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Abstract Single extraction methods have been extensively
used to assess the availability of metals in polluted soils.
This work focused on checking the feasibility of several
chemicals, i.e. CaCl2, EDTA, diethylenetriaminepentaacetic
acid (DTPA) and a low-molecular-weight organic acid mix-
ture (rhizosphere-based method), to be used as extractants for
mercury (Hg) in a soil from the Almadén mining district
(Spain). Moreover, the effect of several experimental param-
eters, i.e. extraction time (0.5, 1, 2, 5, 16 and 24 h), concen-
tration of extractant (0.01, 0.05, 0.1 and 1 M) and soil/
extractant ratio (1:2, 1:5 and 1:10), on the amount of Hg ex-
tracted was investigated. The Hg extraction ability followed
the descending order EDTA > rhizosphere-based method >
DTPA ≈ CaCl2. This ranking was attributed to the higher
complexation power of EDTA and organic acids. It was also
found that extraction times between 2 and 5 h are required to
avoid underestimation of mobile Hg and re-adsorption of the
Hg previously extracted. Although some exceptions were
found, Hg extraction efficiency was generally enhanced with
higher extractant concentrations. Finally, the amount of Hg
extracted by the four extractants increased with decreasing
soil/extractant ratios.
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Introduction

Pollution of soils by metals and other potentially toxic ele-
ments is a global environmental concern that is receiving in-
creasing attention due to the hazards for ecosystems and hu-
man health. The environmental risk of metal pollution de-
pends not only on the total soil concentrations but also on
the geochemical and biochemical properties of a given metal
and soil (Gupta and Sinha 2006). It is generally accepted that
the evaluation of the potential risk and toxicity of metals in
soils requires an assessment of the proportion of the mobile
and available forms of the total metal (Feng et al. 2005a;
Monteiro et al. 2016). Availability determines the fate of
metals in the soil and their capacity to be leached to ground-
water or taken up by plants. A complex variety of abiotic and
biotic processes affects metal availability; these include ad-
sorption onto and desorption from mineral surfaces, precipi-
tation, complexation by organic matter and interactions with
plants andmicroorganisms (Wang et al. 2004; Evangelou et al.
2007; Menzies et al. 2007).

Several chemical methods have been developed in an at-
tempt to predict availability of metals, which have largely
been applied to agricultural, industrial and mining soils.
They can be divided into single and sequential extraction
methods. In general, sequential extraction methods are time-
consuming and their complexity limits the procedural robust-
ness; in fact, they require an elevated technical skill to ensure
the quality of the results. On the contrary, the single or one-
step extraction methods are fast and cost-effective and require
low technical skill (Reis et al. 2016). Single extraction
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methods are preferred when the objective is to assess the metal
fraction available for plant absorption, which is named as
phytoavailable (Menzies et al. 2007). It may include water-
soluble, exchangeable, carbonate-associated, Fe and Mn
oxide-bound and, in some cases, organic matter-bound frac-
tions; moreover, these are the most toxic metal species in
polluted soils. Single extraction methods have been carried
out using different chemical extractants: (i) mineral acids at
various concentrations, e.g. HCl and HNO3 (Menzies et al.
2007; Reis et al. 2015; Monteiro et al. 2016); (ii) chelating
agents, e.g. EDTA, DTPA (Wang et al. 2004; Feng et al.
2005a, b; Gupta and Sinha 2007); (iii) buffered salts, e.g.
NH4OAc (Reis et al. 2015); (iv) neutral salts, e.g. CaCl2,
NaNO3 (Wang et al. 2004; Feng et al. 2005a, b; Gupta and
Sinha 2007) and (v) a low-molecular-weight organic acidmix-
ture, composed of acetic, lactic, citric, malic and formic acids
(rhizosphere-based extraction method) (Feng et al. 2005a, b).

Mercury is considered one of the most toxic pollutants be-
cause of its harmful effects on the environment and public
health. Mercury pollution in soils may be caused by direct
sources, i.e. industrial discharges, dumping of wastes and de-
position of mine tailings directly on the soil, or by indirect
sources, such as the deposition of atmospheric mercury emis-
sions (Leterme et al. 2014). Some of the environmental hazards
regarding mercury pollution are due to its toxicity and its abil-
ity to biomagnify while it passes through the ecosystems and
the food chain (Boening 2000). Despite the considerable prog-
ress in Hg fractionation and speciation in soils and their rela-
tionship with phytoavailability, there is not a generally accept-
ed approach to determine this parameter in the risk assessment
studies (Monteiro et al. 2016; Reis et al. 2016). The use of
single extraction methods is often the most useful option in
order to estimate Hg transfer into the food chain, although
the validity of a soil test for the evaluation of Hg availability
has not still been developed (Monteiro et al. 2016). Reis et al.
(2016) have recently reported an extensive overview of the Hg
fractionation and speciation procedures used in soils.
According to it, single extraction of Hg has been conducted
using water (for the assessment of the water-soluble Hg), am-
monium acetate (for the exchangeable Hg) and diluted hydro-
chloric acid (for the carbonate-bound fraction of Hg). In addi-
tion, the organic matter-bound fraction of mercury can be de-
termined using oxidizing reagents or reagents known for their
ability to extract humic substances, such as NaOH, diluted
HNO3 and Na2P2O7 (Issaro et al. 2009; Monteiro et al.
2016). Na thiosulphate has been reported to be an effective
reagent for soil-Hg single extractions, especially when the met-
al is strongly bound to specific sites of organic matter (Issaro
et al. 2010). Nevertheless, together with the chemicals used as
extractants, other operational conditions, such as extraction
time, soil to extractant ratio and concentration of the extractant,
need to be studied in order to harmonize mercury single ex-
traction procedures (Reis et al. 2015).

The objective of this work was to check the feasibility of
several chemicals that have been widely used for single extrac-
tion methods, i.e. CaCl2, EDTA, diethylenetriaminepentaacetic
acid (DTPA) and a low-molecular-weight organic acid
(LMWOA) mixture, to be used as extractants for mercury in a
soil from the historical mining district of Almadén (Spain).
Additionally, this study was focused on establishing optimal pro-
cedural conditions for the extraction of the available mercury,
considering extraction time, concentration of extractant and
soil/extractant ratio.

Materials and methods

Soil characterization

The soil used in the experiment was randomly collected from
a farming area next to the metallurgical plant of Almadenejos,
in the Almadén district (Ciudad Real, Spain). It is a mercury-
mining area located in central Spain, 300 km southwest of
Madrid, with a long history of mining activities (more than
2000 years). This fact, together with natural emissions, has
resulted in high levels of mercury in soils, water and air of
the surrounding areas (Higueras et al. 2006). Surficial samples
(0–20 cm) of cultivated soil were collected and mixed. The
soil was air-dried, disaggregated and screened through a 2-
mm sieve. The <2-mm fraction was used for the experiments
and for the measurement of the soil physical-chemical
properties.

Soil pH and electrical conductivity (EC) were measured in
the supernatant of a 1:5 soil/water mixture (w/v), organic car-
bon was determined using a total organic carbon analyser
(Shimadzu TOC-VCSH, Columbia, USA), particle size distri-
bution (clay, silt and sand content) was determined using laser
diffractometry (Beckman Coulter LS, Fullerton, USA) and
cation exchange capacity (CEC) was measured by the ammo-
nium acetate saturation method (MAPA 1994). The EPA
3051A method was used to determine the total concentration
of Hg in soil. The procedure was as follows: a 0.5 g sample
(fraction <2 mm) was ground into a fine powder by a ball mill
(RetschMM200, Haan, Germany), and then it was digested in
a microwave oven (CEM MARS 5, Matthews, USA) using a
mixture of 9 mL of concentrated HNO3 (Panreac, ACS re-
agent grade, 69% w/w) and 3 mL of concentrated HCl
(Panreac, ACS reagent grade, 37% w/w). The Hg concentra-
tion of the obtained extracts was analysed as described in the
BMercury analysis^ section, using three replicates of the soil
sample.

Extraction experiments

The first experimental series of soil extractions was carried out
using the extraction procedures reported in Table 1. The
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procedure employing the mixture of low-molecular-weight
organic acids is called the ‘RHIZO method’ from here on.
EDTA solution was prepared using ethylenediaminetetraace-
tic acid dipotassium salt dehydrate (Panreac, 98% purity); pH
of the EDTA solution was adjusted to 7.0 by adding 0.1 M
ammonia solution. DTPA and LMWOA solutions were pre-
pared fromDTPA (Panreac, 99% purity), citric (Panreac, ACS
reagent grade, 99.5% purity), malic (Panreac, 99.5% purity),
formic (Panreac, ACS reagent grade, 98% purity), lactic
(Panreac, 92% purity) and acetic (Panreac, ACS reagent
grade, 99.7%) acids. The extractions were carried out in
100-mL glass containers using an orbital end-over-end shaker
at a constant rate of 80 rpm and at temperature of 30 °C. The
resulting extracts were centrifuged at 3000 rpm for 15 min.
The pH of the supernatant was measured and then acidified
with 5% nitric acid and stored at 4 °C before mercury analysis.
All the extraction experiments were carried out in triplicate.

The influence of the extraction time was studied in the
second experimental series. Single extractions were per-
formed in the same way described for the first experimental
series, using extraction times of 0.5, 1, 2, 5, 16 and 24 h. A
third experimental series was conducted to study the influence
of the concentration of the extractant solution; four concentra-
tions were used, i.e. 0.01, 0.05, 0.1 and 1 M, while the extrac-
tion times adopted were those which had shown the highest
efficiency in the second experimental series. At last, the influ-
ence of the soil/extractant ratio was studied (fourth experimen-
tal series) using three different values for this parameter, i.e.
1:2, 1:5 and 1:10 g of soil per millilitre of extractant solution.
Contact time and concentration of extractant were defined
according to the optimized values found in the previous ex-
perimental series.

Mercury analysis

The Hg content of the soil extracts (coming from digestion
and single extraction experiments) was measured using an
atomic absorption spectrophotometer Varian SpectrAA
240FS (Varian Inc., California, USA) equipped with a hydride

generator VGA-77. The cold vapour atomization was con-
ducted using an acid solution of stannous chloride (SnCl2
25% w/v in HCl 20% v/v; SnCl2 was ACS reagent grade,
98% purity, from Panreac) as reductant agent for the samples.
Three different measurements of each extract were carried out
to determine average Hg concentration (a typical variation of
less than 5% was found among different replicates). The 2711
Standard Reference Material with a certified Hg concentration
of 6.25 ± 0.19 μg g−1 (Montana Soil, from LGC Promochem)
was used to assess the accuracy of the analytical method,
obtaining a typical agreement of 95–103% between the certi-
fied value and the concentrations found (n = 3).

Statistical analyses

IBM SPSS Statistics program version 22.0 was used for all the
statistical analyses. The effect of the different studied param-
eters on mercury extraction from the soil, i.e. type of extract-
ant, concentration of extractant and soil/extractant ratio, was
checked using one-way ANOVA. Data normality was previ-
ously assessed by using the Kolmogorov-Smirnov test.

Results and discussion

Effect of the type of extractant

The main basic physicochemical properties of the soil are
listed in Table 2. The soil was classified as sandy loam with
a total Hg concentration of 41.1 μg g−1. As expected, the
amount of mercury extracted varied greatly with the different
extraction methods and reagents (Table 3). The extracted Hg
followed the descending order 0.05M EDTA > RHIZOmeth-
od >0.005 M DTPA ≈ 0.01 M CaCl2. It must be pointed out
that the highest amount of mercury extracted from the soil,
corresponding to the EDTA method, accounts for only 0.06%
of the total soil Hg. It indicates the low availability of mercury
in the used soil and is in agreement with other previous studies
on agricultural soils belonging to the Almadén district where

Table 1 Single extraction
procedures used in the first
experimental series of this study

Extraction
method

Procedure Refs.

CaCl2 2.0 g soil + 20 mL 0.01 M CaCl2, shaking for 3 h Novozamsky
et al. 1993

EDTA 2.0 g soil + 20 mL 0.05 M EDTA adjusted to pH 7.0, shaking for 1 h Quevauviller
et al. 1996

DTPA 10.0 g soil + 20 mL 0.005 M DTPA + 0.01 M CaCl2 + 0.01 M TEA
adjusted to pH 7.3, shaking for 2 h

Lindsay and
Norvell 1978

RHIZO 2.0 g soil + 20 mL LMWOAs; total concentration of acetic, lactic, citric,
malic and formic acids was 0.01 M; their molar ratio was 4:2:1:1:1 (c/c),
shaking for 16 h

Feng et al. 2005a

TEA triethanolamine, RHIZO rhizosphere-based method, LMWOAs low-molecular-weight organic acids
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mercury was poorly available and mainly associated to cinna-
bar particles (Sánchez et al. 2005; Millán et al. 2006;
Rodríguez et al. 2007; Zornoza et al. 2010).

The observed trend of Hg extractability may be explained
as follows. EDTA is one of the best chelating agents and forms
highly stable soluble complexes with manymetal pollutants; it
is able to remove carbonate-bound metals, organically bound
metals (in soils with low carbonate content) (Sahuquillo et al.
2003; Gupta and Sinha 2007; Ruiz et al. 2009) and metals
occluded in oxides and secondary clay minerals (due to its
capacity to release trace metals out of the non-silicate-bound
phases) (Feng et al. 2005a; Žemberyová et al. 2006). For the
RHIZO method, the relatively high extractability of mercury
is mainly due to the complexation of Hg by organic acids
(Gabriel and Williamson 2004; Quin et al. 2004; Feng et al.
2005b), although the observed decrease of the soil pH
(Table 3) could also contribute to some extent, e.g. by means
of the dissolution of carbonates (Reis et al. 2016). Metals
extracted by the RHIZO method correspond to the potentially
available metal fractions in soil; in fact, this method was
shown to predict the bioavailability of metals to plants (Feng
et al. 2005a, b). The DTPAmethod was initially developed for
calcareous soils since the solution used is buffered at pH 7.3,
thus preventing the dissolution of carbonates (Novozamsky
et al. 1993); its extracting power is mainly based on the ability
of DTPA to chelate different metals, e.g. Fe, Cu, Mn and Zn,

together with the ability of CaCl2 (which is one of the
chemicals included in the extraction solution, Table 1) to ex-
change rapidly with bivalent cations (Hammer and Keller
2002). In our study, mercury was poorly extracted by DTPA,
with similar results to those of CaCl2 (Table 3). This result is
in agreement with that reported by Jing et al. (2008) for the Hg
extraction from an acid loamy soil. Despite that DTPA is a
chelating agent slightly stronger than EDTA (Hong et al.
2002), there are numerous studies showing that its ability for
extracting metals from soils is significantly lower than that of
EDTA (Feng et al. 2005b; Van Engelen et al. 2007; Gupta and
Sinha 2006, 2007). EDTA is assumed to extract both carbon-
ate and organically bound metal fractions (Gupta and Sinha
2007), while DTPA would only be capable of extracting the
metals associated to Fe, Al and Mn oxides (Feng et al. 2005b;
Różański et al. 2016). The low Hg availability in the studied
soil together with the low concentration of DTPA in the
extracting solution could be suggested as additional reasons
for the low efficiency shown by this method in the present
study. Zhu et al. (2015) used the DTPA extraction method to
predict the accumulation of methylmercury (MeHg) in rice
grains. They found that the ability of DTPA to extract MeHg
was similar to that of CaCl2, concluding that DTPA, contain-
ing no strong binding sites for MeHg, was a weak complexing
agent for MeHg; moreover, extraction with DTPA was not a
good method to assess MeHg phytoavailability. At last, the
concentration of Hg extracted by CaCl2 was lower since this
salt is only able to extract the easily exchangeable Hg fraction,
e.g. Hg adsorbed onto mineral surfaces (Feng et al. 2005a;
Jing et al. 2008; Issaro et al. 2009). The effectiveness of
CaCl2 extraction to predict plant availability is not clear from
the results reported in the literature. Zhu et al. (2015) found
that MeHg levels in rice grains were not correlated with
CaCl2-extracted MeHg, while Jing et al. (2008) reported good
correlations between Hg extracted by CaCl2 and its concen-
tration in rice seeds and radish roots.

Effect of the extraction time

Figure 1 shows the amount of Hg extracted per unit of weight
of soil (ng g−1) as a function of the extraction time (h) for the
four chemicals used. In spite of the different extractant power
of the different reagents and, therefore, the dissimilarity of the
extracted Hg concentrations, some common trends can be
observed. All the mercury extraction profiles showed two dif-
ferent stages: a first stage where the concentration of extracted
Hg sharply increases with the extraction time and a second
stage where the extracted Hg concentration decreases as the
extraction time increases. Specifically, the highest concentra-
tion values of extracted Hg were reached at 2 h for EDTA and
CaCl2, 5 h for DTPA and 16 h for the RHIZO method.
Moreover, the equilibrium was not apparently reached for
any extractant after 24 h of contact. pH of the extractant

Table 2 Basic
physicochemical
properties of the soil
used in the extraction
experiments

Soil properties Values

pH 5.3

OM (%) 3.1

CEC (cmolc kg
−1) 20.1

EC (μS cm−1) 267.0

% sand 56.2

% silt 28.8

% clay 15.0

Total Hg (μg g−1) 41.1

OM organic matter content, CEC cation
exchange capaci ty, EC elect r ical
conductivity

Table 3 Effect of the type of extractant on Hg extraction from soil:
solution pH and amount of Hg extracted (ng Hg per g of soil)

Extractant pH Hg (ng g−1)

CaCl2 4.41 ± 0.27b 3.80 ± 0.89a

EDTA 7.48 ± 0.04c 26.57 ± 3.17c

DTPA 6.95 ± 0.05c 4.06 ± 0.35a

RHIZO 2.35 ± 0.07a 10.45 ± 2.44b

Values are given as mean ± standard deviation (n = 3). Different letters
indicate significant differences (p < 0.05, Tukey’s test) between
extractants
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solutions after the experiments was measured. The pH values
obtained were in the ranges 6.9–7.5, 6.8–7.2, 4.5–5.0 and 2.0–
2.3 for EDTA, DTPA, CaCl2 and the RHIZO method, respec-
tively; they did not change significantly for the different con-
tact times and no evident trend was found.

The initial rise in the extracted Hg in the graphs of Fig. 1
suggests that a significant portion of the available Hg can be
readily extracted using relatively short extraction times, i.e. 1–
2 h. It is in agreement with the results previously reported byReis
et al. (2015) for the extraction of Hg using NH4OAc and diluted
HCl as extractants. Those authors showed that the mercury ex-
traction profile consists of two different stages; in the first extrac-
tion stage (t < 10 h), Hg was released at a faster rate than after-
ward, most likely because the latter mercury species were more
strongly associated with the soil matrix. Moreover, the fact that
the soil used in our study was a sandy loam type would contrib-
ute to a faster release of mercury (the lower the clay content is,
the higher the diffusion rate) (Reis et al. 2014). From our results,
it can be concluded that extraction times of at least 2 h could be
necessary to avoid underestimation of the Hg that can migrate
from the soil to other environmental compartments, e.g. plants or
groundwater (Reis et al. 2016). On the other hand, the use of too
long extraction times led to a re-adsorption of the Hg previously
released to some extent (Fig. 1). This phenomenon has been
previously reported for Pb and Zn extractions using the chelating
agent EDDS ([S,S]-stereoisomer of ethylenediaminesuccinic ac-
id) (Yan et al. 2010) and in the Hg extraction with ammonium
acetate (Reis et al. 2015). According to this, all Hg species ex-
tracted from the soil, as Hg2+ free ions and/or as dissolved com-
plexes with EDTA, DTPA or LMWOAs (RHIZO method),
could be re-adsorbed onto the soil surfaces (Yan et al. 2010).

For longer contact times, the shape of the extraction profiles is
the result of a balance between the relative rates of mercury
extraction and re-adsorption processes (Fig. 1). The fact that
the peak of extraction for the RHIZO method was reached after
16 h of contact instead of the considerably shorter times observed
for the other extractants could be explained taking into account
that Hg adsorption on soil particles generally decreases with
decreasing pH, due to the competition between H+ ions and
metal ions on soil surfaces (Gabriel and Williamson 2004).
Therefore, our results demonstrate that it is extremely important
to consider the pH of the extractant solutions when chemical
extractions are used to assess the mercury availability in soils.
Together with pH, other soil physicochemical properties such as
organic matter content; iron, manganese and sulphur contents;
texture and redox and humidity conditions have been shown to
control mercury retention or release on/from soil matrix (Reis
et al. 2016). Finally, it is worth pointing out that other authors
have also found that the equilibrium in the Hg extraction takes
place between 24 h and 1 week; this fact is relevant because it
may contribute to the increase in the environmental risk deriving
from a continuous release of Hg to the environment in polluted
areas (Reis et al. 2015; Reis et al. 2016).

Effect of the concentration of the extractant

A third experimental series was carried out to study the effect
of increasing extractant concentrations on Hg extraction from
the soil. The conditions for the other fixed experimental pa-
rameters were the following: (i) EDTA, contact time 2 h,
soil/extractant ratio 1:10; (ii) DTPA, contact time 5 h,
soil/extractant ratio 1:2; (iii) RHIZO method, contact time
16 h, soil/extractant ratio 1:10 and (iv) CaCl2, contact time
2 h, soil/extractant ratio 1:10. The results of the extractions
are shown in Fig. 2.

Two different trends can be observed when studying the
relationship between the extractant concentration and the ef-
ficiency of mercury extraction (Fig. 2). For EDTA and CaCl2,
the amount of extracted Hg increased with the concentration
of the extractant. However, that increase was not proportional,
especially for the highest extractant concentrations: e.g. the
concentration of the Hg extracted by EDTA 0.1 M was
77.1 ng per gram of soil, while by increasing EDTA concen-
tration ten times (1M) only an increase by approximately 25%
of the extracted Hgwas found (Fig. 2). Differently, Hg remov-
al decreased with respect to that of 0.01 M concentration for
higher LMOWA concentrations. At last, for DTPA extraction,
the highest concentration of extracted Hg was reached with
the 0.05 M concentration; similar values were found for 0.01
and 0.1 M DTPA concentrations, and the lowest extracted Hg
concentration was obtained with the 1.0 M concentration
(Fig. 2).

The pH of the extractant solutions was measured after the
experiments, and the results are shown in Table 4. As
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expected, pH did not practically change for the different con-
centrations of CaCl2, while it increased for increasing concen-
trations of EDTA. Regarding the RHIZO method, the pH of
the extractant solutions decreased significantly as the
LMWOA concentration was increased, reaching a pH value
of 1.24 for the highest concentration. In the DTPA extraction,
the concentration of DTPA was varied without varying the
amounts of the other reagents; as a result, the pH of the ex-
tractant solution remained approximately between 6 and 7 for
the 0.01, 0.05 and 0.1 M concentrations but it decreased to
2.13 for the 1.0 M concentration.

The results found for the RHIZO method and for DTPA
point out the importance of pH in influencing the adsorption/
desorption behaviour of Hg in soils. From our results, it seems
that Hg release from the soil decreased for very low pH values
(around 2 and below). This observation is surprising since
there is a general consensus to consider that metal mobility
and availability increase as pH decreases (Wang et al. 2004;
Clemente et al. 2005); this trend has been also reported for Hg
(Reis et al. 2016). Two reasons may be suggested to explain

the observed trend. On the one hand, several authors have
reported that mercury can form insoluble Hg and humic
acid-bound Hg at low pH values (Winfrey 1990; Biester and
Zimmer 1998). On the other hand, DTPA and LMOWAs are
non-specific extractants and, therefore, other metals present in
the mineral surfaces in larger concentrations than Hg, such as
Fe or Ca, could be released largely from the soil at this low pH
and compete with Hg for binding to the complexation agents
(Subirés-Muñoz et al. 2011). Gabriel and Williamson (2004)
also pointed out the increase in Hg adsorption to humic matter
in soil at low pH, due to the abovementioned competition with
other ions that are released to a higher extent than Hg.
However, in the case of EDTA and CaCl2 extractants, for
which pH was between slight acid to alkaline values, a higher
concentration of extractant led to an increase in the Hg release
from the soil. In agreement with our results, Subirés-Muñoz
et al. (2011) reported a higher Hg extraction with increasing
EDTA concentrations for a soil coming from the same mining
area (Almadén, Spain). Zou et al. (2009) also showed that the
removal of several metals (Pb, Zn, Cd, Cu) using EDTA in-
creased progressively with increasing doses until the value
corresponding to the soil requirement (i.e. the stoichiometric
dose) was reached; after that, the removal was slightly in-
creased for higher doses. This agrees to what was observed
in our study, where the 0.1 M EDTA concentration seemed to
correspond to the soil requirement.

Effect of the soil to extractant ratio

A fourth experimental series was carried out to study the effect
of the soil to extractant ration on Hg extraction from the soil.
The conditions fixed for the other experimental parameters
were the following: (a) EDTA concentration 1M, contact time
2 h; (b) DTPA concentration 0.05 M, contact time 5 h; (c)
RHIZO method, LMWOA concentration 0.01 M, contact
time 16 h and (d) CaCl2 concentration 1 M, contact time
2 h. The results of the extraction are shown in Fig. 3.

The variation of Hg extraction with the soil/extractant ratio
(1:2, 1:5 and 1:10) for the different chemicals is shown in
Fig. 3. The amounts of Hg extracted by the four extractants
generally increased with decreasing soil/extractant ratio; how-
ever, in most cases the increases were not statistically signif-
icant, i.e. for the three ratio values of CaCl2, for the two
highest values of EDTA and for the two lowest ratio values
of DTPA and the RHIZOmethod. This trend agrees with those
reported in previous studies (Jing et al. 2008; Reis et al. 2015).
However, it seems that this parameter is not as important as the
extraction concentration in affecting Hg extraction. The pH of
the extractant solutions after the experiments was similar for
the different soil/extractant ratios employed for each extract-
ant (data not shown); so, the differences when studying the
effect of extractant concentration related to the pH changes in
the extraction solution were not observed in this case. Reis
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represent the SD of three replicates. Different letters indicate significant
differences (p < 0.05, Tukey’s test) between extractant concentrations

Table 4 Effect of the extractant concentration on Hg extraction from
soil: solution pH after extraction

Concentration 0.01 M 0.05 M 0.1 M 1 M

CaCl2 5.12 ± 0.02 5.23 ± 0.08 5.18 ± 0.06 5.24 ± 0.03

EDTA 4.68 ± 0.04 6.67 ± 0.05 7.33 ± 0.08 8.83 ± 0.04

DTPA 7.21 ± 0.08 5.93 ± 0.06 6.11 ± 0.09 2.13 ± 0.03

RHIZO 2.35 ± 0.07 1.69 ± 0.07 1.66 ± 0.04 1.24 ± 0.03

Values are given as mean ± standard deviation (n = 3)
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et al. (2015) reported similar results as shown here, and they
concluded that when choosing the best solid-to-liquid ratio
other parameters must be considered, i.e. the soil sample
should be homogeneous and representative of the bulk soil,
and it is convenient to use soil/extractant ratios high enough to
avoid any potential problems with detection limits of the
methods and instruments used for mercury analysis. From
our results, a 1:10 soil/extractant ratio is recommended for
the Hg extraction regardless of the extractant used.

Conclusions

Single extraction methods are a useful and easy tool to assess
the availability of metals in polluted soils, as demonstrated in
this study for Hg in an agricultural soil collected nearby the
Almadén mining district (Spain). However, both the chemical
properties of the extractant and the operational parameters
employed, i.e. contact time, concentration of the extractant
solution and soil/extractant ratio, have a great influence on
the amount of metal extracted and, therefore, in the assessment
of the hazards derived from the metal pollution.

In this study, we found that, among extractants, EDTA and
LMWOAs (RHIZO method) were the most effective reagents
to extract mercury from soil due to the strong complexation
capacity of EDTA and organic acids. The contact time had an
important role on mercury extraction as well. Extraction times
of at least 2 h appear to be necessary to avoid underestimation
of the mobile Hg. Moreover, higher contact times (more than
5 h) led to a significant re-adsorption of the Hg previously

extracted as free ion or as Hg complex. The increase in the
extractant concentration had a different effect on the Hg ex-
traction depending on the chemical and its concentration. Hg
removal generally increased by increasing the concentration
of the extractant. However, it was noticed that the pH of the
extracting solutions had a significant influence on Hg extrac-
tion; this effect was observed for high concentrations of
extractants used in DTPA and RHIZO methods where pH
values around 1.5–2 were reached. Finally, the amount of
Hg extracted by the four extractants generally increased with
decreasing soil/extractant ratios, although these differences
were not statistically significant in all the cases; so, this pa-
rameter seems to be less important in influencing Hg extrac-
tion compared to the other assessed parameters, including the
pH of the extraction solution. To summarize, the experimental
conditions that allowed the highest Hg extraction were the
following:

– EDTA: contact time 2 h, extractant concentration 1M and
soil/extractant ratio 1:5

– DTPA: contact time 5 h, extractant concentration 0.05 M
and soil/extractant ratio 1:10

– CaCl2: contact time 2 h, extractant concentration 1 M and
soil/extractant ratio 1:10

– RHIZO method: contact time 16 h, extractant concentra-
tion 0.01 M and soil/extractant ratio 1:10

These findings could contribute to a better estimation of the
available fractions of mercury in soils and, therefore, to the
development of an established method to assess the environ-
mental risk derived from mercury-polluted soils.

Acknowledgements Special thanks are due to C. López-Medina for his
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