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ABSTRACT

It is well-known that both clay and organic matter in soils play a key role in mercury
biogeochemistry, while their combined effect is less studied. In this study, kaolinite,
vermiculite, and montmorillonite were coated or not with humus, and spiked with inorganic
mercury (IHg) or methylmercury (MeHg). The potential bioavailability of mercury to plants
or deposit-feeders was assessed by CaCl, or bovine serum albumin (BSA) extraction. For
uncoated clay, IHg or MeHg extraction was generally lower in montmorillonite, due to its
greater number of functional groups. Humus coating increased partitioning of IHg (0.5%—
13.7%) and MeHg (0.8%-52.9%) in clay, because clay-sorbed humus provided more strong
binding sites for mercury. Furthermore, humus coating led to a decrease in IHg (3.0%-59.8% for
CaCl, and 2.1%-5.0% for BSA) and MeHg (8.9%-74.6% for CaCl, and 0.5%-8.2% for BSA)
extraction, due to strong binding between mercury and clay-sorbed humus. Among various
humus-coated clay particles, mercury extraction by CaCl, (mainly through cation exchange)
was lowest in humus-coated vermiculite, explained by the strong binding between humus
and vermiculite. The inhibitory effect of humus on mercury bioavailability was also evidenced
by the negative relationship between mercury extraction by CaCl, and mercury in the
organo-complexed fraction. In contrast, extraction of mercury by BSA (principally through
complexation) was lowest in humus-coated montmorillonite. This was because BSA itself
could be extensively sorbed onto montmorillonite. Results suggested that humus-coated clay
could substantially decrease the potential bioavailability of mercury in soils, which should be
considered when assessing risk in mercury-contaminated soils.
© 2015 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
Published by Elsevier B.V.

Introduction

that clay minerals are important in regulating metal-solid
interactions (Kongchum et al., 2011) and play a role in Hg

It is well known that soil composition can significantly affect
mercury (Hg) biogeochemistry in soils (Chen et al., 2012; Dai
et al., 2013; Gagnon and Fisher, 1997). Among the soil compo-
nents, clay can bind large amounts of Hg, partly because of
its relatively high surface area (Abollino et al., 2008; Brigatti
et al., 2005; Cruz-Guzman et al., 2006; Lothenbach et al., 1998;
Sdiri et al., 2014; Zhong and Wang, 2008a). It has been reported
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biogeochemistry (Zhong and Wang, 2008b). Meanwhile, soil
organic matter has high affinity for Hg (Yu et al., 2006; Zhong
and Wang, 2006a), and thus could strongly affect partitioning
and bioavailability of Hg in soils.

Montmorillonite and vermiculite are both 2:1 clay minerals
with large surface area and high cation exchange capacity (do
Nascimento and Masini, 2014). Kaolinite is a 1:1 layer mineral
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with small cation exchange capacity and restricted surface
area (Bernaus et al., 2005). Differences in characteristics could
possibly lead to large differences in binding capacity and
affinity toward Hg in various clay minerals. Furthermore,
differences in surface area may also affect sorption of organic
matter on clay and could greatly influence Hg binding in
soils. Hence, it would be interesting to compare Hg binding
and bioavailability in different clay and organic-coated clay
minerals. Such research could greatly improve the under-
standing of Hg biogeochemistry in soils.

In the present study, three of the most common clay
minerals, kaolinite, vermiculite and montmorillonite, were
coated or not with humus. Partitioning, geochemical frac-
tionation (quantified by a sequential extraction method), and
potential bioavailability (assessed by a chemical extraction
method) of both inorganic mercury (IHg) and methylmercury
(MeHg) were then quantified. The main objective was to
explore the effects of various organic-coated clay minerals on
sorption and potential bioavailability of Hg in soils.

1. Materials and methods
1.1. Chemicals and containers

Kaolinite, montmorillonite, humic acid (HA) and fulvic acid
(FA) were purchased from Sigma-Aldrich, USA. Vermiculite
was purchased from Lingshou DingWang Company, China. All
clay particles were sieved through a 75 pm mesh before use.
Mercury chloride (HgCl,) and methylmercury chloride (CH;CIHg)
were obtained from Sigma-Aldrich (USA) and Brooks Rand
(USA), respectively. Calcium chloride (CaCl,) and bovine serum
albumin (BSA), used for Hg extraction, were purchased from
Sigma-Aldrich, USA. Trace metal grade nitric acid (HNOs) and
hydrochloric acid (HCI) were purchased from Sinopharm Chem-
ical Reagent (China) and Nanjing Chemical Reagent (China),
respectively. Potassium hydroxide (KOH) was from Chinasun
Specialty Products (China). Methanol (CH;OH) and NaBet,, used
for MeHg digestion and determination, were from TEDIA (USA)
and Brooks Rand Lab (USA), respectively. All chemicals were of
analytical reagent grade or higher. Background Hg levels in all
chemicals were tested and found to be extremely low.

Polypropylene centrifuge tubes (Corning, USA) were used
in this study, e.g., for organic coating, chemical extraction,
sample digestion and dilution. Diluted nitric acid solution (2%)
was used to rinse the tubes, and Hg in the rinsing solution was
below the detection limit. These tubes were thus considered
relatively Hg free. Adsorption of IHg or MeHg on the tubes was
also tested and found to be extremely low.

1.2. Humus coating and Hg spiking

A total of 6 treatments (each with 3 replicates) were applied
in this study: kaolinite; vermiculite; montmorillonite; humus-
coated kaolinite; humus-coated vermiculite; and humus-coated
montmorillonite. To prepare humus-coated clay particles, kao-
linite, vermiculite, or montmorillonite was mixed with humus
solutions (mixtures of 10 g/L HA and 10 g/L FA) in a centrifuge
tube at a ratio of 0.1 g/1 mL, respectively. The mixtures were
incubated in an incubator shaker at 25°C and 300 r/min.

After one month incubation, the mixtures were centri-
fuged at 3000 r/min for 30 min and washed twice by ultrapure
water to remove unbound organic matter. Both uncoated and
coated clay particles were then placed into centrifuge tubes
and spiked with IHg or MeHg solutions to achieve a spiking
concentration of 5 pg IHg/g or 0.05 ng MeHg/g. Background
total mercury (IHg and MeHg) levels in clay particles (ver-
miculite: 10.75 ng/g, kaolinite: 12.06 ng/g, montmorillonite:
5.60 ng/g) were less than 1% of spiked IHg concentrations
(5 ng/g), and could thus be ignored. Background MeHg levels
in clay were below the detection limit. The spiked particles
in capped centrifuge tubes were incubated for 3 days in an
incubator shaker at 25°C and 300 r/min. Afterwards, the mix-
tures were centrifuged at 3000 r/min for 30 min and washed
once by ultrapure water to remove any unbound Hg. Methyl-
ation of Hg should be negligible within the incubation period
(i.e., 3 days) according to our preliminary experiment. Subse-
quently, the Hg-spiked particles were evaluated for THg or
MeHg concentrations (details below) and used for chemical
extraction or sequential extraction.

1.3. Extraction of Hg from Hg-spiked particles

Mercury extraction by CaCl, (1.47 g/L or 0.01 mol/L, 0.1 g soil/
1 mL extractant, Gupta and Sinha, 2007) or BSA (10 g/L,
0.1 g s0il/0.3 mL extractant, Zhong and Wang, 2006a) was
used to assess potential bioavailability of soil-bound Hg to
plants (Gupta and Sinha, 2007; Jing et al., 2008) or deposit-
feeders (Lawrence et al., 1999; Voparil and Mayer, 2004; Zhong
and Wang, 2006a) respectively. Hg-spiked particles were mixed
with either CaCl, or BSA solution in capped polypropylene
centrifuge tubes and shaken at 300 r/min in an incubator shaker
at 25°C for 2 hr (CaCl,, Gupta and Sinha, 2007) or 4 hr (BSA,
Zhong and Wang, 2006a,b). Three replicates were performed
for each treatment. After that, the mixtures were centrifuged
at 3000 r/min for 30 min and the supernatants were filtered
through 0.45 ym membrane filters. Concentrations of THg or
MeHg in the filtrates and in the remaining particles were then
measured (details below). Concentrations of IHg were calculat-
ed by subtracting the MeHg concentrations from the measured
THg concentrations. The mercury (IHg or MeHg) extraction
rate (%, by CaCl, or BSA), quantifying the potential bioavail-
ability of Hgin particles, was calculated as: 100 x Hgin filtrate /
(Hg in filtrate + Hg remained in particle after extraction). The
recoveries of mercury extraction, i.e., 100 x (Hg in filtrate + Hg
remained in particle after extraction) / Hg in particle before
extraction, were 96.7%-101.5%.

1.4. Quantification of Hg geochemical fractionation in particles

To quantify Hg association with various biogeochemically
relevant pools in Hg-spiked particles, the commonly used
five-step sequential chemical extraction method (designed
specifically for Hg, Bloom et al., 2003) was used. The five
geochemical fractions were operationally defined as water
soluble (WATF, e.g., HgCl,, extracted by deionized water),
stomach acid soluble (STOF, e.g., HgO and HgSO,, extracted
by 0.01 mol/L HCI + 0.10 mol/L CH;COOH), organo-complexed
(ORGF, e.g., Hg-organic matter, MeHg and Hg,Cl,, extracted by
1 mol/L KOH), strongly complexed (STRF, e.g., Hg bound up in
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Fe/Mn oxide, amorphous organosulfur and mineral lattices,
extracted by 12 mol/L HNOs) and residue Hg (RESF, e.g., HgS
and HgSe, Zhong and Wang, 2006b). Three replicate samples
were measured for each treatment. More details can be found
in our previous publications (Zhong and Wang, 2008a, 2009).
The recoveries of sequentially extracted mercury (i.e., 100 x Hg
extracted in five fractions/Hg in particle before sequential
extraction) were 89.1%-94.9%.

1.5. Determination of THg and MeHg concentrations

All aqueous samples (e.g., extractant solutions) were immedi-
ately acidified with HNO; (for THg determination) or HCI (for
MeHg determination) and stored in the dark at -20°C until
THg or MeHg determination within 7 days. All solid samples
(e.g., particles after spiking or extraction) were immediately
analyzed for THg or MeHg concentrations.

Both solid (i.e.,, particles) and aqueous (i.e., extractant
solutions) samples were measured by a DMA-80 direct Hg
analyzer (Milestone, Italy) without sample digestion (US EPA,
1998). The minimum detection level (MDL) for THg is 0.005 ng.
Standard solutions of IHg and standard soil GBW07423 (THg:
32 + 3 ng/g) were analyzed for THg concentrations for each
batch of samples, and the recovery rates were between 90%
and 110%. A matrix spike experiment was done for IHg: various
clay particles were spiked with IHg, equilibrated overnight and
then evaluated for IHg by DMA-80. The recovery rates of IHg
were between 90%-110%.

Concentrations of MeHg were measured by an automatic
Brooks Rand model III MeHg analyzer (cold vapor atomic
fluorescence spectrophotometry or CVAFS, Brooks Rand, USA)
using EPA method 1630. The minimum detection level for MeHg
is 0.002 ng/L. Both solid and aqueous samples were digested by
25% KOH-methanol and kept in an incubator shaker at 60°C
for 4 hr in the dark (Bloom, 1989; Gagnon et al., 1997). Then the
digested samples were diluted with ultrapure water and stored
in the dark at —20°C for less than 24 hr before MeHg determi-
nation. Standard sediment (ERM-cc58, MeHg: 75.5 + 4.0 ng/g)
was digested with each batch of sample digestion following the
same procedure. The recoveries were between 80% and 120%.

Background concentrations of THg or MeHg in all extract-
ant solutions were less than 1% of measured THg or MeHg
levels in sample solutions, and were ignored when calculating
Hg concentrations in samples.

1.6. Statistics

Any significant differences in Hg concentrations in particles,
Hg extraction rates, or Hg distribution in different geochem-
ical fractions among different treatments were analyzed
using one-way analysis of variance (ANOVA) and tested with
LSD comparisons (p < 0.05).

2. Results and discussion
2.1. Humus coating of various clay minerals

Particulate organic carbon (POC) levels in various clay
minerals with or without humus coating are shown in Fig. 1.
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Fig. 1 - Particulate organic carbon (POC) levels in different
clay minerals with or without humus coating. Mean + SD
(n = 3 for humus-coated clay and n = 1 for uncoated clay).
Letters indicate significant differences among different
treatments (p < 0.05, one-way ANOVA).

The POC levels in uncoated clay particles were extremely low
(0%-0.04%). Humus coating resulted in an increase of POC
levels in clay particles. Such increase should be attributed
to sorption of humus onto clay particles, e.g., through coulom-
bic interaction, complexation, hydrophobic effects, cation-
bridging, ligand exchange, van der Waals interaction or
hydrogen bonding (Abate and Masini, 2005; Arnarson and
Keil, 2000; Baham and Sposito, 1994; Greenland, 1971; Liu
and Gonzalez, 1999). Notably, the concentration of POC was
significantly higher in montmorillonite (5.86%) than that in
kaolinite or vermiculite. This could possibly be attributed to
the larger specific surface area (e.g., 700-800 m%/g, Bernaus
et al.,, 2005) of montmorillonite compared to that of kaolinite
(e.g., 7-30 m?*/g, Bernaus et al., 2005) or vermiculite (e.g.,
55-672 mz/g, Ravichandran and Sivasankar, 1997; Suquet
et al,, 1991; Temuujin et al., 2003). A previous study also
reported that montmorillonite could adsorb more organic
matter than kaolinite (Satterberg et al., 2003).

2.2. Partitioning of Hg in various clay minerals

Partitioning of IHg or MeHg in various clay minerals coated
or not with humus and partitioning of IHg or MeHg normal-
ized by POC content in coated clay minerals is shown in Fig. 2.
For uncoated particles, IHg partitioning was higher in mont-
morillonite than that in kaolinite and vermiculite, which was
consistent with the results in previous studies (Bernaus et al.,
2005; Obukhovskaya, 1982). Partitioning of MeHg in montmo-
rillonite and vermiculite was comparable and higher than
that in kaolinite. The relatively high partitioning of IHg or
MeHg in montmorillonite could be attributed to the larger
specific surface area and cation exchange capacity of mont-
morillonite (Lothenbach et al., 1998).

Humus coating resulted in a significant increase in mer-
cury partitioning in most treatments. This may be because
humus adsorbed onto clay particles provides more strong
binding sites for mercury, e.g., thiol groups (Benoit et al.,
2001; Haitzer et al., 2002; Skyllberg, 2008), carboxylic groups
(Abollino et al., 2008; Malandrino et al., 2006; Schuster, 1991),
phenolic groups (Arnarson and Keil, 2000; Bernaus et al.,
2005), and amino groups (Bernaus et al., 2005; Malferrari et al.,



JOURNAL OF ENVIRONMENTAL SCIENCES 36 (2015) 48-55 51

—~ B Uncoated IHg B Uncoated MeHg
§ O Humus-coated 0O Humus-coated
< 6000 60+ B*
Trf B * b B A* b A b
8 b
= A
S 4000 a 40+ a
2
5
o
2> 2000 - 201
3
3
=
0 0
IHg MeHg
=
Q ~ I -
= 8 3000} 300
-
= 8
2 E T
3 o
g £ 2000t 20k
S =
£
o
i
28 1000} e
o Ay
3 >
s B2
0 1 1 1 0 1 1 1
Kaolinite  Vermiculite Montmorillonite Kaolinite ~ Vermiculite ~ Montmorillonite

Fig. 2 - Partitioning of spiked inorganic mercury (IHg) or methylmercury (MeHg) in different clay minerals with or without
humus coating and partitioning of IHg or MeHg normalized by POGC content in coated clay minerals. Mean = SD (n = 3).

* indicates significant differences between minerals with or without humus coating (p < 0.05, one-way ANOVA). Lowercase or
capital letters indicate significant differences among uncoated or coated treatments, respectively (p < 0.05, one-way ANOVA).

2010). In particular, IHg or MeHg partitioning in humus-coated
montmorillonite was higher than that in the other coated
particles. This could be attributed to the fact that humus
adsorption was highest in montmorillonite (Fig. 1), resulting
in a large increase in mercury binding sites in humus-coated
montmorillonite.

Concentrations of IHg or MeHg in coated clay normalized
by POC levels (ng Hg/mg POC) were calculated as: IHg or MeHg
concentration in coated clay (ng Hg/g clay)/POC content in
coated clay (mg POC/g clay). Normalized Hg concentrations
were more comparable in coated kaolinite and vermiculite,
but much lower in coated montmorillonite, suggesting that
less Hg could be bound by humus in the presence of mont-
morillonite. The decreased Hg-humus binding could probably
be due to competition between montmorillonite and humus
for mercury binding.

2.3. Extraction of Hg by CaCl, from various clay minerals

Calcium chloride could exchange Ca’* with metal ions in
soils, and extraction of metals by CaCl, is commonly used to
assess availability of soil-bound metals to plants (Gupta and
Sinha, 2007; Rauret, 1998). Therefore, extraction of Hg by
CaCl, was applied in this study to assess potential phyto-
availability of soil-bound Hg. Extraction rates of IHg by CaCl,
from humus-coated or uncoated clay are shown in Fig. 3. For
uncoated particles, the IHg extraction rate was much lower
in vermiculite than that in montmorillonite or kaolinite. It
was reported that metal adsorption on montmorillonite (2:1
layer mineral) or kaolinite (1:1 layer mineral) was mostly on
the outer layers (Baham and Sposito, 1994; Bhattacharyya and

Gupta, 2008), and thus Hg?* could probably be more easily
exchanged by Ca’*. In contrast, [Hg tends to enter the inter-
layer of vermiculite by either cation exchange or formation
of inner-sphere complexes with functional groups (Abollino
et al., 2008; Malandrino et al., 2006), and becomes more dif-
ficult to be extracted by CaCl,. In addition, EXAFS analyses
indicated that IHg in montmorillonite was preferentially
sorbed as Hg-OH, complexes, which were weakly bound to
the 2:1 layers (Brigatti et al., 2005). By contrast, IHg could be
strongly sorbed as Hg-O complexes (in addition to Hg-OH,
complexes) in vermiculite, resulting in more stable binding
between IHg and vermiculite (Brigatti et al., 2005).

Mercury could be sorbed on humus by either cation ex-
change or complexation (Schuster, 1991). Our results showed
that humus coating led to a significant decrease in IHg ex-
traction rates, which could be attributed to strong complex-
ation of IHg with functional groups within humus (Abate and
Masini, 2005; Benoit et al., 2001), e.g., thiol groups (Graham
et al,, 2013; Haitzer et al., 2002), carboxylic groups (Abollino
et al,, 2008; Malandrino et al., 2006; Schuster, 1991), phenolic
groups (Arnarson and Keil, 2000; Bernaus et al., 2005), and
amino groups (Bernaus et al., 2005; Malferrari et al., 2010). For
humus-coated clay, the extraction rate of IHg by CaCl, was
much higher in montmorillonite (1.9%) and kaolinite (2.5%)
than that in vermiculite (0.3%). It was thought that organic
molecules were mostly sorbed on the outer layers or edges
of either montmorillonite or kaolinite (Baham and Sposito,
1994; Thimsen and Keil, 1998). This may result in relatively
weak binding between humus or IHg-humus complexes and
montmorillonite or kaolinite. In addition, our results about Hg
distribution in different geochemical fractions (Fig. 4) could



52

JOURNAL OF ENVIRONMENTAL SCIENCES 36 (2015) 48-55

90 W Uncoated IHg by CaCl, 90 - MeHg by CaCl,
O Humus-coated c
W Uncoated
s S O Humus-coated
£ 60 b g 6ot
= =]
= S
2 5
& 30 =30t
B a «
0 - o 0
Kaolinite Vermiculite Montmorillonite Kaolinite Vermiculite ~ Montmorillonite
20 20
W Uncoated IHg by BSA W Uncoated MeHg by BSA
O Humus-coated O Humus-coated
_15F _ 15
3 S
g 8
5 5
=] =
2 g
51 51
g g
= 3
o 5]

Vermiculite Montmorillonite

Kaolinite

Vermiculite

Kaolinite

Montmorillonite

Fig. 3 - IHg or MeHg extraction rates by calcium chloride (CaCl,) or bovine serum albumin (BSA) from different clay minerals
with or without humus coating. Mean + SD (n = 3). * indicates significant differences between clay minerals with or without
humus coating (p < 0.05, one-way ANOVA). Lowercase or capital letters indicate significant differences among uncoated or

coated treatments, respectively (p < 0.05, one-way ANOVA).

provide further evidence on the different binding strength
between IHg-humus and various clay minerals. Distribution
of I[Hg in the organo-complexed fraction (ORGF), in which IHg
was considered rather refractory (Zhong and Wang, 2008a),
increased substantially in vermiculite after humus coating.
In contrast, distribution of IHg in the water soluble fraction
(WATF) and stomach acid soluble fraction (STOF), the two
most mobile fractions of Hg, increased significantly in mont-
morillonite after humus coating. Such increase is possibly
due to desorption of small-molecular-weight Hg-humus com-
plexes, which are relatively hydrophilic and have lower
affinity to clay particles (Abate and Masini, 2005; Arnarson
and Keil, 2000). The observed differences in Hg geochemical
fractionation may indicate that IHg-humus complexes could

be bound more strongly in vermiculite, and explained the
relatively low IHg extraction from humus-coated vermiculite.
Unlike vermiculite, the major increase in kaolinite after coating
was IHg in the strongly-complexed fraction (STRF), in which
IHg was relatively mobile compared to that in ORGF (Zhong and
Wang, 2006b). This could possibly explain why IHg extraction
from coated kaolinite was much higher than that from coated
vermiculite.

Extraction rates of MeHg by CaCl, from humus-coated or
uncoated clay are shown in Fig. 3. The extraction rate of
MeHg from uncoated kaolinite was relatively high (74.9%). The
higher MeHg extraction from kaolinite compared to that from
montmorillonite or vermiculite could be attributed to the 1:1
structure of kaolinite and metal sorption on the outer layers
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100

WATF STOF ORGF STRF RESF
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= 100 100
s Vermiculite 1SS Kaolinite < Montmorillonite
9 * = e
8 75t 3 3
2 2 B
2 £ =
g S0r 2 z
B = =
= = -
3 3 5
5 25k 2 2
= = o
= =

WATF

STOF ORGF STRF RESF

Fig. 4 - Distribution of spiked IHg in different geochemical fractions (WATF: water soluble fraction; STOF: stomach acid soluble
fraction; ORGF: organo-complexed fraction; STRF: strongly complexed fraction; RESF: residual fraction) in different clay
minerals with or without humus coating. Mean = SD (n = 3). * indicates significant differences of IHg distribution in a certain
fraction between clay minerals with or without humus coating (p < 0.05, one-way ANOVA).
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(Bhattacharyya and Gupta, 2008). Meanwhile, extraction of
MeHg from montmorillonite (15.1%) was much lower than
that from vermiculite (47.4%), which was different from the
result for IHg. Such discrepancy could be explained by the
differences in binding preferences between MeHg and IHg
(Gagnon and Fisher, 1997; Morel et al.,, 1998), originating
from differences in charge, ionic radius, and other properties
(Speight, 2005).

Similar to IHg, MeHg extraction rates from humus-coated
clay were significantly lower than those from uncoated clay,
which could be explained by the strong binding between
MeHg and humus (e.g., with thiol groups, Skyllberg, 2008;
Benoit et al., 2001; Haitzer et al., 2002). A previous study using
XANES indicated that MeHg-clay binding was more depen-
dent on ionic interaction, while MeHg-humic acid binding
exhibited a higher covalent bond character, leading to more
stable binding between MeHg and humic acid (Bernaus et al.,
2005). Such difference in covalent bond character could result
in lower bioavailability of humus-bound MeHg. The extraction
rate of MeHg was lowest in humus-coated vermiculite, prob-
ably due to the higher binding strength between humus and
vermiculite (discussed above).

2.4. Extraction of Hg by BSA from various clay minerals

Previous studies reported that Hg extraction by BSA (ie.,
complexation of soil-bound metals with BSA and subsequent
solubilization of metals from soils) could simulate digestive
solubilization of Hg in deposit-feeders (Lawrence et al., 1999;
Voparil and Mayer, 2004; Zhong and Wang, 2006a,b), which
could be the limiting step of the metal bioavailability process
(Zhong and Wang, 2006c¢). Therefore, BSA extraction is usually
used to assess bioavailability of metals (including Hg) in soils
or sediments (Chen and Mayer, 1998; Lawrence et al., 1999;
Voparil and Mayer, 2004; Zhong et al.,, 2012; Zhong and Wang,
2006a,b, 2008b).

Extraction rates of IHg or MeHg by BSA from humus-coated
or uncoated clay are shown in Fig. 3. For uncoated particles,
extraction of IHg or MeHg from montmorillonite was lowest.
This could be attributed to the large number of functional
groups (e.g., hydroxyl groups, and silanol groups) on the sur-
face (Bhattacharyya and Gupta, 2008; Guerra et al., 2009)
of montmorillonite. Those functional groups could complex

with Hg in particles and inhibit Hg complexation by BSA.
Another possibility is that BSA itself could be substantially
adsorbed by montmorillonite during extraction, possibly due
to the larger relative surface area of montmorillonite (Babel
and Kurniawan, 2003; Bailey et al., 1999), and result in higher
partitioning of Hg in montmorillonite.

Coating of clay particles with humus led to a significant
decrease of Hg extraction by BSA in most treatments (Fig. 3).
This could also be explained by the strong binding between Hg
and humus sorbed on clay particles (Bono, 1997; Wang et al.,
1997). Similar to that from uncoated particles, Hg extraction
from humus-coated particles was lowest in montmorillonite.
The much lower extraction rate of Hg from humus-coated
montmorillonite could be attributed to its much higher POC
level (5.9%, Fig. 1) and thus higher affinity to Hg.

The decrease of Hg extraction rates after humus coating
(2.1%-5.0% for IHg and 0.5%-8.2% for MeHg) was much smaller
for BSA extraction than CaCl, extraction (3.0%-59.8% for IHg
and 8.9%-74.6% for MeHg). This is because the complexation
of Hg ions with humus would greatly reduce the number of
Hg ions available for cation exchange reaction during CaCl,
extraction. In contrast, BSA contains a large amount of strong
binding sites for Hg (e.g., thiol groups, Benoit et al., 2001;
Haitzer et al., 2002), and could compete with particle-sorbed
humus for Hg binding. Therefore, extraction of Hg by BSA was
less affected by humus in the particles. In fact, a significant
negative relationship was found between IHg extraction rate
by CaCl, and IHg distribution in the organo-complexed frac-
tion (ORGF, Fig. 5), indicating that IHg extraction by CaCl, was
strongly affected by its complexation with humus. However,
such a relation was not found between IHg extraction by
BSA and IHg in ORGF, suggesting that the effect of organic
complexation on BSA extraction was much weaker.

3. Conclusions and implications

Our results indicated that various clay minerals and humus
coating could have significant effects on the partitioning
and chemical extraction of Hg. Due to differences in charac-
teristics, e.g., specific surface area, cation exchange capacity,
structure (i.e., 1:1 or 2:1), and mechanism of humus or Hg
sorption (e.g., cation exchange, and complexation), various
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Fig. 5 - Relationship (log-log scale) between IHg extraction rates (%) by CaCl, or BSA and IHg distribution (%) in

organo-complexed fraction. Mean = SD (n = 3).
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clay minerals would have different binding affinity toward Hg,
as we observed in the present study. Furthermore, our data
suggested that although Hg sorbed on uncoated clay particles
could be extracted at a relatively high rate by either CacCl, or
BSA, Hg extraction decreased sharply after humus coating,
and such decrease was attributed to the strong binding be-
tween Hg and humus sorbed on clay particles. Considering
that a large proportion of Hg is associated with soil organic
matter in the natural environment (Coufalik et al., 2011; Han
et al,, 2006) as well as the higher affinity of organic matter
toward Hg (Yu et al,, 2006), we suspected that organic-clay
could have a larger effect on Hg bioavailability than clay itself.
More studies (e.g., using EXAFS, and XRD) should be carried
out to fully understand the mechanism of the Hg-clay-organic
interaction.

Extraction of Hg by either CaCl, or BSA was used to assess
the potential bioavailability of particle-bound Hg to plants
or deposit-feeders. Our data suggested that humus-clay may
have quite different effects on the potential bioavailability
of Hg to plants and that to deposit-feeders. Such differences
could possibly be attributed to the different mechanisms of
solubilizing Hg from particles: Hg was extracted by CaCl,
mainly by cation exchange, while Hg could be strongly com-
plexed with BSA and be desorbed from particles. Consequent-
ly, humus coating had a larger effect on CaCl, extraction than
on BSA extraction. Such laboratory results using chemical
extraction methods should be extrapolated to field investiga-
tions with caution, before being further confirmed by biolog-
ical uptake or bioaccumulation experiments.

Based on our results, it was found that clay could have
different effects on the potential bioavailability of IHg and
MeHg. For example for uncoated clay, IHg extraction by CaCl,
was highest in montmorillonite, while MeHg extraction was
lowest. Such differences between IHg and MeHg could be due
to differences in charge, ionic radius, and other properties,
which were not examined in this study. More investigations
comparing the effects of clay on sorption of IHg and MeHg in
soils are needed.
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