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a b s t r a c t

An innovative technique for rapid identification and quantification of mercury (Hg) species in soils and

sediments was developed using a direct mercury analyser. Speciation was performed by the continuous

thermal-desorption of mercury species (temperature range 76–770 1C), in combination with atomic

absorption spectrophotometry detection. Standard materials HgCl2, Hg bound to humic acids and HgS

were characterized; thermo-desorption curves of each material showed a well-resolved peak at specific

temperature intervals: 125–225 1C, 100–250 1C and 225–325 1C, respectively. Certified reference

materials (CRM) BCRs 142R, RTCs CRM 021, NRCs MESS-3 and PACS-2 were tested. Although the

CRM were not certified for Hg species, the sum of Hg species obtained was compared to the certified

value for total Hg; recoveries were 92%, 100%, 97%, and 95%, respectively. One sediment and three soil

samples from mercury contaminated areas (total Hg concentrations 0.067–126 mg kg�1) were

analysed as well. It was possible to compare peaks of thermo-desorption curves from the samples

with those from standard materials and thereby distinguish different Hg species in solid samples.

Generally, Hg was present as bound to chloride or humic substances. The precision was satisfactory, as

reflected by the relative standard deviations determined for standards and certified reference materials

(o11%; n¼10).

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

Mercury (Hg) is recognized as one of the most toxic metals. Its
ecological and toxicological effects are however highly dependent
on Hg speciation [1], as different species interact differently with
the solid matrix, exhibiting different behaviour, solubility, mobi-
lity, and bioavailability [2,3]. Therefore, measurements of total Hg
in soils and sediments do not provide enough information on its
potential toxicity [3,4].

The behaviour of Hg in soils and sediments is very complex
and is mainly controlled by adsorption and desorption processes,
while the most important ligands are OH� , Cl� , and S-containing
functional groups. Since the solubility of HgCl2 and Hg(OH)2 is
rather high, the affinity of Hg to these ligands leads to an
increased mobility [5]. This is especially true for HgCl2, although
if hydrolysis of Hg2þ occurs, it may result in the adsorption of Hg
onto mineral colloids. In the presence of organic matter, the main
forms of ionic mercury, Hg2þ and CH3Hgþ , are strongly com-
plexed by humic acids, fulvic acids and other organic molecules
ll rights reserved.

x: þ351 234 370 084.
present in natural ecosystems [6]. The high affinity of Hg to
sulphur explains the strong binding of Hg to soft organic matter
and also the high stability of HgS [7]. In turn, the organo-mercury
complexes can be adsorbed onto the surface of clays and iron,
aluminium and manganese oxides. According to Han et al. [5],
alkyl Hg species (such as methylmercury (MeHgþ) and ethylmer-
cury (EtHgþ), and inorganic soluble species (such as HgCl2)) are
more mobile and contribute to the major portion of potential Hg
toxicity in soil. On the other hand, chemically stable species, such
as mercuric sulphide (HgS) are considerably less mobile and,
therefore, less toxic to organisms [5].

The analysis of Hg species in soil or sediment can be accom-
plished by the application of sequential extraction methods
[5,8–11]. These extractions are used to subdivide the Hg content
of solid samples into several operational defined groups of more
or less soluble species [12]. Issaro et al. [13] provided a compre-
hensive review of the different procedures available for Hg specia-
tion in literature. Typical techniques for Hg speciation comprise
numerous steps with one or more reagents as extractants, resulting
in complex, time consuming processes with poor reproducibility,
lack of selectivity, and non-specificity. Re-adsorption, background
contamination or procedural losses of the volatile mercury species
have also been regarded as problems associated with Hg sequential
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extraction procedures [14,15]. Another limitation to these proce-
dures is the lack of validation and reference materials for checking
the performance both of method and the laboratory [14]. As an
alternative, X-ray adsorption fine structure spectroscopy (EXAFS)
[16,17] and X-ray absorption near edge structure (XANES) [18] can
be applied to identify Hg species in soils and sediments. These
techniques are however expensive and require samples with high
Hg concentration (4100 mg kg�1) [16].

Due to the abovementioned disadvantages of ‘‘conventional’’
sequential extractions, it was critical to develop an approach to
address the issue of Hg speciation in a more efficient and less
expensive manner. Methods based on species release from the
matrix according to their desorption temperature have been tested
[19–22]. So far, such measurements have been carried out with self-
constructed apparatus consisting of a sample vessel located within
an electric furnace that is directly connected to a heated quartz cell.
The pyrolysis unit with the measuring cell was placed inside the
detection unit of an atomic absorption spectrometer [20–22]. Since
measurements were carried out under varied operational condi-
tions (for example different heating rates and gas flow) and little is
reported about accuracy and reproducibility of the results [20], it is
difficult to compare data from the literature. Recently, Shuvaeva
et al. [23] used a mercury analyser (RA-915þ of Lumex Ltd) for Hg
speciation with some ‘‘in-house’’ modifications, in order to perform
speciation using this equipment.

In this study we aimed to develop and test a simple procedure
for Hg speciation by thermo-desorption, using a direct Hg analyser.
Even though thermo-desorption techniques are not new, the use of
a direct Hg analyser to do so is a significant improvement, as
operational conditions can be easily standardized, allowing the
intercomparison of results. For this particular work, the Advanced
Mercury Analyser (AMA-254), from LECOs was used. To date, this
kind of equipments have been used only in the determination of
total Hg contents or in the quantification of previously chemical
extracted Hg species [24]. In-house prepared standard materials
were tested in order to characterize Hg compounds. Certified
reference materials as well as sediment and soil samples were
subsequently analysed. The results obtained by the thermo-deso-
rption method for soil samples were later compared with those
obtained by a sequential extraction method [15].
2. Materials and methods

2.1. Total mercury measurements

Total Hg concentrations were determined by thermal de-
composition atomic absorption spectroscopy (AAS) with gold
amalgamation (LECOs, model AMA-254) [25]. Briefly, the system
consists of a nickel boat carrying the sample into a quartz
combustion tube in which the solid sample is initially dried
(30 s) prior to the combustion in an oxygen atmosphere, which
for total Hg determination occurs at 750 1C (150 s). The mercury
vapour produced is then trapped on the surface of a gold
amalgamator. After a pre-determined time interval (45 s), the
amalgamator is heated to 900 1C to quantitatively release the Hg
which is transported to a heated cuvette (120 1C) prior to analysis
by AAS using a silicon diode detector, at l¼253.6 nm. The AMA-
254 has two defined work ranges (0–30 ng and 100–500 ng).

2.2. Mercury speciation by thermo-desorption: development and

validation of the technique

This technique of thermo-desorption speciation was devel-
oped using a LECOs model AMA-254, a common equipment used
for Hg analysis. The main change introduced was the variation of
the temperature of sample combustion (at the quartz combustion
tube) and thereby controlling the release of the different Hg
species from the solid matrix. While the temperature cannot be
directly controlled, it can be increased by successively increasing
the number of active furnaces. LECOs provided a set of 10 points,
where temperature is given according to the number of active
furnaces. After plotting the number of active furnaces (F) as a
function of temperature (T), the equation that best described the
dataset was determined (T(1C)¼�0.096F2

þ5.2Fþ71; r2
¼0.9993).

Using this equation, temperature was determined according to the
number of furnaces that were active at each time.
2.2.1. Standard materials

Four standard materials were used in this work. Synthetic red
cinnabar was purchased from Riedel-de-Haën and HgCl2 from
Panreac (both pure analytical quality grade). Natural cinnabar
was scraped off from a natural mineral specimen, while humic
acid–Hg complex was obtained by extraction from a soil sample,
according to a procedure adapted from the International Humic
Substance Society [26]. Since Hg concentrations in these materials
were too high to be measured directly, they were diluted by
thoroughly mixing with aluminium oxide in an end-over-end
shaker, for a period of 10–12 h. Each material was analysed at
least 10 times. Hg species were characterized by the temperature
range they were released at, which consists of the temperature at
which thermal-release starts, reaches the maximum and returns
to the baseline.
2.2.2. Limit of detection and limit of quantification

To determine the limits of detection (Eq. (1)) and quantifica-
tion (Eq. (2)), ten replicates of aluminium oxide were analysed. A
limit of detection of 0.02 mg kg�1 and a limit of quantification of
0.03 mg kg�1 were established.

LOD¼ x
_
þð3:3� sÞ ð1Þ

LOQ ¼ x
_
þð10� sÞ ð2Þ

where x is the mean (n¼10), s is the standard deviation (n¼10).
2.2.3. Repeatability and accuracy

The thermal-desorption method was applied to four CRM:
light sandy soil BCRs 142R and sandy loam RTCs CRM 021 for
soil, and marine sediments NRCs MESS-3 and PACS-2 (total Hg
concentrations are indicated in Table 1). Although these CRM are
not certified for Hg species, to determine the accuracy of the
procedure the sum of Hg species obtained was compared to the
certified value for total Hg using a t-test. The experimental t (texp)
was calculated using Eq. (3). No significant difference between texp

and critical t for n�1 was observed.
The repeatability was determined through the relative stan-

dard deviation (RSD)

texp ¼
ðXexp�Xcertif iedÞ �

ffiffiffi

n
p

SDexp
, ð3Þ

where Xexp is the mean sum of Hg concentration after the
thermal-release analysis; SDexp is the standard deviation asso-
ciated to Xexp; n is the number of replicates analysed.

Total Hg concentrations of the four CRMs were also tested
daily to check the equipment’s accuracy. At least, three replicates
of each material were analysed. Total Hg concentration was found
within the confidence interval for certified values with recoveries
in the range 81–113% and the relative standard deviation (RSD)
among replicates was o10%.
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2.3. Mercury speciation by thermo-desorption: application to soil

and sediment samples

The proposed thermo-desorption procedure was applied to
three soils and one sediment samples collected in areas of
Portugal where Hg contamination was previously identified
[27–29]. Sample Industrial1 is from an agricultural soil collected
in the vicinity of an industrial complex located in Estarreja,
North-Western coast of Portugal. Samples Mine2 and Mine3 were
collected in the Caveira sulphide mine, which is located in
Grândola, in the North-West region of the Iberian Pyrite Belt.
Sample Sediment4 is an estuarine sediment collected at Ria de
Aveiro. Mercury contamination at these sites is known to occur
due to the presence of a chlor-alkali plant (in Estarreja and Ria de
Aveiro) and to mining activities (Caveira) [15,30]. Superficial (0–
15 cm), air-dried soils and sediments were used in this study. The
dried samples were sieved to o2 mm (soils) and o1 mm (sedi-
ment) using a nylon sieve.

Total carbon (TotC) percentages were measured on an Ele-
mental Analysis instrument (LECO CNH-2000), according to ISO
10694:1995. For the determination of organic carbon content
Table 1
Sum of Hg fractions obtained at each desorption temperature and recovery com

CRM Mean sum of Hg
fractions (mg kg�1)*

Certified value for
total Hg (mg kg�1)

R

BCR 142R 0.05870.002 0.06770.011

CRM 021 4.970.3 4.770.4 1

MESS-3 0.09570.005 0.09170.009 1

PACS-2 2.7670.21 3.0470.20

a Recovery¼(mean sum Hg fractions/certified value)�100.
b Recovery¼(mean sum Hg fractions/total Hg daily determination)�100.
n mean7standard deviation (n¼10).

Fig. 1. Thermo-desorption curves of standard Hg materials. (a) HgCl2, (b) Hg
(OrgC), an excess of solution of 4 M of hydrochloric acid (HCl) was
added to a crucible containing a weighed quantity of soil. The
crucibles were left to stand for 4 hours and then were dried for
16 h at 60–70 1C. The analysis of carbon content after the removal
of carbonates (organic carbon) was performed using the same
procedure of total carbon determinations.

The particle size distribution and clay contents of the soil
samples were determined using a Coulter LS230 laser diffraction
particle size analyser. The classification of soils followed the USDA
Texture Classes: sand fraction (0.050o%o2 mm), silt fraction
(0.002o%o0.050 mm), and clay fraction (%o0.002 mm). Classi-
fication of samples was achieved by using the Talwin 42s

classification software program.
Results of thermo-desorption were compared to results from

a sequential extraction procedure previously applied to the
soil samples [15]. In the latter, the mobile fraction was extracted
with a solution of 2% HClþ10% ethanol, while semi-mobile
and non-mobile fractions were extracted with solutions of 1:2
(v/v) HNO3:DDI water and 1:6:7 (v/v/v) HCl:HNO3:DDI water,
respectively. A more detailed description can be found in Reis
et al. [15].
pared to the certified value and to total Hg, as determined daily.

ecoverya (%) Total Hg (mg kg�1),
as determined daily*

Recoveryb (%)

87

0.06370.003

92

04

4.970.2

100

04

0.09870.002

97

91

2.9070.12

95

-humic acids, (c) HgS synthetic and (d) HgCl2, Hg-HA and HgS mixture.
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3. Results and discussion

3.1. Analytical performance and validation

3.1.1. Standard materials

The thermo-desorption curves (TDC) obtained for the standard
materials are shown in Fig. 1 (mean and standard deviation).
Synthetic HgS is released in the range of 225–325 1C (Fig. 1c).
However, as natural cinnabar was prepared from the scraping of a
natural mineral specimen, a pure substance was not achieved
and additional peaks could be observed (TDC not shown); hence,
this standard was not further used. Temperatures of release of
HgCl2 and Hg bound to humic acids are similar. Results of solid-
phase thermal-desorption indicate that HgCl2 is released in the
range of 125–225 1C (Fig. 1a), while Hg bound to humic acids is
released between 100 1C and 240 1C (Fig. 1b); therefore, it was not
possible to differentiate the two species. The HgCl2 , Hg bound to
humic acids and synthetic HgS standards were mixed (1:1:10)
and analysed. The results (Fig. 1d) confirm this observation, as
only two peaks can be identified: HgCl2 and Hg bound to humic
acids overlap. However, the differentiation of these species from
cinnabar is attainable, giving a good indication of how reactive Hg
present in a sample can be.

The RSD of HgCl2, Hg bound to humic acids, and HgS was
10.8%, 5.9%, and 10.9%, respectively; which were considered
acceptable precision values.
Fig. 2. Thermo-desorption curves for standard reference materials: (a) BCR 142R,

(b) CRM 021, (c) MESS-3, and (d) PACS-2.
3.1.2. Certified reference materials

The TDC obtained for the CRM are displayed in Fig. 2 (mean
curve and standard deviation). For BCRs 142R (Fig. 2a), one major
peak was identified in the temperature range 220–260 1C, which
is consistent with HgCl2 and/or Hg bound to humic acids. A
second smaller peak was identified at 600–650 1C, which could
not be assigned to any Hg compound analysed in this study. In
CRM 021 (Fig. 2b), the main percentage of Hg is released at 150–
170 1C, which suggests that, again, chloride and/or humic acids
species are present in this soil. A second peak can be seen at
temperatures above 500 1C, which, according to Biester et al. [19]
may correspond to HgO. For MESS-3 (Fig. 2c), one single and well-
resolved peak was identified at 220–240 1C, which partially over-
laps the HgCl2/Hg bound to humic acids region. As can be seen in
Fig. 2d, PACS-2 only has one peak, in the range of 140–220 1C,
which is equivalent to HgCl2 and/or Hg bound to humic acids.

Recovery was within the range of 87–104% (Table 1) and Hg
concentration was within the certified confidence interval. In
Table 1 the recovery comparing the thermo-desorption of the
different CRM against the mean of total Hg determined daily is
also presented. This approach is important considering that the
response of the equipment is dependent on the condition of the
catalytic tube. It is a fact that the equipment’s accuracy decreases
with time due to deterioration of this component. However, the
frequent replacement of the catalytic tube would be extremely
expensive and time consuming. Therefore, it continues to be used
while the value determined for a CRM is within the certified
confidence interval. When recovery was re-calculated considering
the concentration obtained daily for each CRM, it improved to 92–
100%. The values of texp for the four CRM analysed were lower
than the respective critical value (p¼0.01), which indicates that
there are no significant differences between the certified and
measured values; therefore, the accuracy of the method is
considered satisfactory.

The low %RSD (3.4%, 6.1%, 5.3%, 7.6% for BCR 142R, CRM 021,
MESS-3 and PACS-2, respectively) denotes a good repeatability of
the method.
3.2. Soil and sediment samples

The TDC of the four samples analysed are shown in Fig. 3
(mean curve and standard deviation). Sample Industrial1 (Fig. 3a)
shows a peak, consistent with HgCl2 and/or Hg bound to humic
acids and it represents 10.770.4 mg kg�1 (91% of total Hg). The
species have a homogenous distribution, indicated by the low RSD
(3.4%, n¼7). Hg1, which is known to be the main species emitted
from chlor-alkali plants, was not detected in sample Industrial1.
According to Biester and Scholz. [22], this species should be
released at temperatures between 70 and 120 1C, which was not
verified in any sample. Lack of Hg1 may result from re-emission to
atmosphere or oxidation to Hg2þ .

Caveira soils (Mine2 and Mine3 Fig. 3(b) and (c)) appeared to
contain the same species, because one peak was identified
between 125 and 275 1C in the two samples. In both cases, these
species represent a significant percentage of total Hg concentra-
tion (84% and 85%, respectively), corresponding to concentrations
of 10676 mg kg�1 and 56.274.2 mg kg�1. As found for sample
Industrial1, HgCl2 and/or Hg bound to humic acids in Caveira soils
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Fig. 3. Left: Thermo-desorption curves for samples 1–4 (n¼7). Right: Hg distribution according to its extractability for samples 1–3 (results previously published in [15]);

*mg kg�1; m — mobile; sm— semi-mobile; nm — non-mobile. (a) Soil1, (b) Mine2, (c) Mine3 and (d) Sediment4.
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also shows a homogeneous distribution, as indicated by the low
RSD (o 8%). Mine2 also exhibits a second smaller peak at 450–
650 1C, consistent with HgO. This species represents 1.8% of total
Hg and has a RSD of 20.3%, indicating that the distribution of this
compound in the sample is comparatively more heterogeneous.

A comparison of results of Hg speciation with those from
sequential extraction is shown in Fig. 3. A previously performed
sequential extraction procedure [15] revealed that Hg was mainly
present (74–98%) as semi-mobile species in the soil samples (mostly
Hg1 and Hg2þ complexes —[5]), with a significant amount of non-
mobile Hg (HgS, HgSe— [5]) being detected in Mine2 as well (25%).
The results of both procedures (thermo-desorption and sequential
extraction) are in agreement, considering that HgCl2 or Hg bound to
humic matter were the main species identified in all samples, and
a stable species (released only at higher temperature) was also
identified in Mine2.

Sediment4 showed two peaks: a major peak is visible at 150–
300 1C; that represents a concentration of 0.09670.005 mg kg�1

(78% of total Hg); it also has low RSD (5.0%, n¼7). The identification
of this compound is not clear, as it partially overlaps the HgCl2 and
humic matter peaks; however, the release of mercury at a slight
higher temperature suggests that Hg may be chemically bound to the
matrix instead of physically adsorbed [3]. Sediments from this area
have higher content in organic matter (about 10%) [31] than the
studied soils (2–3%) [27], which may justify the stronger bound to the
matrix. A second smaller peak was released in the temperature range
of 375–500 1C and it does not correspond to any of the standards
analysed in this study. However, Biester et al. [19] found that HgSO4
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and HgO were the only compounds to be released above 400 1C. As
HgSO4 is not stable under environmental conditions [19], it is
unlikely that it is present in Sediment4; therefore, HgO is the most
reasonable justification for the second peak observed. This species is
responsible for 8.7% of total Hg in the sample and exhibits a higher
RSD (19.5%), which can indicate that HgO is heterogeneously
distributed. The same was observed in sample Mine2.
4. Conclusion

The thermo-desorption technique provides an attractive alter-
native in Hg speciation, as it allows a fast and relatively easy
identification and quantification of Hg species within soil and
sediment samples. In this study it was possible to obtain thermo-
desorption curves for standard materials such as HgCl2, Hg–
humic acids and HgS using an automatic Hg analyser, since each
material showed a well-resolved peak at specific temperature
intervals: 125–225 1C for HgCl2, 100–250 1C for Hg–humic acids
and 225–325 1C for HgS.

The results obtained by the two methods (thermo-desorption
and sequential extraction) are consistent, but the thermo-deso-
rption technique offers many advantages over conventional
methods for mercury speciation: is selective, sensitive, allows
the prompt identification of several Hg species, is free of cross
contamination, can be applied to a vast range of total Hg
concentrations, requires none or little sample preparation which
also prevents the loss of volatile Hg compounds, since the analysis
is performed directly on the solid sample. No residues are
produced because no reagents are used, and a small quantity
(o1 g) of sample is required. The low limit of quantification is
another advantage of this technique, as even low concentrations
of a species can be quantified. It was found that the RSD depends
on the occurring Hg compound, but, overall, the repeatability of
the method is good. Since the equipment used is commercially
available, operational conditions can be standardized and results
obtained by different laboratories can be easily compared.

The developed technique can be an important contribution for
the preliminary screening of the potential risk associated to Hg
contamination at a given locale. Even though the complete
separation, identification and quantification of all Hg species is
still not possible, indication on how they interact with the matrix
is attainable, providing relevant information on the potential
mobility and availability of the samples Hg species. In the future,
several aspects will be studied, mainly targeting the separation of
HgCl2 from Hg bound to humic acids and identification of the new
Hg species.
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