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Abstract

A rapid ultrasound-assisted extraction procedure for the determination of total mercury, inorganic and methyl mercury (MM) in various
environmental matrices (animal tissues, samples of plant origin and coal fly ash) has been developed. The mercury contents were estimated by
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old vapour atomic absorption spectrometry (CVAAS). Inorganic mercury (IM) was determined using SnCl2 as reducing agent whereas to
ercury was determined after oxidation of methyl mercury through UV irradiation. Operational parameters such as extractant co

HNO3 and thiourea), sonication time and sonication amplitude found to be different for different matrices and were optimized usi
50 (Fish homogenate), IM and MM loaded moss and NIST-1633b (Coal fly ash) to get quantitative extraction of total mercury. Th
as further validated through the analysis of additional certified reference materials (RM): NRCC-DORM2 (Dogfish muscle), NRCC

Dogfish liver) and IAEA-336 (Lichen). Quantitative recovery of total Hg was achieved using mixtures of 5% HNO3 and 0.02% thiourea, 10
NO3 and 0.02% thiourea, 20% HNO3 and 0.2% thiourea for fish tissues, plant matrices and coal fly ash samples, respectively. Th
btained were in close agreement with certified values with an overall precision in the range of 5–15%. The proposed ultrasou
xtraction procedure significantly reduces the time required for sample treatment for the extraction of Hg species. The extracte
pecies are very stable even after 24 h of sonication. Closed microwave digestion was also used for comparison purposes. T
ethod was applied for the determination of Hg in field samples of lichens, mosses, coal fly ash and coal samples
2005 Elsevier B.V. All rights reserved.
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. Introduction

Mercury is a global pollutant and is identified as a highly
oxic element because of its accumulative and persistent
haracter in the environment[1]. Various mercury species
iffer greatly in their bio-physico-chemical properties such
s toxicity, solubility, and rate of bioaccumulation by or-
anisms, etc.[2,3]. The most toxic are monomethyl mer-
ury compounds, which represent a health risk, particularly
o the foetal neurosystem because of its enhanced toxic-
ty, lipophilicity, bioaccumulation and volatility[4]. Inor-
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ganic mercury (IM) is methylated by sulfate reducing
methanogenic bacteria and transmethylation reactions
organometallics[5] and becomes highly toxic methyl m
cury (MM).

Mercury and its compounds are present as trace con
inants in various biological and environmental samples
as animal tissues, plant matrices and coal fly ash, as a re
both natural and anthropogenic activities[6]. The highly toxic
and fat-soluble mercury species tend to accumulate in fis
sue, from where they can re-enter the human food cha
sample of plant origin particularly lichens and mosses
known for their ability to accumulate various toxic eleme
including mercury[7,8]. Measurements of Hg in lichens a
mosses are of particular importance for spatial monitorin
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Hg in air around pollution sources. The natural reserves of
mineral coal are an important non-renewable energy source
in our planet. It is very important to know the concentration
of toxic elements particularly mercury in coal and coal fly
ash due to environmental problems associated with the use
of coal, particularly in coal fired power plants[9].

Inorganic mercury (Hg2+) and methyl mercury (CH3Hg+)
are the two major species generally found in various biolog-
ical samples[10]. Hence, the analysis of samples only for
total mercury is therefore no longer completely acceptable
because it provides only partial information about their im-
pact on human health and the environment. As a consequence,
considerable effort and progress have been made in the devel-
opment of techniques, which are capable of separating and
identifying the various mercury species[11,12]. During the
last two decades, many laboratories have carried out inten-
sive investigations and as a forum for the presentation of the
results, the International Conference series on Mercury as a
Global Pollutant (ICMGP) was initiated in 1990 and the most
recent one was held in Slovenia during June–July 2004.

The extraction of mercury species from the sample matrix
is recognized as one of the most important steps. The main
concerns in extraction should be the volatility, loss of mer-
cury during elevated temperature digestion procedures, inter-
species conversion, sample contamination and the problem of
using a large amount of reagents during pre-treatment which
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spectrometry (ICP-MS)[14,15,32]. The use of high perfor-
mance liquid chromatography (HPLC) to separate mercury
species has been reviewed[33]. HPLC has also been cou-
pled to several detection techniques such as AAS[34], AFS
[35,36]or ICP-MS[37,38].

Despite excellent sensitivity and selectivity, most of the
above-mentioned techniques suffer from disadvantages such
as laboriousness of the procedures, use of concentrated acids,
lack of acceptable efficiency, time consuming procedures,
contamination, loss of mercury, etc.[6]. A successful leach-
ing (or extraction) procedure prior to speciation analysis re-
quires the preservation of all original compounds, such as
organometallic compounds present in the samples. Although
the microwave-assisted extraction shortens the sample prepa-
ration time, degradation of MM to IM and evaporation losses
have been observed after acid leaching in microwave field
[20].

In this context, the use of an ultrasonic probe can be an ex-
cellent alternative to minimize the disadvantages of conven-
tional extraction procedures in terms of number of analytical
steps, time, extraction efficiency and reagent consumption by
facilitating and accelerating pre-treatment process of various
biological and environmental samples[39]. The efficiency of
both microwave[40,41] and ultrasound-assisted extraction
[39,42]methods for the sample preparation has been evalu-
ated for various biological and environmental matrices.
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ives rise to increased blank values and higher detection
ts. The pre-treatment method should be able to solub
he organic Hg species from the sample of interest wit
reaking the CHg bond. A variety of analytical methods f

he extraction of mercury species in biological samples
een published and reviewed[6,12–15].

The first methods used to extract mercury compou
rom fish were developed in the 1960s[16] but the pro
ocol was developed in 1966 by Westoo[17] was the firs
hat focused on mercury speciation rather than total le
ther methodologies such as acid leaching[18,19], alka-

ine leaching with either strong or weak bases[20–23](e.g.,
ethanolic-potassium hydroxide or tetramethyl ammon
ydroxide (TMAH), aqueous distillation[21–24], supercrit

cal fluid extraction[25] and microwave-assisted extract
20,26], Grignard reagents[27,28] have been developed f
he extraction of mercury species as alternatives to the W
rocedure. Tutschku et al.[29] have established and co
ared different methodologies based on acid microwav
estion, steam distillation, acid extraction and alkaline di

ution for the determination of certified concentration of M
n SRM 1566b Oyster tissue and SRM 2977 Mussel tiss

The most common method used in mercury specia
tudies is gas chromatography (GC) followed by elec
apture detection (ECD)[26,30]. The low sensitivity ass
iated with this detector for organomercury species is
roved by replacing the ECD with atomic absorption sp

rometry (AAS) [20], microwave induced plasma atom
mission spectrometry (MIP-AES)[25], atomic fluorescenc
pectrometry (AFS)[31] or inductively coupled plasma ma
A number of authors’ emphasized different application
ltrasound to sample treatment of agricultural, biological
nvironmental samples for the analysis of various elem
nd speciation purposes[39,42–45]. A new oxidation metho
ased on room-temperature ultrasonic irradiation (sonol
as proposed for conversion of organomercurials in to
ltrasound-assisted extraction has been found to be e

ive in extracting organic pollutants such as polycyclic a
atic hydrocarbons and polychlorinated biphenyls[39]. Rio-
egade and Bendicho have developed an ultrasound-as
xtraction method with 2 and 4 mol l−1 HCl for the mercury
peciation in fish tissues[45]. The extraction of MM wa
uantitative using 2 mol l−1 HCl, but IM too was leache

o an extent of 30% in this step. In our earlier work[46],
ltrasound-assisted extraction procedure was used for th
stimation of major, minor and trace elements (except
ury) in IAEA-336 Lichen and NIST 2976 Mussel tiss
uring these studies, it was observed that the mercur

raction was found to be very low (<10%) when HNO3 alone
as used as extractant.
Based on these observations, an ultrasound-assiste

raction procedure has been developed for the quanti
xtraction of IM and MM from various bio-environmen
atrices such as fish homogenate, lichens, mosses, c
sh, using a mixture of thiourea and HNO3 as the extractan

M was determined using SnCl2 as reducing agent where
otal mercury was determined after oxidation of MM to
hrough UV irradiation followed by its reduction to elemen
ercury. The method was validated by the analysis of va

ertified reference materials (RM): IAEA-350 (Tuna fis
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NRCC-DORM2 (Dogfish muscle), NRCC-DOLT1 (Dogfish
liver), IAEA-336 (Lichen) and NIST 1633b (Coal fly ash).
Various field samples of lichens, mosses, coal fly ash and
coal samples have been successfully analysed for their mer-
cury contents.

2. Experimental

2.1. Instrumentation

Mercury was analyzed by cold vapour atomic absorption
spectrometry (CVAAS) using a mercury analyzer (Model
MA 5840E, Electronics Corporation of India Ltd., Hyder-
abad, India). CVAAS is the most widely used technique for
Hg determination because of its high sensitivity, absence of
spectral interferences, relatively low operational costs, sim-
plicity and speed[47].

2.2. High intensity probe sonicator

A 130 W power and 20 kHz frequency (Cole Parmer in-
struments, Illinois, USA, Model: CP 130PB-1) high inten-
sity probe sonicator equipped with a Ti probe was used for
ultrasound-assisted extraction. The amplitude control of the
ultrasonic processor allowed the ultrasonic vibrations at the
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eluent for stripping of mercury[49], was used in the extrac-
tion studies.

Inorganic mercury (Hg2+) stock standard solution
(1000 mg/l) was prepared from mercury chloride (Merck). A
methyl mercury (CH3Hg+) stock standard solution (100 mg/l,
Hg as MM) was prepared from methyl mercury chloride
(Merck) by dissolving appropriate amount of the solid in ace-
tone and making up to volume with high purity water. All the
stock standard solutions were stored in a refrigerator at 4◦C
and protected from light. Working standard solutions were
prepared just before use by appropriate dilution of the stock
standard solutions.

2.4. Preparation of IM, MM and mixture of both IM and
MM loaded moss material under laboratory conditions

Reference materials are available either as marine mate-
rials (high MM-Hg) or as terrestrial matrices (low MM-Hg).
In most of the RMs either inorganic or methyl mercury is
found to be at much higher concentrations relative to the other
species. The current status and future needs for mercury refer-
ence materials have been summarized by Horvat[50]. To our
knowledge no reference material available, which is certified
for fairly higher contents of both IM and MM for the analysis
of plant samples. In view of this, moss samples loaded with
known content of IM (M-IM), MM (M-MM) and mixture of
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robe to be set at desired level in the 10–100% rang
he nominal power. Polypropylene centrifuge tubes of 5
apacity were used for sonication experiments. After so
ion, all the extracts were centrifuged at 4000 rpm for a
min for the rapid separation of the solid–liquid mixtu
domestic microwave oven (650 W), programmable for

ime and microwave power, was used for the total diges
f the sample.

.3. Reagents and standards

All chemicals were of analytical grade unless otherw
tated. Sub-boiled HCl and HNO3 were prepared in our la
ratory by sub-boiling distillation in quartz stills. Ultra-pu
ater with >18 M�cm resistivity, obtained using a Milli-
igh purity water system, located in class 200 area, was

or dilution of standards, for preparing samples and for
insing of the acid cleaned vessels. All containers were so
n 20% HNO3 and cleaned thoroughly with high purity wa
rior to use.

Tin(II) chloride (SnCl2) (5%) used as reducing age
as prepared by dissolving the appropriate amoun
nCl2·2H2O (Merck, India) in HCl and diluting with wa

er. Sodiumborohydride (NaBH4) (Merck, Darmstadt, Ge
any) (0.5%) was prepared fresh daily by dissolving the s

n 0.2% NaOH solution. Ten percent HCl was used as
ier. Thiourea (NH2CSNH2) (Merck, Darmstadt, Germany
non-polluting reagent which has been widely used fo

racting precious metals[48] and preparation of thioure
ased coordinating resins for binding of mercury as we
oth IM and MM (M-IM–MM) were prepared in the labor
ory for use in optimization experiments related to sam
f plant origin.

.4.1. Choice of sorbent for the preparation of Hg
oaded moss material

Lichens and mosses, which depend on surface
ion of nutrients, have been widely used in various t
lement biomonitoring surveys particularly for merc

7,8,51,52]. Metal uptake occurs in living or dead org
sms and metabolic activity is not needed[53]. Our previ-
us studies on mercury uptake efficiency studies by lic
Parmelia sulcata) and mosses (Funaria hygrometrica) h
hown that the capacities of lichen and moss for IM w
ound to be 47 and 52 mg g−1, respectively[54]. In the cas
f CH3Hg+ (in terms of Hg), the capacities were fou

o be ∼17 and∼19 mg g−1 for lichen and moss, respe
ively. Moss (Funaria hygrometrica) was chosen for pre
ation of mercury-loaded moss under laboratory condit
ue to its wide availability when compared to lichens. C

ection of moss samples as well as the preparation of
ents in the form of powder has been described elsew

52].
About 5 g of the powdered moss samples were plac

100 ml polypropylene container with a stopper contai
0 ml of high purity water mixed with 25�g absolute amoun
f mercury (IM or MM separately) such that the amoun
ercury in moss is about 5�g g−1. The final pH of the so

ution was adjusted to 5. These were placed on a mecha
haker for about 1 h to facilitate uniform loading of merc
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After shaking for 1 h, the mixture was separated by centrifu-
gation (4000 rpm for 5 min) and the supernatant was drained.
Then, the sorbent was initially allowed to dry at room tem-
perature. Then, the dried sample was finely ground and then
again dried in a conventional heating oven at∼40◦C to re-
move the residual moisture. In another set of experiments
both IM and MM (12.5�g each) together were loaded on
moss (weight of moss 5 g) using a procedure similar to that
described above (M-IM–MM).

2.5. Microwave-assisted procedure for the digestion of
the samples for analysis of total mercury

Total mercury concentrations in all the samples were deter-
mined after digestion of the samples using closed microwave
digestion in a Parr digestion vessel. Accurately weighed
amount (100 mg) of IAEA-350, IAEA-336, M-IM, M-MM,
M-IM–MM samples were placed separately in PTFE vessels,
2 ml of sub-boiled HNO3 and 0.5 ml of H2O2 were added
and then closed. Then, the vessel was put into a Parr di-
gestion vessel and closed. The closed vessels were placed
inside a domestic microwave oven (650 W) where they were
irradiated for total time of 4 min at maximum power in two
2-min steps using cooling period of about 5 min after first
step to avoid an excess of pressure. After cooling to room
temperature, the vessels were opened and the sample was
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specific matrix[39]. In general, the extraction efficiency is
essentially governed by acid concentration, sonication time
and sonication amplitude. In view of this, various experi-
ments have been carried out to optimize these variables for
quantitative recovery of both IM and MM. Hg loaded moss
(representative of samples of plant origin), IAEA-350 (Tuna
fish) (representative of animal tissues) and NIST-1633b (Coal
fly ash) (representative of coal based samples) were used for
optimization experiments.

The reducing reagent solutions, 5% SnCl2 or 1% NaBH4
were used to reduce the mercurial species to elemental mer-
cury. SnCl2 can reduce only Hg2+ to elemental mercury but
cannot reduce MM, whereas NaBH4 can reduce both Hg2+

and CH3Hg+ to elemental mercury, albeit with different effi-
ciencies[55].

2.6.1. Optimization of composition of extractant mixture
Among the acids employed as extractants, HNO3 is re-

ported to have an enhanced performance due to its oxidizing
properties. But quantitative extraction of Hg could not be
achieved with sonication of the samples up to 10% HNO3
when employed alone. With the aim of improving extraction
efficiency of IM and MM, a mixture of HNO3 and a com-
plexing agent thiourea or cysteine was used as an extractant
in order to avoid use of high concentrated acids. In order to
optimize the concentrations of HNOand thiourea, a facto-
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estion, the sample digests were analysed for total H
VAAS.

.6. Ultrasound-assisted extraction procedure

Accurately weighed amount (0.1–0.2 g) of differ
liquots of IAEA-350, NIST-1633b, IAEA-336, M-IM, M
M and M-IM–MM samples were placed in polyprop

ene centrifuge tubes (50 ml volume) and 5 ml of des
xtractant (HNO3–thiourea) solution was added. Then,
ample–extractant mixture was sonicated at room tem
ure for predetermined sonication time and sonication
litude settings. After sonication, the supernatant was s
ated from the solid phase by centrifugation for about 5
t 4000 rpm. The known volume of the supernatant was

ransferred to another pre-cleaned centrifuge tube. One
f the split samples was analysed for IM by CVAAS

ng SnCl2 as reducing agent. Other part of the split sam
as used for UV irradiation treatment to convert MM to
nd total mercury was analysed by CVAAS using SnC2/or
aBH4 as reducing agents. Corresponding process b
ere also prepared in the same manner without any sa
aterial. Three aliquots of each sample were used for ex

ion procedures. With each series of extractions blank
lso determined in parallel.

Quantitative extraction of IM and MM from solid samp
ith probe sonication may not be equally effective for IM a
M under identical conditions, so maximizing the extrac

ield requires the process variables to be optimized for
3
ial (two factors, three level) experimental design appro
as applied and the recovery of both IM and MM at e

evel of the treatment was estimated. Based on the resul
ained from various preliminary experiments, different c
ositions of mixture of HNO3 and thiourea were chosen
ifferent matrices.

The base level was chosen as 5% HNO3 and 0.02%
hiourea for fish homogenate tissues (the upper and l
evels were obtained using a difference of±2.5% for HNO3
nd±0.01% for thiourea from the base level), 10% HN3
nd 0.02% thiourea for moss loaded samples (the uppe

ower levels were obtained using a difference of±5% for
NO3 and ±0.01% for thiourea from the base level) a
5% HNO3 and 0.2% thiourea for coal fly ash (the upper

ower levels were obtained using a difference of±5% for
NO3 and±0.1% for thiourea from the base level).
A similar approach was followed for optimization of t

oncentration of HNO3 and cysteine using 5% of HNO3 and
.5% cysteine as a base line for fish tissues. The uppe

ower levels were obtained using a difference of±2.5% for
NO3 and±0.25% for cysteine from the base level. Co
ponding extractant solutions were prepared in paralle
mployed as blanks. An extractant volume of 5 ml was m

ained in all the ultrasound extraction studies.

.6.2. Optimization of sonication time and amplitude
Since the sonication time, which is the time required

uantitative extraction of analyte of interest, is one of the
ortant parameters influencing ultrasound-assisted extra

56], sonication time was optimized in order to establish
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best extraction time conditions by keeping ultrasound am-
plitude (40%), extractant concentration, extractant volume
(5 ml) and sample weight (100–200 mg) constant. The son-
ication amplitude was varied between 20 and 80% whereas
extractant concentration, extractant volume (5 ml), sonica-
tion time (4 min) and sample weight (100–200 mg) was kept
constant.

2.7. UV irradiation as oxidation procedure for methyl
mercury

IM can be determined directly in a sample using SnCl2
as reducing agent and total Hg can be determined by prior
decomposition of organomercury species into inorganic mer-
cury that can be determined along with original IM. MM is
usually determined by difference. Various authors[57,58]
have reported about UV irradiation method for the destruc-
tion of organic compounds to improve the detection limits.
Similar UV irradiation method was used for the oxidation of
MM to IM after sonication. An 8-W UV lamp (Philips (India),
length 30 cm and diameter 15 mm) was enclosed in a box for
eye protection and a PTFE tubing of about 5 m (i.d. 0.5 mm),
which was found to be optimum[58] for quantitative con-
version (>95%) of MM to IM, pulled over the lamp. Using
a peristaltic pump, sample solution was passed through the
PTFE coil at an optimized flow rate of 1 ml/min. The sample
s ysed
f s.
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3.1. Effect of composition of extractant mixture

Extractant composition was seen to be the most important
critical parameter affecting the ultrasound-assisted extraction
of mercury species. The propagation of ultrasonic waves is
more effective in lower concentrations of acid due to lower
viscosity/density of the medium. At higher concentrations of
acid, the cavitation process is more difficult to be induced
and number of cavitation bubbles per unit volume is reduced
[59]. An extractant volume of 5 ml as has been employed by
various authors for solid–liquid extraction of metals[45,60]
was chosen in the present study so that the required num-
ber of replicates could be performed without exhaustion of
the sample solution. The most extensively used acid in son-
ication experiments is HNO3, although other acids such as
HCl, H2SO4 or combinations have also been employed[42].
In most of the cases, the typical acid concentration in probe
sonication is less than 1 mol l−1.

The first set of factorial experiments was carried out to
study the efficiency of the ultrasonic treatment with various
compositions of HNO3 and cysteine. It was found that extrac-
tant mixture of 5% HNO3 and 0.25% cysteine is capable of
extracting both the mercury species from fish tissues where
as a mixture of 10% HNO3 and 0.25% cysteine was required
for quantitative extraction (>95%) of both IM and MM from
plant samples. But cysteine severely interfered in the UV-
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. Results and discussion

Variables influencing the extraction process were o
ized within the intervals shown inTable 1. Since majo
rganomercury species in environmental samples is
nly recovery studies of IM and MM were carried o

hroughout this work. IAEA-350, M-IM–MM and NIST
633b were used for optimization experiments. All the m
ury standard solutions, which were prepared in corresp
ng extractant solution used for quantification of mercur

able 1
xperimental conditions for the ultra-sound assisted extraction total H

ariable parameter Studied int

onication amplitude (%) 20–80

onication time (min) 1–6

NO3 (v/v)% (extractant) 0–7.5
0–15
0–20

ercent of thiourea 0.01–0.05
0.1–0.3

ample amount (g) 0.05–0.5
0.2–0.5
xidation process of MM to IM. Hence, further studies w
ontinued only with the mixture of HNO3 and thiourea a
t has no significant effect in the oxidation process of M
max concentration of thiourea used was 0.02% for bio
al samples).

Various optimization experiments were carried out w
-IM–MM for the selective extraction of MM. But parti

xtraction of IM (20–30%) along with MM was noticed w
ifferent extractant compositions as has been observe
arlier authors as well[45]. Hence, subsequent optimizat
xperiments were carried out for the quantitative extractio
oth IM and MM species (total mercury) in a single step.
esults obtained when mixtures with different composit
f HNO3 and thiourea were used as extractant for the qu

various sample matrices

Optimum extraction conditions obtaine

40 (Fish tissues and plant samples)
50 (Coal fly ash/coal samples)

3 (Fish tissues and plant samples)
4 (Coal fly ash/coal samples)

5 (Fish tissues)
10 (Plant samples)
20 (Coal fly ash)

0.02 (Fish tissues and plant samples)
0.2 (Coal fly ash)

0.05–0.2 (Fish tissues and plant samp
0.2–0.3 (Coal fly ash)
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Fig. 1. (a) Optimization for quantitative recovery of total mercury from IAEA-350 (b) M-IM–MM and (c) NIST-1633b.

tative extraction of both the mercury species from fish tissues,
plant samples as well as coal fly ash are shown inFig. 1a–c,
respectively. In all the cases, the extraction efficiency of mer-
cury increased with acid concentration. Subsequent to son-
ication, total mercury was determined after converting MM
to IM by UV irradiation.

3.1.1. Fish homogenate (IAEA-350)
As seen inFig. 1a, the extraction efficiency of mercury in-

creased with increasing HNO3 and thiourea concentration; an
extractant mixture of 5% HNO3 and 0.02% thiourea yielded
the best extraction (>95%) of both IM and MM species
from fish tissues. The method was further validated by the
analysis of additional certified reference materials: NRCC-
DORM2 (Dogfish muscle) and NRCC-DOLT-1 (Dogfish
liver) and the results are presented inTable 2. In all the
cases, the difference between total and inorganic mercury was
taken as MM, which is well in agreement with the certified
values.

3.1.2. Mercury loaded moss
After equilibrating the mixture, the moss was separated

by centrifugation and supernatant was analysed for residual
mercury. The residual mercury in supernatant was found to be
about 3–4% of the initial mercury (5�g). This study indicated
that about 96% of 5�g had been taken up by moss.

As shown in Fig. 1b, in the case of mercury loaded
moss (M-IM–MM), an extractant mixture of 10% HNO3 and
0.02% thiourea was required for quantitative extraction of
mercury species (IM and MM). A similar method of soni-
cation was applied on IAEA-336 and the results indicated
that the value obtained from the proposed sonication method
was in good agreement with the certified value. So far the re-
ported methods for plant samples were mainly based on wet
ashing with conc. HNO3 and microwave-assisted decompo-
sition of the matrix using concentrated acids for the determi-
nation total mercury only[61]. Very few methods have been
reported for the speciation of mercury in lichens and mosses
[54,62].

Table 2
Analytical results obtained for fish tissues with the proposed ultrasound-assisted thiourea extraction method (n= 5)

Reference material code Certified values (�g g−1) Obtained in this work (�g g−1) MW digestion

Total Hg CH3Hg+ Total Hg CH3Hg+a Hg2+ Total Hg

I 4.45±
N 4.55±
D 0.218±
5 e = 40%

nic mer
AEA-350 4.68± 0.28 3.65± 0.35
RCC-DORM2 4.64± 0.26 4.47± 0.32
OLT1 0.225± 0.037 0.080± 0.011

% HNO3+ 0.02% thiourea as extractant mixture; sonication amplitud
a Values calculated as difference between total mercury and inorga
0.26 3.53± 0.24 0.92± 0.06 4.59± 0.31
0.22 4.32± 0.25 0.23± 0.03 4.65± 0.33
0.028 0.075± 0.007 0.143± 0.013 0.219± 0.016

; sonication time = 4 min.
cury.
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Table 3
Analytical results obtained for mercury loaded moss and field samples (lichens and mosses) with the proposed ultrasound-assisted thiourea method (n= 5)

Sample code Loaded values (�g g−1) Obtained in this work (�g g−1) MW digestion

Hg2+ CH3Hg+ Total Hg CH3Hg+a Hg2+ Total Hg

M-IM 4.7 ± 0.2 – 4.5 ± 0.3 – 4.5 ± 0.2 4.8 ± 0.5
M-MM – 4.6 ± 0.3 – 4.3 ± 0.2 – 4.5 ± 0.6
M-IM–MM 2.3 ± 0.2 2.4 ± 0.1 4.6 ± 0.4 2.3 ± 0.2 2.3 ± 0.1 4.7 ± 0.4
IAEA-336 0.2b 0.19± 0.01 – – 0.21± 0.03
Lichen-1 – – 7.1 ± 0.6 ND 7.1 ± 0.4 7.4 ± 0.8
Lichen-2 – – 0.18± 0.02 ND 0.18± 0.02 0.19± 0.02
Lichen-3 – – 0.07± 0.01 ND 0.07± 0.01 0.08± 0.01
Moss-1 – – 5.5 ± 0.08 ND 5.5 ± 0.4 5.7 ± 0.6
Moss-2 – – 0.16± 0.02 ND 0.16± 0.02 0.17± 0.03
Moss-3 – – 0.06± 0.01 ND 0.06± 0.01 0.07± 0.01

M-IM, M-MM: laboratory reference material (moss) loaded with known amount of inorganic and methyl mercury, respectively. Lichen-1, 2, 3 and moss-1,
2, 3 are field samples collected near thermometer factory, 0.5 km away from factory and 15 km away from factory, respectively. ND: not detected. 10%
HNO3 + 0.02% thiourea as extractant mixture; sonication amplitude = 40%; sonication time = 3 min.

a Values calculated as difference between total mercury and inorganic mercury.
b Certified value with confidence interval 0.16–0.24.

Using the proposed sonication method, various lichen and
moss samples collected at different distances from a ther-
mometer factory (presently not in operation) located in Ko-
daikanal, Tamilnadu, a Southern state of India have been anal-
ysed. Sampling and sample preparation procedure have been
described in detail elsewhere[52]. FromTable 3, it may be
seen that no significant quantity of MM was found in the col-
lected lichen and moss samples. Similar observations were
noticed in our earlier studies[52]. The proposed method is
very fast and useful for the determination of mercury and its
species in plant-derived samples.

3.1.3. Coal fly ash (NIST 1633b)
As can be seen fromFig. 1c, quantitative leaching of total

mercury from coal fly ash was achieved with an extractant
mixture of 20% HNO3 and 0.2% thiourea. As the content of
total mercury in NIST 1633b is low (141 ng g−1) and also to
avoid possible matrix interferences, the total mercury con-
centration of coal fly ash was determined by both external
calibration and standard addition methods. The samples were
spiked with known amount of IM (125 and 250 ng absolute)
before ultrasonic extraction. Quantitative recovery (>95%)
of spiked IM was achieved using the extractant mixture of
20% HNO3 and 0.2% thiourea.

The effect of thiourea concentration on the relative re-
c d in
t
a -
n en
t gnif-
i a
c
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s coal
s

lant
( ples

Fig. 2. Effect of concentration of thiourea on the recovery of mercury signal
when NaBH4 and SnCl2 are used as reducing agents.

obtained from different mines in India, were analysed for total
mercury using the proposed ultrasound thiourea method with
the optimized extractant mixture of 20% HNO3 and 0.2%
thiourea and the results are presented inTable 4.

Table 4
Total mercury values obtained for Coal fly ash reference materials and field
samples with the proposed ultrasound-assisted thiourea extraction method
(n= 10)

Sample code Certified values
(ng g−1)

Obtained in this work
(ng g−1)

Total Hg Total Hg

NIST-1633b 141± 19 135± 16
Coal fly ash field sample – 125± 13
Coal sample-1 – 132± 12
Coal sample-2 – 176± 15
Coal sample-3 – 121± 12
Coal sample-4 – 134± 13
Coal sample-5 – 128± 15

20% HNO3 + 0.2% thiourea as extractant mixture, sonication ampli-
tude = 40%; sonication time = 4 min. Coal fly ash field sample was col-
lected at a thermal power station. Coal samples were obtained from different
coalmines in India.
overy of mercury signal with respect to signal obtaine
he absence of thiourea using NaBH4 and SnCl2 as reducing
gents is shown inFig. 2. As seen fromFig. 2, mercury sig
al recovery obtained with NaBH4 was constant even wh
he solution contained 0.1% of thiourea whereas a si
cant decrease was noticed with SnCl2 when the thioure
oncentration exceeded 0.4%. Hence, only NaBH4 was used
s reducing agent for the determination of total mercu
ubsequent sonication experiments with coal fly ash and
amples.

A coal fly ash sample collected from a thermal power p
Vijayawada, Andhrapradesh, India) and five coal sam
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Fig. 3. Effect of sonication time on IM and MM extraction from (a) IAEA-350 (extractant 5% HNO3 + 0.02% thiourea) (b) M-IM–MM (extractant 10%
HNO3 + 0.02% thiourea) and (c) NIST-1633b (extractant 20% HNO3 + 0.2% thiourea), sonication amplitude 40% was used in all cases.

When the similar sonication experiments were carried out
with fish tissues, mercury loaded moss and coal fly ash, sim-
ilar results were obtained with HCl in lieu of HNO3 or even
with mixture of HCl and HNO3 used as extractants. In all the
above studies, the recoveries of inorganic and total mercury
were quantitative (>95%).

3.2. Effect of sonication time

The effect of change of sonication time on recover-
ies obtained for IM and MM after sonication using 5%
HNO3 + 0.02% thiourea (IAEA-350), 10% HNO3 + 0.02%
thiourea (M-IM–MM) and 20% HNO3 + 0.2% thiourea
(NIST-1633b) as extractant solution is shown inFig. 3. In all
the samples, extraction efficiency of IM and MM increased
with increasing sonication time from 1 to 4 min and plateaued
thereafter.

Choosing sonication amplitude of 40%, a sonication time
of 3 min (4 min in case of NIST 1633b) and the sample weight
of 100 mg (200 mg in the case of NIST 1633b) the best re-
coveries for both IM and MM could be achieved. The results
clearly indicate that sonication time of 4 min was sufficient
for the quantitative extraction of both the forms of mercury
from mercury loaded moss, fish homogenate and coal fly ash
samples, which is advantageous for high sample throughput.

3

ge, a
s f Hg
h trac-
t is

shown inFig. 4keeping the remaining variables such as ex-
tractant concentration, sonication time and sample weight at
values fixed above. The extraction efficiency increased with
increasing amplitude from 20 to 40% for fish tissues and plant
samples) and 20–50% in case of coal fly ash and remained
constant at higher amplitude values.

It is known that intensity of ultrasound transmitted to the
medium is directly related to the vibration amplitude of the
probe. However, at very high vibrational amplitude, a great
number of cavitation bubbles are generated in the solution,
which may dampen the passage of ultrasound energy through
the liquid. The curve obtained for IM and MM indicates that
40% amplitude is required for quantitative recovery after ex-
traction whereas the extraction efficiency did not improve at
higher ultrasound amplitude. Hence, a sonication amplitude
of 40% for fish tissues and plant samples whereas 50% for
coal fly ash was used in all the subsequent experiments. As
observed by earlier authors[45,54], the variation in the re-
covery of MM was less pronounced than that of IM in fish
tissues and plant samples.

3.4. Stability of Hg species after sonication

The methyl mercury stability during ultrasound-assisted
extraction was studied using M-MM. At all extraction condi-
t
a con-
t over,
d n.
S Ben-
d tion
f ting
.3. Effect of sonication amplitude

Taking optimum extraction times obtained at each sta
tudy of the influence of sonication power on recovery o
as been made. The effect of ultrasound amplitude on ex

ion of mercury from lichen sample in the range 20–80%
ions, IM was determined in extracts using SnCl2 as reducing
gent. This study revealed that the sample M-MM did not

ain detectable amounts of inorganic mercury and more
ecomposition of MM to IM did not occur during sonicatio
imilar observations were noticed by Rio-Segade and
icho[45] in studies related to ultrasound-assisted extrac

or mercury speciation in fish tissues using HCl as extrac
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Fig. 4. Effect of sonication amplitude on IM and MM extraction from (a) IAEA-350 (extractant 5% HNO3 + 0.02% thiourea) (b) M-IM–MM (extractant 10%
HNO3 + 0.02% thiourea) and (c) NIST-1633b (extractant 20% HNO3 + 0.2% thiourea). Sonication time 3 min (for animal tissues and plant samples) and 4 min
(for coal fly ash) was used in all cases.

agent. After sonication and centrifugation, the stability of the
IM and MM species was also checked with respect to time by
analyzing the supernatant at different time intervals. These
studies showed that the species are stable in the supernatant
even after 24 h of sonication.

3.5. Oxidation behaviour of MM

After sonication, the extracted species were oxidized to
IM by UV irradiation. The oxidation recovery of MM ob-
tained with UV irradiation is shown inFig. 5. The principal
variable associated with MM, which could influence the oxi-

F y of
m

dation is acidity, i.e., HNO3 concentration which was varied
in the range of 0–10%. Five millilitres of aqueous solution
was passed in each run by keeping concentration of MM
(100 ng/ml) constant. Similar experiments were carried out
in the presence of 0.02% thiourea, an optimized concentra-
tion in our sonication experiments (for fish tissues and plant
samples).

As seen fromFig. 5, quantitative oxidation of MM
(94± 5%) was observed when the sample solution contained
>2% of HNO3. Similar observations were noticed when the
sample solution contained 0.02% of thiourea which is the
optimum concentration used in the extraction studies of ani-
mal tissues and plant samples. This behaviour could possibly
be due to the formation of various free radicals (OH, NO2,
NO3, etc.) which enhances the oxidation of MM. This has to
be further investigated in detail.

3.6. Analytical figures of merit

The whole analytical procedure proposed for the deter-
mination of IM and MM in fish tissues, samples of plant
origin and coal fly ash is presented schematically inFig. 6.
The performance of this procedure has been evaluated by the
analysis of IAEA-350, DORM-2, DOLT-1, IAEA-336 and
NIST-1633b materials. The results corresponding to various
r tified
v f de-
t
I trac-
t for
ig. 5. Effect of concentration of nitric acid on the oxidation recover
ethyl mercury.
eference materials are in good agreement with the cer
alues. Based on the blank measurements, the limit o
ection (LOD) values were 15 and 10 ng g−1 for MM and
M, respectively. The proposed ultrasound-assisted ex
ion procedure significantly reduces the time required
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Fig. 6. Schematic flow diagram of the proposed ultrasound-assisted thiourea extraction method for the analysis of total mercury and its species from various
matrices.

sample treatment for the extraction of Hg species. The av-
erage time required for the analysis of each sample using the
proposed extraction method is 15–20 min while the conven-
tional solvent extraction methods[20,21]take about 4 h, acid
slurry sampling methods[63] require about 24 h, extraction
times of about 90 and 30 min are required for distillation[21]
or supercritical fluid extraction procedures[25]. In addition,
keeping the number of analytical steps to a minimum consid-
erably reduces the source of analytical errors.

4. Conclusions

A simple and rapid ultrasound-assisted thiourea extraction
method for the determination of total mercury and its species
in biological and environmental samples is presented. Quan-
titative recovery of total Hg was achieved using a mixtures
of 5% HNO3 and 0.02% thiourea, 10% HNO3 and 0.02%
thiourea and 20% HNO3 and 0.2% thiourea for animal tis-
sues, plant matrices and coal fly ash samples, respectively.
The number of analytical steps involved is minimum and low-
ers the contamination problems. The obtained results were in
close agreement with certified values with an overall pre-
cision of better than 5–15% in all the cases. The proposed
method was applied for the determination of Hg in real sam-
ples of lichens, mosses, coal fly ash and coal samples.
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