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a b s t r a c t

The use of sodium-thiosulfate (Na-thiosulfate) as a reagent for the extraction of mercury (Hg) from soil
was investigated. High organic matter content in soil plays a major role in retaining metals. It has pre-
viously been reported that using the cold vapour atomic absorption method, powerful reagents such as
EDTA, DTPA and cysteine could not release Hg from soil samples. The optimal conditions for using Na-
thiosulfate to extract soil-Hg are presented here. Our results show that 50 ± 5% of total Hg was extracted
from soil samples using 0.01 mol L−1 of the reagent without pH adjustment. Increasing the reagent con-
centration above this level showed no significant change in Hg extraction. From this extraction three
fractions of Hg were obtained, the labile, slowly labile and un-extractable. We further applied the use
of a kinetic extraction approach that has never been applied for Hg. We observed a correlation between
the first two fractions and the quantity of organic matter content in soils. The labile fraction could be
released by using any concentration of the reagent. However, the slowly labile fraction was dependent
on time and increased concentrations of Na-thiosulfate. Furthermore, our results suggest that the labile

and slowly labile fractions involve two different sites of reduced sulphur groups contained in soil organic
matter and Hg levels present in the soil samples did not appear high enough to saturate all these high
affinity sulphur sites. The capacity of Na-thiosulfate to reduce (Hg(II)) to (Hg(0)), was determined to be
negligible. Our results further suggest the implication of iron (Fe(II)) for reducing Hg(II) to Hg(0). Here
we have demonstrated that Na-thiosulfate is an effective reagent in the extraction of Hg from soil, with
the particular characteristic of its ability to remove strongly bound Hg from sulphur groups contained in

soil organic matter.

. Introduction

Mercury (Hg) is a highly toxic and hazardous trace metal that can
reely cycle in the environment as part of both natural and anthro-
ogenic activities. The atmospheric depositional fluxes of Hg have

ncreased approximately three times since the industrial revolu-
ion [1]. Recent estimations of global anthropogenic Hg emission
re considered to be much higher than those coming from natural
ources and ranges from 6.6 to 9.4 × 106 kg year−1 [2]. Accumula-
ion over time of large inputs of Hg into the environment, especially
fter the beginning of industrial age, has resulted in the widespread
ccurrence of Hg in the entire food chain. For this purpose, this
etal has been consciously studied since the tragedy of Minamata,
apan, in the 1950s where entire communities were contaminated
y the consumption of accumulated methylmercury in fish [3].
nce Hg enters the environment it can occur in different chemical

orms depending on physicochemical characteristics and elemental

∗ Corresponding author. Tel.: +33 1 44 08 16 46; fax: +33 1 44 08 16 53.
E-mail address: issaro@agroparistech.fr (N. Issaro).

039-9140/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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© 2010 Elsevier B.V. All rights reserved.

components of the medium. Furthermore, according to the biogeo-
chemical behaviour of Hg, it can be transformed from one chemical
form to another and mobilized over different environmental com-
partments comprising the atmosphere, hydrosphere, lithosphere,
and biosphere [4–6]. Therefore, this metal is considered as a global
pollutant because it can be transported thousands of kilometres
through the atmosphere, evaporated out of oceans, adsorbed or
released by soil and sediment, and accumulated in plants and ani-
mals as well as in humans.

In this work, we are particularly interested in soil as it is
considered a sink for punctual polluted sources and deposited
atmospheric Hg [7]. The Hg present in soil is subject to a wide range
of chemical an biological transformation processes such as Hg(0)
oxidation and Hg(II) reduction or methylation as determined by
soil properties (e.g. pH, temperature, moisture, mineral content
and organic matter content). The relation of Hg mobility versus its

retention in soil has been well documented and the behaviour of Hg
in soil is mainly controlled by adsorption and desorption processes
relating to the complexation of this metal with potential ligands
presented in the medium [8–10]. It has also been reported that soil
organic matter (SOM) is the most important component governing



1 nta 82 (2010) 1659–1667

H
i
H

a
c
a
f
H
o
e
t
p
r
i
p
a
r
u
c
“
c
t
s
k
t
i
s
o
F
s
a
i
a
a

r
i
o
p
i
t
r
w
N
t
i
u
a
i
t
H
t
t

2

2

s
d
a
b
m

Table 1
Soil characteristics.

PC01 PC25 SS-2

Organic matter (g kg−1) 112.45 71.98 –
Organic C (g kg−1) 65.37 41.83 –
S (mg kg−1) 952 – 2254
Hg (mg kg−1) 3.92 3.14 0.34
Cr (mg kg−1) 80.7 97.72 58
Cu (mg kg−1) 292.3 299.17 198
Ni (mg kg−1) 53.6 27.09 59
Zn (mg kg−1) 858.9 1052.95 509
Co (mg kg−1) 17.04 5.85 14
Pb (mg kg−1) 431.6 567.74 148
Cd (mg kg−1) 5.16 7.1 2
TI (�g kg−1) 369.4 248.19 0.6
Al (%g) 2.17 1.14 4.49
Ca (%g) 2.26 2.07 11.87
Fe (%g) 1.8 1.24 2.91
K (%g) 0.6 0.41 1.81
660 N. Issaro et al. / Tala

g retention and release [9]. Sulphur containing functional groups
n SOM are specifically reported to be the principal ligands binding
g [11–13].

It should be noted that the study of soil-Hg speciation, aimed
t determining the species of Hg, is difficult to achieve when using
hemical reagent [14]. This is why, instead of “speciation”, many
uthors use the term “fractionation” to provide information on Hg
ractions according to their extractability behaviours [15]. To study
g fractionation, sequential extraction procedures using a series
f reagents, with operational interpretation according to differ-
nt soil compartments, are widely referred to [16,17]. However,
hese suffer from a lack of selectivity of the extraction reagents, co-
recipitation, re-precipitation and re-adsorption of the previously
eleased metal. A single extraction study, using a single reagent,
s rare despite of its simpler performing experience when com-
ared with those of sequential extraction. A single extraction may
lso suffer from the same criticisms (selectivity, re-adsorption,
e-distribution). Consequently, The great number of procedures
sed by different authors also results in a large spectrum of non-
omparable data. In all cases, it is crucial to note that although the
key” to speciation/fractionation determination is the appropriate
hoice of reagent used in the extraction step, neither specific extrac-
ants, nor standard protocols, exist for the isolation of particular
oil-Hg forms [18]. Aside from both methods mentioned above, the
inetics extraction has been considered as a more correct approach
o the distribution of metal species in a natural environment. Apply-
ng the kinetic models to the experimental results could allow the
tudy of metal fractions with different labilities [19]. The feasibility
f this technique has been evaluated for many metals such as Cd, Cu,
e and Pb [20–23] but, to our knowledge, its application for Hg in
oil has never been reported. Although Na-thiosulfate was used in
phytoextraction method to increase Hg availability to plants [24],

t is never applied for soil-Hg extraction according to speciation
spect. Therefore, it is particularly interesting to investigate this
pproach in order to provide more information on soil-Hg mobility.

According to our previous work concerning the choice of a
eagent for soil-Hg extraction, several powerful reagents were
nvestigated [25]. Hg from our samples is strongly bound to the soil
rganic matter fraction and only Na-thiosulfate seemed to have the
otential for extracting it due to its high stability constant reported

n the literature [12,13]. Detailed experiments were investigated in
his paper to establish appropriate conditions for achieving an accu-
ate interpretation of soil-Hg behaviour. The first aim of this work
as to optimize and evaluate a soil-Hg extraction procedure using
a-thiosulfate as a single reagent. Several experimental parame-

ers such as concentration, pH and the mass–volume ratios were
nvestigated and optimized in order to consider Hg mobilization
nder equilibrium conditions. The second objective was to apply
kinetics extraction study of Hg so as to provide a more accurate

nterpretation of soil-Hg lability. It is well known that the redox
ransformation of Hg(II) to Hg(0) significantly modifies the fate of
g in soil. Given that Na-thiosulfate may react as a reductant, our

hird objective was to determine the production of Hg(0) during
he soil-Hg extraction when using this reagent.

. Materials and methods

.1. Samples

Soil samples (PC01 and PC25) were obtained from the Pierrelaye

ite, located 29 km to the north-west of Paris, France. For several
ecades these soils were contaminated by agricultural processes
nd have known higher levels of Hg. The soils were stored in clean
lack plastic bags which prevented their exposure to light and
oisture. Before being used in this study, the soils were homog-
Mg (%g) 0.29 0.21 1.42
Mn (mg kg−1) 378.1 184.07 577
Na (%g) 0.14 0.1 1.25

enized, sieved (<2 mm) and ground. Furthermore, a soil standard
reference material SS-2 (EnviroMat) was also used. All soil charac-
teristics are given in Table 1.

2.2. Chemical reagents

In all experiments, nitric acid (HNO3), a standard Hg solution
of inorganic Hg(II), a standard iron(II) solution, and a standard
calcium(II) solution of analytical quality were used (Merck, USA).
Sodium-thiosulfate (Na-thiosulfate) of AnalaR NORMAPUR quality
was obtained from VWR Prolabo, Belgium. Water of high purity
obtained from a Millipore apparatus (resistivity = 18 M� cm) was
used (Millipore, USA). Standard Hg solutions of inorganic Hg(II)
were prepared by stepwise dilution from a standard stock solu-
tion containing 1000 ± 2 mg L−1 Hg as Hg(NO3)2·H2O. All standards
were freshly prepared prior to use.

2.3. Total mercury

In order to determine total Hg in soils, 0.5 g of samples were
added to 5 mL of HNO3. The samples were digested with concen-
trated HNO3, heated to 95 ◦C during 2 h by using a DigiPREP Jr.
apparatus (SCP Science, Canada). A final volume of the digested
samples was made to 30 mL using deionised water prior to Hg
determination by cold vapour atomic absorption spectrometry (CV-
AAS) (see “CV-AAS detection”).

2.4. Mineralization of the soil-extracted solution

Soil-extracted solutions, outlined in the “Experimental proce-
dures”, were digested using concentrated HNO3 in order to improve
the CV-AAS signal as well as to eliminate the interference induced
by the reagent used and the soil matrix. 5 mL sample extractions
were mixed with 10 mL HNO3 and placed into digesting tubes suit-
able for DigiPREP Jr. apparatus for digest temperature control. The
DigiPREP Jr. apparatus is manufactured under an ISO 9001: 2000
certified quality program. The solutions were digested at 80 ◦C dur-
ing 3 h. To prevent the lost of Hg from volatilization, a polyethylene
cap (digiCap) was used during heating so as to create a closed sys-
tem of each digesting tube. After digestion, deionised water was

added to the digesting tubes prior to CV-AAS detection to a final vol-
ume of 30 mL. Mineralization required a volume ratio (1:2 (v/v)) of
the extracted solution and HNO3. The use of higher ratios was highly
unrecommended as the analytical instrument (CV-AAS) would be
damaged by the increased acidity of the solution to be analyzed.
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In addition, the accuracy of Hg analysis after the mineralization
f the extracted solution with Na-thiosulfate was also tested by
standard addition method. The similarity in the results obtained
etween the standard addition and the direct procedure proves the
bsence of any interference during the analysis.

.5. CV-AAS detection

Cold vapour atomic absorption spectrometry (CV-AAS) is one of
he most widely used techniques for Hg determination because of
ts high sensitivity, absence of spectral interferences due to radi-
tion overlapping of the light source, relatively low operational
osts, simplicity and speed. Hg was analyzed by a Varian atomic
bsorption spectrometer (Palo Alto, CA, Model SpectrAA 250Plus)
ith a quartz absorption cell. A high intensity Hg hollow cathode

amp was operated as the radiation source with a lamp current
f 3 mA. The 253.7 nm resonance line of Hg was selected as the
nalytical line. Hg vapour was generated by employing a Varian
apour generator accessory (Model VGA-77) under a continuous
ow of sample solutions and the reductant, SnCl2. The generated
g vapour was carried out by a flow of nitrogen gas on a con-

inuous flow mode, sent to the non-heated absorption cell for Hg
nalysis. The reproducibility of CV-AAS detection has been verified
ith replicated measurements of Hg standard solution diluted in
ifferent concentrations by water of high purity obtained from a
illipore apparatus (water resistivity = 18 M� cm). The standard

eviations obtained were satisfactory and ranged from 2 to 6%
n = 10).

.6. Soil major elements determination

Determination of the major elements, Fe and Ca, were per-
ormed by flame atomic absorption spectrometry (FAAS). We used a
itachi Z-5000 polarized Zeeman atomic absorption spectrometer
quipped with an air-acetylene flame and a micro sampling kit. In
his technique, 80–100 �L of sample solution were introduced for
ach measurement. The reproducibility of the micro sampling tech-
ique was verified in replicated measurements for the standard and
oil solutions. The standard deviations obtained were satisfactory
nd ranged from 3 to 5% (n = 6).

.7. Experimental procedures

.7.1. Optimization of experimental parameters
To evaluate the reagent concentration effect, 10 mL of differ-

nt concentrations of Na-thiosulfate solutions (ranging from 0.001
o 0.1 mol L−1) were added to 1 g of soil in polyethylene bottles.
n end-over-end stirrer was used overnight (21 ± 3 h) to ensure
n achieved equilibrium system. Afterwards the samples were
entrifuged for 10 min at 6000 rpm (Hettich Zentrifugen model
BA-21®) and filtrated through a 0.45 �m filter with HVLP type
embranes (Millipore®, USA). The extracted solutions were miner-

lized in HNO3 at 80 ◦C during 3 h before CV-AAS analysis. It should
e noted that the efficiency of this mineralization procedure has
reviously been verified [25]. All experiments were carried out

n triplicate. Once the suitable Na-thiosulfate concentration was
etermined, the effect of soil mass to extractant volume ratios (m/v)
as compared using the ratios of 1:5, 1:10, 1:20 and 1:50. A succes-

ive extraction method, in which the residual soil was rinsed twice
ith deionised water before being re-extracted with the same Na-
hiosulfate concentration, was performed to provide the efficiency
f the reagent used. The pH effect was also studied by adjusting
he pH of Na-thiosulfate solution with a small volume of concen-
rated HNO3 or sodium hydroxide (NaOH) solutions before adding
o soil.
 (2010) 1659–1667 1661

2.7.2. Kinetic extraction protocol
The study of the kinetic extraction of Hg from soil was per-

formed in separate polyethylene bottles, each containing 1 g of soil
and 10 mL of extracting solution. These bottles were stirred with
an end-over-end shaker for different time periods, ranging from
5 min to 24 h. Samples were then processed for the evaluation of
the reagent concentration effect mentioned above. The obtained
results, called the extraction rate data, were needed to mathemat-
ically determine several kinetic parameters such as the quantity
of desorbed Hg from different compartments of soil at a given
time and their associated rate constants. This information can be
modelled by using Sigma Plot® software (SSI, USA). In addition,
it should be noted that models of multiple first-order reactions
have often been used to fit the experimental results. This model
gives information with real physicochemical meaning when differ-
ent first-order reactions are attributed to discrete types of binding
sites available in soil. Thus, a target metal may be classified into
fractions associated with the specific soil compartments to which
it is bound.

The extraction rate data obtained was fitted to a two first-
order reaction model using Sigma Plot software in order to
classify the soil-Hg into three fractions. These were the read-
ily extractable fraction (labile), a less extractable fraction (slowly
labile) and an un-extractable fraction. Each fraction was associ-
ated with its own rate constant. Accordingly, an equation related
to a two first-order reaction model: Qext = Q 0

1 (1 − exp(−k1t)) +
Q 0

2 (1 − exp(−k2t)) was applied [13–16]. By definition, Qext was
the amount of total extracted Hg (mg kg−1), Q 0

1 and Q 0
2 (mg kg−1),

respectively, represent the readily extractable Hg fraction and the
less extractable Hg fraction. Therefore, the un-extractable Hg frac-
tion, noted Q 0

3 , can be deduced by the difference between the
total amounts of Hg in soil, noted Qtot, and the concentration of
Hg extracted at equilibrium (Qext). Once the extraction rate data
was fitted to the equation using Sigma Plot software, four kinetic
parameters (Q 0

1 , Q 0
2 , k1, and k2) could be obtained.

2.7.3. Study of the reduction of soil-Hg(II) to Hg(0)
A semi-automatic apparatus piloted by a control box was used

for measuring Hg(0). This apparatus was specifically developed
by CREA-automatism Company. Fig. 1 shows the assembly line,
including amalgamation, for the preceding Hg(0) analysis. The ana-
lytical sequence contains five phases: (i) golden trap sweeping;
(ii) degassing (bubbling of N2); (iii) golden trap sweeping; (iv)
measurement; and (v) cooling the trap. Two concentrations of Na-
thiosulfate, 0.001 and 0.05 mol L−1, were used for comparing their
effects on the reduction of soil-Hg(II) to Hg(0). 10 mL of the solu-
tion was added to 1 g of soil and introduced into the degassing
cell. During a given time of reaction and degassing, the reduced
Hg was amalgamated onto a golden trap. The trap was then heated,
and the Hg vapour produced was measured by atomic absorption
spectrometry (AAS). All experiments were protected from daylight
through the use of aluminium foil.

Furthermore, a calibration curve for determining the quantity
of reduced Hg was performed. For this purpose, different con-
centrations of Hg(II) (0, 2, 5, 10, 20, 40 and 80 �g mL−1) were
prepared by stepwise dilution from a standard stock solution con-
taining 1000 ± 2 mg L−1 Hg as Hg(NO3)2·H2O. 0.5 mL of Selenium
Chloride (SnCl2) were then added to 10 mL of the prepared solu-
tions prior to their introduction into the degassing cell. The linear
equation of this calibration system is y = 4.956x + 0.1275, with a

linear regression (R2) of 0.9845. It is important to note that the
degassing cell, and all main gas conveyed pipelines, need to be
changed for measuring the reduced Hg in the samples in order
to avoid the reduction of Hg by SnCl2-traces remaining in the
system.
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and operated over a time period where moderate differences in
Fig. 1. Diagram of analytical assembly line, inc

. Results and discussion

.1. Equilibrium conditions study

Based on the Hg content determined by the soil characteristics,
he method used for total Hg determination could release 98 ± 3,
04 ± 4 and 99 ± 2% of total Hg content, respectively, for SS-2, PC01
nd PC25. These results demonstrated that our procedure, using the
igiPREP Jr. apparatus and its equipment, proved to be suitable for
g determination as the system could prevent volatilized Hg loss.

n order to precisely determine the efficiency of Na-thiosulfate as a
otential Hg-extracting reagent, a more detailed study is presented
ere.

.1.1. Reagent concentration
The optimal concentration of Na-thiosulfate was first estab-

ished. As shown in Fig. 2, the amount of extracted Hg increased
s the concentration of Na-thiosulfate increased. No significant

hange in Hg extraction was observed by increasing Na-thiosulfate
oncentration above 0.01 mol L−1. A slight decrease in Hg extraction
t concentrations of Na-thiosulfate greater than 0.01 mol L−1 might
imply be due to an analysis error corresponding to their standard
eviation of measurement. However, this decrease in extracted Hg

ig. 2. Hg extracted from soil (PC01 and PC25) using different concentrations of
a-thiosulfate.
amalgamation, for proceeding Hg(0) analysis.

levels could also indicate Hg loss during the extraction procedure as
the reductant characteristic of Na-thiosulfate might reduce Hg(II)
to Hg(0).

The efficiency of Na-thiosulfate resulted in 50 ± 5% of total
Hg being extracted from both samples (PC01 and PC25) with
0.01 mol L−1 of the reagent used. This efficiency was confirmed by a
successive extraction experiment. As shown in Fig. 3, we found that
only a small amount of Hg (<5% of extracted Hg) remained in the
second extraction and further decreased in the third extraction. The
small percentage of Hg remaining after the first extraction was con-
sidered as not significant compared to the amount of Hg extracted
in the first extraction.

Furthermore, as shown in “the kinetic extraction approach”,
approximately 90% of extracted Hg from both samples was
obtained after 8 h of mixing. Our experiments, applying the equilib-
rium time of 21 ± 3 h, were therefore considered to be appropriate.
This allowed the extractions to proceed in a simple daily rhythm
the extraction time produced minimal differences in the amount
of Hg extracted. At this point we concluded that 0.01 mol L−1 of
Na-thiosulfate was the suitable reagent concentration for soil-Hg
extraction at equilibrium.

Fig. 3. Determination of soil to Na-thiosulfate ratio (m/v) for optimal Hg extraction,
using PC01 and 0.01 mol L−1 Na-thiosulfate.
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librium (24 h), 0.001 mol L of Na-thiosulfate released 38 and 27%
total Hg from the samples PC01 and PC25. At the higher reagent
concentration, 50 ± 5% of total Hg was extracted from both soils
(Fig. 2). Considering these proportions as the total extracted Hg,
approximately 80% of Hg in all samples was obtained in the first
N. Issaro et al. / Tala

.1.2. Mass–volume ratio
The mass–volume ratios of soil and reagent (solid-to-liquid

atio) were tested by comparing the ratios of 1:5, 1:10, 1:20 and
:50. In theory, it is better to utilize the lowest solid-to-liquid ratio
ossible to better fully leach the Hg species. In practice, the ratio

s limited by real-world sample heterogeneity and the ability to
ccurately weigh very small sample mass. We found that the quan-
ity of extracted Hg appeared to increase with decreasing reagent
atios. Furthermore, while applying two successive extractions, the
ajority of the extractable Hg was released in the first extraction.
s shown in Fig. 3, the differences of extracted Hg at all ratios
ere ambiguous with overlapping analytical errors. Therefore, the

olid-to-liquid ratio of 1:10 was applied to our experiments as the
ifference in the amount of extracted Hg between the solid-to-

iquid ratio of 1:10 and 1:50 was insignificant (less than 6%) and it
as been routinely practiced in our laboratory for studying metals

n soil.

.1.3. The effect of final pH
In order to study the final pH effect on Hg extraction using Na-

hiosulfate as an extraction reagent, we adjusted its pH to obtain
soil-extracted solution with a pH ranging between 5.5 and 6.0.

his was achieved by using a small volume of concentrated HNO3
nd NaOH prior to mineralization. It should be noted that without
djustment the pH of the Na-thiosulfate solution ∼=5.0. The buffer
ffect of soil samples drove the final pH of the extracted solution to
.5–8.5. Regarding this buffer effect, it is difficult to predetermine
he final pH of the extracted solution. However, the efficiency of
a-thiosulfate for complexing with Hg is pH independent and only

oil components were responsible for the final pH of the extracted
olution [25]. Finally, the reagent was adjusted to pH 1.5 in order
o obtain the desired final pH of 5.5–6.0 for our soil-extracted solu-
ions.

As shown in Fig. 4, the results derived from experiments per-
ormed in triplicate demonstrated that the extraction efficiency
ncreased with decreasing pH. This effect was particularly notice-
ble at lower concentrations of Na-thiosulfate. Differences between
he three replicated experiments were less than 8%. Furthermore,
o significant difference in Hg extraction was observed that at
igh concentrations of Na-thiosulfate (0.01 and 0.05 mol L−1) or
etween soil-extracted solutions with and without pH adjustment.
his may be explained by the stability of Hg present in soil. As the
tability of soil-Hg complexes seemed to decrease with decreasing

H, the amount of the immobilized metal should be strongly depen-
ent on the complex stability with only very stable Hg complexes
eing able to exist at low pH. Due to the effects of competition, the

nfluence of pH becomes less important with increasing ligand con-
entration (0.01 and 0.05 mol L−1 of Na-thiosulfate). The final pH of

Fig. 4. pH effect on soil-Hg extraction using Na-thiosulfate.
 (2010) 1659–1667 1663

the extracted soil solutions tending towards an alkaline pH indi-
cated a soil environment favouring Hg fixation. However, to ensure
Na-thiosulfate as a potential reagent for releasing Hg from our soil
samples and to prevent acidic damage to the apparatus, experi-
ments have been done without pH adjustment. Furthermore, as
shown in Fig. 2, the suitable Na-thiosulfate concentration for releas-
ing the soil-Hg was relatively high. Due to the small differences in
extracted Hg with and without pH adjustment, experiments using
high concentrations of the reagent were considered appropriate.

3.2. Kinetic approach

Although equilibrium reactions of soil-Hg have been extensively
studied, the kinetics of these reactions rarely appear in the lit-
erature. In most cases, due to the mobility of a soil solution, the
retention and/or release reaction of the metal in soil is time depen-
dent. This indicates the importance of kinetic extraction studies in
order to predict the transport and fate of Hg extracted from soil.

The kinetic approach was based on the study of the desorption
fluxes of Hg from the soil samples caused by the action of one specif-
ically added chemical reagent. The results presented in Fig. 5 show
similar curves of extracted Hg from both soil samples by using two
concentrations of Na-thiosulfate, 0.001 and 0.05 mol L−1. At equi-

−1
Fig. 5. Extraction kinetics of soil-Hg using Na-thiosulfate as a reagent (a)
0.001 mol L−1 of Na-thiosulfate and (b) 0.05 mol L−1 of Na-thiosulfate.
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h of reaction times for both concentrations of Na-thiosulfate. The
emaining 20% of total extracted Hg was released over the following
eriod of 20 h (4 h < t < 24 h).

The experimental data demonstrated in Fig. 5 was first checked
or the pertinence of the kinetic first-order model application
single or multiple first-order compartment(s)). The results were
xpressed in terms of Hg-removal rates per unit of time. Accord-
ngly, the amount of Hg extracted per weight unit of soil (mg kg−1)
etween extraction initiation time (ti) and termination time (ti−1)
an be defined as:

g(ti−1 < t < ti) = [Hg(ti) − Hg(ti−1)] ×
[

V

m

]
(1)

here Hg concentration is determined as a function of the volume
f extractant solution (V), and the sample mass (m) at a given time
t).

The removal rate (RHg) per unit of time, (t), between ti and ti−1
an be written as:

Hg(ti−1 < t < ti) =
Hg(ti−1<t<ti)

ti − ti−1
(2)

he mean values of RHg(t) were calculated and plotted in a semi-log
iagram, which was another way to represent the data originally
eported in Fig. 5. It appeared that the evolution of RHg(t) of both
oils, in both reagent concentrations, occurred as two distinct linear
egments with different non-null slopes as shown by the crossing
f the intercepts on the Y-axis. Fig. 6 shows an example of the Hg
xtraction rate with 0.05 mol L−1 of Na-thiosulfate from soils PC01
nd PC25. This difference of behaviour through time allowed the

ariable RHg(t) to be modeled by the sum of two distinct fractions
ccurring simultaneously, each of them followed an exponential
ecreasing function:

Hg(t) = A1(0)e−k1t + A2(0)e−k2t (3)

ig. 6. Extracted Hg rate with 0.05 mol L−1 of Na-thiosulfate from both soil samples:
a) PC01 and (b) PC25.
 (2010) 1659–1667

where A1(0) and A2(0) are the initial Hg-removal rates (at t = 0) of
the two fractions and k1 and k2 are their apparent rate constants.

In other words, the model used in the present work was sim-
plified to a two first-order reaction model in order to classify the
soil-Hg into three fractions that are the readily extractable (labile)
fraction, the less extractable (slowly labile) fraction and the non-
extractable fraction. Each fraction was associated with its own rate
constant. Therefore, at time t, the total amount of Hg extracted,
noted as Q(t), was obtained by integrating RHg(t)/dt:

Q (t) =
[(

A1(0)
k1

)
(1 − e−k1t)

]
+

[(
A2(0)

k2

)
(1 − e−k2t)

]
(4)

or

Q (t) = Q 0
1 (1 − exp(−k1t)) + Q 0

2 (1 − exp(−k2t)) (5)

where (A1(0)/k1) and (A2(0)/k2) were replaced by Q 0
1 and

Q 0
2 (mg kg−1) which corresponded, respectively, to the readily

extractable Hg (labile) fraction and the less extractable (slowly
labile) Hg fraction. Therefore, the un-extractable Hg fraction, noted
as Q 0

3 , was then deduced by the difference between the total con-
centration of Hg in soil, noted Qtot, and the concentration of Hg
extracted at equilibrium (Q 0

1 + Q 0
2 ). Sigma Plot software was used

for fitting the experimental data presented in Fig. 5 to Eq. (5) in
order to obtain the four kinetic parameters (Q 0

1 , Q 0
2 , k1, and k2)

mentioned above. The amount of extracted Hg at equilibrium was
the sum of its labile and slowly labile fractions released as a func-
tion of time. From a kinetic point of view, it should be mentioned
that a two-compartment model has been reported to reveal the
fractionation of trace metals in soil associated with two kinetically
different compartments of soil for providing the information of
metal bioavailability [26]. The feasibility of the two-compartment
model has been successfully evaluated for many metals such as Cd,
Cu, Fe and Pb [13–16] but, to our knowledge, no data for Hg in soil
are available.

As previously noted, two extraction regimes corresponding to
two different kinetic fractions could be obtained for PC01 and PC25
samples. Accordingly, the parameters Q 0

1 , Q 0
2 , k1, k2, the coefficient

of correlation r, and the standard error of estimate S.E. for Hg in
both soil samples using 0.001 and 0.05 mol L−1 of Na-thiosulfate
are shown in Table 2. The values of Q 0

1 and Q 0
2 all have relative

standard deviation values (R.S.D.) lower than 10%. The P value asso-
ciated to each fit was always lower than 0.0001 and the coefficient
of correlation was always higher than 0.97. Fig. 7 demonstrates
representative curves calculated from the two first-order reactions

model that fitted the extraction rate data of Hg in our experiments.
Furthermore, the un-extractable Hg fraction, Q 0

3 , could be deduced
by the difference between the total concentration of Hg in soil
and the concentration of Hg extracted at equilibrium (Q 0

1 + Q 0
2 ).

As shown in Fig. 8, the distribution between Q 0
1 , Q 0

2 and Q 0
3 of the

Table 2
Two first-order kinetic parameters of studied soils.

Sample Parameters Na-thiosulfate (mg kg−1)

0.001 0.05

PC01 Q 0
1 (mg kg−1) 1.01 ± 0.07 0.91 ± 0.05

Q 0
2 (mg kg−1) 0.32 ± 0.07 0.58 ± 0.05

k1 8.8607 5.9087
k2 0.3260 0.3283
r 0.986 0.987
S.E. (mg kg−1) 0.0531 0.034

PC25 Q 0
1 (mg kg−1) 0.59 ± 0.02 0.54 ± 0.05

Q 0
2 (mg kg−1) 0.17 ± 0.02 0.52 ± 0.05

k1 0.3048 5.9237
k2 0.1675 0.2161
r 0.994 0.973
S.E. (mg kg−1) 0.021 0.043
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ig. 7. Representative curves calculated from the two first-order reactions m
C25/0.001 mol L−1 of Na-thiosulfate; (c) PC01/0.05 mol L−1 of Na-thiosulfate; (d) P
oil samples indicated that the Q 0
2 fraction was always lower than

0
1 fraction and that 60% of total Hg in all soils was un-extractable
y 0.05 mol L−1 of Na-thiosulfate. The latter fraction, Q 0

3 , might
nvolve an insoluble form of Hg frequently present in soil such as

ig. 8. Distribution of soil-Hg fractions in the soil samples between Q 0
1 ,

0
2 , Q 0

3 and Q HgS
3 (NB: Q 0

1 = labile fraction; Q 0
2 = slowly labile fraction; Q 0

3 =
n-extractable fraction; Q HgS

3 = un-extractable feaction defined as HgS).
given by Sigma Plot software: (a) PC01/0.001 mol L−1 of Na-thiosulfate; (b)
05 mol L−1 of Na-thiosulfate.

HgS. For this purpose we used the protocol of Fernández-Martínez
et al. [27] to determine HgS concentration by calculating the dif-
ference between total Hg and Hg extracted by 50% (v/v) HNO3, a
small portion of Q 0

3 could be defined as HgS, represented as Q HgS
3 in

Fig. 8. Although 10% of the non-extractable fraction was different
from those found in the “Equilibrium conditions study”, this corre-
sponded with the error gaps presented in Fig. 2. Thus, the stability of
analytical solutions needs further investigating in order to confirm
the efficiency of Na-thiosulfate throughout the soil-Hg extraction.

As has been widely reported in the literature, in most cases, total
Hg level found in soils corresponds to organic matter content (OM).
We also observed the correlation between Q 0

1 , Q 0
2 fractions and the

amount of OM (112.45 and 71.98 g kg−1 for PC01 and PC25, respec-
tively) presented in Table 1. Accordingly, the values of Q 0

1 and Q 0
2

of PC01 were higher than those of PC25. For a given soil sample, the
Q 0

1 fraction was not significantly different at both concentrations
of Na-thiosulfate, while the Q 0

2 fraction increased with increasing
concentration of the applied reagent. All applied concentrations of
Na-thiosulfate in this present work could extract the labile Hg frac-
tion. The difference in quantities of the slowly labile Hg fraction
resulting from the extracted Hg at equilibrium, were released as a
function of the reagent concentrations.

It is well known that Hg has a strong affinity for sulphur and
Skyllberg et al. quantified six different groups of sulphur func-
tionalities in organic substances. These were in turn considered

as major factors controlling the adsorption and desorption of Hg
in soil [28–30]. Among these groups, reduced organic sulphur has
been reported to play an important role in Hg retention in soil. They
are supposed to be the strongest Hg fixation sites [12,13,31,32].
Regarding the stability constants of Hg and SOM proposed in liter-
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Table 3
Quantity of calcium and iron extracted by different concentrations of Na-thiosulfate.

Na-thiosulfate [mol L−1] Ca [mg kg−1] Fe [mg kg−1]

PC01 PC25 PC01 PC25

0.001 217.33 ± 13.25 271.17 ± 1.53 33.33 ± 5.45 55.30 ± 1.11
0.003 293.00 ± 34.39 322.67 ± 11.06 29.70 ± 3.90 43.27 ± 2.81
0.005 333.33 ± 71.19 354.40 ± 13.39 23.50 ± 2.72 37.83 ± 1.33
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0.007 304.93 ± 5.29
0.01 369.75 ± 7.80
0.03 515.24 ± 33.21
0.05 525.78 ± 15.20

ture, the Hg fraction extracted by Na-thiosulfate might especially
oncern reduced sulphur groups contained in SOM [12,24,33]. Con-
equently, it seemed that the Hg present in our soil samples should
nvolve the reduced organic sulphur contained in SOM as sev-
ral powerful reagents (i.e. EDTA, DTPA and cysteine) other than
a-thiosulfate extracted lesser than 5% of total Hg content in the

amples [results not shown]. It is worth noting that almost all
g contained in the samples was strongly bounded to Hg fixa-

ion sites. However, it seemed that all high affinity sulphur sites
resent in PC01 and PC25 were unsaturated by total soil-Hg con-
ents. Thus, the two Hg sub-fractions, binding with two different
OM-compartments resulting from the kinetic approach, could rep-
esent two different sites of the reduced sulphur groups extracted
y Na-thiosulfate. Furthermore, our results were in agreement with
he work of Skyllberg et al. in which two reduced organic sulphur
roups contained in SOM had been determined to be complexed
ith Hg [32].

.3. Reduction of soil-Hg to Hg(0) study

In soil, the redox transformation of Hg(II) to Hg(0) has been
ildly studied. This process reveals the main cycle of Hg between

he soil and the atmosphere, as well as the limitation of the
emaining soil-Hg(II) concentration that is available for ground-
ater transportation and methylation. As the main objective of

ur work concerned soil-Hg extraction by Na-thiosulfate, the
eductant characteristic of this reagent leads us to suppose that
he production of Hg(0) may occur and introduce a bias in the
etermination of extracted Hg. Furthermore, it has been reported
hat, in an anoxic environment (reductant medium), the sorption
f Fe(II) to mineral surfaces might enhance the reduction rate
f soil-Hg(II) species [34–37]. This may also correspond to our
tudy of soil-Hg extraction with Na-thiosulfate, as Fe(II) is con-
idered as a major element in the medium. Therefore, in order to
omplete our experiments, the presence of produced Hg(0) was
erified.

Based on the calibration curve of the reduced Hg obtained from
ifferent concentrations of a standard Hg solution, the estimation
f the reduced Hg concentration from the soil samples using Na-
hiosulfate as a reagent was determined. Hg(0) detection under
he same conditions as in the “Equilibrium conditions study” was
nsuccessful. This may be due to quantities of Hg(0) produced being
maller than the detection limit of the AAS apparatus, inappropriate
ccumulation times, or that there is no Hg(0) production.

Due to the reductive characteristics of Na-thiosulfate we believe
hat there is a strong probability that process is occurring. The
g(0) production may however need other catalytic process to

elease it into the atmosphere. Therefore, a degassing process using

2 was further performed. The soil PC01 was used for testing

he production of Hg(0), using 0.001 and 0.05 mol. L−1 of Na-
hiosulfate. The produced Hg(0) was accumulated during 4 and 8 h
n the gold trap (amalgamation), with the flow rate degassing of
50 mL min−1, before measuring its absorbance by atomic absorp-
95 ± 19.14 24.73 ± 2.06 33.47 ± 3.40
89 ± 18.18 26.27 ± 1.37 30.47 ± 3.59
42 ± 8.90 14.53 ± 1.74 21.03 ± 1.60
68 ± 5.27 10.90 ± 0.66 14.82 ± 4.29

tion spectrometry (AAS). The results showed the absorbance (abs)
of 0.393 and 0.668 which respectively correspond to 0.054 and
0.11 mg kg−1 of Hg(0) during 4 and 8 h of accumulation by using
0.001 mol L−1 of Na-thiosulfate. At the higher concentration of the
reagent, 0.05 mol L−1, 0.25 and 0.43 mg kg−1 of Hg(0) were obtained
for the accumulation times of 4 and 8 h, respectively. It is important
to note that the experiment for Hg(0) determination was performed
under extreme conditions in the degassing cell that should not
be directly compared with previous fractionation results. The esti-
mated Hg(0) produced should be considered as a higher threshold
of vapour Hg that could be produced within our defined equi-
librium conditions. The reductive characteristics of Na-thiosulfate
have however been shown to be occurring as the production of
Hg(0) increased with increasing concentrations of Na-thiosulfate,
and increased of accumulation time. Consequently, it seemed rea-
sonable to assume that a small amount of Hg(0) might be found in
both equilibrium and kinetics extractions and that a sealed reaction
vessel is therefore necessary.

To study the influence of Fe on Hg(0) production, two soil ele-
ments were investigated as a supplementary experiment beside the
study of the reagent concentration effect on soil-Hg extraction. The
first one was calcium (Ca) which represents a major soil element
and the other one was iron (Fe) because its presence in soil had
been reported to induce the reduction of Hg(II) to Hg(0) [34–37].
The complexation constants (log K) between the thiosulfate ligand
and these two elements, Ca and Fe, were, respectively, 3.49 and
2.17 [33]. It had been expected that the extraction curves of these
two elements would have the same tendency as the extracted Hg
curve (Fig. 2). Our results showed that the quantity of extracted
Ca increased with increasing Na-thiosulfate concentration while,
as shown in Table 3, the amount of Fe decreased. The unexpected
extraction curve of Fe could be explained by the adsorption of Fe(II)
on soil particles according to the equation proposed in the work of
Charlet et al. [34]:

SOH + Fe2+ + H2O ↔ SOFeOH + 2H+ (6)

SOFeOH + 1/2Hg(OH)2(aq) + H2O

↔ SOH + Fe(OH)3 + 1/2Hg0
(aq) (7)

where SOFeOH is defined as surface complex of soil particles.
Therefore, the experiment performed in the “Equilibrium con-

ditions study” seemed to enhance the reaction in Eq. (6) at higher
concentrations of the reagent. The decrease in Fe with increas-
ing Na-thiosulfate concentration might suggest the formation of
Fe(II), induced by the reductive characteristic of the reagent, that
should be strongly adsorbed on soil particles ( SOFeOH). Further-
more, Table 3 showed that by using Na-thiosulfate, the quantity
of extracted Ca increased with increased concentrations of the

reagent. These results confirm the adsorption of Fe on soil particles
as their surface complex-sites became more available for the Fe to
be adsorbed. Accordingly, the experimental conditions for optimiz-
ing the extraction of soil-Hg at equilibrium might be favourable to
oxidize the soil-adsorbed Fe(II) to Fe(III) (hydr)-oxides for provid-
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ng the formation of Hg(0) as described in Eq. (7). As mentioned
arlier, a small amount of Hg(0) may occur in our previous stud-
es the “Equilibrium conditions study” and the “Kinetic approach”,
his could be probably be induced by the soil-adsorbed Fe(II).
owever, more detail research concerning the reduction of soil-
g(II) to Hg(0) by the presence of Fe in the medium needs to be

nvestigated.

. Conclusion

We demonstrated here that 50 ± 5% of total Hg in the samples
ould be released by 0.01 mol L−1 of Na-thiosulfate without pH
djustment, using a solid-to-liquid ratio of 1:10. Above this concen-
ration no further significant change was observed in the quantity
f extracted Hg. Extracted Hg obtained by the use of Na-thiosulfate
as been proposed to be strongly bound in soils as it could not be
eleased by other powerful reagents such as EDTA, DTPA, and cys-
eine. Accordingly, Na-thiosulfate is an effective reagent for soil-Hg
ingle extractions, especially when the metal is strongly bound to
pecific sites of organic matter. The non-extractable Hg remain-
ng in the samples might correspond to the crystalline form of Hg
requently presented in soil such as HgS.

Results obtained from a kinetic extraction procedure were fit-
ed to a two-compartment model and revealed the Hg fractionation
ssociated with two kinetically different compartments of soil.
esults obtained from this two-compartment model analysis indi-
ate the presence of two Hg fractions binding with two different
ites of the reduced sulphur groups contained in SOM. The effi-
iency of the kinetic extraction methodology should be considered
s a specific tool of soil-Hg mobility for providing more informa-
ion in the speciation field. Furthermore, according to the reductant
haracteristic of Na-thiosulfate, the loss of volatilized Hg during
he soil-Hg extraction procedure was verified. Although the results
mplied an insignificant amount of Hg(0) that might occur during
he extraction processes, the possibility of iron(II) present in soil
or reducing Hg(II) to vapour Hg was observed. Thus, it should be
onsidered that the risk of Hg mobility in soil increases in the reduc-
ive medium, especially with the presence of iron(II). Therefore, the
eduction of Hg by Fe needs further investigation in order to better
nderstand the dynamic of the metal in soil.
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