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ABSTRACT 
Inductively coupled plasma-mass spectrometry (ICP-MS) is a powerful analytical technique that can 15 

quantify elements of interest at parts-per-trillion concentrations. In this laboratory class, students 

performed ICP-MS analysis to quantify mercury concentration of standard reference material (SRM) 

1947 (Lake Michigan fish tissue) and canned tuna from a local supermarket. These two samples were 

digested in two different matrices (HNO3/ H2O2 or HNO3/HCl/H2O2) and then analyzed using no-gas 

mode or helium mode with two different kinetic energy discrimination voltages (2V or 4V). The 20 

inclusion of HCl in the matrix produced more accurate results and stabilized mercury over the 8-day 

period after the digestion. Based on their analysis, the students were asked to draw their own 

conclusions about what they perceived to be the most accurate representation of the true mercury 

concentration of the tuna samples. This laboratory class provides students with a wide range of 

scientific concepts to explore such as method verification with SRM, kinetic energy discrimination, 25 

matrix effect, and trace metal stability over time.  
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INTRODUCTION 
Mercury (Hg) is found in the earth’s crust at approximately 0.5 parts per million (ppm) as 35 

elemental mercury or as a sulfide.1 Outgassing from rock, volcanic activity, coal burning, and mining 

can release mercury into the atmosphere. Additionally, mercury can be introduced to marine 

ecosystems as a result of industrial runoff or discharge, such as in the events that occurred in 

Minamata Bay, Japan, in the 1950s and in commercial gold mining operations.2-4 As elemental or 

inorganic mercury enters the water cycle, it is converted into an organic compound, such as 40 

methylmercury, by microorganisms.5 Once these microorganisms are consumed by smaller creatures 

and eventually by larger fish near or at the top trophic levels (e.g., tuna, swordfish, or shark, etc.), 

mercury concentration in the tissue can climb to significant levels.1 Human consumption of these 

contaminated marine species can lead to accumulation of mercury in the body and result in adverse 

health effects, including neurological and behavioral disorders, neuromuscular effects, headaches, 45 

cognitive and motor dysfunction, kidney damage, and potentially death.6  

The Food and Drug Administration (FDA) closely monitors Hg levels in commercial fish, provides 

guidelines on fish consumption, and prohibits the sale of fish that have methylmercury levels higher 

than an action level of 1 ppm.7–10 Action levels represent the limit at which FDA will take legal action 
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to remove products from the market. The FDA regularly updates the elemental analysis manual for 50 

food and related products and inductively coupled plasma-mass spectrometry (ICP-MS) is one of the 

primary methods for the quantification of mercury in fish by the FDA.11 

ICP-MS is a sensitive tool for elemental quantification with diverse applications such as 

environmental sample analysis, water quality control, and food analysis.12–16 In the Journal of 

Chemical Education, the general principle of ICP-MS has been reviewed.17 Additionally, previous 55 

publications in this journal investigated analysis of trace metals in sinus wash and apple juice, 

explored parameter optimization through simulation, and examined the effects of polyatomic 

interference.18–22 Also, an undergraduate experiment analyzing mercury in fish samples using cold-

vapor atomic absorbance has been published23; however, to date, mercury analysis of solid foodstuffs 

with ICP-MS in a class setting has not been published. Thus, in this educational paper, we pursued 60 

the following learning objectives while performing mercury ICP-MS analysis on fish samples:     

1. Method validation with standard reference material (SRM). 

2. Matrix effect: how different acid composition affects accuracy of the analysis and sample 

stability over time. 

3. Kinetic energy discrimination (KED) effect on accuracy of the analysis as KED voltage is varied.  65 

In ICP-MS studies, it is common practice to use standard reference materials (SRMs) in order to 

validate the accuracy of the method.24 The reference material has a known concentration of the 

element(s) you are designing the workflow for, in a matrix similar to the unknown sample. In this 

experiment, SRM 1947 (Lake Michigan Fish Tissue - certified by NIST)25 was incorporated so that 

students could determine which combinations of parameters resulted in the most accurate results. 70 

Then, students were asked to translate this information into estimates about mercury concentrations 

in the canned tuna samples. The average level of mercury in canned tuna samples, as determined by 

the FDA, was provided so that students can make conclusions about the accuracy of their unknown 

analysis. 

Use of HNO3 as the matrix, rather than HCl, is generally recommended for ICP-MS analysis to 75 

avoid isobaric interference caused by Cl-based polyatomic species.26 However, Agilent reported  

detecting parts per trillion level of Hg with He or O2 mode with 0.5 to 1.0% HCl used as the matrix.26-27 



  

Journal of Chemical Education 8/1/21 Page 4 of 16 

Also, HCl has been found to promote stable storage of trace amounts of Hg, especially in combination 

with HNO3 and H2O2.28–30 Thus, with a correct implementation of the collision/reaction cell, the 

addition of HCl into the matrix for trace level Hg can be beneficial in terms of both ICP-MS analysis 80 

accuracy and long-term sample stability. To examine this aspect of the matrix effect, SRM 1947 and 

canned tuna from a local supermarket were digested with either HNO3/H2O2 or HNO3/HCl/H2O2 and 

then analyzed 1 day after and 8 days after the digestion. Stability over time is an important metric in 

an undergraduate experiment, since funds and time restrictions may only allow for one sample 

digestion that must last the duration of the class. 85 

The main instrument of this study is Agilent 8800 ICP-MS, which utilizes the collision/reaction cell 

between two quadrupoles to attenuate isobaric interference.31 The collision/reaction cell can be 

disabled (no-gas mode) or filled with either non-reactionary, e.g. He, or reactionary gases, e.g. H2 or 

NH3.32  

 90 

Figure 1. Polyatomic interference (or isobaric interference) can be attenuated via kinetic energy discrimination. Kinetic energy 

discrimination is defined as the use of a potential energy barrier between the collision/reaction cell and the mass analyzer to attenuate isobaric 

interference from polyatomic species. In a single-quadrupole mode, Quadrupole 1 (Q1) is set to let ions of all m/z pass through. The target 

element (201Hg+), polyatomic species with the same m/z (201Polyatomic+), and other ions (*Polyatomic+) are introduced into the 

collision/reaction cell. In no-gas mode (not shown), all ions travel unhindered to quadrupole 2 (Q2) and ions with the target m/z value (201 95 

m/z) are selected by Q2. In helium mode, the collision/reaction cell is filled with helium and polyatomic species that can potentially cause 



  

Journal of Chemical Education 8/1/21 Page 5 of 16 

isobaric interference undergo more collisions compared to 201Hg+. The resulting kinetic energy discrepancy can be taken advantage of to filter 

out 201Polyatomic+ by setting up a potential energy barrier, the magnitude of which can be manipulated by adjusting the potential difference 

between the collision/reaction cell and Q2.    

When the collision/reaction cell is filled with non-reactive gas such as helium, the atomic ions 100 

(analyte ions) and the isobaric polyatomic ions (interfering ions) undergo multiple collisions with gas 

atoms. The former loses less kinetic energy than the latter during this process, resulting in energy 

difference between the two ion species of the same mass. By setting up a potential barrier of an 

appropriate magnitude, interfering polyatomic species can be filtered out while minimizing the loss of 

the target analyte, as shown in Figure 1. The efficiency of this suppression of isobaric interference, 105 

referred to as kinetic energy discrimination or KED, depends on a potential barrier that is neither too 

high nor too low.35 Students were encouraged to investigate the effect of this parameter by conducting 

the experiment at two different KED voltages, 2V and 4V.    

This experiment incorporates many key concepts of analytical chemistry research including 

method verification, matrix effect examination, parameter optimization, and quantification using 110 

external calibration curves. This paper focuses on the analysis of Hg in commercial fish products in a 

classroom setting. However, the general methodology can be applied to any sample that can be 

digested with HNO3 or HCl and with any element susceptible to polyatomic interference during ICP-MS 

analysis. 

MATERIALS & METHODS 115 

Reagents 

     Hydrochloric acid 37%, ≥99.999% trace metals basis (Sigma-Aldrich, Cat. no.  339253), nitric acid 

70%, purified by redistillation, ≥99.999% trace metals basis (Sigma-Aldrich, Cat. no. 225711), 

hydrogen peroxide 30%, for trace analysis (Sigma-Aldrich, Cat. no. 95321), and water, ultra-trace 

elemental analysis grade (Fisher, Cat. no. W9-1) were used to generate matrices for digestion and 120 

analysis. Scandium stock solution 100 µg/mL, 7% HNO3 (Inorganic Ventures, part no. CGSC10-

125ML) and Yttrium stock solution 100 µg/mL, 2% HNO3 (Inorganic Ventures, part no. MSY-100PPM-

125ML) was diluted to 8 ng/mL and 4 ng/mL, respectively, with either 2% HNO3/0.34% H2O2 or 2% 

HNO3/1% HCl/0.34% H2O2 matrix to generate internal standard (ISTD) solutions (Sc 8 ng/mL, Y 4 
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ng/mL). Mercury standard 10 µg/mL, 5% HNO3 (Agilent, part no. 5190-8575) was diluted with either 125 

2% HNO3/0.34% H2O2 or 2% HNO3/1% HCl/0.34% H2O2 matrix to generate 10 ng/mL stock solution, 

which was used to make calibration solutions (see Calibration Curve Solutions Preparation for details). 

ICP-MS tuning solution 10 µg/mL Ce, Co, Li, Mg, Tl, Y (Agilent, part no. 5190-0465) was diluted 

1,000-fold to 10 µg/L with 2% HNO3 to conduct plasma warm-up runs and auto-tuning (see 

Instrument Parameters & Auto Tuning section for details). SRM 1947 (Lake Michigan Fish Tissue, 130 

certification date 9/3/2020, expiration date 12/31/2026) was purchased from NIST.25 Canned tuna 

(albacore tuna in water, Thailand) was purchased from a local supermarket. After the digestion, (see 

Microwave Digestion & Sample Preparation section for details) the samples were stored in acid-

resistant Nalgene™ Narrow-Mouth Bottles Made of Teflon™ PFA (Fisher, Cat. no. DS1630-0001).   

Microwave Digestion & Sample Preparation 135 

Table 1. Microwave digestion sample parameters.   

Sample Initial Mineralization In Sample 
weight (g) 

Final sample 
volume (mL) 

Method Blank 5 mL of 70% HNO3, 2 mL of 30% H2O2 N/A 50 

Method Blank 4 mL of 70% HNO3, 1 mL of 37% HCl, 2 mL of 30% H2O2 N/A 50 

Canned Tuna Meat 5 mL of 70% HNO3, 2 mL of 30% H2O2 1.183 50 

Canned Tuna Meat 4 mL of 70% HNO3, 1 mL of 37% HCl, 2 mL of 30% H2O2 1.169 50 

SRM 1947 5 mL of 70% HNO3, 2 mL of 30% H2O2 1.251 50 

SRM 1947 4 mL of 70% HNO3, 1 mL of 37% HCl, 2 mL of 30% H2O2 1.346 50 

 

     All samples were digested via microwave digestion. Microwave digestion was performed at the ICP-

MS facility within the UC Center for Environmental Implications of Nanotechnology at UCLA. Samples 

(SRM, tuna) were measured into clean Teflon vessels for acid digestion. The digestion was carried out 

using either a mixture of 7% HNO3 and 3% H2O2 or 7% HNO3, 3.7% HCl, and 3% H2O2 (see Table 1. for 140 

details) at 190oC for 20 minutes in a microwave digestion system (Titan MPS, PerkinElmer). Once the 

samples were cooled to room temperature, it was subsequently diluted to the final volume of 50 mL by 

adding filtered deionized water. Samples were then stored in a -4oC freezer overnight and then 

analyzed the next morning (Day 1). After the Day 1 analysis, the samples were stored in a 4oC 

refrigerator for 7 days and then re-analyzed (Day 8).   145 
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     Prior to ICP-MS analysis, 2 mL of each sample (method blank, tuna, SRM) was transferred to a 

rinsed (rinse protocol described below) 15 mL conical tube and subsequently diluted using 5 mL of 

ultra-trace elemental analysis grade water (see Reagents section for details). All samples were prepared 

in triplicate, such that a total of 9 vials (3x method blank, 3x tuna, 3x SRM) would be analyzed per 

run. 150 

     Rinse Protocol: The exterior, interior, and caps of 15 mL conical tubes were rinsed thrice with 

deionized water. Then, the interior of each tube was rinsed twice with either 2% HNO3 or 2% HNO3/1% 

HCl, depending on the final matrix. 

Calibration Curve Solutions Preparation 

     Calibration curve solutions were prepared by first generating a 10 ng/mL, 50 mL stock solution of 155 

mercury in an acid matrix of either 2% HNO3/0.34% H2O2 or 2% HNO3/1% HCl/0.34% H2O2. For the 

blank, a 15 mL conical tube was filled with 10 mL of ultra-trace metal grade water. For the 0 ng/mL 

solution, a 15 mL conical tube was filled with 10 mL of the acid matrix (2% HNO3/0.34% H2O2 or 2% 

HNO3/1% HCl/0.34% H2O2) only. Serial dilution was used to produce calibration solutions with 

mercury concentrations of 0.5, 1, 2, and 3 ng/mL. A batch of fresh calibration solutions was prepared 160 

for each run.  

ICP-MS Instrument & Batch Design 

     This experiment used the Agilent 8800-QQQ ICP-MS instrument in the Molecular Instrumentation 

Center at UCLA. The instrument was operated using Agilent’s MassHunter 4.1 software. Experiment 

batch design was reviewed with students prior to the start of the run (detailed information available in 165 

the Supplementary Information 1). Method blank, SRM, and tuna samples were analyzed in triplicates. 

Rinse steps were inserted between the samples to prevent cross contamination. All reported 

concentrations were average values from five technical replicates. 

Instrument Parameters & Auto Tuning 

Table 2. Instrument parameters.  

RF Power 1550 W Nebulizer Pump 0.10 revolutions per second 

RF Matching 1.80 V S/C Temp 2 oC 

Sampling Depth 8.0 mm Gas Switch Dilution Gas 

Carrier Gas 1.00 L/min  Makeup/Dilution 
Gas 

0.20 L/min 
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Option Gas 0.0%   

     Key plasma parameters that were maintained for all experiments are shown here. KED voltage was 170 

set at either 2V or 4V for no gas or helium mode for each matrix. After the plasma warm-up, auto 

tuning was performed before each run to calibrate the quadrupole and ion lens voltages to reach 

optimal signal intensity for target elements in the tune mix solution.33 The tune reports for each run 

are available in Supporting Information 3. 

HAZARDS 175 

     Students should always wear protective goggles, gloves, and lab coats during the experiment. 70% 

HNO3 and 37% HCl used for mercury extraction are extremely caustic and should be handled with 

care. The calibration solutions that contain HNO3, HCl, and mercury should be generated with care in 

a well-ventilated fume hood and should not be kept for more than a few days. Finally, it is 

recommended that the autosampler chamber be ventilated during and after the experiment so that 180 

any vapor build-up containing mercury is minimized. 

RESULTS AND DISCUSSION  

     All data was generated by student volunteers who took Chem 184 (analytical chemistry class for 

upper-division undergraduate students) at UCLA during the Winter 2021 quarter.  
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Figure 2. Student-generated calibration curves. Two representative calibration curves for 2% HNO3/0.34% H2O2, 2V KED, no gas mode 185 

trial (top) and 2% HNO3/1% HCl/0.34% H2O2, 4V KED, He mode trial (bottom) are shown here.   

     Calibration curves were excellent overall, possessing correlation coefficients between 0.9909 and 

1.000 across 16 calibration curves. Two representative calibration curves are shown in Figure 2. 

Detection limits calculated by MassHunter software were all below 0.01 ng/mL, two orders of 

magnitude below the target mercury concentration range of both tuna and SRM samples. All 190 

remaining calibration curves, as well as internal standard recovery curves, are provided in Supporting 

Information 2.  
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Figure 3. Day 1 and Day 8 student analysis results. A) Day 1 - Matrix A (2% HNO3/0.34% H2O2) results. Mean tuna and SRM Hg 

concentrations were calculated from triplicate measurements. Expected SRM Hg concentration for Matrix A was 1.82 ng/mL and ±10% margin 195 

of error is highlighted in green. B) Day 1 - Matrix B (2% HNO3/1% HCl/0.34% H2O2) results. Expected SRM Hg concentration for Matrix B was 

1.96 ng/mL and ±10% margin of error is highlighted in green. C) Day 8 - Matrix A results. 4V KED trial for Matrix A was excluded from analysis 

since the condition failed to meet the NIST standard of ±10% margin of error on Day 1. D) Day 8 - Matrix B results.  

     Mean tuna and SRM mercury concentrations calculated from triplicate measurements (noted as 

[tuna] and [SRM] from here) on Day 1 and Day 8 are summarized in Figure 3. When samples were 200 

analyzed with Matrix A (2% HNO3/0.34% H2O2) on Day 1, trials with KED = 2V met the NIST standard 

of ±10% of expected Hg concentration while trials with KED = 4V failed. Similar trend was observed for 

both no gas mode and helium mode, in which heightened potential energy barrier lead to loss of the 

target ions. This result indicates that the kinetic energy of the target ions, determined by the 

instrument parameters set by the auto-tune run with Matrix A (see Supporting Information 3. for 205 
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details), is not strong enough to overcome the KED voltage at 4V and that there is minimal isobaric 

polyatomic interference.  

Analysis of Day 8 samples followed identical methods; however, because the [SRM] in Matrix A 

failed to meet validation criteria at KED = 4V on Day 1, this condition was excluded from Day 8 

analysis. A decrease in [SRM] was observed for both no-gas mode (-19.4%) and He-mode (-15.9%) at 210 

KED = 2V. These results agree with previous studies demonstrating mercury loss of up to 50% after 10 

days, depending on sample container.28,29 This is especially relevant for undergraduate classes, since 

sample digestion availability may be limited due to cost or time constraints. Thus, unless the goal of 

the class is to investigate matrix effects on mercury stability over time, HNO3 or HNO3/ H2O2 matrix 

composition should be avoided for long-term sample storage.   215 

     In contrast, [SRM] for Matrix B (2% HNO3/1% HCl/0.34% H2O2) met the ±10% margin of error for 

the expected value regardless of gas mode or KED voltage on Day 1. Curiously, higher potential energy 

barrier resulted in better accuracy for no gas mode, indicating that that interference attenuation by 

KED in no gas mode is possible. Similar result has been observed in a recent study but authors of the 

study states that there is no obvious explanation for this observation, and it may not be reproducible 220 

on all ICP-MS instruments, since it may be related to the plasma or interface system of the ICP-MS.36 

Thus, detailed discussion of this result was deemed outside the scope of this class and was not 

pursued further. When KED voltage was at 2V, accuracy improved slightly when helium mode used 

compared to the no gas mode, indicating that KED with helium mode leads to sufficient kinetic energy 

discrepancy between interfering polyatomic species and the target ions so that 2V potential barrier 225 

was effective. 4V potential barrier was not too high to harm target ion detection significantly but 

resulted in slightly less accurate result for Day 8.   

For Matrix B, Day 8 results did not differ significantly from Day 1 results and all SRM analysis fell 

within ±5% margin of error from expected Hg concentration. This outcome agrees with previous 

studies that showed including HCl in the sample matrix enhances mercury stability over time.28,29 230 

These results demonstrate the importance of choosing the correct matrix for the target element. Thus, 

for long-term storage of mercury samples for a class, HNO3/HCl or HNO3/HCl/H2O2 matrix 

compositions are recommended.   
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     Based on these results, students concluded that Matrix B is the superior matrix for trace Hg 

analysis in regard to both the accuracy and the sample stability over time. Students reported that 235 

performance of He mode was slightly better than no gas mode but may be dependent on KED voltage. 

Students also deduced that the KED voltage had a more pronounced effect on samples analyzed with 

Matrix A. This indicates that KED = 4V is too high for Matrix A and results in significant loss of 

sensitivity. Students concluded that both 2V and 4V KED voltages worked well with Matrix B. These 

results indicate that sensitivity loss from higher KED voltages had less impact when the matrix 240 

included HCl. From SRM analysis, students inferred that the tuna concentration from Matrix B, no 

gas, KED = 4V or Matrix B, helium, KED = 2V trials are the most accurate results. From these two 

trials, students calculated the expected tuna's original mercury concentrations as 0.183 ppm and 

0.187 ppm, respectively. This was in close agreement with the FDA's value of 0.13 ppm.7,34 

CONCLUSION 245 

     Students were asked to complete surveys before and after the experiment in order to assess 

learning objective progression. These survey results are provided in Supplementary Information 2. In 

short, prior to the experiment, students expressed neutral confidence in ICP-MS experimental design 

and execution. Concepts concerning polyatomic interference, gas modes, and method validation, and 

the rationale underlying the choice of acid matrix, were areas of particularly low understanding among 250 

the volunteers. After the experiment, students reported high understanding in these four areas. 

Students also reported a high degree of confidence that they could design and carry out their own 

analysis using ICP-MS. Many undergraduate institutions already have ICP-MS instrumentation for 

educational purposes. This protocol provides a straightforward way to explore major aspects of ICP-MS 

analysis while piquing students' interest by investigating a real-world problem.   255 

ASSOCIATED CONTENT 
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