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Abstract

In developing countries, subsistence gold mining entails mixing metallic mercury with crushed
sediments to extract gold. In this approach, the gold—mercury amalgam is heated to evaporate
mercury and obtain gold. Thus, the highly volatile mercury can be absorbed through inhalation,
resulting in adverse health effects. Urinalysis can be used to detect mercury, which is excreted

in urine and feces, and correlate exposure with toxic effects. The current gold standard analytical
methods are based on fluorescence or inductively coupled plasma mass spectrometry methods, but
are expensive, time consuming, and are not easily accessible in countries where testing is needed.
In this work, we report on a miniature electrochemical sensor that can rapidly detect mercury in
urine at levels well below the US Biological Exposure Index (BEI) limit of 50 ppb (ug/L). The
sensor is based on a thin-film gold electrode and anodic stripping voltammetry electroanalytical
approach. The sensor successfully detected mercury at trace levels in urine, with a limit of
detection of ~15 ppb Hg in the linear range of 20-80 ppb. With the low-cost disposable sensors
and portable instrumentation, it is well suited for point-of-care applications.
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1 Introduction

One application of mercury (Hg) is in artisanal and small-scale gold mining (ASGM) [1]
where elemental mercury and gold are mixed together to form an amalgam in order to
extract gold from ore sediments [2]. The amalgam is heated to evaporate mercury and obtain
gold, resulting in a mining method that is cheap, fast, and easy, but highly inefficient. The
process also releases mercury fumes into the ambient environment and directly exposes
workers to them. ASGM is a worldwide phenomenon that involves an estimated 15 million
people, of which 3 million are women and children, across 70 countries primarily in Asia,
Africa, South and Central America. In addition to exposing a large number of people to Hg
fumes, ASGM contributes to over 37% of the total of global Hg emissions, making it the
largest source of Hg pollution [2]. Exposure to Hg vapors often leads to mercury poisoning
due to inhalation, which leads to Hg accumulating in the liver, brain, kidney and bone
tissues [3], ultimately leading to impaired cognition, fine motor skills, speech, and language
development in children. Thus, assessment of Hg exposure is urgently needed.

Assessment of Hg exposure can be done in both whole blood and urine since elemental
mercury (HgP) oxidizes to mercuric mercury (Hg**) once in the bloodstream after crossing
the alveolar-capillary barrier in the lungs, and is then excreted in the urine and feces

[4]. However, the half-life of elemental mercury in blood decreases rapidly in the days
after exposure [5], making assessment of chronic exposure difficult. Further, blood sample
collection maybe challenging due to the need for phlebotomy, and cold storage, and/or
shipping requirements. Urine maybe more suitable for exposure assessment [6,7], with
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half-life of Hg in urine being 1-3 months [8], it may be suitable for assessment for both
chronic and acute exposure. Further, urine is a non-invasive sample that is easy to collect,
making it the ideal approach to assessing inorganic Hg intoxication.

Quantification of Hg is usually done by cold vapor atomic absorption spectroscopy
(CVAAS) [9], cold vapor atomic fluorescence spectrometry (CVAFS) [10], or inductively
coupled plasma mass spectrometry (ICP-MS) [11]. These techniques exhibit very low limits
of detection, with studies reporting 10 ng/L for CVAFS [12], 100 ng/L [13] for CVAAS

and 170 ng/L [14] for ICP-MS, and accurate quantitative assessment of Hg in a wide

range of organic matrices. However, the high instrumentation costs and the need for trained
personnel means that only centralized labs can perform such measurements. The need to
ship the collected samples to these labs for analysis leads to time delays and increased costs.
Thus, these conventional approaches are not optimal for rapid intervention on populations in
low-income regions or developing countries [15].

Electrochemical analytical methods have emerged as viable alternatives to the classic
spectroscopy and spectrometry approaches, offering more rapid analysis, simpler
instrumentation, and lower cost, which is more suitable for point-of-care (POC) applications.
Previous work on electrochemical detection of mercury relied on anodic stripping
voltammetry (ASV), one of such techniques capable of limits of detection (LODs) in the
subpart-per-billion (ug/L) range [16,17]. The approach involves a pre-concentration step,
during which the working electrode is biased at a potential to reduce target analyte until an
adequate amount has been deposited, and a stripping step to oxidize the deposited analyte
from the working electrode surface while generating an anodic faradaic current that is
related to the analyte concentration in the sample.

In this work, we report the use of gold (Au)-based sensor for determination of Hg by ASV.
We recently reported the use of a platinum (Pt)-based sensor for determination of manganese
(Mn) in drinking water [18,19]. However, the Pt working electrode (WE) is not suitable

for Hg determination due to insufficient potential range. Thus, herein we use a gold WE,
coupled with a gold auxiliary electrode (AE) and a Ag/AgCI reference electrode (RE). We
demonstrated a calculated LOD of 15ppb in urine, which is well below the 50 ppb (ug/L)
federal Biological Exposure Index (BEI) in the US [20]. The sensor was validated with
de-identified healthy-donor urine samples. These results suggest that an electrochemical
sensor based on Au can be a used in sensing system for rapid assessment of Hg exposure at
point-of-care.

2 Experimental Methods

2.1 Chemicals and Reagents

Reagents were prepared using chemicals purchased from Fisher Scientific, if not stated
otherwise. Trace metal grade hydrochloric acid (HCI) was diluted with deionized (DI)
water to prepare the supporting electrolyte in a variety of concentrations (i.e., 0.01 M, 0.1
M, 0.2 M, 0.5 M, and 1 M). Sodium acetate buffers of two concentrations (0.1 M and

0.2 M) were prepared by dilution from a stock solution of 3.0 M, pH 5.2+0.1 sodium
acetate (Sigma-Aldrich, St. Louis, MO). Mercury solutions were prepared from an atomic
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absorption standard solution of 1000 mg/L Hg?* in 12% nitric acid (Acros Organics). Silver
Cyless Il RTU (Technic Inc., Cranston, RI) solution was used to electroplate Ag/AgCl
reference electrodes. Electrochemical surface cleaning steps were performed with a sulfuric
acid (H,S0Oy) solution (36 N, 18 M) diluted with DI water to 0.05 M. Sodium hydroxide
(NaOH) pellets 99.99% trace metals basis (Sigma Aldrich) were mixed with DI water to
form 1 M and 5 M NaOH solutions that were used to adjust the pH of urine samples.

2.2 Sensor and Instrumentation

Thin-film gold electrode sensors in this study were procured from Micrux Technologies
(Oviedo, Spain). The sensors (ED-SE1-Au) are based on a three-electrodes configuration

on a glass substrate. The working electrode (WE) is a circle of 1 mm diameter, with semi-
circular counter electrode (CE) and reference electrode (RE). All electrodes were formed by
a 150 nm thick Au layer, on top of a 50 nm Ti adhesive layer. The Au RE was transformed
into an Ag/AgClI RE by electroplating in a two-step process. First, Ag was plated onto the
Au RE with a cathodic current (3 mA/cm?) for 240 s, and then chloridized with anodic
current (3 mA/cm?) for 120 s in 1 M KCI. All three electrodes were confined by a protective
layer of SU-8 resin, with a 2 mm circular opening to delimit the cell area. The overall sensor
substrate was a 10x6 mm? rectangle made of glass (0.75 mm thick) with an SU-8 resin
protective layer to allow use of small sample volume (droplet).

Thin-film Au sensors need both electrochemical and physical cleaning steps.
Electrochemical surface cleaning procedure activates the electrodes surface by generating
hydrogen and oxygen and removing any oxides or chemical residues left from production.
For this purpose, 0.05 M H,SO, solution was used as background electrolyte in a cyclic
voltammetry process between —=1.0 V and +1.3 V at 100 mV/s sweep rate for 24 cycles.
Physical cleaning helps remove particles or dust. This was done by rinsing each sensor with
DI water for 20 s at room temperature and then drying with a 10 s jet of compressed air.
While electrochemical cleaning was performed only once, at the beginning of each sensor
life, before any other electrochemical procedure, physical cleaning was repeated in between
every experiment to wash away solution residues.

In this work, WaveNow miniature USB potentiostat (Pine Instruments, Inc.) was used to
perform all the electrochemical measurements and the AfterMath Data Organizer Software
was employed. The All-in-One Platform from Micrux was used to interface the Au sensor
and the potentiostat. Part of the experiments included a vibration motor in the system set-up.
It is a flat coin button-type DC brushed motor in compact size (diameter 10 mm, thickness
2.7 mm), controlled using Arduino (Arduino UNO). The interface was appositely 3D-printed
to accommodate the Au Micrux thin-film sensor, the vibration motor connected to Arduino,
while still allowing connection through micro-USB to the potentiostat [19].

2.3 Sample Preparation

De-identified healthy single-donor urine samples were purchased from Innovative Research,
Inc. (Novi, MI). The samples were stored in metal-free 15 mL conical tubes. Each tube was
frozen at —20°C and defrosted when needed. Urine solutions were prepared by mixing the
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specimen and supporting electrolyte. Different amounts of Hg were spiked according to the
experiment.

2.4 Analytical Procedure

Experiments were performed at room temperature (~18°C) and with relative humidity of
~30%. Room hygrothermal conditions were kept stable by a thermostat and they did

not change throughout the year. The experimental procedure follows similar steps as

our previous work [18]. Cyclic voltammetry (CV) and Square Wave Anodic Stripping
voltammetry (SWASV) were performed to confirm the positions of the oxidation and
reduction peaks of Hg. A cleaning step was included in the form of chronoamperometry
between the measurements of Hg: a positive potential (+1.3 V) was applied to the sensor
covered with mercury-free solution (mercury-free supporting electrolyte or mixture of

the supporting electrolyte and mercury-free urine) to force stripping of possible mercury
residues on the electrode. The experimental protocol of SWSV analysis was the following:
3 experiments in buffer mercury-free solution were performed as background, then 3
experiments were conducted for each mercury concentration. The cleaning step was
performed between each of the experiments with mercury. All experiments performed on
the same sensor were plotted together to identify the stripping peak of mercury with respect
to the flat voltammogram of backgrounds. Concentrations ranged from 15 ppb to 200 ppb
Hg in the buffer, from 5 ppb to 20 ppb Hg in urine. For each Hg concentration peak height
and area in the voltammogram were calculated. Performance of the sensor, including limits
of detection, accuracy and variability, were determined and optimized through experimental
parameters and contact interface. Best ionic strength and composition of the supporting
electrolyte solution were investigated as well. We confirmed the validity of the point-of-care
system by performing and optimizing the electrochemical analysis using human specimens.
The limit of detection (LOD) was calculated both in buffer and in urine following the
3o/slope approach [21]. Detection capabilities of the designed system were confirmed with
blind tests on the detection of spiked Hg (0 ppb, 5 ppb, 10 ppb, 15 ppb) in urine. Standard
addition applied to certified urine samples was used to reach this purpose.

3 Results and Discussion

3.1 Optimization of ASV Conditions

The experimental conditions were thoroughly investigated and optimized. First, two
supporting electrolytes were selected based on literature suggesting that acidic environment
is desirable for Hg determination: 0.1 M sodium acetate buffer (pH 5.2) [22] and 0.1 M
hydrochloric acid (HCI) [23]. We used cyclic voltammetry (CV) to compare these two
electrolytes by obtaining their potential windows, while addition of 10 ppm Hg?* was used
to locate the reduction peaks. Background scans in Figure 1a show a large anodic current
above 0.7 V, which is attributed to oxide formation on the Au electrode. A large cathodic
current due to hydrogen evolution on the Au electrode occurs below 0 V (not shown), so the
scan was terminated at 0 V to prevent damaging electrodes. Thus, both electrolytes exhibit a
potential window of ~700 mV.
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Oxidation and reduction peaks of Hg?* are clearly visible in both electrolytes. In HCI
electrolyte, the potential of the oxidation peak is ~500 mV and the reduction peak is ~480
mV. Aside from the reduction and oxidation peaks, the voltammogram with Hg overlaps
well with the background voltammogram. In addition, the background signal remains
relatively flat at the peak potential making peak evaluation straightforward. In acetate buffer,
however, there is a strong background signal at the peak potential which would reduce
sensitivity, and broad peak shape would make its evaluation less straightforward. Thus,
based on the shape of the Hg peak and the flatness of the background signal, HCI electrolyte
was selected for further analysis.

Next, we used CV to examine the impact of the HCI electrolyte ionic strength on the
background signal and ultimately the Hg peak shape. Figure 1b illustrates voltammograms
for HCI electrolyte of various ionic strengths, from 0.01 M to 1 M. As ionic strength
increased, the background waveform exhibited a progressively stronger signal that appears
as a pair of broad peaks. A strong background signal can reduce sensitivity and is
undesirable; thus a 0.01 M and 0.1 M electrolytes were preferable for this work since its
signal remained relatively flat. Figure 1c illustrates ASV over a more restricted potential
range. We scanned background of both 0.1 M and 0.01 M HCI electrolytes, as well as 30
ppb Hg2* using 900 s deposition at 0 V for further comparison. The voltammograms in
0.01 M HCI (pH 2.5) were less regular and less flat than the ones in 0.1 M HCI (pH 0.1).
Sensitivity and peak shape were similar, but the strong background signal of the 0.01 M HCI
made it less desirable. Based on these comparisons, the 0.1 M HCI electrolyte was selected.

For stripping analysis, we examined time and potential of the deposition step since both
strongly affect the reduction process of Hg. A 900 s deposition time was selected after a
series of optimization experiments in which ASV deposition was varied from 600 s to 1500
s. The longer the time, the more analyte can reduce on the electrode surface and the higher
will be the oxidation peak. However, if deposition lasts too long, the signal saturates, and
analysis is unnecessarily time consuming. Figure 2a show that Hg reduction peak amplitude
generally increases with time. To quantify these signals, we measured both peak amplitude
and peak area. For peak area measurements, we performed baseline subtraction to adjust
titled voltammograms horizontally to improve accuracy. As Figure 2a illustrates, peak height
tracks with peak area, and either measurement can be used for analysis quantification. The
signal intensity is maximized at 1200 s, and it is comparable at 900 s and 1500 s. In

most cases, voltammograms presented as a single but broad reduction peak at ~475 mV.
The coefficient of variation (C.V.) of the signal remained consistent, in the 5-7% range,
regardless of the deposition time. Ultimately, although 1200 s deposition yielded a stronger
signal, to keep the analysis time manageable a 900 s deposition time was selected.

Investigation of the deposition potential, which also strongly impacts the reduction process
of Hg, yielded an optimal value of 0 V. Figure 2b shows that with a deposition potential <0
V, there is a significant ~30% drop in signal. While the more negative potential (relative

to the stripping peak position) generally yields more efficient analyte deposition, the
voltammograms show an increase in background signal, most likely due to a strong cathodic
current. A similar, although smaller ~20% drop in signal is observed with deposition
potential >0 V, most likely due to less efficient deposition process.
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In addition to the deposition time and potential, optimum waveform parameters for stripping
by square wave voltammetry, including amplitude, period, increment and sampling width,
were investigated using 0.1 M HCI spiked with 20 ppb Hg. Initially, the default Osteryoung
settings [24,25] of 25 mV amplitude, 30 ms period, 5 mV increment, and 2 ms sampling
width were used. However, the rate at which voltage changes over time (scan rate)
influences the thickness of the diffusion layer [26] and, for faster scan rate, the diffusion
layer decreases making it possible to measure higher faradaic currents (i.e., signal) while
capacitive currents (i.e., noise) are reduced. For this reason, the scan rate was enhanced
from 133 mV/s to 600 mV/s by decreasing the period of the square wave from 30 ms

to 6 ms. Impact of this change is clearly visible in Figure 2c, which shows a nearly 6x
signal enhancement. Ultimately, the Osteryoung square wave voltammetry parameters were
optimized to 10 mV amplitude, 6 ms period, 4 mV increment, and 2 ms sampling width.

3.2 Calibration of Au Sensor in HCI

3.3

To demonstrate electrochemical performance, the Au sensor was calibrated in 0.1 M HCI
using the optimized conditions. The concentrations ranged from 15 ppb to 200 ppb Hg,
bracketing the BEI of 50 ppb. A series of representative voltammograms is shown in Figure
3a. After subtracting the baseline, we measured height (current) and area (power) of the Hg
peak and plotted calibration curves for both (Figure 3b). The calibration curves show 99.5%
linearity between the Hg concentration and peak height or area. The correlation equation

of peak height measurements is: | (1A)=0.08 ([Hg(ppb)] —0.72 (R2=0.995, 6 data points),
with 0.080 pA/ppb sensitivity. The limit of detection (LOD) is calculated as 3.1 ppb based
on the 3a/slope approach [21]. The correlation equation of peak area measurements is: P
(NW)=7.24 ([Hg(ppb)]) -114.4 (R2=0.9953, 6 data points), with 7.2 nW/ppb sensitivity. The
LOD is calculated as 3.6 ppb for peak area, which is less favorable than the calculation
based on peak height. The limit of quantitation (LOQ) was 15 ppb Hg for both peak analysis
methods. These values are higher than the previous reports of <1 ppb limits [23,27,28], but
are sufficiently low for our target application; further, these prior studies were performed
using bulk electrodes and thus are not a fair comparison to our miniaturized system.

Interferences

We performed a series of studies of metals that may potentially inference with Hg ASV,

as real-world ASGM urine samples could contain other metals, and to ensure accurate and
reliable determination of Hg. Different heavy metals were spiked into solutions with Hg to
assess possible interferences. Based on literature [29-30], we selected several ions including
As2t Pb2* Fe?* zZn2* and Cu?*. A 15 ppb Hg in 0.1 M HCI was used as control, while
interfering metals were spiked in the ratios of 1:1, 1:10 and 1:100. The results show that
none of these ions impact Hg stripping for ratios of 1:10 or below (Figure 4a—b). At 1:100,
the Pb, Fe, Zi and As metals still did not alter the measurements. However, presence of ppm
level of Cu caused a drastic 50% reduction in Hg signal intensity (Figure 4c). Examining the
stripping waveforms (Figure 4d), it appears that presence of Cu does not adversely impact
the waveform shape but rather depresses its height. Thus, an area-based analysis would

not be beneficial. Plotting peak height for determination of 15 ppb Hg as a function of
increasing concentration of Cu, signal clipping becomes obvious when Cu levels exceed 150
ppb (Figure 4e). This is somewhat analogous to the interference we observed from iron in
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determination of Mn in our prior work [18]. The normal Cu range in human urine is 20-50
ug/24 h (10-25 ppb for a 2 L in 24 h urinary excretion) [31]. The results of this analysis
show that high concentrations of Cu could interfere with Hg detection in urine samples with
Au sensor but, while >50 ppb or ppm levels of Cu require immediate attention in every
situation, for the specific case of ASGM, studies showed that there was no change in urinary
Cu excretion after exposure to mercury vapors [32].

3.4 Determination of Hg in Urine

The sensor was used to demonstrate determination of Hg in urine samples. To improve
performance of the sensor in urine samples, a vibration motor was included in the
experimental setup. The vibration produces agitation and convection motion that increase
sensitivity by disrupting the diffusion layer. We have recently used this approach to
successfully improve detection limits in a study of Pt microelectrode for determination of
manganese in drinking water [19]. Since the organic matrix of biological samples usually
affects electrochemical analysis [33], samples must be first acidified with HCI. Thus, we
began by investigating how much dilution was necessary for successful analysis. A dilution
factor (DF) parameter, defined as a volumetric ratio of total volume (HCI electrolyte and
urine sample) to urine sample, was used to determine dilution quality. A DF=4 resulted

in the best option for urine samples, but other values were investigated as well. Figure 5a
compares voltammograms of 15 ppb Hg at different DF. A DF=1 was attempted, but the
organic matrix in urine had a strong effect and background and Hg voltammograms were
noisy and the signal was not distinguishable. A DF=8 helped reduce the organic matrix
influence, with flatter background signal, but the 15 ppb Hg signal was barely identifiable.
The pH value of the urine solution was also optimized. The pH values of 0.7, 2, 3.5, 6.5,
and 10 were achieved by adding different volumes of trace level 0.5 M NaOH. 15 ppb Hg
was then spiked into the solutions for SWASW measurements. As shown in Figure 5b, the
SWASW peak height and area of 15 ppb Hg keeps decreasing with pH, and pH of 0.7 shows
the highest signal. Thus, 0.7 was chosen as the optimal pH value.

After the optimization of the dilution factor and the pH value, the calibration curve was built
with successful measurement of spiked samples in the 5 ppb to 20 ppb range. Considering
the dilution factor of 4, the mercury concentration in the urine should be 20 to 80 ppb

range. The resulting stripping waveforms and calibration curve are shown in Figure 6. As
shown in Figure 6a, the peak of Hg in the urine solution is much broader than that in the
supporting electrolyte, which makes finding the peak height more difficult, thus the area
measurement was considered a better analysis approach for determination of Hg in urine.
Figure 6b shows the calibration curve of the peak area and the correlation equations: P
(NW)=14.79 ([Hg(ppb)]) —24.79 (R2=0.96, 4 data points). The calculated LOD is 3.8 ppb for
peak area (sensitivity 14.8 nW/ppb).

To further assess reproducibility of the sensor and determine precision of the approach,
ASV was performed with 10 ppb Hg in urine solution on six sensors, replicating each
measurement 3x times. Peak area and the variation coefficient are reported in Figure 7.
Peak area ranges from ~125 nW to ~180 nW. The maximum coefficient of variation is 16%,
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with an average of 10%. This demonstrates that the thin-film Au sensor can measure Hg in
biological sample with precision of approximately 90%.

Urine samples were investigated with a standard addition technique to test the efficacy

of the system in detecting unknown concentrations of mercury. Five different samples
were used for this purpose. Three different known concentrations were added (5, 10,

15 ppb Hg) plus an unknown concentration spiked in the solutions by a lab member.

The representative voltammograms show that the shape of the peaks is adherent to the
optimization experiments. A representative plot of standard addition is given in Figure

8. The calibration curve of the peak area of the standard addition experiment is given

as: P (NW)=18.4 ([Hg(ppb)])+89.13 (R?=0.99, 4 data points). The sensitivity is similar to
the previous calibration in urine. Five samples were measured with the SWASV standard
addition experiments. The results of measured value and the accuracy are reported in the
Table 1. Accuracy is calculated as the agreement between the SWASV measurement and
the real concentration. Based on the results in Table 1, the average accuracy of the SWASV
approach is 86.6% and the Pearson’s correlation is 0.95, which illustrate the high accuracy
of our SWASV approach of measuring Hg.

4 Conclusions

In this work, mercury assessment was obtained by SWASV with thin-film Au sensors.
This system succeeded in detecting trace concentrations of mercury both in the supporting
electrolyte and urine sample. A 15 ppb Hg and 5 ppb Hg respectively in 0.1 M HCI

and urine are the limits of quantitation. The lowest limits of detection are 3.1 ppb

Hg in peak height measurements in supporting electrolyte solution and 3.8 ppb Hg in

area measurements in urine solutions (15 ppb Hg considering the dilution factor). It
measured amounts of mercury below the BEI threshold of 50 ppb Hg, which represents
the intervention level established by the US federal government. This will allow early
intervention among people in ASGM industries in developing countries, where mercury is
used to extract gold from ore sediments and inhalation of mercury fumes can result in severe
poisoning. The designed system is suitable for POC applications that can identify mercury
intoxication, even at early stages, without the need of long analysis in big laboratories.
The advantages of this miniature system are the use of disposable sensors and a portable
instrument, rather than an expensive laboratory-based system.
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Electrochemical performance of Au sensors in acetate buffer and HCI electrolyte. (a) CVs

of the Au sensor in 0.1 M acetate buffer (AB) and 0.1 M HCI alone and with additional

10 ppm Hg to illustrate position and shape of Hg reduction and oxidation peaks. (b) CVs
comparing performance of the Au sensor in HCI solutions of different ionic strength. (c)
SWASYV background scans in 0.01 M and 0.1 M HCI and with 30 ppb Hg to show the Hg

stripping peaks.
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Fig. 2.

Optimization of experimental parameters for Hg ASV by comparison of peak height

Scan rate (mV/s)

Page 12

(current) and area (power) of the Hg stripping peak. Optimization of (a) deposition time
with 50 ppb Hg, (b) deposition potential with 20 ppb Hg, and (c) square wave scan rate

(increment/period) with 15 ppb Hg.
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Fig. 3.
Calibration of Au sensor. (a) Voltammograms in 0.1 M HCI under optimized conditions in
15-200 ppb Hg range, and (b) calibration plots of peak height and area.
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Fig. 4.
Assessment of five metal interferences to Hg SWASV detection. (a) Measurement of 15

ppb Hg without added metal (control) and with addition of 15 ppb of arsenic, lead, iron,
zinc, and copper. (b) Measurement of 15 ppb Hg without added metal (control) and with
addition of 150 ppb of arsenic, lead, iron, zinc, and copper. (¢) Measurement of 15 ppb Hg
without added metal (control) and with addition of 1500 ppb of arsenic, lead, iron, zinc, and
copper. (d) Voltammograms illustrating Hg measurements with increasing Cu concentration.
(e) Peak height of Hg measurements with increasing Cu concentration.
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Fig. 5.
Optimization of SWASV in urine. (a) Comparison of SWASV electrochemical performance

at different urine dilution ratios (DF 1, 4 and 8) with addition of 15 ppb Hg. (b)
Optimization of sample pH for measurement of 15 ppb Hg in urine.
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(a) Voltammograms of calibration of Au sensor in urine under optimized conditions in the

5-20 ppb Hg range, and (b) calibration plots of peak area in urine.
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Fig. 7.
Representative SWASV measurements in urine (10 ppb Hg with 6 different sensors).
Comparison of peak area and its coefficient of variation.
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(a) Representative waveforms of the standard addition experiment. (b) Standard addition plot
of peak area. The original concentration of Hg in the urine sample can be calculated using
the equation in (b) and the dilution factor.
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