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Abstract—Different gold-coated sorbents for amalgamation were applied for the determination of inorganic
mercury in waters using a home-made cold vapor generation unit coupled to atomic absorption spectrometry.
Among the gold-coated materials investigated (quartz wool, alumina, silica, sand and carbon fiber) quartz
wool was found to give the most efficient results in terms of sorption and release. Analytical performance of
the system without and with amalgamation was investigated and it was found that when amalgamation was
applied, the linearity and slope of the calibration plots were independent on the sample volume for 1.0, 5.0
and 10.0 mL. Method validation was realized through the analysis of a sample of spring water spiked with
1.0 ug/L inorganic mercury and the spike recoveries were found to be 95+ 1, 91 &+ 3, and 99 &+ 5% for 1.0, 5.0,
and 10.0 mL, respectively. The results demonstrated that the methodology can be applied to these types of
samples directly or after amalgamation, depending on the mercury concentration.
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Mercury is considered as an important contami-
nant [1]. It is released into the environment as a result
of natural and anthropogenic processes [2]. The most
important chemical forms are elemental mercury
(Hg%, inorganic mercury (Hg?'), methylmercury
(CH;Hg") and dimethylmercury (CH;HgCH;) [3].
The most common and stable form of mercury in
waters is the solvated divalent mercuric ion. Although
methylmercury is the most toxic form, most of the
mercury released into the environment (water, soil and
sediments) is inorganic mercury, which can have neu-
robehavioral effects [4]. Drinking water, fish and fish
products are the main routes of incorporation of mer-
cury into the human body [5]. Hence determination
and monitoring of mercury in natural waters are of
great importance. In drinking water, the World Health
Organization [6] recommends a limit of 1 ug/L of
mercury whereas the US Environmental Protection
Agency [7] establishes a maximum concentration of

2 ug/L.

Several methods have been reported for mercury
determination in waters [8—10]. Among these cold
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vapor atomic absorption spectrometry (CVAAS) is the
most popular technique due to its simplicity, high sen-
sitivity and low cost [11]. Since mercury concentra-
tions in non-polluted waters are very low, there is a still
strong need for a sensitive and accurate preconcentra-
tion step to monitor mercury in environmental and
biological samples. Gold and other precious metals
are well known for their high efficiency in trapping Hg
from the gas phase by amalgamation [12, 13]. Gold-
based collectors, which are used in many forms such as
gold wire in a pyrolytic graphite platform [14],
gold—platinum gauze [15], gold-coated sand [16] and
gold-coated quartz wool gauze [17] were applied to the
preconcentration of Hg prior to detection.

In the present study, the applicability of different
gold-treated amalgamation materials (quartz wool,
alumina, silica, sand and carbon fiber) for the collec-
tion/determination of inorganic mercury in environ-
mental samples by using CVAAS was examined and
analytical performances for the above mentioned
materials were compared. The materials synthesized
were characterized by scanning electron microscopy
(SEM) and energy-dispersive X-ray spectroscopy
(EDX). The sorption/release performances of the
gold-coated sorbents were examined and the method
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Fig. 1. Home-made cold vapor atomic absorption spec-
trometry system and the gold amalgamation unit used in
mercury determinations (positions of the 3-way valves, V1,
V2, V3 and V4, indicate the flow directions during various
steps).

was validated through the spike recovery experiments
for a natural spring water sample.

EXPERIMENTAL

Reagents and chemicals. All reagents were of ana-
Iytical grade. Ultra pure water (18 MQ cm) was used
throughout the study. Glassware and plastic contain-
ers were cleaned by soaking in 10% (v/v) HNO;
(Merck) and rinsed with distilled water prior to use.
Mercury intermediate standard solution, 100 mg/L,
was prepared from 1000 mg/L AAS standard in 1%
(v/v) HNO;. Working standards were prepared daily
from a second intermediate standard, 100 ug/L, by
serial dilution in 5% (v/v) HNO;. A 5% (m/v) SnCl,
in 0.96 M HCI (Merck) solution was also prepared
daily from SnCl, x 2H,O (Merck) by dissolving the
appropriate amount of the chemical in water. Gold
solution was prepared by dissolving metallic gold
obtained from a jewelry shop (92% purity) in aqua
regia (HNO;—HCI) on a hot plate (~80°C).

Instrumentation and apparatus. A Thermo Elemen-
tal Solaar M6 Series (Cambridge, UK) atomic absorp-
tion spectrometer using a mercury hollow cathode
lamp at the wavelength of 253.6 nm and a deuterium
lamp for background correction were employed in all
measurements. Mercury determinations were per-
formed by CVAAS, with a 15 cm-long glass absorption
cell having quartz windows at both ends mounted on
the standard air-acetylene burner head.

The manifold for on-line preconcentration system
utilized a 50-mL reaction vessel, a magnetic stirrer to
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ensure rapid reactions, an amalgamation unit, several
3-way connectors and Tygon tubings (Fig. 1). In the
beginning, the amalgamation unit consisted also of
two 150 W infrared lamps (General Electric Co. USA)
to heat the analytical trap. However, it was observed in
the initial experiments that heating was not necessary
during the amalgamation step as the mercury could be
trapped efficiently even at room temperature. Hence,
the IR lamps were not used in further experiments.
The 3-cm long thermal desorption unit was con-
structed in the laboratory by wrapping Ni—Cr wire
about 5 turns per 10 mm. An 8 A, 220 V AC input and
45 V AC output variable transformer was used to heat
the sample trap. The temperature was controlled by a
similar design using a Ni—Cr thermocouple with a
ceramic coated tip. The cold vapor generation and
amalgamation systems were under argon atmosphere
which also helped in cooling down the heated gold-
coated column. In addition to argon gas, two small
fans were used to cool the amalgamation unit to room
temperature. In a typical run, sample or standard is
placed in the 50-mL reaction vessel, 500 uL of 5%
(m/v) SnCl, is added with a micropipette, the vessel is
closed and the solution is mixed by a magnetic stirrer.
After a certain reaction/equilibration time, mercury
atoms are formed and then separated from the liquid
phase as atomic vapor. An inert gas (N,) is passed
through the reaction vessel to transport the atomic
mercury into the glass absorption tube.

Preparation of the gold-coated sorbents. An appro-
priate amount of the sorbent (quartz wool, alumina,
silica and sand) was weighed and transferred into a
porcelain crucible containing 1.5 mL of Au(III) solu-
tion at various concentrations (70, 175 and
350 mg/mL Au(IIl) in aqua regia). The mixtures were
first heated to dryness on a hot plate to remove excess
acids and then placed in a muffle furnace for 2 h at
560°C as described by Magalhaes et al. [18]. The gold-
coated sorbents were transferred into a desiccator and
cooled to room temperature.

Gold-coated carbon fibers were prepared by sput-
ter-deposition from a gold cathode onto a carbon fiber
substrate using Polaron SC7610 model sputter coater
(Holland). The sputtering process was performed for
both sides of the carbon fibers to obtain a nearly
homogeneous coating. The blank samples for the
above mentioned materials were also prepared in the
same manner to compare the trapping efficiency of
the uncoated and the gold-coated surfaces. In the
amalgamation unit, 0.3-cm i.d. quartz tubes were
filled with the gold-coated sorbents (0.2 g, approxi-
mately 0.5-cm length) and untreated quartz wool was
used as stoppers at column ends.

RESULTS AND DISCUSSION

Characterization of the gold-based collectors. The
SEM (Philips XL-30S FEG) back-scattered microim-
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Fig. 2. Scanning electron microscopy back-scattered microimages of untreated alumina (a), gold-coated alumina (b), untreated
silica (c), gold-coated silica (d), untreated quartz wool (e), gold-coated quartz wool (f), untreated carbon fibers (g), gold sputter-

coated carbon fibers (h) after 36X magnification.

ages of the untreated and gold-coated (with
350 mg/mL Au(III) solution) alumina/silica surfaces
are shown in Figs. 2a—2d. Among the Au(III) concen-
trations investigated (70, 175, and 350 mg/mL), only
350 mg/mL resulted in an appreciable gold coating on
the surfaces. A less uniformly distributed surface and a
kind of coagulation of gold particles was observed for
gold-coated silica which might led to irreproducible
results for silica. When the SEM back-scattered
microimages of the untreated and gold-coated quartz
wool surfaces are investigated (Figs. 2e, 2f), it was
clearly seen that 175 and 350 mg/mL gold-coated
quartz wool samples showed similar (and relatively
homogeneous) coverings, however, 350 mg/mL gold-
coated quartz wool was used in the remaining experi-
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ments as this material demonstrated the most efficient
behavior in terms of mercury trapping. The EDX
results (not shown) confirmed the same observation;
the amount of gold coated on the surface was higher
when 350 mg/mL Au(III) solution was used in the
coating step. The SEM microimages of uncoated and
sputter-coated carbon fibers (Figs. 2g, 2h) and gold-
coated sand (not shown) have also acceptable coatings
on the surfaces.

Optimization of the trapping temperature of the
gold-based collectors. The trapping temperature of the
gold-coated sorbents was determined with 20.0 ng
Hg(IT) in 0.7 M HNO; using the usual analysis proce-
dure. After the addition of 500 uL of 5% (m/v) SnCl,
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Fig. 3. Effect of releasing temperature on mercury signal
with amalgamation materials coated with 350 mg/mL
Au(III) solution: (M) — gold-coated alumina, (A) — gold-
coated silica, (O) — gold-coated quartz wool; 0.7 M
HNOj3; 500 uL of 5% (m/v) SnCly; n= 3.

solution, Hg?" was reduced to Hg® and the generated
atomic mercury vapor was passed through the gold-
coated collectors. At the initial stages of the study,
attempts were made to optimize the trapping tempera-
ture and it was found that all the gold-coated amalga-
mation materials investigated were very efficient
(>95%) in the sorption of atomic mercury vapor even
at room temperature (~25°C). Therefore, the higher
trapping temperatures were not applied in the subse-
quent parts of the study.

Optimization of the releasing temperature of the
gold-based collectors. The change in mercury signal as
a function of releasing temperature obtained with alu-
mina is shown in Fig. 3a. Mercury signal increased
with the increase in the releasing temperature up to
600°C. At 500°C, a second peak was observed due to
consecutive heating cycles indicating the inefficiency
of this temperature to release mercury quantitatively.
In addition to this, relatively higher standard devia-
tions were observed for releasing temperatures below
400°C. When the temperature was at 600°C, the
release from the sorbent was quantitative. Since a sim-
ilar absorbance signal was obtained at a higher tem-
perature (900°C), use of a release temperature of
600°C can be suggested for optimum results. In addi-
tion, no memory effect was observed above 600°C. An
interesting behavior was observed with alumina blank
(treated only with aqua regia in the same manner) in
such a way that the mercury vapor generated in the
reaction vessel was adsorbed by alumina; but it could
not be desorbed from the column even at the maxi-
mum possible temperature (900°C). This finding
implies a strong interaction between the mercury
vapor and the alumina surface, can be a topic of fur-
ther studies. However the small particle size of the alu-
mina was not very suitable for the amalgamation col-
umn and caused significant back pressure that does
not fit the purpose of this study. When the results of
the desorption study for gold-coated silica (Fig. 3b)
were considered, it was observed that a very high tem-
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perature (maybe >900°C) must be applied in order to
release mercury from the column. The blank silica
trapped approximately one-fourth of the total mer-
cury generated in the reaction vessel. Similar to alu-
mina, the small particle size of the silica used caused
significant back pressure and, therefore, did not fit the
purpose of this study. When quartz wool was investi-
gated (Fig. 3c) for the change in mercury signal as a
function of release temperature, even a temperature of
200°C resulted in the release of most of the mercury,
but a temperature of 500°C was applied for the quan-
titative release of mercury from the sorbent. The
reproducibility of the results was very good; in addi-
tion, no memory effect was observed as all the trapped
mercury was quickly released from the column. A very
important advantage, on the other hand, of quartz
wool over the other materials was the ease of operation
during the preparation of the experiments. The gold
sputter-coated carbon fiber was also very efficient for
trapping (>80%) even at room temperature. Practi-
cally, it was superior to alumina and silica, but inferior
to quartz wool. Its releasing behavior was very similar
to quartz wool and a temperature of 500°C was applied
at the desorption step. The performance of the gold
sputter-coated carbon fiber will be investigated and
improved as a future work. Mercury vapor was also
retained by gold-coated sand; however, difficulties
arose upon its release at various temperatures. When
commercially available gold-coated sand was tried,
the same troubles appeared as well and no reliable
results were obtained within the experimental condi-
tions applied for gold-coated quartz wool. After all, it
is apparent that, under the circumstances applied in
this work, gold-coated quartz wool demonstrated the
most promising behavior in mercury amalgamation
and therefore the remaining experiments were carried
out with this material. However, the authors believe
that further elaboration of the topic is still required in
a separate study.

Calibration plot for gold-coated quartz wool. The
linear equations and correlation coefficients for the
calibration of inorganic mercury in the range of 1.0 to
20.0 ng (sample volume of 2.5 mL) are y = 0.0012x —
0.0003, R? =0.9979 and y = 0.0019x — 0.0007, R* =
0.9868, without and with amalgamation, respectively.
About 60% higher sensitivity was obtained with amal-
gamation under the experimental conditions
employed. The mercury signal without amalgamation
has a wider peak width at the half maximum, whereas
it becomes sharper after amalgamation. This must be
due to the release of mercury from a smaller volume
and the transfer of the released mercury vapor to the
absorption tube without much dilution with the carrier
gas. Also, rapid heating could increase the rate of mer-
cury released from the amalgamation column. The
sensitivities with amalgamation were also enhanced
with the other materials tested (data not shown) but it
was more pronounced in the case of quartz wool.
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The cumulative sorption performance of the gold-
coated quartz wool was tested with different trapping
factors (Table 1). In the first cycle, 20.0 ng mercury
was trapped and then released in one run (reference
value). In the second run, 10.0 ng mercury was
trapped twice in a consecutive manner and the depos-
ited mercury was then released as before. In the third
run, 4.0 ng mercury was trapped five times consecu-
tively and released afterwards. The absolute amount of
mercury was 20.0 ng in all cases. According to the
results given in Table 1, it can be said that trap-
ping/releasing steps are acceptable (>90%) at least for
a preconcentration factor of five.

Analytical performance of the CVAAS system. Effect
of sample volume on sensitivity. The effect of sample
volume on sensitivity (without amalgamation) was
investigated using volumes of 2.0, 5.0, and 10.0 mL.
For this purpose, various concentrations of Hg?*
(0.1—10 ug/L) were prepared at the above-mentioned
volumes and determined using the optimum condi-
tions. It was observed that the mercury signal increases
with increasing sample volume (data not shown). All
three volumes can be applied for quantitative determi-
nation of mercury in many environmental samples. In
terms of repeatability of the results and for the conve-
nience of the reaction in the present 50-mL reaction
vessel, 2.0 mL sample volume offered the best results.
On the other hand, 5.0 and 10.0 mL sample volumes
(or, even larger volumes with a higher-volume reac-
tion vessel) can be suggested if more sensitive results
are required.

In order to investigate the effect of sample volume
on sensitivity (with amalgamation), different Hg?*
concentrations and different sample volumes were
employed. Mercury concentrations and the sample
volumes were varied between 0.1-5.0 ug/L and
2.0—10.0 mL, respectively. The absorbance was plot-
ted as a function of absolute amount of mercury (data
not shown). It was observed that all three volumes can
be applied for quantitative determination of mercury
after amalgamation due to the similarity of the calibra-
tion plots obtained. Within the studied range, it is seen
that, with amalgamation, the linearity of the calibra-
tion plots was not dependent on the sample volume
and this property is expected to offer an important
advantage since it makes the volume adjustment
unnecessary.

Effect of sample volume on limit of detection. As men-
tioned before, the purpose of this study was to investi-
gate the applicability of different amalgamation mate-
rials as a part of a home-made cold vapor generation
unit coupled to AAS. Therefore, the comparison was
made among the amalgamation materials investigated
rather than between the above-mentioned systems and
those described in the literature. Here, standard Hg?*
solutions with the indicated concentrations were pre-
pared and the limit of detection (LOD) based on 3s
criterion for each sample volume was calculated before
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Table 1. Efficiency of the gold-coated quartz wool in con-
secutive trapping steps (total amount of Hg was 20.0 ng in all
cases, n = 3)

Initial amount Number Relative
of Hg, ng of trapping cycles recovery, %

20.0 100 £ 1

10.0 102 £2

4.0 5 915

Table 2. Limits of detection for different sample volumes
without and with five-times-trap amalgamation (n = 3)

Limit of detection, ug/L
Volume, | Concentration,
mL ug/L without with
amalgamation|amalgamation
2.0 0.2 0.052 0.015
5.0 0.1 0.028 0.019
10.0 0.1 0.027 0.020

Table 3. Spike recovery results of Karaburun spring water
for gold-coated quartz wool (n = 3)

Spiked Recovery, %
Volume, .
mL concentration, without with
ug/L amalgamation|amalgamation

1.0 - <LOD <LOD

1.0 1.0 95+ 1 96 + 4

5.0 1.0 91 +3 9342
10.0 1.0 9+5 96 + 4

and after amalgamation (5 times trapping). The amal-
gamation step improves LOD for each sample volume,
with the highest improvement on 2.0 mL (Table 2).
The LOD values obtained (15—20 ng/L) are relatively
low compared to norms recommended by World
Health Organization (1 ug/L) for drinking water
which guarantees the applicability of the gold-coated
quartz wool as an amalgamation material in the home-
made cold vapor generation unit described.

Application to a real sample. As demonstrated in the
previous sections, the sample volume is a very crucial
parameter that has a direct influence on the sensitivity
of the method without amalgamation. In order to
investigate the effect of the volume of a sample with
amalgamation, spring water collected from Karaburun
(a town in Izmir, Turkey) was spiked with 1.0 pg/L
Hg?* and the proposed method was employed. The
spike recovery results given in Table 3 demonstrated
the applicability of the gold-coated quartz wool with
amalgamation method to the samples with low mer-
cury concentrations.
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CONCLUSIONS

An amalgamation unit utilizing various gold-
coated sorbents was constructed and employed in the
determination of inorganic mercury in waters. Among
the gold-coated amalgamation materials investigated,
quartz wool was found to be the most efficient in terms
of both trapping and release. The linearity and the
slope of the calibration plots were not dependent on
the sample volume which is an important advantage
since it makes the volume adjustment unnecessary
within the experimental conditions applied in the
study. Moreover the LOD was 3.5 times lower than
that without amalgamation when 5-times trapping
were employed. High recovery results obtained for a
spring water sample indicated the applicability of the
method in inorganic mercury determinations.
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