements in river sediment CRM

Element/  
Wavelength  
(nm)

Measured conc. in 
solution-Instrument 1 

(mg/L)

Measured conc. in 
solution-Instrument 2 

(mg/L)

Mean  
(mg/L)

SD Certified conc. 
(mg/L)

Recovery in  
solution  

(%)

Zn 213.857 4.94 5.12 5.03 0.124 5.0 100.7
Fe 373.486 429.6 406.7 418.2 16.2 400.0 104.5
Ca 422.673 305.6 302.4 304 2.28 300.0 101.0
Cu 324.754 1.06 1.08 1.07 0.020 1.00 107.0
Mg 383.829 125.1 121.9 123.5 2.25 120.0 102.9
K 766.491 204.0 204.8 204.4 0.51 200.0 102.2
Mn 403.076 6.08 6 6.04 0.055 6.0 100.7
Al 394.401 597.1 592.1 594.6 3.54 600.0 99.1
Na 588.995 53.2 53.3 53.3 0.015 50.0 106.5

Method Detection Limits
Three sigma Method Detection Limits (MDLs) were 
calculated from ten replicate measurements of the blank 
using a 3 second integration time. These MDLs were 
acquired using a set of conditions suitable for routine 
sample analysis rather than highly optimized conditions. 
Therefore, they are not the best possible detection 
limits but are more than sufficient for the method 
requirements. 

The MDLs were measured three times on two separate 
instruments. The results shown in Table 5 are the 
average of the six measurements.

Table 5. Method Detection Limits in ppb (µg/L). 

Element Wavelength  
(nm)

Average MDL  
(µg/L), n=6

Zn 213.857 4.44
Fe 373.486 5.39
Ca 422.673 0.310
Cu 324.754 1.21
Mg 383.829 1.91
K 766.491 2.35

Mn 403.076 0.305
Al 394.401 0.452
Na 588.995 3.28

Long term stability
The river sediment CRM was analyzed every 10 samples 
over 12 hours of continuous measurement, as shown 
in Figure 2. Excellent stability was achieved over this 
long term measurement. Average recoveries for most 
elements were within ± 5%, and all elements in the 
method were within ± 10% of the certified value. The 
long term measurement precision over the full 12 hours 
was less than 2% RSD (Table 6), demonstrating the 
suitability of the 4200 MP-AES for routine measurement 
of metals in river sediment samples. 

Figure 2. Long-term stability plot. <2.0% RSD over 12 hours analysis of river 
sediment sample
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Table 6. Long-term precision and average recovery over 12 hours of 
continuous measurement of the river sediment CRM

Element/ Wavelength 
(nm)

%RSD Average Recovery (%)

Zn 213.857 0.9 96.4
Fe 373.486 1.8 96.8
Ca 422.673 1.5 93.3
Cu 324.754 1.8 95.2
K 766.491 1.2 93.3
Mg 383.829 0.8 102.4
Mn 403.076 1.3 103.1
Al 394.401 1.6 99.6
Na 588.995 1.5 107.3

Potential cost savings with the 4200 MP-AES
The example given in Figure 3 allows comparison of 
the running costs and potential savings of the MP-AES 
compared to operating a FAAS. 

Figure 3. Potential cost savings with MP-AES compared to FAAS over time*

The lower operating costs of the MP-AES, compared to 
FAAS could deliver savings of close to USD500k over a 
7-year evaluation period, as indicated in Figure 3. The 
cost-comparison was based on the following criteria:

• An FAAS fitted with an air compressor and 1 year of 
consumables, including acetylene gas

• An MP-AES fitted with an air compressor, SPS 4 
autosampler and 1 year of consumables

• Nine elements measured under method conditions, 
all with air/acetylene flame.

• Based on the analysis of 300 samples per week

Conclusions

The Agilent 4200 MP-AES is suited to the analysis 
of major and trace elements in river sediments, as 
demonstrated in this study. The instrument’s wide 
dynamic range ensured that only one dilution of the 
samples was required to measure the complete set 
of elements, increasing laboratory productivity and 
reducing the risk of errors. Excellent recoveries of the 
certified standard material were achieved, with good 
precision across two separate instruments.  

The robust plasma and sample introduction system 
consisting of the OneNeb nebulizer and mass flow 
controlled nebulizer gas flow ensured excellent stability 
over 12 hours period—without the need to recalibrate.  
Automated wavelength selection reduced all potential 
chemical and ionization interferences, greatly 
simplifying method development. 

MP-AES is an ideal replacement technique for FAAS for 
those labs looking to boost their productivity and realize 
significant cost benefits.

*This example is intended to help you compare the running costs and savings 
of the MP-AES vs. flame AA. The applied formulas and parameters are  
correct to the best of our knowledge, but we cannot guarantee the results. 
Savings may vary depending on factors such as local gas and electricity 
costs, operator costs, number and types of elements.  
For this calculation, operator labor costs were set to USD 25 per hour and 
electricity costs were set to USD 0.2 per kW.
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Introduction

Managing the treatment and disposal of domestic sludge is an important 
activity and one that is highly regulated in many countries. After treatment, 
the effluent may be discharged leaving a mixture of water, organic solids 
and chemicals, nutrients, heavy metals, and inorganic ions. This sludge can 
be further treated and the resulting biosolids can then be applied to the 
land as a fertilizer, sent to landfill or incinerated. It is vital that the sludge 
or biosolids are tested and conform to regulatory levels in order to protect 
public health and the environment. 

The United States federal biosolids rule is contained in 40 CFR Part 503. The 
European Union Sludge Directive 86/278/EEC is expected to be revised as 
several Member States have enacted and implemented stricter limit values 
for heavy metals and set requirements for other contaminants. 

In this work, an Agilent 4200 MP-AES was used to determine major and 
minor elements in domestic sludge, following microwave digestion. 

Analysis of domestic sludge using the 
Agilent 4200 MP-AES 

Application note
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MP-AES is a fast sequential, multielement analytical 
technique that uses a microwave-induced nitrogen-
based plasma for sample excitation. Without needing 
expensive and hazardous gases such as acetylene, 
MP-AES increases lab safety and allows unattended 
operation, even for overnight runs. Sample throughput 
can be further enhanced with the use of the high 
capacity autosampler, the Agilent SPS 4. 

The 4200 MP-AES with MP Expert software uses a high 
number of automated parameters including pre-set 
methods, auto optimization, suggested wavelengths, 
and background correction. It has a simple yet 
powerful user interface and a reliable torch loader that 
automatically aligns the torch and connects gases for 
fast start up and reproducible performance.

This application note describes the sample preparation 
procedure and analytical method used to analyze 
Zn, Mn, Cr, Ca, Fe, Cu and Mg in a domestic sludge 
standard reference material (SRM) using the Agilent 
4200 MP-AES.

Experimental

Instrumentation
All measurements were performed using an 
Agilent 4200 MP-AES fitted with a OneNeb nebulizer, 
double-pass glass cyclonic spray chamber and easy-
fit torch. Nitrogen can be supplied from bottled gas, 
Dewar or via the Agilent 4107 Nitrogen Generator 
(with air supplied from an air compressor). For this 
application, Dewar nitrogen was used. An Agilent 
SPS 4 autosampler was used to deliver samples to 
the instrument, allowing the system to be operated 
unattended. Method parameters are given in Table 1. 

Table 1. MP-AES method parameters

Instrument Parameter Setting
Nebulizer OneNeb
Nebulizer flow rate Optimized
Spay chamber Double-pass cyclonic glass
Pump rate 15 rpm
Sample pump tubing Orange/green
Waste pump tubing Blue/blue
Read time (s) 3 
Number of replicates 3
Fast pump during uptake On
Sample uptake delay (s) 50 
Rinse time (s) 45 
Stabilization time (s) 10 
Background correction Auto
Gas source Dewar nitrogen

Sample and sample preparation 
Domestic Sludge SRM (SRM®- 2781, NIST, Gaithersburg, 
MD, US) was used to validate the accuracy of the 
method. Approximately 0.5 g of the SRM sample was 
accurately weighed into a microwave vessel followed by 
the addition of 6 mL HNO3 and 2 mL H2O2. Acid digestion 
was performed in an UltraWAVE Single Reaction 
Chamber Microwave Digester. Heating conditions are 
given in Table 2. After cooling, the digested solution 
was transferred quantitatively to a volumetric flask and 
brought to a 50 mL volume with 18.2 MΩ deionized 
water. The final acid concentration was 12% HNO3. 

Table 2: Parameters used for microwave digestion

Parameter Setting 
Ramp (min) 10
Temp (°C) 150
Hold (min) 5
Ramp (min) 10
Temp (°C) 230
Hold (min) 10
Total (min) 30
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Calibration standards 
Single element stock solutions (Agilent Technologies) 
were used to prepare the multi-element calibration 
standards. One set of multi-element standards was used 
for the calibration. All working standards were prepared 
in 12% HNO3 and HCl. No modifier or ionization buffers 
were required. 

Wavelength selection and calibration range 
Details of wavelength selection and nebulizer flow 
rate are given in Table 3. MP-AES features continuous 
wavelength coverage and the MP Expert software 
includes an extensive wavelength database that allows 
the selection of wavelengths suited to the concentration 
range required for the analysis. For example, in this 
application, the less sensitive Mg 383.829 nm line 
was selected over the more sensitive Mg 285 nm 
line because it has a large dynamic range, meets the 
detection limit requirements of the application, and is 
free from spectral interferences.

Table 3. Element, wavelength and nebulizer flow

Element Wavelength (nm) Nebulizer Flow (L/min)
Zn 213.857 0.45
Mn 403.449 0.9
Cr 425.433 0.9
Ca 445.478 0.5
Fe 373.486 0.5
Cu 324.754 0.7
Mg 383.829 0.9

Results and discussion

Calibration
In addition to minimizing spectral interferences, all 
wavelengths were selected to provide the widest 
dynamic range. Each element was calibrated using a 
three point calibration. All calibration curves were linear, 
except for Ca 455.478 nm, which was rational fit. The 
curves had a correlation factor greater than 0.999 and 
less than 10% calibration error on each calibration point. 
The calibration curve for Mg 383.829 nm (Figure 1) is a 
typical example, showing excellent linearity across the 
calibration range. 

Figure 1. Calibration curve for Mg 383.829 nm.

Table 4 summarizes the calibration standard 
concentration range and correlation coefficients for all 7 
elements. As the working range of MP-AES far exceeds 
that of FAAS, further dilution of the sample digest 
was not required to measure all of the elements of 
interest. Reducing the number of sample dilution steps 
improves productivity and reduces the risk of sample 
contamination.

Table 4. Calibration standard concentration range and correlation coefficients

Element / Wavelength 
(nm)

Standard Conc. Range 
(mg/L)

Linear Correlation 
Coefficient - r

Zn 213.857 0-10 0.99987
Mn 403.449 0-10 0.99994
Cr 425.433 0-10 0.99964
Ca 445.478 0-250 0.99999
Fe 373.486 0-250 0.99988
Cu 324.754 0-100 0.99998
Mg 383.829 0-100 1.00000

Sample analysis
Recoveries of the domestic sludge SRM are based on 
the average of 3 replicate digestions over separate 
analyses. The mean concentration, standard deviation 
(SD), and recovery was calculated for each analyte, 
as shown in Table 5. The results obtained with the 
method were in good agreement with the SRM values 
(96–103%), verifying the method. 
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Table 5. MP-AES recovery of elements in NIST 2781 domestic sludge SRM. 
Results are compared to the reference leach values.

Element/ 
Wavelength 
(nm)

Measured 
conc in sample 

(mg/L)

SD Leachable 
mass fraction 

(mg/kg)

Recovery in 
sample  

(%)
Zn 213.857 1132.8 94.6 1120 101.1
Mn 403.449 768.3 21.7 745 103.1
Cr 425.433 142.9 3.68 143 99.9
Ca 445.478 35145.3 716.5 36440 96.4
Fe 373.486 25108.0 232.6 24300 103.3
Cu 324.754 599.1 15.3 601 99.7
Mg 383.829 4842.0 252.6 4850 99.8

Method Detection Limits
Method Detection Limits (MDL) were determined using 
three sigma of ten replicate measurements of the matrix 
blank solution, then multiplying by the dilution factor to 
calculate the MDL in the original sample. These MDLs 
were acquired using a method conditions suitable for 
routine sample analysis rather than highly optimized 
conditions. Consequently, they are not best-possible 
detection limits but are more than sufficient for the 
method requirements. The results are shown in Table 6.

Table 6. Method Detection Limits in the original sample (mg/kg).

Element Wavelength (nm) MDL  (mg/kg)
Zn 213.857 0.25
Mn 403.449 0.03
Cr 425.433 0.03
Ca 445.478 1.03
Fe 373.486 0.88
Cu 324.754 0.43
Mg 383.829 0.20

Long term stability
The domestic sludge SRM was analyzed every 10 
samples over 12 hours of continuous measurement. 
Excellent stability was achieved over this period 
as shown in Figure 2. Average recoveries for 
most elements were within ± 2%. The long term 
measurement precision over the full 12 hours was less 
than 2% RSD (Table 7), demonstrating the suitability of 
the 4200 MP-AES for routine measurement of metals in 
domestic sludge samples. 

Figure 2. Long-term stability plot. <2.0% RSD over 12 hours analysis of 
domestic sludge SRM.

Table 7. Long-term precision and average recovery over 12 hours continuous 
measurement of the domestic sludge SRM.

Element/ Wavelength 
(nm)

%RSD Average Recovery (%)

Zn 213.857 0.8 99.2
Mn 403.449 2.0 98.0
Cr 425.433 1.9 98.4
Ca 445.478 1.4 98.5
Fe 373.486 1.7 98.9
Cu 324.754 1.1 98.4
Mg 383.829 1.1 99.0

Potential cost savings with the 4200 MP-AES
The example given in Figure 3 is intended to 
demonstrate the reduction in running costs and thus 
potential savings of the MP-AES, compared to operating 
a flame atomic absorption spectrometer.

Figure 3. Potential cost savings with MP-AES compared to FAAS over time*

*This example is intended to help you compare the running costs and savings 
of the MP-AES vs. flame AA. The applied formulas and parameters are  cor-
rect to the best of our knowledge, but we cannot guarantee the results. Sav-
ings may vary depending on factors such as local gas and electricity costs, 
operator costs, number and types of elements.  
For this calculation, operator labor costs were set to USD 25 per hour and 
electricity costs were set to USD 0.2 per kW.
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Operating an MP-AES in place of a FAAS over a 7-year 
evaluation period could lead to savings of more than 
USD300K as shown in Figure 3. The cost-comparison 
was based on the following criteria:

• An FAAS fitted with an air compressor, autosampler, 
and 1 year of consumables,

• An MP-AES fitted with an air compressor, SPS 4 
autosampler and 1 year of consumables

• Seven elements measured under method conditions

• Based on the analysis of 300 samples per week

Conclusions

The Agilent 4200 MP-AES is ideally suited to the 
analysis of major and trace elements in domestic 
sludge following a simple microwave digestion sample 
preparation procedure. Excellent recoveries of the 
standard reference material were achieved, with good 
precision. Instrument robustness was demonstrated 
with exceptional stability over 12 hours—without the 
need to recalibrate. 

The 4200 MP-AES offers multiple benefits over FAAS 
including:

• Higher performance with fast sequential operation, 
lower detection limits and wider dynamic range, 
meaning higher sample throughput and fewer 
manual dilutions.

• Improved safety and reduced running costs with the 
use of nitrogen to generate the plasma.

• Simplified workflow with no need to change and 
optimize lamps, and no need for complicated 
element specific sample preparation with addition 
of modifiers or buffers. 

In addition to analytical performance advantages, 
MP-AES is considerably more cost-effective over the 
long term than FAAS - an important consideration 
for any lab looking to invest in new or replacement 
instrumentation. 
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Introduction

Accurate elemental analysis of soils is extremely important for numerous 
reasons. Lead and cadmium are known for their adverse health and 
environmental effects. Phosphorus, copper, iron, magnesium are considered 
important macro and micro nutrients for plants and thus, these elements 
are of interest for agricultural science, crop selection and soil remediation 
studies. Titanium minerals in soil are also used as weathering indicators [1]. 

Laboratories that analyze soil and rock samples must use hydrofluoric acid 
(HF) during sample preparation to ensure complete dissolution, especially 
where silicate based minerals may be present. Standard glass sample 
introduction systems are not suitable for the introduction of HF digests 
unless the samples are neutralized prior to analysis as the free HF attacks 
and degrades the glass and quartz components.  

Unfortunately, the HF neutralization step reduces laboratory efficiency and 
introduces a potential source of contamination. Therefore, laboratories that 
routinely analyze samples prepared using HF digests prefer to work with 

Direct determination of Cu, Fe, Mn, P, Pb 
and Ti in HF acid-digested soils using 
the Agilent 4200 Microwave Plasma-
Atomic Emission Spectrometer  
Application note
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inert sample introduction components allowing HF 
digests to be run without the neutralization step.

Agilent has developed an inert torch for the 
4200 MP‑AES to facilitate the analysis of HF digests 
without prior neutralization (Figure 1). The inert MP‑AES 
torch features an inert alumina injector. When used in 
conjunction with the inert double‑pass spray chamber 
and an inert nebulizer, such as the OneNeb nebulizer, it 
provides a complete inert sample introduction system 
for use with HF digests. This expands the application 
range of the Agilent 4200 MP‑AES to include the 
analysis of challenging geochemical samples.

In this study, the concentrations of Cu, Fe, Mn, P, Pb 
and Ti in a range of soil‑based Standard Reference 
Materials (SRMs) digested using aqua regia and HF 
have been determined using the 4200 MP‑AES and an 
inert sample introduction system, including the inert 
MP‑AES torch (shown in Figure 1).

Figure 1. The inert MP‑AES torch

Experimental

Instrumentation
The 4200 MP‑AES is a fast sequential emission 
based multi‑element analytical technique that uses a 
microwave‑induced nitrogen‑based plasma for sample 
excitation. This eliminates expensive and hazardous 
gases such as acetylene, increasing safety, and allowing 
unattended operation of the instrument, even in remote 
locations. Nitrogen can be supplied from bottled gas, 
Dewar or via the Agilent 4107 Nitrogen Generator 

(with air supplied from an air compressor). For this 
application, Dewar nitrogen was used to run the MP‑
AES.

The sample introduction system used for the analysis 
of HF‑digested soil samples featured inert components 
including an inert double pass spray chamber, the inert 
MP‑AES torch and the inert OneNeb nebulizer. 

The instrument was controlled by the powerful and 
easy‑to‑use MP Expert software. The MP‑AES features 
continuous wavelength coverage and MP Expert 
features an extensive wavelength database that allows 
the selection of wavelengths that are appropriate for the 
concentration range required for the analysis and which 
are relatively free of interferences.

Table 1. Agilent 4200 MP‑AES operating conditions

Parameter Setting/setup
Torch Inert torch with alumina injector 
Nebulizer OneNeb inert nebulizer
Nebulizer flow

0.4 L/min for P
0.6 L/min for Fe, Ti, Cu and Y
0.9 L/min for Mn and Pb

Spray chamber Inert double‑pass spray chamber
Sample tubing Solvaflex pump tubing with orange‑green tabs
Internal Std tubing Solvaflex pump tubing with orange‑green tabs
Waste tubing Solvaflex pump tubing with blue‑blue tabs
Pump speed 10 rpm
Number of replicates 3
Read time 5 s for Pb 

3 s for P
 1 s for all others
Stabilization time 10 s
Uptake time 45 s (fast pump)
Rinse time 120 s (fast pump)

Standard Reference Materials
Three soil‑based SRMs from the National Institute 
of Standard and Technology (NIST) were analyzed to 
validate the method used in this study (refer to Table 2)
All were sourced from Graham B. Jackson (Aust) Pty Ltd 
and were used on an as‑received basis.
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Table 2. Soil‑based standard reference materials and their certified concentrations, as used in this study.

Certified concentration in mg/kg
Reference Material Cu Fe Mn P Pb Ti
NIST SRM 2710a Montana I Soil 3420 43200 2140 1050 5520 3110
NIST SRM 2711a Montana II Soil 140 28200 675 842 1400 3170
NIST SRM 2709a San Joaquin Soil 33.9* 33600 529 688 17.3 3360

* reference value

Preparation of calibration standards and samples
Sample preparation included a HNO3–HCl‑HF digestion 
with a nominal sample weight of 0.5 g. The weighed 
sample was placed into an inert (PTFE) reaction vessel. 
In order to ensure a homogeneous reaction with the 
acid mix, 2 mL of de‑ionized water was first added to 
moisten the sample. Subsequently, 2 mL of nitric acid 
69% (Merck), 6 mL hydrochloric acid 37% (Merck) and 
2 mL hydrofluoric acid 48% (Merck) was added. The 
samples were digested using the Milestone UltraWave 
microwave digestion system. The Single Reaction 
Chamber of the microwave digestion system was 
pressurized using a nitrogen gas pressure of 40 bar. 
The samples were made up to a volume of 40 mL using 
18 MΩ de‑ionized water. Samples were prepared in 
triplicate. 

The temperature program used for the microwave 
digestion process is shown in Table 3. 

Table 3. Parameters for microwave digestion (where t is the time and T1 and 
T2 are the initial and final vessel temperatures)

Step t (min) T1 (°C) T2 (°C) 
1 10 Ambient 150
2 5 150 150
3 10 150 230
4 10 230 230

Calibration standards were prepared from Agilent 
aqueous single element certified reference materials. 
Multi‑element calibration standards were prepared 
by diluting the single element stock solutions using 
an aqueous solution of 20% aqua regia and 5% HF in 
18 MΩ de‑ionized water. Phosphorus standards were 
prepared separately due to spectral interferences from 

Cu, Fe and Mn. The diluent solution, containing 20% 
aqua regia / 5% hydrofluoric acid in 18 MΩ de‑ionized 
water, was used to match the acid matrix of the digests. 
The calibration range was determined based on the 
expected concentration of the analytes in the completed 
digests of the SRMs. Ten calibration standards were 
used as shown in Table 4.

Table 4. Calibration standards

Solution Cu Fe Mn Pb Ti P
mg/L mg/L mg/L mg/L mg/L mg/L

Digestion 
Blank 0 0 0 0 0 0

Cal Std 1 4.0 20 8.0 1.0 4.0 ‑
Cal Std 2 10 50 20 2.5 10 ‑
Cal Std 3 20 100 40 5.0 20 ‑
Cal Std 4 60 300 120 15 60 ‑
Cal Std 5 80 400 160 20 80 ‑
Cal Std 6 120 600 240 30 120 ‑
Cal Std 7 240 1200 480 60 240 ‑
Cal Std 8 ‑ ‑ ‑ ‑ ‑ 5.0
Cal Std 9 ‑ ‑ ‑ ‑ ‑ 20
Cal Std 10 ‑ ‑ ‑ ‑ ‑ 50

Wavelength selection, background and interference 
correction
Table 5 lists the emission lines selected for analysis, 
together with the background and interference 
correction methods used. The selected wavelengths 
provide minimal spectral interferences, and wide 
dynamic range, eliminating time‑consuming sample 
dilutions and re‑analysis. An internal standard solution 
of 10 mg/L Yttrium in 2% HNO3 was delivered on‑line 
using orange/green pump tubing with a Y‑connector 
used to combine the flow with the sample prior to 
nebulization. 
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Table 5. Line selection, background and interference correction methods for 
each element

Element Wavelength 
(nm)

Type Back-
ground/
Interference 
Correction

Interferents

Cu 324.754 Analyte FLIC Fe, Mn, 
Ni, Ti

Fe 248.327 Analyte FLIC Co
Mn 403.307 Analyte FLIC Co, Fe, V

P 213.618 Analyte FLIC Cu, Fe, Mn, 
Ni, Zn

Pb 405.781 Analyte FLIC Co, Fe, Mn, 
Ti, V

Ti 308.804 Analyte FLIC Co

Y 437.494 Internal 
Standard Auto ‑

Most soil samples contain a wide range of elements 
at varying concentrations ‑ this can result in some 
spectral interferences. The MP Expert software has an 
extensive wavelength database that helps the analyst 
to choose the best analytical wavelengths, based on 
intensity and the potential for spectral interferences. 
When there are interferences and there are no other 
lines that either provide the required sensitivity or are 
free of interferences, Agilent’s Fast Linear Interference 
Correction (FLIC)[2] can be used to apply correction. 
FLIC can be used when multiple, partly overlapping 
spectral components are present in the spectral 
window, or if there is only a single component present. 
FLIC also provides you with the flexibility to correct for 
structured background. FLIC models are constructed 
using pure solutions for the blank, analyte and the 
expected interferences in the sample. The Agilent MP 
Expert software estimates the amount of each model 
required to minimize the sum of squared differences 
between the unknown spectrum and the scaled sum 
of the models for the blank, analyte and expected 
interferences. This modeling provides accurate and 
automatic correction for the interferences identified in 
your sample spectra. 

In this study, FLIC proved to be the right tool to 
resolve the interferences encountered in the reference 
materials analyzed. Table 6 lists the solutions used to 
build the FLIC models for the soil SRMs in this study. 
This is one example of how FLIC enables the user 

to analyze challenging samples with interferences. 
Measuring the element lead (Pb) represents a challenge 
since it is usually expected in low concentration in soil 
samples. Soil samples represent a very complex matrix 
with multiple potential interferences (Table 5). The 
wavelength database in the MP Expert software assists 
the user to choose the appropriate interferent elements. 
Using FLIC, it is possible to build correction models that 
can resolve the spectral interferences enabling the user 
to achieve accurate results.

The Pb content in the SRMs selected for this study 
ranged from a low of 20 mg/kg to more than  
5000 mg/kg. To be able to analyze the samples with 
low Pb concentration, the most sensitive emission line 
was selected for analysis (405.781 nm). However in the 
vicinity of this emission line, a number of interferent 
elements were observed (Figure 2), with some of them 
present in the soil SRMs at percent (%) levels. 

Figure 2 shows the signal for Pb at 405.781 nm with 
the interferent elements modeled using FLIC. Cobalt 
provides an interfering signal at 405.818 nm (green 
trace). Additionally, there are interferences from iron, 
which is present at very high levels in the soil SRMs 
(2.8 ‑ 4.3 % w/w), over the wavelength range from 
405.734 to 405.875 nm (purple trace). It was also found 
that V, which has a signal at 405.707 nm (yellow trace) 
and Ti signals at 405.762 and 405.814 nm (blue trace), 
were also introducing interferences at the Pb 405.781 
nm wavelength. Finally Mn, which is present in the 
sample at moderately high levels, was also introducing 
an interferent signal at 405.795 nm (dark green trace).

Despite the interferences at the Pb 405.781 nm 
wavelength, FLIC was able to accurately model this 
complex matrix and achieve good results with excellent 
recoveries for Pb across a concentration range of two 
orders of magnitude.
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Figure 2. Spectral interferences for Pb 405.781 nm resolved using FLIC

Results and discussion

Method DLs
Method detection limits (MDL) were determined by 
running the full calibration, including FLIC analytes and 
interferents—then running 10 replicates of a digested 
acid blank 10 times. The MDL is defined as 3 times the 
standard deviation (S) of the concentration reading for 
each element.

The limit of quantification (LOQ) for this analysis was 
estimated as 10 times the standard deviation of the 
concentration readings multiplied by 80. This value (of 
80) was selected as this was the total dilution factor 
used during sample preparation.

Table 7. Method detection limits and estimated limit of quantification

Cu Fe Mn P Pb Ti
MDL in mg/L in solution 0.0009 0.03 0.0005 0.119 0.010 0.018
LOQ in mg/L in solid 0.2 7.0 0.1 31.7 2.7 4.7

Long term stability
To check instrument stability during a long term 
measurement, a sample of NIST SRM 2710a Montana I 
soil digest was analyzed every 12 minutes over 8 hours 
of continuous measurement. A periodic calibration 
re‑slope, which included the blank and one standard, 
was performed every 2.5 hours. Excellent stability 
was achieved over this long term measurement with 
all elements in the method having average recoveries 
within ±10% and the long term measurement precision 
over the full 8 hours was less than 5% RSD (Table 8). 
Further studies performed with the same sample 
type have shown that the long term stability could be 
improved by using a humidifier for the nebulizer gas 
flow. With the humidifier, the long term measurement 
precision over the full 8 hours was reduced to less than 
3% RSD for all elements.

Table 6. FLIC sequence matrix (the numbers in parenthesis represent the concentration of the solutions in mg/L). MB = matrix blank

Interf-1 Interf-2 Interf-3 Interf-4 Interf-5 Interf-6 Interf-7 Interf-8
Blank Analyte Co Cu Fe Mn Ni Ti V Zn
MB Cu (100) ‑ ‑ Fe (1000) Mn (100) Ni (100) Ti (100) ‑ ‑
MB Fe (100) Co (100) ‑ ‑ ‑ ‑ ‑ ‑ ‑
MB Mn (100) Co (100) ‑ Fe (1000) ‑ ‑ ‑ V (100) ‑
MB P (100) ‑ Cu (100) Fe (1000) Mn (100) Ni (100) ‑ ‑ Zn (100)
MB Pb (100) Co (100) ‑ Fe (1000) Mn (100) ‑ Ti (100) V (100) ‑
MB Ti (100) Co (100) ‑ ‑ ‑ ‑ ‑ ‑ ‑
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Table 8. Long‑term precision for 8 hours continuous measurement of the 
NIST SRM 2710a Montana I soil digest

Precision (%RSD)
Cu Fe Mn P Pb Ti
3.2 2.8 3.2 4.2 2.2 2.0

Spike recoveries
An aliquot of acid blank was spiked with the analytes 
of interest at concentrations representative of ~40% 
of the concentration in the 2710a Montana I soil. The 
recoveries for the spiked matrix blank are listed in 
Table 9. An aliquot of the Montana I soil digest was 
also spiked with the analytes of interest at ~40% of the 
expected concentration in the soil. The recoveries for 
the spiked soil digest sample are listed in Table 10.

Table 9. Spike recoveries: Matrix Blank + 40% spike

Cu  
(mg/L)

Fe  
(mg/L)

Mn 
(mg/L)

P  
(mg/L)

Pb 
(mg/L)

Ti 
(mg/L)

Spike conc 16 200 10 5 28 16
Measured 14.9 188 9.9 4.7 27.7 15.6
% Recovery 93.3 94.1 99.1 93.0 98.9 97.3

Table 10. Spike recoveries: NIST SRM 2710a Montana I Soil + 40% spike

[Cu 
mg/L)

Fe 
(mg/L)

Mn 
(mg/L)

P 
(mg/L)

Pb 
(mg/L)

Ti 
(mg/L)

Spike conc 16 200 10 5 28 16
Measured 14.5 189 10.1 5.7 26.8 13.7
% Recovery 90.3 94.6 101 114 95.8 85.6

Recoveries of the soil based SRMs
The recoveries for the elements determined in the 
SRMs included in this study were all within the range 
of 100 ± 10 % which highlights the suitability of this 
method for the different soil matrices covered by this 
study (Tables 11‑13). These results are the average of 
three separate digestions made in triplicate, measured 
using two different instruments with two different inert 
MP‑AES torches. The results also demonstrate the wide 
dynamic range capability of the Agilent 4200 MP‑AES, 
as elements were determined over a wide concentration 
range from ppm to % level in a single reading.

Table 11. Recoveries for NIST SRM 2710a Montana I Soil 

Element  
(λ, nm)

Certified  
(mg/kg)

Measured 
(mg/kg)

Uncertainity  
(mg/kg)  
U95**

Std Dev   
(n=9)

Recovery 
(%)

Cu (324.754) 3420±50 3435 53 85.5 100
Fe (248.327) 43200±800 42527 461 743.3 98
Mn (403.307) 2140±60 2254 38 60.8 105
P (213.618) 1050±40 1022 62 99.6 97
Pb (405.781) 5520±30 5395 185 297.8 98
Ti (308.804) 3110±70 2955 57 91.4 95

Table 12. Recoveries for NIST SRM 2711a Montana II soil

Element  
(λ, nm)

Certified 
(mg/kg)

Measured 
(mg/kg)

Uncertainity  
(mg/kg)  
U95 **

Std Dev   
(n=9)

Recovery 
(%)

Cu (324.754) 140±2 147 2.3 3.7 105
Fe (248.327) 28200±400 28640 366.3 591.0 102
Mn (403.307) 675±18 716 14.1 22.7 106
P (213.618) 842±511 804 52.3 84.4 96
Pb (405.781) 1400±10 1420 57.6 93.0 101
Ti (308.804) 3170±80 3061 86.3 139.2 97

Table 13. Recoveries for NIST SRM 2709a San Joaquin soil

Element  
(λ, nm)

Certified 
(mg/kg)

Measured 
(mg/kg)

Uncertainity  
(mg/kg)  
U95 **

Std Dev   
(n=9)

Recovery 
(%)

Cu (324.754) 33.9±0.5* 34.3 0.7 1.1 101
Fe (248.327) 33600±700 32941 689.0 1112 98
Mn (403.307) 529±18 550 9.5 15 104
P (213.618) 688±13 633 47.3 76 92
Pb (405.781) 17.3±0.1 18 1.0 1.6 106
Ti (308.804) 3360±70 3189 57.5 93 95

*These values have not been certified but are provided for reference 
**  The uncertainty is calculated at the 95% confidence interval using a t‑
distribution (tS/n½); conditions: t(8)=1.86 

Recoveries of the soil based SRMs without HF
HF is needed in the digestion process to ensure com‑
plete dissolution of titanium in the soil samples. To 
demonstrate the effectiveness of HF in achieving com‑
plete digestion, a set of samples were digested using 
only HCl‑HNO3 and analyzed. The recoveries for titanium 
were compared against those obtained using the HF 
digest, from a single digest prepared in triplicate at the 
same time. As expected the recoveries were quite poor 
when using only aqua‑regia (Figure 3).
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Figure 3. Recoveries for titanium in 3 different soil based NIST SRMs, 
comparing digests prepared with aqua regia only (show as red columns) with 
those using HF + aqua regia (shown as blue columns).

Conclusions
The results from analysis of the soil based SRMs 
included in this study demonstrate that the Agilent 
4200 MP‑AES is an excellent technique for the analysis 
of soils and challenging geochemical samples. The 
wide dynamic range capability was demonstrated as 
elements were determined over a wide concentration 
range from ppm to % level in the same sample, in 
a single reading, with excellent recoveries. When 
equipped with an inert sample introduction system, 
comprising an inert double pass spray chamber, the 
inert MP‑AES torch and the inert OneNeb nebulizer, 
it is possible to analyze HF digests directly without a 
prior neutralization step. This eliminates one sample 
preparation step, increasing efficiency and minimizes 
potential sources of sample contamination.

Despite the numerous interferences, FLIC correction 
algorithm was able to model the complex interferent 
signals and produce good results for all elements with 
excellent recoveries across a concentration range of 
two orders of magnitude. The FLIC correction algorithm 
proved to be the right tool to resolve the interferences 
encountered in the reference materials analyzed.
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Introduction

Multielement testing of soil samples provides valuable understanding 
of its yield potential. Essential elements are divided into macronutrients 
(required in larger quantities because of their structural roles in the plant) 
and micronutrients (required in smaller quantities because they tend to be 
involved in regulatory roles in the plant). 
Primary macronutrients, such as potassium (K) are most often in short 
supply in soils, requiring replenishment in the form of applied fertilizer. 
Deficiencies of secondary macronutrients, such as calcium (Ca) and  
magnesium (Mg) are less commonly encountered. Micronutrients include 
iron (Fe), manganese (Mn), zinc (Zn), copper (Cu),  and boron (B). The 
presence of any of the essential elements in excessive amounts may result 
in toxic effects.
Accurate and timely analysis of soil samples is vital so action can be taken 
to improve the soil’s fertility if a nutrient imbalance is present or if there is 
a risk of environmental pollution due to excess elemental concentrations. 

Determination of available nutrients in 
soil using the Agilent 4200 MP-AES  
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Depending on the group of nutrients of interest, 
different extraction methods and analytical procedures 
are required. Generally, determination of nutrient 
elements in soil samples is carried out by Flame Atomic 
Absorption Spectroscopy (FAAS) or Inductively Coupled 
Plasma Optical Emission Spectroscopy (ICP-OES). 
However, with laboratory budgets under increasing 
pressure and a desire for simplified workflow, improved 
ease of use and improved safety, Microwave Plasma–
Atomic Emission Spectrometer (MP-AES) is gaining 
attention from soil testing facilities, particularly those 
looking to transition from FAAS to another technique. 
Agilent’s 4200 MP-AES is suited to the multielement 
analysis of samples with high dissolved solids content, 
such as soil. It offers improved performance when 
compared to FAAS, with lower detection limits, 
particularly for boron in this application, and a wider 
working analytical range. The MP-AES uses nitrogen, 
that can be easily generated from air, making it 
attractive to facilities that have difficulty in sourcing 
gases or are under pressure to improve safety or reduce 
costs. Eliminating expensive and hazardous gases such 
as acetylene from the lab also allows the instrument 
to be operated unattended, even in remote locations. 
The simplicity of the instrumentation and Agilent’s 
user-friendly MP Expert software facilitates instrument 
setup, method development and data interpretation with 
minimal training. 
This application note describes three sample 
preparation procedures for the estimation of 
exchangeable cations and available micronutrients, 
including boron, using the Agilent 4200 MP-AES.

Experimental

Instrumentation
All measurements were performed using an 
Agilent 4200 MP-AES with nitrogen plasma gas supplied 
via an Agilent 4107 Nitrogen Generator. The generator 
alleviated the need and expense of sourcing analytical 
grade gases. The sample introduction system comprised 
a double-pass cyclonic spray chamber and the OneNeb 
nebulizer. An Agilent SPS 3 autosampler was used to 
deliver samples to the instrument, allowing unattended 
operation of the system. The instrument operated in a 
fast sequential mode and featured a Peltier-cooled CCD 
detector. Background and spectral interferences could 
be simutaneously corrected easily and accurately using 
the MP Expert software. Method parameters are given 
in Table 1. 

Table 1. Agilent 4200 MP-AES method parameters

Parameter Value 
Replicates 3
Pump rate 15 rpm
Sample uptake delay 35 seconds
Rinse time 30 seconds
Stabilization time 15 seconds
Fast Pump during uptake and rinse On (80 rpm)
Sample pump tubing Orange/green
Waste pump tubing Blue/blue

Samples
Soil samples and standard solutions were provided by 
The International Crops Research Institute for the Semi-
Arid-Tropics (ICRISAT), India.

Sample preparation methods 
Different sample preparation methods were required, 
depending on the target suite of elements. DTPA 
extraction was used for the analysis of micronutrients 
(Fe, Cu, Zn and Mn) in soils. The determination of 
exchangeable cations (macro nutrients, Na, K, Ca and 
Mg) required extraction with 1M ammonium acetate. 
For the determination of B, extraction with calcium 
chloride (CaCl2) is typically used. 

Method 1: DTPA extraction for available Cu, Fe, Mn 
and Zn

Preparation of extraction solution: the extractant 
comprised diethylenetriaminepentaacetic acid (DTPA) 
0.005M, 0.01M CaCl2.2H2O and 0.1M triethanolamine 
(TEA). The first step was to add 1.967 g DTPA and 
13.3 mL TEA to 400 mL distilled water in a 500 mL flask. 

In a separate 1 L flask, 1.47 g CaCl2.2H2O was dissolved 
in 500 mL of distilled water. This solution was then 
mixed with the DTPA/TEA mixture. The pH was 
adjusted to 7.3 using 1M HCl before the volume was 
made up to 1 L with distilled water.

Extraction procedure: 10 g of soil sample was weighed 
into a polyethylene shaking bottle and 20 mL of DTPA 
reagent was added. After shaking for 120 minutes, the 
sample was filtered through a Whatman number 42 
filter paper.

Working standards: 1, 2, 3, 4 and 5 ppm of Cu and 
Zn standards; 5, 10, 15, 20 and 25 ppm of Fe and Mn 
standards were prepared in the DTPA reagent.
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Method 2: 1M ammonium acetate extraction for cation 
exchangeable elements: Na, K, Ca and Mg

Preparation of extraction solution: 1M ammonium 
acetate solution was prepared by dissolving 77.09 g of 
ammonium acetate in 1 L of distilled water. The pH was 
adjusted to 7.0 using HCl.

Extraction procedure: 25 mL of 1M ammonium 
acetate solution was added to 5.00 g of sample in 
a polyethylene shaking bottle. After shaking for 
30 minutes, the sample was filtered through a Whatman 
Grade 1 filter paper.

Working standards: 1, 2, 5, 10, 20, 40, 60, 80 and 
100 ppm of Na, K, Ca and Mg standards were prepared 
in 1M ammonium acetate solution.

Method 3: CaCl2 hot water extraction for available B 

Extraction solution: 1.47 g of 0.01M CaCl2 was dissolved 
in approximately 900 mL of distilled water. The solution 
volume was adjusted to 1000 mL with distilled water.

Extraction procedure: 25 g of air-dried 2 mm sieved 
soil samples were weighed into a 250 mL boron-free 
digestion tube. 50 mL 0.01M CaCl2 solution was added 
to the tube. A block digester was heated to 120 °C. The 
digestion tubes were transferred to the block digester 
for 15 minutes. The tubes were then removed from the 
digester and allowed to cool to room temperature before 
filtering through a Whatman Grade 42 filter paper.  

Working standards: 0.25, 0.5, 0.75 and 1 ppm B 
standards were prepared in 0.01M CaCl2 solution.

Wavelength selection and calibration range 
Details of wavelength selection and calibration range of 
the standard solutions are given in Table 2. Continuous 
wavelength coverage allows lines to be chosen that 
have appropriate sensitivity for the concentration range, 
and that avoid spectral interferences. As the working 
range of the 4200 MP-AES far exceeds that of FAAS 
(by up to 20x in some instances), only one dilution 
of the sample was required to measure the complete 
set of elements. This large linear dynamic range 
means that less sample dilutions are needed which 
improves productivity and avoids the risk of sample 
contamination. 

The calibration fit for all wavelengths used was linear.

Table 2. Wavelength and working calibration concentration range

Element and wavelength (nm) Calibration range (ppm) 

Cu 324.754 1–5 

Fe 259.940 5–25 

Mn 257.610 5–25 

Zn 213.857 1–5 

Na 568.820 2–100 

K 766.491 1–100 

Ca 616.217 20–100 

Mg 518.360 1–100 

B 249.772 0.25–1.0 

Results and discussion

Calibration
The calibration curves for the macronutrients Na, K, 
Mg and Ca in ammonium chloride, the micronutrients 
Cu, Mn, Fe and Zn, in DTPA, and B in the CaCl2 solution 
showed good linearity across the concentration 
range. MP-AES has an increased linear dynamic range 
compared to FAAS and a good example of this is the 
calibration curve for K, shown in Figure 1. On the 
MP-AES, a calibration up to 100 ppm was performed 
with good linearity, far exceeding the working range 
for K on FAAS. This greatly simplifies the workflow by 
eliminating the need for multiple sample dilutions, or 
measuring K or Na in emission instead of absorption.

Figure 2 shows the calibration curve for B, which was 
calibrated up to 1 ppm. The ability to determine B on 
the MP-AES means that all elements can be determined 
on one instrument and can eliminate other processes 
required to determine the entire suite of elements.

Figure 1. Calibration curve for K obtained on the 4200 MP-AES. The working 
range far exceeds that of FAAS.
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Figure 2. Calibration curve for B on the MP-AES.

Sample analysis
The results obtained by MP-AES were compared to 
values obtained via FAAS or ICP-OES. Tables 3, 4 and 
5 show good agreement between the 4200 MP-AES 
results and those from other spectrometric techniques. 
All concentration results are shown in the original 
sample.
Table 3. MP-AES results for Cu, Fe, Mn & Zn in DTPA extraction of soil, compared to FAAS

 Cu Fe Mn Zn

Wavelength (nm) 324.754 324.7 259.94 372 257.61 280.1 213.857 213.9

Technique MP-AES FAAS MP-AES FAAS MP-AES FAAS MP-AES FAAS
Measured conc. µg/g

SSTD-Trail 1 1.44 1.42 7.76 8.44 24.26 26.22 0.64 0.62
SSTD-Trail 2 1.46 1.45 7.96 8.24 24.40 25.96 0.64 0.64
SSTD-Trail 3 1.44 1.42 8.08 8.64 23.70 26.50 0.62 0.58
Av, µg/g 1.45 1.43 7.93 8.44 24.12 26.23 0.63 0.61
Std dev. 0.01 0.02 0.16 0.20 0.37 0.27 0.01 0.03

Table 4. MP-AES results of Na, K, Ca & Mg in 1M ammonium acetate extraction of soil compared to FAAS

Na K Ca Mg
Wavelength (nm) 568.82 589.592 766.491 766.491 616.217 317.933 518.36 285.213
Technique MP-AES FAAS MP-AES FAAS MP-AES FAAS MP-AES FAAS

Final conc. µg/g
SSTD-Trail 1 53.1 52.4 206.9 202.0 9701.7 9426.1 845.4 941.8
SSTD-Trail 2 53.1 52.1 218.9 215.2 9988.4 9835.2 848.1 934.7
SSTD-Trail 3 52.6 56.5 214.5 220.3 9941.4 9427.6 845.1 928.1
Av, µg/g 52.9 53.7 213.5 212.5 9877.2 9563.0 846.2 934.9
Std dev. 0.32 2.46 6.04 9.44 153.78 235.76 1.65 6.85

Table 5. MP-AES results of boron in CaCl2 extraction of soil, compared to ICP-OES

 B
Wavelength (nm) 249.772 249.772
Technique MP-AES ICP-OES

Final conc. µg/g 
SSTD-Trail 1 1.2 1.3
SSTD-Trail 2 1.3 1.2
SSTD-Trail 3 1.2 1.3
Av, µg/g 1.3 1.3
Std dev. 0.04 0.05

The results for the macronutrient elements Na, K, Mg 
and Ca in ammonium acetate demonstrate the capability 
of the MP-AES to determine elements across a wide 
range of concentrations in a single measurement, with 
Ca being determined at approximately 10000 ppm at the 
same time as Na at approximately 50 ppm; an analysis 
that would require multiple dilutions and elements 
measured in absorption and emission on FAAS.
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Conclusions

The Agilent 4200 MP-AES was used successfully for 
the analysis of exchangeable cations and available 
micronutrients in soil samples prepared using three 
extraction methods. 

Elements that are difficult to analyze by FAAS such as 
B were also successfully determined in the study. The 
results for all elements show good agreement with 
values obtained by FAAS and ICP-OES. 

The workflow to determine the complete set of 
elements in also simplified, compared to FAAS, with 
easier sample preparation, no need to change lamps or 
switch between absorption and emission measurement, 
and all elements determined in one sample analysis.

The nitrogen for the microwave plasma source was 
obtained from air using a nitrogen generator. The 
Agilent 4107 Nitrogen Generator is a highly efficient 
device that greatly reduces running costs compared to 
an FAAS or ICP-OES that rely on a constant supply of 
analytical grade gases. 

Eliminating the hazardous gases associated with FAAS 
also improves lab safety, and leads to productivity gains 
through unattended operation. 

With improved sensitivity, linear dynamic range, and 
detection limits compared to FAAS, the Agilent 4200 
MP-AES is the ideal FAAS replacement.
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Introduction

Plant growth and development largely depends on the composition and 
concentration of mineral nutrients available in the plant leaves and 
other tissues. These essential nutrients are divided into macronutrients 
(required in larger quantities because of their structural roles in the plant) 
and micronutrients (required in smaller quantities because they tend to 
be involved in regulatory roles in the plant). A deficiency or enrichment 
of nutrients may result in decreased plant productivity, crop yield or plant 
quality. 
Analysis of the total metal content in plants is often carried out by Flame 
Atomic Absorption Spectrometry (FAAS) or Inductively Coupled Plasma 
Optical Emission Spectroscopy (ICP-OES). More recently, agricultural 
testing labs looking to upgrade or replace their FAAS with a more powerful 
technique are looking to Microwave Plasma–Atomic Emission Spectrometry 
(MP-AES) with its many advantages. MP-AES is a multi-element technique 
that offers better detection limits over a wider working analytical range than 
FAAS and more elements are available for analysis by MP-AES, including 

Total metals analysis of digested plant 
tissue using an Agilent 4200 Microwave 
Plasma-AES 

Application note
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phosphorus, an expensive and widely used major 
nutrient in soil fertilization. 
For laboratories that have difficulty in sourcing gases, 
are looking to reduce operating costs or are under 
pressure to improve safety by removing flammable 
gases, the MP-AES is ideal as it uses nitrogen gas, that 
can be generated from air. 

This application note describes the sample preparation 
procedure and analytical method used to determine Cu, 
Fe, Mn, Zn, Na, K, Ca, Mg, B and P in a plant reference 
material using the Agilent 4200 MP-AES.

Experimental

Instrumentation
All measurements were performed using an  
Agilent 4200 MP-AES with nitrogen plasma gas supplied 
via an Agilent 4107 Nitrogen Generator. The generator 
alleviates the need and expense of sourcing analytical 
grade gases. The sample introduction system comprised 
a double-pass cyclonic spray chamber and the OneNeb 
nebulizer.

An Agilent SPS 3 autosampler was used to deliver 
samples to the instrument, allowing the system to be 
operated unattended. The instrument operated in a fast 
sequential mode and featured a Peltier-cooled CCD 
detector. Background and spectral interferences could 
be simutaneously corrected easily and accurately using 
Agilent’s MP Expert software. Method parameters are 
given in Table 1. 

Table 1. MP-AES method parameters

Parameter Value 
Replicates 3
Pump rate 15 rpm
Sample uptake delay 35 seconds
Rinse time 30 seconds
Stabilization time 15 seconds
Fast Pump during uptake and rinse On (80 rpm)
Autosampler Agilent SPS 3
Sample pump tubing Orange/green
Waste pump tubing Blue/blue

Samples
Botanical reference material (RM) ASPAC 80 Pasture 
was obtained from the Australasian Soil and Plant 
Analysis Council (ASPAC, Carapook, VIC, Australia). 

Sample preparation 
Microwave digestion was used to prepare the  
ASPAC 80 RM for total metals analysis of Cu, Fe, Mn, 
Zn, Na, K, Ca, Mg, B and P by MP-AES. 7 mL of HNO3 
and 1 mL H2O2 was added to 0.18 g of the sample. A 
preloaded method for the MARS (CEM, Corporation, 
USA) microwave was used to digest the sample. 
Once cooled, the solution was diluted to 50 mL using 
ultrapure water. No further sample preparation was 
required and no modifiers or ionization buffers were 
added. 

Wavelength selection and calibration range 
Details of wavelength selection and calibration range 
are given in Table 2. Continuous wavelength coverage 
allows lines to be chosen that have appropriate 
sensitivity for the concentration range, and avoid 
spectral interferences. 

Table 2. Wavelength and working calibration concentration range

Element and wavelength (nm) Calibration range (ppm) 
Cu 324.754 1–5 
Fe 259.940 5–25 
Mn 257.610 5–25 
Zn 213.857 1–5 
Na 568.820 2–100 
K 766.491 1–100
Ca 445.478 20–100
Mg 383.829 1–100
B 249.772 0.25–1.0 
P 213.618 10–80 

Results and discussion

Calibration
A typical calibration curve for phosphorus is displayed 
in Figure 1. The curve shows excellent linearity across 
the concentration range. The large linear dynamic range 
means that less sample dilutions are needed which 
improves productivity and reduces the risk of sample 
contamination.
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Figure 1. Calibration curve for phosphorus

Sample analysis
The plant RM sample was analyzed for all elements 
in a single measurement. The quality of the MP-AES 
results was evaluated by comparing them with the 
reference values for ASPAC 80. Table 3 shows good 
accuracy was achieved for all elements over a wide 
concentration range. The ability of the MP-AES to 
determine all elements in a single sample measurement 
greatly simplifies the workflow when compared to 
an FAAS, and eliminates the need for lamp changes, 
measurements in absorption and emission, and in 
the case of B and P, analysis of the samples by other 
techniques.

Table 3. MP-AES results for total metals content of plant reference  
material ASPAC 80.

Element Wavelength  
nm

Measured 
value 
µg/g

Reference 
value 
µg/g

Accuracy  
%

Cu 324.754 13.6 14.7 ± 1.2 93
Fe 259.940 316.13 324 ± 32 98
Mn 257.610 125.8 138 ± 10 91
Zn 213.857 54.6 58.1 ± 5.3 94
Na 568.263 2512 2460  ± 210 102
K 766.491 27302 26700 ± 1850 102
Ca 445.478 10563 11100 ± 600 95
Mg 383.829 3239 3350 ± 220 97
B 249.772 21.65 23.7 ± 3.4 91
P 213.618 3223.35 2970 ± 250 109

Conclusions

The study shows the effectiveness of the 
Agilent 4200 MP-AES for the analysis of total metal 
content of a plant-based reference material following 
microwave digestion. Elements that are difficult to 
analyze by FAAS such as B and P were included, 
with all data acquired in a single run. Accurate 
determinations over a wide concentration range were 
obtained showing the suitability of MP-AES for the 
application. When compared to an FAAS, the workflow 
on the MP-AES is also simplified by eliminating the 
need for multiple sample preparations, lamp changes 
and measurements in absorption and emission modes.

Current trends in the market for lower detection 
limits, lower cost of analysis, improved ease 
of use and improved safety, are all met by the 
Agilent 4200 MP-AES. The instrument uses nitrogen, 
eliminating expensive and hazardous gases such 
as acetylene, increasing safety, and allowing for 
unattended operation of the instrument, even in 
remote locations. When the N2 is supplied using the 
Agilent 4107 Nitrogen Generator that extracts N2  from 
air, running costs are greatly reduced compared to 
an FAAS or ICP-OES that rely on a constant supply of 
analytical grade gases. 

With greater sensitivity, linear dynamic range, and 
sample throughput compared to FAAS, the  
Agilent 4200 MP-AES is the ideal replacement for labs 
looking to extend their analytical capabilities.
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Abstract

Samples of soil were analyzed for metal content using an Agilent 4100 
Microwave Plasma–Atomic Emission Spectrometer (MP-AES). Extraction 
of the metals was performed using an extraction mixture containing 
diethylene-triaminepentaacetic acid (DTPA). Cd, Cr, Cu, Fe, Mn, Pb and Zn 
concentrations were quantitated. Both the sample introduction system 
and MP Expert software features were utilized to minimize interference 
caused by the matrix. Detections limits were between 0.4– 103.0 µg/L and 
reproducibility was verified by comparing different analytical techniques, 
such as, flame atomic absorption spectroscopy (FAAS) and inductively 
coupled plasma – optical emission spectrometry (ICP-OES).

Determination of metals in soil by microwave 
plasma - atomic emission spectrometry (MP-AES) 
using DTPA extraction

Application note
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Introduction

Determination of the concentration of metals in 
soil is extremely important due to the adverse 
effects associated with metal accumulation to toxic 
concentrations. Contribution to metal accumulation 
comes from continual treatment of the soil with 
fertilizers, pesticides, and other products used in 
agriculture. Oversupplied metals absorbed by crops, 
introduced through standard agricultural practices, 
can lead to poor crop yield and possible entry into the 
food chain [1]. Other sources of metal contamination 
for soils are discharge of effluents from industrial 
processes, rural domestic sewage, indiscriminate use of 
pesticides/fertilizers and disposal of solid waste onto 
inappropriate sites [2].

One the most efficient and utilized methods to evaluate 
the bio availability of micronutrients in soil is DTPA 
extraction. This principle of this extraction method 
consists of complexing metals with a chelating agent 
with careful control of the pH. The chelating agent 
reacts with free ions in solution creating a soluble 
complex resulting in the reduced activity of free metals 
in solution [1, 3]. This procedure has become the official 
method for the extraction of micronutrients (Cu, Fe, Mn 
and Zn) in soils in the State of São Paulo (Brazil). Note 
that while Cd and Pb are not considered micronutrients, 
they were included in this analysis due to the chelating 
agent reacting with the elements in solution.

Generally, determination of these elements was 
carried out by FAAS or ICP-OES. This application note 
describes a conventional analytical method for sample 
preparation (extraction with DTPA) for determination of 
micronutrients in soil using an Agilent 4100 MP-AES. 
The nitrogen plasma of the MP-AES provides reduction 
in the operational and maintenance costs of the 
instrument. An air compressor is required to supply a 
nitrogen gas generator, which feeds nitrogen to the 
microwave plasma. No additional gas source is used 
to run the instrument. The instrument produces a 
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stable and robust plasma using magnetically-coupled 
microwave energy. Combining this with an efficient 
sample introduction system like the inert OneNeb 
nebulizer produces results with precision for soil 
samples prepared with DTPA extraction. 

Experimental

Instrumentation
All measurements were performed using an Agilent 
4100 MP-AES. The sample introduction system 
consisted of PVC peristaltic pump tubing (white/white 
and blue/blue), a single-pass glass cyclonic spray 
chamber and the OneNeb nebulizer. The Agilent MP 
Expert software was used to automatically subtract 
the background signal from the analytical signal. 
A background spectrum from a blank solution was 
recorded and automatically subtracted from each 
standard and sample solution that was analyzed. The 
software was also used to optimize the nebulization 
pressure and the viewing position for each wavelength 
selected to maximize sensitivity. Because of this 
optimization, and considering that all determinations 
were carried out sequentially, each analyte was 
determined under optimized conditions. A standard 
reference solution was used to quickly and easily 
optimize the parameters.

Tables 1 and 2 list the instrumental operating conditions 
used in the determination of metals in soils using DTPA 
extraction.
Table 1. Instrument parameters for Agilent 4100 MP-AES for soil analysis 
using the DTPA extraction method

Instrument parameter Operating condition
Nebulizer Inert OneNeb

Spray chamber Cyclonic single-pass

Read time (s) 2

Number of replicates 3

Stabilization time (s) 10

Background correction Auto
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Table 2. Wavelength, viewing position, nebulizer pressure and calibration fit 
utilized for determination of Cd, Cu, Cr, Fe, Mn, Pb and Zn by MP-AES using 
the DTPA extraction method

Element Wavelength 
(nm)

Viewing 
position 
(mm)

Nebulizer 
pressure 
(kPa)

Calibration 
fit

Cd 228.802 10 100 Linear

Cr 425.433 -10 180 Linear

Cu 324.754 0 120 Linear

Fe 259.940 10 100 Linear

Mn 257.610 10 100 Linear

Pb 405.781 0 140 Linear

Zn 213.857 10 80 Rational

Materials
Sample preparation utilized PVC flasks (10 cm3), 
polyethylene conical flasks, shaker with rotation 
of 220 rpm, filter paper, pH meter; volumetric and 
automatic pipettes and beakers for sample and solution 
preparation. Glassware was washed with detergent and 
soaked overnight in a solution of hydrochloric acid (HCl) 
10% (v/v). 

Solutions
To prepare the DTPA extraction solution, 200 mL of 
ultra-pure water was added to 1.96 g of DTPA (Aldrich) 
and 14.9 mL of triethanolamine (Merck) and agitated 
for complete dissolution. 1.47 g of CaCl2.2H2O (Merck) 
was then added. The solution was made to volume in 
a volumetric flask (1 L) with ultra-pure water. The pH 
of the solution was adjusted to 7.3 with 4 mol/L HCl. 
The low volume of HCl used to adjust pH in 7.3 did 
not cause PbCl2 precipitation. The 4 mol/L HCl was 
prepared by adding 33 mL of concentrated HCl (Merck) 
to 50 mL of ultra-pure water and the volume made to a 
total of 100 mL with ultra-pure water. 

A multi-element solution containing Cd, Cu, Cr, Pb, Zn 
(50mg/L) and Fe and Mn (500 mg/L) (Specsol ICP-G475) 
was utilized to prepare elemental calibration solutions. 
This multi-element solution was prepared using the 
DTPA extraction mixture to ensure matrix matching was 
carried out. Concentrations of the calibration solutions 
were 0.5, 1.0, 2.0, 3.0 and 4.0 mg/L of Cd, Cr, Pb and Zn 
and 5, 10, 20, 30 and 40 mg/L of Fe and Mn. Figure 1 
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illustrates the calibration curves obtained for Cu, Fe, Mn 
and Zn for MP-AES.

Preparation of extraction solution
In polyethylene conical flasks, 20cm3 volume of soil was 
mixed with 40 mL of the DTPA solution. The flasks were 
covered and shaken by horizontal-circular movements 
for 2 hrs at 220 rpm. The samples were prepared in 
triplicate. After this step, suspensions were immediately 
filtered.

Figure 1. Calibration fit obtained for Cu, Fe, Mn and Zn by MP-AES
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Results
Limits of detection (LOD) and limits of quantification 
(LOQ) were calculated from three and ten times 
the standard deviation for 14 consecutive blank 
measurements. Table 3 outlines the values obtained 
for all elements by the 4100 MP-AES and FAAS. From 
this data, the results showed the capability and high 
detection power of the 4100 MP-AES. Detection limits 
obtained for Cd, Cu and Fe were 5, 14 and 29 times 
better than FAAS, respectively. Some elements had 
comparable detection limits to radial ICP-OES [4]. The 
plasma generated by magnetically-coupled microwave 
energy is especially advantageous when compared 
with FAAS, because it does not require a source gas 
(acetylene and/or nitrous oxide) and the MP-AES 
generated better analytical throughput. The manual 
analysis time for the 4100 MP-AES for this application 
ranged from 40–60 s for seven elements. The short time 
for this analysis compares with throughput of ICP-OES 
but the MP-AES does not require high consumption and 
costs of argon gas.  

To evaluate the repeatability of the extraction method, 
all elements were determined by MP-AES, FAAS 
and ICP-OES. Results are presented in Tables 4–8. 
Concentrations of Cd and Cr in the samples are below 
the detection limits obtained. Due to the low level 
concentration of Pb in the samples, the comparative 
study was carried out only on the MP-AES and 
ICP-OES, not the FAAS. To check if there is a statistical 
difference between instruments, a variance analysis 
was undertaken and results showed that determination 
in different instruments had agreement to a 95% 
confidence level (α = 0.05). In addition, a randomized 
factorial design and Tukey multiple range test at 
the 95% level of confidence (α = 0.05) was used for 
testing significant differences for determination of the 
micronutrients Cu, Fe, Mn and Zn by DTPA method with 
different instruments (Table 9).

Table 3. Instrument parameters for Agilent 4100 MP-AES for soil analysis 
using DTPA extraction solution

MP-AES FAAS

Element LOD (µg/L) LOQ (µg/L) LOD (µg/L) LOQ (µg/L)

Cd 3.3 10.9 17.0 56.6

Cr 0.4 1.4 * *

Cu 2.8 9.3 40.0 133.2

Fe 8.6 28.6 250.0 832.5

Mn 3.1 10.4 5.0 16.6

Pb 103.0 343.1 * *

Zn 30.2 100.4 15.0 49.9

*LOD for Cr and Pb by FAAS were not calculated

Conclusion
Determination of metals in soil employing DTPA 
extraction, using the 4100 MP-AES to quantitate the 
concentration of the metals, is a simple and effective 
procedure that can be easily implemented in routine 
samples with precision. Furthermore, because the 4100 
MP-AES runs on air, it eliminates the need for acetylene, 
argon and nitrous oxide, which reduces operational 
and maintenance costs. Detection limits obtained were 
better than FAAS and comparable to radial ICP-OES. The 
results of statistical analysis indicates that the Agilent 
4100 MP-AES is a technique applicable for metals 
determination in soil samples using the DTPA extraction 
method.
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Table 4. Determination of Cu in soil samples using DTPA extraction solution 
by MP-AES, FAAS, and ICP-OES (n = 3)

mg/L

Cu MP-AES ICP-OES FAAS

Samples Results R.S.D. 
(%) Results R.S.D. 

(%) Results R.S.D. 
(%)

1 0.28 ± 0.01 3.57 0.250 ± 0.005 2.00 0.32 ± 0.01 3.12

2 1.17 ± 0.02 1.70 1.23 ± 0.02 1.62 1.21 ± 0.08 6.61

3 0.98 ± 0.02 2.04 1.09 ± 0.02 1.83 1.12 ± 0.05 4.46

4 1.65 ± 0.03 1.81 1.75 ± 0.02 1.14 1.70 ± 0.05 2.94

5 2.03 ± 0.04 1.97 2.23 ± 0.04 1.79 2.29 ± 0.16 6.98

6 0.27 ± 0.01 3.70 0.29 ± 0.01 3.44 0.38 ± 0.05 13.15

7 1.12 ± 0.02 1.78 1.24 ± 0.01 0.80 1.28 ± 0.01 0.78

Table 5. Determination of Fe in soil samples using DTPA extraction solution 
by MP-AES, FAAS, and ICP-OES (n = 3)

mg/L

Fe MP-AES ICP-OES FAAS

Samples Results R.S.D. 
(%) Results R.S.D. 

(%) Results R.S.D. 
(%)

1 5.83 ± 0.28 4.80 6.45 ± 0.09 1.39 6.42 ± 0.92 14.33

2 3.42 ± 0.02 0.58 3.93 ± 0.08 2.03 3.67 ± 0.27 7.35

3 17.44 ± 0.59 3.38 19.22 ± 0.35 1.82 18.03 ± 1.29 7.15

4 4.49 ± 0.15 3.34 4.79 ± 0.07 1.46 4.29 ± 0.17 3.96

5 2.35 ± 0.15 6.38 2.19 ± 0.07 3.19 3.25 ± 1.94 59.69

6 6.23 ± 0.28 4.49 7.10 ± 0.15 2.11 6.31 ± 1.12 17.74

7 2.85 ± 0.05 1.75 2.93 ± 0.04 1.36 2.72 ± 0.20 7.35

Table 6. Determination of Mn in soil samples using DTPA extraction solution 
by MP-AES, FAAS, and ICP-OES (n = 3)

mg/L

Mn MP-AES ICP-OES FAAS

Samples Results R.S.D. 
(%) Results R.S.D. 

(%) Results R.S.D. 
(%)

1 50.73 ± 0.41 0.80 50.91 ± 1.06 2.08 51.67 ± 0.28 0.54

2 14.04 ± 0.36 2.56 16.11 ± 0.08 0.49 17.12 ± 1.34 7.82

3 5.90 ± 0.05 0.84 5.89 ± 0.19 3.22 6.27 ± 0.28 4.46

4 4.40 ± 0.16 3.63 4.57 ± 0.06 1.31 4.81 ± 0.27 5.61

5 0.88 ± 0.07 7.95 0.91 ± 0.01 1.09 1.00 ± 0.25 25

6 22.48 ± 0.98 4.35 25.96 ± 0.69 2.65 24.82 ± 1.54 6.20

7 8.30 ± 0.16 1.92 8.94 ± 0.14 1.56 9.07 ± 0.35 3.85

Table 7. Determination of Pb in soil samples using DTPA extraction solution 
by MP-AES and ICP-OES (n = 3)

mg/L

Pb MP-AES ICP-OES

Samples Results R.S.D. (%) Results R.S.D. (%)

1 < LD - < LD -

2 0.54 ± 0.02 3.70 0.49 ± 0.005 1.02

3 0.62 ± 0.006 0.96 0.78 ± 0.04 5.12

4 0.13 ± 0.01 7.69 0.13 ± 0.02 15.38

5 0.17 ± 0.01 5.88 0.20 ± 0.006 3.0

6 0.23 ± 0.03 13 0.28 ± 0.005 1.78

7 0.37 ± 0.01 2.70 0.36 ± 0.004 1.11

Table 8. Determination of Zn in soil samples using DTPA extraction solution 
by MP-AES, FAAS, and ICP-OES (n = 3)

mg/L

 Zn MP AES ICP OES FAAS

Samples Results R.S.D. 
(%) Results R.S.D. 

(%) Results R.S.D. 
(%)

1 0.22 ± 0.008 3.63 0.21 ± 0.01 4.76 0.28 ± 0.01 3.57

2 0.70 ± 0.02 2.85 0.79 ± 0.02 2.53 0.79 ± 0.08 10.12

3 0.26 ± 0.006 2.30 0.26 ± 0.02 7.69 0.30 ± 0.04 13.33

4 0.43 ± 0.01 2.32 0.48 ± 0.01 2.08 0.63 ± 0.05 7.93

5 0.39 ± 0.02 5.12 0.42 ± 0.05 11.90 0.56 ± 0.02 3.57

6 0.64 ± 0.05 7.81 0.77 ± 0.04 5.19 0.50 ± 0.02 4.00

7 0.34 ± 0.02 5.88 0.34 ± 0.005 1.47 0.49 ± 0.02 4.08

Table 9. Average (error) for Cu, Fe, Mn and Zn, in mg/L, in soil samples 
using DTPA extraction solution determined by MP-AES, ICP-OES and FAAS 
(α = 0.05)

Cu Fe Mn Pb Zn

Instrument 1Average 1Average 1Average 1Average 1Average

MP-AES 2.60a (0.44) 23.81a (8.44)18.98a (4.76) 0.67a (0.10) 0.78a (0.09)

ICP-OES 2.94a (0.44) 28.30a (8.44)19.53a (4.76) 0.86a (010) 0.86a (0.09)

FAAS 2.96a (0.44) 29.42a (8.44)20.58a (4.76) - 0.96a (0.09)

1 – Average followed by the same letter in the column are not significantly 
different by the Tukey test, at the 5% level
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Introduction

Elevated levels of metal and metalloid contaminants in the environment 
pose a risk to human health and are a source of considerable concern to 
agricultural, livestock and aquatic industries. Industrial wastewaters are 
the main source of these contaminants, which can persist indefi nitely in 
the environment as they do not degrade with time, and have the potential 
to pollute not only farm and urban land but also surface and ground waters 
used for agriculture and drinking. Consequently, the determination of metals 
in wastewaters is an important aspect of environmental monitoring.

This application note describes a new, simple, and relatively inexpensive 
analytical spectrometric method for the analysis of wastewater using 
microwave plasma-atomic emission spectrometry (MP-AES). This is a novel 
atomic emission spectroscopy method is based on magnetically coupling 
microwave energy to generate a self-sustained atmospheric pressure 
nitrogen plasma. The Agilent 4100 MP-AES allows easy entrainment of 
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sample aerosol, both aqueous and organic, produced 
by a conventional nebulizer and spray chamber system. 
The system provides good tolerance to aqueous and 
organic solvent loading. Refer to Reference [1] for more 
details about the operational characteristics of the 
MP-AES.

Experimental

Sample preparation
A series of unfi ltered mine site wastewater samples 
were acidifi ed at the time of collection. The samples 
were acid digested for the total metal determination 
using the following procedure: 0.5 mL of concentrated 
HCl and 0.2 mL of concentrated HNO3 were added to 
10 mL sample aliquots in 16 x 125 mm polypropylene 
tubes and digested at 90–100 °C in a sand bath on a 
hotplate until the fi nal digested volume was 10 mL. If 
the sample volume was less than 10 mL, Milli-Q water 
was added to make up the sample volume to the 10 mL 
volume mark. All water and QC samples were digested, 
when applicable, accordingly. Results obtained by the 
4100 MP-AES were compared with results provided by a 
commercial service provider.

Instrumentation
An Agilent 4100 MP-AES was used for the total 
metal determination of Al, B, Co, Cu, Mg, Mn, Ni 
and Zn in wastewaters. The viewing position and 
nebulizer pressures were optimized automatically 
using the Agilent MP Expert software. Table 1 lists 
the instrumental parameters used for sample analysis. 
Manual sample introduction mode was used.

2

Table 1. Agilent 4100 MP-AES operating conditions 

Analyte Wavelength 
(nm)

Read time (s) Nebulizer Background 
correction

Al 396.152 3 240 Auto

B 249.773 3 160 FLIC

Co 340.511 3 220 Auto

Cu 223.009 3 220 Auto

Fe 373.486 3 220 Auto

Mg 383.829 3 240 Auto

Mn 259.372 3 160 Auto

Ni 341.476 3 240 Auto

Zn 472.215 3 160 Auto

Analytical calibration
Table 2 lists wavelengths, calibration fi t types and 
maximum applicable analyte concentration. The 
criterion for wavelength selection was to (a) provide 
wide dynamic range and (b) avoid spectral interferences. 
Therefore, most of the analyte lines used for the fi nal 
analyses were not the most sensitive line listed in the 
MP Expert software. The auto-background correction 
feature in MP Expert was used as the background 
correction method. Where there is a potential spectral 
interference on the analyte line, Fast Linear Interference 
Correction (FLIC), an Agilent proprietary spectral 
interference correction method, can be applied to 
allow effective removal of the spectral interference. For 
example, Fe interferences can occur due to the high 
level of Fe in the samples when determining B using the 
249.773 nm primary wavelength. This type of spectral 
overlap can easily be corrected using FLIC. 

Rational calibration fi t is a non-linear curve fi t of the 
type y = (a + bx)/(1 + cx). This non-linear curve fi tting 
allows an extended dynamic range so that sample 
analysis can be carried out using a single wavelength 
for a given analyte without time-consuming sample 
dilutions. Samples with analyte concentrations that 
exceed the maximum concentration given in Table 
2 were diluted accordingly and re-analyzed. The 
acceptance criterion for calibration curve correlation 
coeffi cient is 0.999. At least four calibration standards, 
excluding the calibration blank, were used for 
calibration. Typical calibration curves for linear and non-
linear calibration curves are given in Figures 1 and 2. 
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Table 2. Calibration parameters used for the sample analysis

Analyte Wavelength 
(nm)

Calibration 
fi t

Weighted 
fi t

Through 
blank

Al 396.152 Rational On On

B 249.773 Linear On On

Co 340.511 Linear On On

Cu 223.009 Rational On On

Fe 373.486 Linear On On

Mg 383.829 Rational On On

Mn 259.372 Linear On On

Ni 341.476 Linear On On

Zn 472.215 Rational On On

Figure 1. Typical linear calibration curve for Co at the 340.511 nm wavelength

Figure 2. Typical non-linear calibration curve for Cu at the 223.009 nm 
wavelength. Note the extended range

3

Quality control
General QC criteria used by routine analytical 
laboratories were used. This includes the analysis of an 
initial calibration verifi cation (ICV) solution, a method 
blank (MB), a laboratory control sample (LCS), duplicate 
samples (DUPs), matrix spikes (MSs), and a continuing 
calibration verifi cation solution (CCV). For every 
20-sample QC batch, one MB and LCS, and at least 
two sets of DUPs, one set of MS, and one CCV were 
analyzed. An ICV solution prepared using a different 
source was used to verify the integrity of the analytical 
calibration. The CCV solution measures instrument drift 
during the sample analysis. These QC samples, when 
applicable, were digested according to the digestion 
procedure given in the ‘Sample preparation’ section. 
Instrumental detection limits (IDL) were determined by 
analyzing seven blank solutions and applying a factor of 
3.14 times the standard deviation of those results. Limit 
of reporting (LOR) was set at 10 times the IDL.

Results and discussion

The acceptance criterion for QC standards (ICV and 
CCV) is ±10% unless otherwise stated. For QC samples, 
acceptance criteria vary. The acceptable limit for LCS 
is ±10%, and that for MS recovery is ±25%. The spike 
concentration for the determination of MS recovery is 
10 ppm, and if a sample contains an analyte 
concentration greater than four times the spike 
concentration, MS recovery is not determined (ND). 
Matrix spike recovery is determined only for key 
analytes; for example, MS recovery for Mg is not 
determined because Mg is considered to be a part 
of the matrix. The acceptance criteria for duplicate 
analyses are as follows:

No %RPD criteria for results < 10xLOR,

%RPD <50% for 10xLOR < result < 20xLOR,

%RPD < 20% for 20xLOR < result,

where %RPD is the Relative Percent Difference. The 
method blank value should be less than the LOR.
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The results presented in Tables 3 to 5 indicate that all 
QC analyses were within the acceptable limits, except 
in a few instances. While the recovery of the Zn ICV 
was about 78%, the recovery of the CCV standard is 
within ±10%, and there is also very good agreement 
between results measured using the 4100 MP-AES and 
the nominal values. For MS recoveries, only the Zn MS 
recovery for spiked Sample-3 is outside the acceptable 
limit. However, it is not uncommon to have low MS 
recoveries for highly-impacted samples. In this particular 
sample, the sulfate concentration is about 1500 ppm. It 
should also be noted that the fi nal CCV was measured 
four and half hours after the fi rst measurement 
(calibration blank), and the fi nal CCV recovery is still 
within the ±5% acceptance criteria. This indicates the 
capability of the instrument hardware and demonstrates 

that the 4100 MP-AES remains stable during long 
analytical runs without requiring time-consuming 
recalibrations.

Figures 3a to 3g are correlation plots of the results 
obtained using the 4100 MP-AES compared to nominal 
values. It is clear from these plots that there is good 
agreement between both sets of results. The results for 
Boron were not plotted because they were lower than 
the LOR for B. It is therefore likely that any noticeable 
differences in the two sets of results are due to sample 
heterogeneity prior to digestion as these unfi ltered 
samples contained sediments.
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Table 3. Limit of Reporting for determined analytes and results for method blank (MB), initial calibration verifi cation (ICV) and continuous calibration verifi cation 
(CCV) solution

Analyte Wavelength (nm) LOR (ppm) MB (ppm) ICV recovery (%) CCV-1 recovery (%) CCV-2 recovery (%) CCV-3 recovery %

Al 396.152 0.02 <LOR 102.48 103.58 104.85 -

B 249.773 0.02 <LOR ND ND ND 98.48

Co 340.511 0.06 <LOR 95.55 99.15 101.84 -

Cu 223.009 0.25 <LOR 97.11 99.72 101.73 -

Fe 373.486 0.10 <LOR ND 100.06 102.61 -

Mg 383.829 0.10 <LOR ND ND ND 93.52

Mn 259.372 0.02 <LOR 103.02 100.98 101.28 -

Ni 341.476 0.02 <LOR 97.96 105.71 105.65 -

Zn 472.215 0.20 <LOR 77.96 99.79 101.15 -

Table 4. Results for LCS recoveries and %RDP for duplicate analysis

Analyte Wavelength 
(nm)

LCS-1 recovery 
(%)

LCS-2 recovery 
(%)

Sample-1 
(ppm)

%RPD Sample-2 
(ppm)

%RPD Sample-3 
(ppm)

%RPD

Al 396.152 94.99 100.26 28.18 4.17 117.76 2.03 68.01 2.07

B 249.773 ND ND 0.02 66.67 0.06 18.18 0.02 22.22

Co 340.511 93.54 89.94 3.57 0.28 1.63 1.22 1.04 0.19

Cu 223.009 96.15 96.76 1520.84 3.82 63.03 0.02 83.72 1.56

Fe 373.486 96.99 95.64 40.99 3.40 100.72 1.77 291.20 5.13

Mg 383.829 ND ND 64.58 0.23 266.85 0.75 47.88 1.29

Mn 259.372 99.15 92.75 56.40 1.02 88.63 0.19 24.39 0.40

Ni 341.476 97.68 98.77 0.26 12.24 0.21 4.65 0.18 0.55

Zn 472.215 96.75 94.92 2784.74 0.69 28.16 1.02 15.62 0.92
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Figure 3a. Correlation between MP-AES results and nominal values for 
determination of Al

Figure 3d. Correlation between MP-AES results and nominal values for 
determination of Fe
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Figure 3b. Correlation between MP-AES results and nominal values for 
determination of Cu

Figure 3c. Correlation between MP-AES results and nominal values for 
determination of Mg

Table 5. Results for matrix spike recoveries

Analyte Wavelength 
(nm)

Sample-1 
(ppm)

Spike recovery 
(%)

Sample-2 
(ppm)

Spike recovery 
(%)

Sample-3* 
(ppm)

Spike recovery 
(%)

Al 396.152 7.91 107.74 245.6 ND † ND

B 249.773 0.01 ND 0.14 ND 0.788 ND

Co 340.511 -0.03 92.06 4.04 97.20 14.865 113.19

Cu 223.009 6.076 85.41 145.22 100.20 26.855 76.27

Fe 373.486 90.90 ND 54.46 97.60 † ND

Mg 383.829 1.23 ND 476.32 ND 165.378 † ND

Mn 259.372 0.18 97.7 164.72 119.60 15.205 76.89

Ni 341.476 0.00 95.99 0.6 107.60 2.416 109.1

Zn 472.215 2.81 88.93 88.1 123.20 32.806 67.28
* Sample-3 was subsequently diluted for analysis due to high concentration of Al and Fe.
† Overrange result
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Figure 3f. Correlation between MP-AES results and nominal values for 
determination of Ni

Figure 3g. Correlation between MP-AES results and nominal values for 
determination of Zn

Conclusions

Results obtained using the Agilent 4100 MP-AES for 
the analysis of highly-impacted wastewater samples 
including QC standards (ICV and CCV) and QC samples 
(MB, LCS, DUPs and MS) clearly indicate that MP-AES 
is a suitable atomic emission spectrometry technique 
for the determination of metal contaminants in waters. 
Method development, instrument optimization and 
sample analysis can be easily carried out using the 
intuitive MP Expert software. The analytical range can 
easily be extended using non-linear rational curve fi tting 
for a single wavelength, therefore eliminating the usual 
practice of measuring multiple wavelengths or sample 
dilutions. Spectral interferences can be easily corrected 
using an Agilent propriety correction method (FLIC). 
Matrix spike recovery is within the accepted data quality 
objectives and therefore indicates that microwave 
plasma is capable of minimizing the potential sample 
matrix effects. The CCV results indicate no signifi cant 
instrumental drift after 5 hours of continuous operation. 
The highly stable, self-sustained atmospheric pressure 
nitrogen plasma ensures the running costs of MP-
AES are low — a key advantage for busy commercial 
laboratories. The simplicity of the instrument and easy-
to-use MP Expert software is even suitable for novice 
analysts, with minimal training required for routine 
sample analysis.
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Figure 3e. Correlation between MP-AES results and nominal values for 
determination of Mn
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Introduction

Accurate, routine testing of nutrients in soil samples is critical to 
understanding its potential fertility. Many of the nutrients that are vital to 
plants are exchangeable cations. These are ions loosely attached to 
and/or adsorbed onto clay particles and organic matter in soil that may 
become available to plants. Determination of these cations is of great 
interest for agronomic diagnostic and soil sustainability, enabling more 
accurate assessment and management of nutrient requirements [1, 2]. If the 
results indicate there is a nutrient imbalance, then this can be corrected for 
by the application of a suitably formulated fertilizer. 

Determination of exchangeable cations in soil 
extracts using the Agilent 4100 Microwave 
Plasma-Atomic Emission Spectrometer
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This application note describes an analytical method 
for the determination of Ca, K, Mg, Mn and Na in soils 
using the Agilent 4100 Microwave Plasma-Atomic 
Emission Spectrometer (MP-AES). A chemical extraction 
with 1 M ammonium acetate is recommended (standard 
NF X 31-108) [1, 2, 3]. In this work, results obtained with 
MP-AES are compared to those obtained by other well-
proven, validated techniques fl ame atomic absorption 
spectrometry (FAAS) and inductively coupled plasma-
optical emission spectrometry (ICP-OES), and with 
inter-laboratory results to demonstrate the reliability and 
accuracy of MP-AES data.

Which measurement technique is right for 
you?

There are many factors to be taken into account when 
selecting the right analytical technique. In many cases 
several techniques will provide adequate detection 
range, so the technique of choice will depend on 
factors such as sample throughput requirements, 
ease-of-use, infrastructure required, and on-going 
operating costs. In the case of this application, it has 
been more common for smaller laboratories with low 
sample throughput requirements to use FAAS, while 
some larger laboratories (with higher sample throughput 
requirements) may use ICP-OES. 

The 4100 MP-AES fi ts between FAAS and ICP-OES in 
many aspects such as detection power, dynamic range, 
and speed of analysis. For these key performance 
metrics, the MP-AES offers a unique alternative to both 
FAAS and ICP-OES. 

There are also some clear differentiating benefi ts of the 
MP-AES technology over these more traditional options. 
By eliminating the need for on-going gas resupply, the 
MP-AES offers signifi cantly reduced on-going operating 
costs over both FAAS and ICP-OES — and avoids 
fl ammable gases (required for FAAS), hence enhancing 
safety and allowing unattended, overnight operation. 
The reduced infrastructure required for MP-AES also 
makes it well-suited to remote sites where supply 
of gases can be diffi cult and/or expensive. These 
features make the MP-AES an attractive technique for 
many small to medium size agricultural laboratories, 
particularly those at remote locations, and for an 
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increasing number of laboratories requiring the lowest 
possible on-going operating costs.

Experimental

Instrumentation
The 4100 MP-AES revolutionizes the way analysts 
conduct multi-elemental analysis. Using a microwave 
plasma that is based on nitrogen, supplied from a 
compressed air supply and the Agilent 4107 Nitrogen 
Generator, the 4100 MP-AES does not require fl ammable 
or expensive gases such as acetylene, nitrous oxide or 
argon. This improves lab safety, results in a signifi cant 
reduction in operating costs and allows installation in 
mobile labs or remote locations where gas supplies may 
not be available.

Additionally, the 4100 MP-AES has been designed to 
improve the analytical performance and productivity 
when compared with FAAS, with good sensitivity and 
detection limits down to sub ppb levels over a wide 
linear range.

Instrument operating conditions are listed in Table 1. 

Table 1. Agilent 4100 MP-AES operating conditions

Instrument parameter  Setting
Nebulizer OneNeb

Spray chamber Glass cyclonic single-pass

Sample tubing White-white

CsCl tubing Orange-yellow

Waste tubing Blue-blue

Read time 3 s

Number of replicates 3

Stabilization time 15 s

Fast pump during sample uptake Yes

Pump speed 15 rpm

The analysis of soil samples was also carried out 
by ICP-OES and FAAS. Conditions of analysis are as 
described in Table 2.
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Table 2. Global conditions of analysis

Instrument Dilution Comments
Agilent 4100 MP-AES On-line with CsCl 

1.5%
OneNeb nebulizer

Agilent 280 FS AAS SIPS 20. Dilution 
factor set by 
element

CsCl as modifi er for Na and K, 
La/CsCl as modifi er for Mg

Agilent 725 ICP-OES No dilution OneNeb nebulizer

Material
Soil samples were provided (air-dried and sieved 
<2 mm) by the French inter-laboratory comparisons 
organization BIPEA (Inter-professional Bureau of Study 
and Analysis, France). All samples have been recently 
analyzed in profi ciency testing, so that the reference 
values and standard deviations for CaO, K2O, MgO and 
Na2O concentrations in ammonium acetate were known. 
Note: manganese was not included in the testing 
scheme but has been included in this investigation.

The reference numbers of the soil samples used were 
403, 418, 421 and 423.

Sample preparation
As described in the standard NF X 31-108, 1 M 
ammonium acetate adjusted to pH 7, was used as 
extractant. The total concentration of dissolved salt was 
77 g/L.

For each soil, 50 mL of 1 M ammonium acetate was 
added to 2.5 g of soil. The mixture was shaken by 
rotation in a room at 20 °C ±2 °C over 1 hour. After 
extraction, the samples were fi ltered using a fi lter paper 
and the clear solutions were analyzed immediately.

Standard preparation
Four multi-element standard solutions were prepared 
in 1 M ammonium acetate. Table 3 provides details of 
the calibration concentration range for each analyte. 
Single element stock solutions from Merck Germany 
were used. Table 4 displays selected wavelengths and 
calibration parameters used for analysis.

Cesium chloride was used as an ionization buffer. 
This was added on-line via a ‘Y’ piece to avoid manual 
spiking of standards and samples.
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Table 3. Calibration standards used for soil extraction analysis (mg/L)

Ca K Mg Mn Na
Blank 0 0 0 0 0

Standard 1 100 5 5 1.0 0.5

Standard 2 200 10 10 2.0 1.0

Standard 3 300 15 15 3.0 2.0

Standard 4 600 30 30 6.0 4.0

Table 4. Agilent 4100 MP-AES wavelengths and calibration parameters 
selected for analysis 

Element Wavelength 
(nm)

Read time 
(s)

Nebulizer 
pressure (kPa)

Background 
correction

Ca 430.253 3 240 Auto

K 769.897 3 240 Auto

Mg 383.829 3 240 Auto

Mn 403.076 3 240 Auto

Na 588.995 3 240 Auto

Results

Calibration
The calibration curves for Ca, K, Mg, Mn and Na on the 
MP-AES are displayed in Figure 1. Results show good 
linearity. This highlights the better linear dynamic range 
achieved with the 4100 MP-AES as compared to FAAS. 
Less sample dilutions are then needed when using 
MP-AES avoiding sample contamination and enhancing 
productivity.

Sample analysis
The accuracy of the results obtained by MP-AES 
was evaluated by two methods: i) comparison of the 
MP-AES results with results obtained with another 
analytical technique (FAAS and/or ICP-OES) and ii) 
calculation of z-scores for the MP-AES results with data 
from the inter-laboratory test (reference results and 
corresponding standard deviations).
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Figure 1. Typical MP-AES calibration curves for Ca, Mn, K, Na and Mg
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Figure 4. Reference results and Mg concentrations measured in soil extracts 
by MP-AES, ICP-OES and FAAS

Figure 5. Mn concentrations measured in soil extracts by MP-AES and 
ICP-OES (FAAS not determined and no reference results available)

Figure 6. Reference results and Na concentrations measured in soil extracts 
by MP-AES, ICP-OES and FAAS
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Comparison of MP-AES with ICP-OES and/or FAAS
Figures 2 to 6 show for all cations an excellent 
agreement between the 4100 MP-AES results and those 
from other spectrometric techniques. The correlation of 
the analytical results between the different techniques 
was made and linear regressions are observed: 
coeffi cients of determination are 0.995 < R2 < 0.999 and 
the slopes are between 0.969 and 1.043 (Table 5).

Figure 2. Reference results and Ca concentrations measured in soil extracts 
by MP-AES and ICP-OES (FAAS not determined)

Figure 3. Reference results and K concentrations measured in soil extracts by 
MP-AES, ICP-OES and FAAS
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Table 5. Coeffi cients of determination (R2) and slope of linear regressions 
between MP-AES results and ICP-OES or FAAS (nd = not determined)

MP-AES vs FAAS MP-AES vs ICP-OES
R2 slope R2 slope

Ca nd nd 0.998 1.038

K 0.999 1.003 0.998 1.029

Mg 0.998 0.988 0.999 0.969

Mn nd nd 0.995 0.986

Na 0.998 1.043 0.999 1.022

Compared to the FAAS, the 4100 MP-AES has signifi cant 
analytical advantages which offer throughput benefi ts 
and limit contamination.

• It is a multi-element method.

• There is no need for any manual predilution of the 
samples with specifi c conditions for each element 
(different modifi ers and dilution factors), because of 
a high linear dynamic range and on-line dilution.

• It avoids technical problems like burner blockage in 
FAAS, despite of a high level of dissolved salt.

Determination of z-scores
For all analytical data obtained with the 4100 MP-AES, a 
z-score is calculated according to the formula:

z-score = (X - Xmean)/SD 
where:  
X = the measured concentration obtained on the 4100 
MP-AES 
Xmean = the mean calculated concentration from the 
inter-laboratory data
SD = the standard deviation calculated from the inter-
laboratory data.
The z-scores calculated from MP-AES results are 
shown in Table 6. All z-scores are <2 for Ca, K and Mg 
confi rming the accuracy of the 4100 MP-AES analytical 
data. For Na, z-scores are <2 for soil 403 (0.97) and 
soil 418 (0.98) but are >3 for soil 421 (4.59) and soil 
423 (3.39). As observed previously, the MP-AES results 
are in good agreement with those obtained by FAAS 
and ICP-OES (Figure 6 and Table 5). The concentration 
of Na is overestimated for all techniques and the high 
z-scores are not related to an analytical bias but to the 

soil extraction procedure. The source of contamination 
of soil extracts with Na is well known and is assigned to 
the manual manipulation of the fi lter paper. To avoid this 
contamination, it is recommended to centrifuge rather 
than fi lter the soil extracts.

Table 6. z-scores calculated with MP-AES results. nd = not determined (no 
available inter-laboratory data).

Soil 403 Soil 418 Soil 421 Soil 423
Ca 0.49 0.04 0.37 0.08

K 0.04 0.79 0.92 1.03

Mg 0.93 0.58 0.13 -0.10

Mn nd nd nd nd

Na 0.97 0.98 4.59 3.39

Conclusion

The analysis of exchangeable cations in 1 M ammonium 
acetate extracted soil samples was conducted using 
the innovative microwave plasma, the 4100 MP-AES. 
The results show good agreement with values from 
inter-laboratory tests and with results obtained by 
well-proven techniques such as FAAS and ICP-OES. 
This confi rms the suitability of the 4100 MP-AES to this 
application. 

Furthermore, MP-AES offers a number of advantages 
compared to more traditional well proven techniques: 

• Enhanced productivity — with safe, reliable, 
unattended multi-element analysis, the sample 
throughput of MP-AES is more than twice that of 
conventional FAAS systems. 

• High-performance — the magnetically-excited 
microwave plasma source provides improved 
sensitivity, linear dynamic range, and detection 
limits compared to FAAS.

• MP-AES eliminates the need for costly consumables 
such as hollow cathode lamps and deuterium lamps 
for background correction, while avoiding burner 
blockage.

• The cost of ownership associated with MP-AES 
is low by avoiding the need for on-going supply of 
fl ammable or expensive gases such as acetylene, 
nitrous oxide and argon.
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Introduction

It is well known that the presence of elevated levels of metals (for example, 
As, Cr, Cu, Pb, Ni and Zn) is a considerable concern to human health, and 
agricultural, livestock and aquatic industries. Certain metals (for example, Cu 
and Zn) are also essential for biotic and human health and, therefore there 
is an effective threshold for both deficiency and toxicity. The presence of 
these contaminants in the environment is likely due to discharge of effluents 
from small to medium industries, emissions from vehicles, disposal of rural 
domestic sewage in on-site dug wells, indiscriminate use of fertilizers and 
metal-containing pesticides, and disposal of solid waste in unprotected 
sites. These various contaminant sources have the potential to pollute not 
only agricultural and urban land, but also surface and ground waters used 
for agriculture and drinking. Therefore, it is clear that monitoring of metal 
contamination in soils is critically important for environmental monitoring 
and to determine the effects of metals on human health.
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This application note describes an analytical method 
for the determination of metals in soils using a new, 
simple, and inexpensive microwave plasma atomic 
emission spectrometer (MP-AES) developed by Agilent 
Technologies. The Agilent 4100 MP-AES generates a 
self-sustained atmospheric pressure microwave plasma 
(MP) using nitrogen gas and a modified inductively 
coupled plasma (ICP) torch. Sample introduction to 
the MP is pneumatic using a concentric nebulizer 
and cyclonic spray chamber system, and emission 
line isolation and detection is sequential using a 
Czerny-Turner monochromator and charge-coupled 
device system. This MP-AES allows easy entrainment 
of sample aerosols, both aqueous and organic. The 
tolerance level of aqueous and organic solvent loads 
as well as ambient air is significantly higher compared 
to other analytical plasmas. More details about the 
operational characteristics of MP-AES are available 
elsewhere [1].

Experimental

Sample preparation
Soil samples used for analysis were NIST Standard 
Reference Material 2710 — Montana Soil (Highly 
Elevated Trace Element Concentrations) and 2711 — 
Montana Soil (Moderately Elevated Trace Element 
Concentrations). For the comparison of MP-AES and 
NIST results, US EPA Method 3050B sample preparation 
procedure relating to the acid digestion of sediments, 
sludges, and soils was used. A short description of this 
digestion procedure is given below.

10 mL of 1:1 HNO3 was added to 1.00 g of soil sample 
in a 25 x 150 mm glass digestion tube and the samples 
were heated to 95 ± 10 °C for about 15 minutes. When 
cool, 5 mL of HNO3 was added and heat was applied 
for another 30 minutes. The digests were allowed to 
cool, and 2 mL of Milli-Q water and 3 mL of 30% H2O2 
was added and heated to 95 ± 5 °C. After the digests 
were cooled, another 1 mL of 30 % H2O2 was added. 
Heating continued until the sample volumes reduced to 
approximately 5 mL. The digests were allowed to cool 
and then diluted to 50 mL with Milli-Q water. Prior to 
analysis, the soil digests were diluted x10 to reduce the 
effect of background emission due to the high sample 
matrix. The 2% moisture content given in the certificate 
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of analysis for NIST 2710a and NIST 2711a was 
incorporated into the calculation [2]. 

Instrumentation
Table 1 gives the instrumental parameters used for the 
sample analysis. The criterion for wavelength selection 
was to provide a wide working range and to avoid line 
overlaps. For sample delivery to the nitrogen plasma, 
black-black tubing at a 15 rpm pump rate and a  
10 s uptake and stabilization time was used in manual 
mode. Prior to optimization of instrumental parameters, 
torch alignment and wavelength calibration were 
carried out by monitoring Agilent wavelength calibration 
solution. Samples were introduced to the plasma 
using a concentric nebulizer and a single-pass cyclonic 
spray chamber. The 4100 MP-AES is fully automated 
for routine sample analysis using Agilent MP Expert 
software, which runs on the Microsoft® Windows® 7 
operating system.

Table 1. Agilent 4100 MP-AES parameters used for soil digest analysis

Analyte Wavelength 
(nm)

Read time 
(s)

Viewing 
position

Nebulizer 
pressure (kPa)

Background 
correction

Al 396.152 3 -10 240 Auto

As 234.984 3 0 120 FLIC

Cr 425.433 3 -10 240 Auto

Cu 510.554 3 -20 220 Auto

Fe 259.940 3 20 120 Auto

Mn 259.372 3 0 120 Auto

Ni 341.476 3 10 200 Auto

Pb 405.781 3 20 120 Auto

Zn 472.215 3 10 120 Auto

Background and interference corrections
The auto-background correction feature in the MP 
Expert software was used as the background correction 
method. FLIC (Fast Linear Interference Correction) is 
an Agilent proprietary spectral interference correction 
method for line overlaps. For example, Fe can interfere 
with the determination of As at 234.984 nm using 
auto-correction. As illustrated in Figure 1, this type 
of interference can easily be corrected by running a 
blank, and analyte and interferent standards using the 
FLIC page in the MP Expert software. MP Expert then 
automatically corrects the relevant interference.
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Figure 1. Illustration of spectral interference correction using FLIC

Calibration
Table 2 gives calibration fit types, maximum applicable 
analyte concentration, and maximum allowed calibration 
error. Rational fit is a non-linear curve fit and allows 
an extended working range so that sample analysis 
can be carried out using a single wavelength without 
further dilutions being required. Figure 2 depicts a 
typical non-linear calibration using rational fit. The 
acceptance criterion for the calibration curve correlation 
coefficient is 0.999. Analytical calibration was carried 
out using multi-element standard solutions prepared 
using single element standards, except for As. Arsenic 
was calibrated separately because of the Fe spectral 
interference on the As 234.984 nm emission line. The 
maximum concentration for each element was decided 
prior to method development so that these soil samples 
could be analyzed without further dilution.

Table 2. Calibration parameters used for soil digest analysis
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Al 396.152 Rational True True 132.0 10%

As 234.984 Linear True True 110.0 10%

Cr 425.433 Rational True True 11.0 10%

Cu 510.554 Linear True True 132.0 10%

Fe 259.940 Rational True True 660.0 10%

Mn 259.372 Rational True True 220.0 10%

Ni 341.476 Linear True True 22.0 10%

Pb 405.781 Rational True True 132.0 10%

Zn 472.215 Rational True True 132.0 10%
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Figure 2. A typical non-linear calibration curve in MP-AES

Results and discussion

There are several digestion methods available for the 
analysis of soils. For example, US EPA Method 3050B: 
Acid digestion of soils, sludges, and soils is different to 
US EPA Method 200.2: Sample preparation procedure 
for spectrochemical determination of total recoverable 
elements. It is common practice for routine analytical 
laboratories to use US EPA Method 200.2 because 
of its simplicity for large-scale routine use. However, 
analytical results can be different to those obtained 
using US EPA Method 3050B, because leachable metal 
content depends on several factors such as leach 
medium, leach time and temperature, and the pH of the 
sample-leach medium.

Tables 3 and 4 give the results for the analysis of 
NIST 2710 and 2711 for selected metals using US 
EPA Method 3050B. For the MP-AES results, three 
sets of samples were prepared using acid digestion, 
and analyzed. Also provided in Tables 3 and 4, for 
comparative purposes, are results provided by NIST 
for these two soils [3]. It should be noted here that the 
median and range values quoted in Tables 3 and 4 for 
the NIST results were provided by several laboratories 
as a part of contract work for US EPA. Some of the 
laboratories used different or modified digestion 
procedures and therefore, as can be seen in Tables 
3 and 4, the NIST results cover a wide concentration 
range. Therefore, these NIST soil results are not 
certified values but are total metal results. The results 
obtained using MP-AES are within the acceptable range 
provided by NIST, and therefore clearly indicate that 
MP-AES is a suitable analytical atomic spectrometric 
technique for soil analysis.
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Table 3. Results for the analysis of NIST Standard Reference Material 2710 
— Montana Soil

Analyte MP-AES results  
Average ± SD (mg/kg)

NIST results  
Median (mg/kg)

NIST results 
Range (mg/kg)

Al 24300 ± 400 18000 12000–26000

As 550 ± 20 590 490–600

Cr 21 ± 1 19 15–23

Cu 2800 ± 20 2700 2400–3400

Fe 28000 ± 300 27000 22000–32000

Mn 8500 ± 200 7700 6200–9000

Ni 9.5 ± 0.6 10.1 8.8–15

Pb 5600 ± 300 5100 4300–7000

Zn 6100 ± 200 5900 5200–6900

Table 4. Results for the analysis of NIST Standard Reference Material 2711 
— Montana Soil

Analyte MP-AES results  
Average ± SD (mg/kg)

NIST results  
Median (mg/kg)

NIST results 
Range (mg/kg)

Al 20000 ± 200 18000 12000–23000

As 90 ± 15 90 88–110

Cr 21 ± 3 20 15–25

Cu 90 ± 1 100 91–110

Fe 23000 ± 2000 22000 17000–26000

Mn 600 ± 10 490 400–620

Ni 17 ± 3 16 14–20

Pb 1400 ± 30 1100 930–1500

Zn 300 ± 10 310 290–340

Table 5 gives the results for the analysis of the highest 
calibration standard, used as a continuous calibration 
verification standard (CCV). It was analyzed at the 
end of the sequence, about four and a half hours 
after the wavelength calibration solution that was 
analyzed at the beginning of the run. CCV recoveries 
for all analytes are within 100 ± 15% after four and a 
half hours of continuous operation of the instrument, 
with most elements within 100 ± 5%. These CCV 
recoveries indicate that MP-AES is stable for long hours 
of continuous operation, which removes the need for 
time-consuming recalibration over longer instrument 
runs. The results presented in Tables 3 to 5 indicate 
that the 4100 MP-AES is suitable for soil analysis as an 
alternative to other spectrometric techniques.

Table 5. Recoveries for CCV solution analysis after four and a half hours of 
operation

Analyte Al As Cr Cu Fe Mn Ni Pb Zn

CCV recovery (%) 101.8 ND 99.9 104.1 98.0 97.8 112.1 97.9 100.4

Conclusions

The results obtained using the Agilent 4100 MP-AES 
for the soil analysis indicate that MP-AES is a useful 
atomic emission spectrometric technique for metal 
analysis of soils. Method development, instrument 
optimization and sample analysis can be easily 
carried out using the intuitive MP Expert software. 
The analytical working range can easily be extended 
using non-linear rational curve fitting for a single 
wavelength, therefore eliminating the usual practice 
of measuring multiple wavelengths and quadratic fits 
for higher concentration ranges or sample dilutions. 
Spectral interferences can be easily corrected using an 
Agilent proprietary FLIC method. A highly stable, self-
sustained atmospheric pressure plasma is generated 
using nitrogen, and therefore the running costs for busy 
commercial laboratories are very low. The simplicity of 
the instrument and easy-to-use MP Expert software is 
even suitable for novice analysts with minimal training 
required for routine sample analysis.
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