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Abstract

Methylmercury (MeHg) in sediment is difficult to be determined due to its low
concentration and binding compounds like sulfide and organic matter. Moreover, wet sediment
samples have been suggested to behave differently from certified reference materials in MeHg
analysis. Optimal pretreatment procedure for MeHg determination in sediments hasn’t been
ascertained and whether the procedure could apply to sediment samples with complex matrix
merits further research. This work firstly compared recovery results of five pretreatment
procedures for MeHg determination using ERM-CC580. Using the optimal pretreatment
procedure, recovery results were analyzed in different sediment samples after manipulation of
moisture content, organic matter and acid volatile sulfide. The procedure using CuSO4/HNO3
as leaching solutions and mechanical shaking as extraction method was proved to produce the
most satisfactory recovery results (100.67 + 6.75%, mean * standard deviation). And when
moisture contents varied from 20% to 80%, average recovery results in sediment samples
ranged from 100% to 125%. Furthermore, before and after the manipulation of organic matter
or acid volatile sulfide, spiking recovery results varied little and were all within acceptable
limit (85%~105%). Therefore, the procedure of CuSO4/HNOz-mechanical is proposed as a
universal pretreatment method for MeHg determination in sediment samples with various

characteristics.

Keywords: Methylmercury, sediment, pretreatment, moisture content, organic matter, acid

volatile sulfide
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1. Introduction

Mercury (Hg) , a toxic metal, is highly persistent and able to travel globally (Poulain and
Barkay 2013). In surface waters, inorganic mercury can be methylated to methylmercury
(MeHg) (Krabbenhoft and Sunderland 2013), whose content corresponds with changes of
mercury inputs (Harris et al. 2007). As a lipophilic and protein-binding neurotoxin, MeHg can
pose an even severer threat to human beings after bioaccumulation and biomagnification
through food chain (Clarkson and Magos 2006). Dietary intake, especially sea food, is the
dominant pathway for general populations to be exposed to MeHg (Jiang et al. 2006). The
element of Hg occurs naturally but can be anthropogenically introduced into the environment
by industrial activities like mining and smelting. It is suggested that anthropogenic
perturbations to global mercury cycle have tripled the mercury content of surface waters than
that of pre-industrial times (Lamborg et al. 2014). In aquatic system, sediment is both an
important sink and source of Hg and also a potential hotspot for Hg methylation (Ullrich et al.
2001). Maximum Hg methylation rate usually occurs at sediment-water interface, leading to
the considerable MeHg content in surface sediment (Gilmour et al. 1992; Lambertsson and
Nilsson 2006). As a result, accurate and feasible analysis of MeHg concentrations in sediment
is of great necessity for environmental risk assessment.

In sediment matrices, MeHg is difficult to be isolated due to binding compounds like
sulfide and organic substances, especially humic substances (Horvat et al. 1993). Moreover,
MeHg concentrations in sediment are rather low, usually as ng per gram (Caricchia et al. 1997).
With gas chromatography and cold vapor atomic fluorescence spectrometry becoming the
well-acknowledged analysis system for MeHg (Mao et al. 2008), there is still some dissent
over the pretreatment procedures, including leaching solutions (Kodamatani et al. 2017a; Liang
et al. 2004; Liu et al. 2015), extraction solutions (Liang et al. 1996; Maggi et al. 2009) and
extraction methods (Bloom et al. 1997; Gu et al. 2013; He et al. 2015). Thus, it is necessary to
specifically optimize the pretreatment procedure for MeHg determination in sediment samples.

Recently, researchers mostly choose dry sediment samples to determine MeHg, either
after air-dried (Mikac et al. 1999; Qiu et al. 2005) or freeze-dried (Hoggarth et al. 2015; Meng
et al. 2015), but there’re still others using wet samples directly for analysis (Lambertsson and
Nilsson 2006; Mikac et al. 1999; Yu et al. 2012). Also, owing to their different moisture
contents and chemical compositions, practical sediment samples have been suggested to
behave differently from certified reference materials (CRMs) in MeHg determination (Liang
et al. 2004). Whether the optimal pretreatment procedure could be applied to sediment samples
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with distinct characteristics merits further research. Typically, researchers would collect
worldwide sediment samples to testify their analytical methods, which is quite demanding and
lacks truth values (Kodamatani et al. 2017a; Liang et al. 2004; Maggi et al. 2009). In this work,
instead of collecting a diversity of sediment samples, we manipulated certain chemical
compositions of sediment physically to present different features. Then we spiked
methylmercury chloride (MeHgCI) standard solution to the manipulated sediment and
analyzed the recovery results.

The objectives of this work are to evaluate the optimal pretreatment procedure for MeHg
determination in sediment and then to study the applicability of this procedure to practical
sediment samples with different characteristics relative to MeHg determination. For this aim,
five pretreatment procedures were compared, including CuSO4/HNO3 as leaching solutions
with mechanical shaking or manual shaking as extraction methods (short as CuSO4/HNO3-
mechanical and CuSO4/HNOs-manual), KBr/H2SO4/CuSOs as leaching solutions with
mechanical shaking or manual shaking as extraction methods (short as KBr/H2SO4/CuSQOs-
mechanical and KBr/H>SO4/CuSOs-manual) and KOH/CH3OH as leaching solutions with
mechanical shaking as extraction method (short as KOH/CH3OH). And practical sediment
samples were manipulated physically to achieve different contents of moisture, organic matter
(OM) and acid volatile sulfide (AVS). Recovery results of MeHg analysis using the optimal

pretreatment procedure were compared in sediment samples with and without manipulation.

2. Materials and methods
2.1. Reagents

The following reagents were used for the pretreatment procedures for MeHg
determination in sediments: 65% nitric acid (Merck, Germany), 36% hydrochloric acid
(Gaoheng, Beijing Institute of Chemical Reagents, China), copper sulfate pentahydrate
(Sinopharm Chemical Reagent Co., Ltd, China), dichloromethane (J.T.Baker® Chemicals,
USA), 98% sulfuric acid (Sinopharm Chemical Reagent Co., Ltd, China), potassium bromide
(Sigma-Aldrich, USA), potassium hydroxide (Sigma-Aldrich, USA), methanol (LiChrosolv®,
Merck, Germany), sodium tetraethylborate (Strem Chemicals Inc., USA), citric acid
monohydrate (Sigma-Aldrich, USA), sodium citrate dihydrate (Sigma-Aldrich, USA).

Certified reference materials included ERM-CC580 (MeHg content: 75.5 + 3.7 ng g* Hg,
European Reference Materials, Institute for Reference Materials and Measurements, Belgium)
and GSD-10 (THg content: 0.28 + 0.03 ug g, GBW07310, IGGE, China). Standard solutions
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included methylmercury chloride standard solution (65.5 + 2.5 ug g* Hg, GBWO08675,
National Institute of Metrology, China). ERM-CC580 and GSD-10 were kept at 4 °C in dark.
MeHgCl standard solution was diluted to 10.0 mg L™ Hg by ultra-pure water (18.2 MQ,
Millipore, Darmstadt, Germany) and stored in dark. MeHgCI working solution was stepwise

diluted by ultra-pure water when it would be used.

2.2. Sediment pretreatment procedures

Around 0.25 g of ERM-CC580 were weighed into a 50 mL polypropylene centrifuge tube
(Corning, USA) for each treatment. The pretreatment procedures evaluated were as follows.
All experiments were performed in triplicate.

2.2.1. CuSO4/HNOs leaching, CH2Cl2 extraction, mechanical/manual shaking

1.5 mL of 2 mol L CuSO4 and 7.5 mL of 25% (v/v) HNOs were added to the 50 mL
centrifuge tubes with ERM-CC580 and waited 1 h for MeHg to be leached out thoroughly. To
realize extraction, 10.0 mL of CH.Cl, were added to each tube and the mixture was shaken
mechanically (with a reciprocating shaker) at 350 r min! for 1.5 h (He et al. 2004) or manually
for 0.5 h (Gu et al. 2013). Different lengths of the extraction time were applied according to
the reported procedures. After leaching and extraction, these tubes were centrifuged at 3000 r
mint for 15 min. Then the mixture was filtered with phase separators (Whatman, GE
Healthcare Life Sciences, UK) and the organic phase with MeHg was kept. 4.0 mL of the
organic phase were added to tubes with around 20 mL distilled water and 2~3 pieces of boiling
stones (Saint-Gobain Performance Plastics, France) in them. These tubes were heated at 65 °C
for 6 h to remove organic solvent. After heating, each sample was brought to 20.0 mL with
ultra-pure water. 200.0 pL of the extract were pipetted into 40 mL amber glass vials (Agilent
Technologies, USA) for MeHg analysis by the MERX-M Automatic Methylmercury System
(Brooks Rand Laboratories, USA) following USEPA method 1630 (USEPA 2001).

2.2.2. KBr/H2S04/CuSO4 leaching, CH2Cl2 extraction, mechanical/manual shaking

5.0 mL of 18% (m/v) KBr dissolved in 5% (v/v) H2SO4 and 1.0 mL of 1 mol L CuSO4
were added to centrifuge tubes with about 0.25 g ERM-CC580 and waited 1 h. Then 10.0 mL
of CHCl, were added to each tube and the mixture was shaken mechanically at 350 r min™! for
1.5 h or manually for 0.5 h. The following procedure and analytical method were the same as
CuSO4/HNO3 procedure.
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2.2.3. KOH/CH30OH leaching, heating

This pretreatment procedure was based on the published procedure with several
improvements (Liang et al. 1996). 3.0 mL of 25% (m/v) KOH/CH3OH were added to
centrifuge tubes with around 0.25 g ERM-CC580. After heating at 75 °C for 3 h, 10.0 mL
CH:Clz and 2.3 mL concentrated HCI were slowly added to each tube. These tubes were shaken
at 300 r min! for 10 min. The following procedure and analytical method were the same as
CuSO4/HNO3 procedure.

2.3. Practical sample collection and analysis

Practical surface sediment samples were collected from Xingfu Reservoir, Qingnian
Reservoir and Taihu Lake in 2016. Spatial distribution of the sampling sites was shown in Fig.
1. The two reservoirs are located in Wanshan City of Guizhou Province, southwest of China.
Even though they were constructed mainly for drinking and irrigation use, these reservoirs
suffered severe mercury pollution from local mercury mining area (Du et al. 2016; Li et al.
2009; Qiu et al. 2009). In addition, sediment samples of Taihu Lake (Jiangsu Province) were
collected from two lake regions, Meiliang Bay and Zhushan Bay. Taihu Lake is a eutrophic
lake with mild mercury pollution and high organic matter contents (Guo 2007; Wang et al.
2012). After collection, all sediment samples were transferred to the lab instantly. Around 200
g sediment samples were separated and centrifuged at 3000 r min! for 15 min to extract pore
water. Then the pore water samples were filtered through a 0.22 pum syringe filters (ANPEL
Laboratory Technologies (Shanghai) Inc., China) for further analysis. The remaining sediment
samples were lyophilized to achieve constant weight and then grounded and homogenized to a
size of 200 meshes per inch. All sediment samples prepared were stored in amber glass vials
with Teflon lids at 4 °C.

2.3.1. Analysis of pore water samples

Sulfate (SO4%) concentrations of filtered pore water samples were determined by lon
Chromatography (1C6200, WAYEAL, China). The samples were separated using an anion
column (IC SI-52 4E, 4 mmID x 250 mm) with the eluent (3.6 mmol L™* Na,COs) flow rate of
0.8 mL min and column temperature of 45 °C (Liu et al. 2016). Concentrations of total iron
and ferrous iron (Fe?*) were determined using 1,10-phenantroline method with a UV-visible

spectrophotometer (Shanghai Sunny Hengping, 756PC, China) (Tamura et al. 1974).
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Concentration of ferrous iron (Fe**) could be obtained by subtracting the concentration of Fe?*
from total iron. Total mercury (THg) concentrations in pore water samples were determined
with MERX-T Automatic Total Mercury System (Brooks Rand Laboratories, USA) following
USEPA 1631, Revision E (USEPA 2002).

2.3.2. Analysis of sediment samples

The concentrations of total carbon (TC) and total nitrogen (TN) in sediment samples were
determined with an elemental analyzer (Elementar, Vario EL III, Germany). The determination
of TC and TN was performed in triplicate. Sediment moisture contents were measured using a
weight loss method with a lyophilizer. THg contents of lyophilized sediment samples were
determined by Leeman mercury analyzer (Leeman Labs Hydra Il C, USA) according to the
USEPA 7473 (USEPA 2007). MeHg concentrations of the samples were determined according
to the predetermined optimal pretreatment procedure. Analysis of MeHg contents was

performed in triplicate.

2.4. Manipulation of sediment characteristics

The lyophilized surface sediment samples with different concentrations of moisture,
organic matter and acid volatile sulfide were achieved through physical methods. Then we
immediately determined the MeHg concentrations in the manipulated samples using the
predetermined optimal pretreatment procedure. The MeHg concentration analysis experiments

were performed in triplicate.

2.4.1. Moisture content

Considering the high background concentrations of MeHg in Xingfu Reservoir and
Qingnian Reservoir, sediment samples there were suitable for investigating whether the
optimal pretreatment procedure could apply to sediment with different moisture contents.
Lyophilized surface sediment samples from Xingfu Reservoir and Qingnian Reservoir were
mixed with different aliquots of ultra-pure water to produce wet samples with different
moisture contents. After homogeneous mixing, we determined the MeHg contents in these wet
samples directly. In detail, 0.25 g wet sediment samples with 20, 40, 60 and 80% moisture
content were spiked with MeHgCI working standard solution containing 2.0 ng Hg. During the
pretreatment, 4.0 mL in 10.0 mL extraction solutions were pipetted in the filtration and 2.0 mL

in 20.0 mL back-extraction solutions were brought for MeHg analysis after heating. For
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convenience, all the recovery results in wet sediment samples were converted to the ratio of
MeHg contents in lyophilized samples following equation (1):

MeHg content in wet sediment (ng g™, wet weight)

C ted %) = = ; ;
orrected recovery () MeHg original content (ng g!, dry weight) x (1 - moisture content) (1)

2.4.2. Organic matter

Organic matter in lyophilized surface sediment samples from Meiliang Bay and Zhushan
Bay was removed by muffling at 400 °C for 8 h (Arnarson and Keil 2000). In order to mix
homogeneously, sediment samples with and without being removed of organic matter were
mixed with ultra-pure water to produce slurries with moisture content of 80%. Considering that
MeHg contents of Taihu Lake sediment slurries were relatively low for analysis, MeHgCI
standard solutions were spiked into the slurries to form ~8 ng g* MeHg. TOC contents of
samples before and after the removal were determined by the elemental analyzer (Schumacher
2002).

2.4.3. Acid volatile sulfide

Fresh sediment samples collected from Meiliang Bay and Zhushan Bay in Taihu Lake
were purged with N2 in order to produce higher levels of AVS (Lee et al. 2000a; Lee et al.
2000b). Specifically, about 50 g sediment slurries were reduced by purging N2 at 300 mL min
! for 3 d. Sediment samples before and after manipulation were prepared for AVS analysis. As
for recovery test, MeHgClI standard solutions were spiked into the slurries to form ~8 ng g
MeHg. AVS contents in sediment samples were determined using “purge-and-trap” method
along with methylene blue spectrophotometry (Allen et al. 1993; Lasorsa and Casas 1996).
Then AVS contents in wet sediment samples were normalized to dry sediment weight
following equation (2).

AVS (ng g, dry weight)= AVS (ug g!, wet weight) /(1 - moisture content ) 2)

2.5. Quality control and statistical analysis

For THg analysis in sediment samples, we used GSD-10 as certified reference material
and measured analytical blanks for quality control. The average THg concentration we
measured was 279.99 + 0.02 ng g (mean + SD, n=6), which agreed well with the certified
value (0.28 + 0.03 pg g™1). The detection limit for THg was 7 ng Hg in terms of absolute mass.
For MeHg analysis, the detection limit was 10 pg Hg in terms of absolute mass. Analytical
blanks were lower than detection limit. The linear range is from 5 pg to 800 pg. All glass ware
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used was cleaned with distilled water three times, soaked in 10% (v/v) HNO3 for at least 48 h,
washed with distilled water three times and finally heated at 500 °C for 2 h before use.

Statistical analysis was performed using SPSS 24.0 software. The difference among
recovery results of each procedure was assessed by an independent t test. Analysis of variance
(ANOVA) was applied to evaluate the significant difference of means. Significance
probabilities (p) were calculated and difference was declared significantly for p < 0.01 in the
current work.

All mercury-containing waste was properly disposed as hazardous waste.

3. Results and Discussion

3.1. Optimization of pretreatment procedure using certified reference

material

As the pretreatment procedures were to be applied to MeHg analysis in bulk sediment
samples, accuracy, operability and security were considered comprehensively. Therefore, five
procedures were selected according to the recent publications involving MeHg analysis in
sediment (Kodamatani et al. 2017a; Wang et al. 2018; Yin et al. 2018). The detailed leaching
and extraction procedures of five pretreatment procedures using ERM-CC580 were listed in
Table 1 and the recovery results were illustrated in Fig. 2. As shown in Fig. 2, CuSO4/HNO:3-
mechanical procedure had the most satisfying recovery (100.67 = 6.75%, mean + SD) among
five procedures tested.

With the same leaching solutions, recovery results of mechanical shaking didn’t differ
significantly from those of manual shaking (p > 0.1). Specifically, CuSO4/HNO3z being
leaching solvents, extraction efficiency of manual shaking (0.5 h, 116.70 * 7.33%) was higher
than that of mechanical shaking (350 r min™ for 1.5 h) and to some extent exceeded the
optimum value (100%). Yet, with KBr/H2SO4/CuSO4 being leaching solvents, mechanical
shaking could produce higher and relatively more accurate recovery results (82.60 + 7.87%).
This fluctuation might be caused by the inadequate stability and repeatability of manual
shaking, which usually were the consequences of individual's difference in strength. After
considering the accuracy and reproducibility, mechanical shaking was selected instead of
manual shaking. In addition, KOH/CH3OH could produce decent recovery results as well
(86.33 + 7.95%). However, this procedure required heating as leaching method for 3 h and
back-extraction for 6 h, which was rather time-consuming. And all with mechanical shaking,
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CuSO4/HNOs as leaching solvents displayed higher leaching efficiency than
KBr/H2S04/CuSO4 and KOH/CH3OH. As a strong oxidizing acid, HNOs has a strong ability
to destroy the strong embedded sites of MeHg and sediment (Hammerschmidt and Fitzgerald
2001; Liang et al. 2004). The reasons for other procedures producing lower recovery results
might be due to their inadequate leaching abilities or interference with sediment matrix (Horvat
et al. 1993; Liang et al. 2004; Tseng et al. 1997).

Generally, recovery results of this work accorded with the reported studies (Table 2). Our
recovery results using CuSO4/HNO3 (100.67 = 6.75%) with mechanical shaking agreed well
with He’s results (98.94 £ 6.62%), but the shaking frequency was not described in their work
(He et al. 2004). So, this work further clarified and established the pretreatment procedure of
CuSO4/HNO3. Moreover, the pretreatment procedure using KBr/H>SO4/CuSO4 as leaching
solutions in this work produced a bit lower recovery results than reported results (~100%) (Gu
et al. 2013; Kodamatani et al. 2017a). In Kodamatani’s both Method C and D, they transferred
certain amounts of CHxCl> (in the lower layer of the mixture) to deionized distilled water
(Kodamatani et al. 2017a). It was possible to carry inorganic mercury (in the upper layer of the
mixture) as well, which could be methylated to MeHg artifacts during back-extraction periods
(Bloom et al. 1999). In this work, phase separators were used to avoid inorganic Hg to move
into the CH.Cl phase. Therefore, the difference between the separation methods might result
in the minor distinction of the recovery results. As to Gu's pretreatment procedure, even though
the average recovery (104 + 15%) was similar to the result of current procedure, the standard
deviation of theirs is somewhat higher than other procedures (from 2.56% to 9.09%). This
might be related to the potential instability of manual shaking. In addition, pretreatment
procedure using KOH/CH3OH as leaching solutions in this work produced slightly lower
recovery results than reported results (100.18 + 2.56%) (Liang et al. 1996). Yet, Liang's
procedure was dependent on heating process but variations of heating efficiencies of different
heaters would bring about difficulty in repeating.

Thus, after comparing the recovery results, efficiency and reproducibility of the five
pretreatment procedures, CuSO4/HNOs-mechanical procedure was determined as the optimal
pretreatment procedure in the present work. And its applicability to sediment samples with

different characteristics would be further examined.

3.2. Analysis of practical samples

10
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As shown in Table 3, characteristics of surface sediment samples from different sampling
sites varied greatly. Sediment samples from reservoirs of Guizhou Province were rich in THg
content (especially Qingnian Reservoir), which might be due to their short distance from
Wanshan mercury mine area. However, THg concentrations in Meiliang Bay and Zhushan Bay
from Taihu Lake were much lower (< 1/20) than Guizhou, indicating the mild Hg disturbance
by human activities as mentioned before. Moreover, MeHg concentrations in Xingfu Reservoir
and Qingnian Reservoir (over 2 ng g) were comparatively higher than those from Meiliang
Bay and Zhushan Bay (under 0.8 ng g?). Therefore, according to the detection limit,
lyophilized surface sediment from Xingfu Reservoir and Qingnian Reservoir were suitable for
the verification of the application of the optimal pretreatment procedure to sediment with
different moisture content, without being spiked with MeHgCl standard solution.

From the analysis of pore water in fresh sediment samples, concentrations of SO+%, Fe?*,
Fe3* were different in Xingfu Reservoir and Qingnian Reservoir (Table 4). Thus, sediment
samples from Xingfu Reservoir and Qingnian Reservoir could represent two different water
bodies.

In addition, MeHg concentrations in sediment samples from Meiliang Bay and Zhushan
Bay were very low and would be under detection limit after mixing with water. They were
considered for investigating the influence of OM and AVS on the optimal procedure with
spiking MeHgCIl. After mixture with water and subsampling, the final MeHg concentration in
the Taihu sediment samples would be under 0.008 ng, which was far lower than the content of
spiking standard solution (0.08 ng). Thus, sediment samples in Meiliang Bay and Zhushan Bay
were suitable to be analyzed on whether the pretreatment procedure would still apply to

sediment samples after the manipulation of OM and AVS.

3.3. Application to sediment with various moisture contents

Compared to soil (~40%), surface sediment tends to have high levels of moisture content
(~70%). However, moisture in sediment might affect MeHg determination unpredictably. On
the one hand, Hg methylating microorganisms prefer moist and warm conditions, which might
induce higher MeHg contents during the pretreatment procedure with heating process included
(Kodamatani et al. 2017b). On the other hand, as wet sediment samples were usually more
viscous, it's difficult to obtain a homogenous subsample. But whether the moisture content
affects the predetermined optimal pretreatment procedure for MeHg analysis remains unclear.

In order to evaluate the applicability of CuSO4/HNOs-mechanical procedure to wet sediment

11
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samples, different aliquots of ultra-pure water were added to lyophilized sediment samples to
produce sediment samples with a variety of moisture contents.

The recovery results of wet sediment samples with various moisture contents were
illustrated in Fig. 3. With moisture contents varying from 20% to 80%, recovery results in both
reservoirs were mostly within acceptable range (100~125%). Specifically, sediment samples
from Xingfu Reservoir could produce slightly higher recovery results than Qingnian Reservoir.
Somehow, all the recovery results were above 100%, which might be caused by the the original
deviation in MeHg determination of lyophilized sediment samples. The reason for
CuSO4/HNOsz-mechanical procedure producing satisfying recovery might be that HNO3z could
destroy the strong bond of MeHg and moisture in wet sediment samples. So it would enable
MeHg to be leached out (Liang et al. 2004).

Generally according to the results, CuSO4/HNOs-mechanical procedure could be applied

to MeHg determination in wet sediment samples with various moisture contents.

3.4. Application to sediment with distinct organic matter contents

Sediment organic matter, like humic substances, was able to bind MeHg so strongly that
MeHg became difficult to be leached out completely (Caricchia et al. 1997; Schartup et al.
2012). As organic matter in sediment or soil samples is difficult to be measured directly, we
used the content of TOC to represent the level of organic matter. Sediment samples with low
or high organic matter were achieved by heating or not. Contents of TOC and TN before and
after the removal were shown in Table 5. After being muffled for 8 h, the TOC contents in
surface sediment samples dropped markedly (from over 1% to less than 0.5%) compared to TN
contents. The results indicated that after the removal, sediment samples could be used as
contrasts containing low organic matter in comparison with the original sediment samples. The
MeHgCI spiking recovery results in these comparison groups were analyzed to determine
whether the predetermined optimal pretreatment procedure could apply to sediment samples
rich or lacking in organic matter.

The recovery results were illustrated in Fig. 4, and all the results in wet sediment samples
were converted to the ratio of MeHg contents in lyophilized samples following equation (1).
As shown in Fig. 4, despite the variation in TOC contents, the spiking recoveries of MeHg
didn’t differ a lot. Before the removal of organic matter, while the TOC contents were higher
than 1%, the recovery results in both surface sediment samples of Taihu Lake were near 100%.

Then after the removal, as the TOC contents dropped sharply, the recoveries in Meiliang Bay

12
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dropped a little but were still within acceptable limit (>85%). In Zhushan Bay sediment
samples, the recovery results increased to around 100% after the removal. Overall speaking,
the removal of the organic matter didn’t influence the spiking recovery results of Taihu surface
sediment samples remarkably.

According to the spiking recovery results above, the pretreatment procedure using
CuSO4/HNOs as leaching solutions with mechanical shaking as extracting method applies to

sediments samples with distinct contents of organic matter.

3.5. Application to sediment with distinct acid volatile sulfide contents

Sulfide, especially AVS, is the most reactive phase for most metals in sediment, Hg and
MeHg included (Lee et al. 2000b; Rickard and Morse 2005). The content of AVS is able to
reflect the sulfide that can bond with MeHg tightly (Zhu et al. 2017). After the manipulation
of AVS, the reduced sediment samples had the AVS contents over 2 ug g1, while the contents
of the original sample were lower than 1.2 pg g* (dry weight) (Table 6). The increase of AVS
contents in reduced sediment samples was consistent with the trend of Lee’s (Lee et al. 2000b).
As aresult, sediment samples purged with N2 could be used as contrasts to the original sediment
samples which are rich in sulfide.

After spiking the slurries with MeHgCI standard solution, the recovery results can help
decide whether the optimal pretreatment procedure could apply to sediment samples with
different AVS contents. The recovery results were illustrated in Fig. 5. Before manipulation,
while the AVS contents were comparatively low, the recovery results were around 92%. After
the manipulation, the recoveries increased a little (by the ratio of 8.9% and 2.3% respectively)
with the increase of AVS contents. Generally speaking, all the recovery results were near 100%
within the mentioned range of AVS content.

Therefore, the pretreatment procedure using CuSO4/HNO3 as leaching solutions with
mechanical shaking as extraction method could accurately determine MeHg contents in
sediment samples with a variety of AVS contents.

4. Conclusions

The current work compared recovery results of five pretreatment procedures for MeHg
analysis in sediment samples using ERM-CC580. And the procedure using CuSO4/HNO3 as
leaching solutions with mechanical shaking as extraction method produced the most satisfying

recovery result, which was 100.67 £ 6.75% in average. In addition, moisture contents in
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sediment samples (from 20 to 80%) had little influence on the analytical performance of the
optimal pretreatment procedure. Considering the strong complexation ability of organic matter
and sulfide with MeHg, sediment samples were manipulated physically to produce a relatively
wide range of TOC (from ~0.3 to ~1.5%) and AVS (from ~1.1 to ~2.7 ug g, dry weight)
contents. And the spiking recovery results were mostly around 100%, indicating that the
optimal pretreatment procedure was able to produce satisfactory results for MeHg
determination in sediment samples with various properties.

There is possibility that spiking recovery tests may not entirely reflect the real
performance of MeHg in sediment samples. It’s likely that natural compounds may bind with
MeHg so tightly that they cannot be extracted easily (Qian et al. 2002). Even so, spiking
recovery tests have been carried out in plenty of work to prove the accuracy of their analytical
methods when the background MeHg concentration was under detection limit (Heyes et al.
2004; Horvat et al. 1993; Liang et al. 2004). Also, inevitably, the manipulation of one
characteristic in sediment may bring about changes to other characteristics as well. However,
considering the manipulation methods used are mainly through physical instead of chemical
means, the procedures can be well-controlled (Lee et al. 2000b). And using the same sediment
samples in MeHg recovery tests could eliminate the influence of other irrelevant characteristics,
like background MeHg content and particle size. Still, if time and energy permit, researchers
should collect sediment samples as various as possible.

Hopefully, this work can provide a feasible approach to evaluate environmental MeHg

risks and thereby reduce human's exposure to pollution sources and finally alleviate health risks.

Conflict of Interest Statement
The authors declare that there are no conflicts of interest.
References
Allen HE, Fu G, Deng B (1993) Analysis of acid-volatile sulfide (AVS) and simultaneously

extracted metals (SEM) for the estimation of potential toxicity in aquatic sediments.
Environ Toxicol Chem 12:1441-1453

Arnarson TS, Keil RG (2000) Mechanisms of pore water organic matter adsorption to
montmorillonite. Mar Chem 71:309-320

Bloom NS, Colman JA, Barber L (1997) Artifact formation of methyl mercury during aqueous
distillation and alternative techniques for the extraction of methyl mercury from

environmental samples. Fresenius J Anal Chem 358:371-377

14



446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479

Bloom NS, Evans D, Hintelmann H, Wilken RD (1999) Letter to the Editor: methyl mercury
revisited. Anal Chem 71:575A

Caricchia AM, Minervini G, Soldati P, Chiavarini S, Ubaldi C, Morabito R (1997) GC-ECD
determination of methylmercury in sediment samples using a SPB-608 capillary column
after alkaline digestion. Microchem J 55:44-55

Clarkson TW, Magos L (2006) The toxicology of mercury and its chemical compounds. Crit
Rev Toxicol 36:609-662

Du BY, Li P, Feng XB, Qiu GL, Zhou J, Maurice L (2016) Mercury exposure in children of
the Wanshan mercury mining area, Guizhou, China. Inter J Env Res Pub Heal 13:1107

Gilmour CC, Henry EA, Mitchell R (1992) Sulfate stimulation of mercury methylation in
freshwater sediments. Environ Sci Technol 26:2281-2287

Gu YX, Meng M, Shao JJ, Shi JB, He B, Jiang GB (2013) Determination of methylmercury in
soil samples with online purge and trap gas chromatography-atomic fluorescence
spectrometry. Chinese J Anal Chem 41:1754-1757 (in Chinese)

Guo L (2007) Doing battle with the green monster of Taihu Lake. Science 317:1166

Hammerschmidt CR, Fitzgerald WF (2001) Formation of artifact methylmercury during
extraction from a sediment reference material. Anal Chem 73:5930-5936

Harris RC, Rudd JW, Amyot M, Babiarz CL, Beaty KG, Blanchfield PJ, Bodaly R, Branfireun
BA, Gilmour CC, Graydon JA (2007) Whole-ecosystem study shows rapid fish-mercury
response to changes in mercury deposition. Proc Natl Acad Sci 104:16586-16591

He TR, Zhu YZ, Yin DL, Luo GJ, An YL, Yan HY, Qian XL (2015) The impact of acid mine
drainage on the methylmercury cycling at the sediment-water interface in Aha Reservoir,
Guizhou, China. Environ Sci Pollut R 22:5124-5138

He TR, Feng XB, Dai QJ, Qiu GL, Shang LH, Jiang HM, Liang L (2004) Determination of
methyl mercury in sediments and soils by GC-AVS after aqueous phase ethylation. Earth
and Environment 32:83-86 (in Chinese)

Heyes A, Miller C, Mason RP (2004) Mercury and methylmercury in Hudson River sediment:
impact of tidal resuspension on partitioning and methylation. Mar Chem 90:75-89

Hoggarth CG, Hall BD, Mitchell CP (2015) Mercury methylation in high and low-sulphate
impacted wetland ponds within the prairie pothole region of North America. Environ Pollut
205:269-277

Horvat M, Bloom NS, Liang L (1993) Comparison of distillation with other current isolation
methods for the determination of methyl mercury compounds in low level environmental
samples: Part 1. Sediments. Anal Chim Acta 281:135-152

15



480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509

510

511
512

Jiang GB, Shi JB, Feng XB (2006) Mercury pollution in China. Environ Sci Technol 40:3672-
3678

Kodamatani H, Balogh SJ, Nollet YH, Matsuyama A, Fajon V, Horvat M, Tomiyasu T (2017a)
An inter-laboratory comparison of different analytical methods for the determination of
monomethylmercury in various soil and sediment samples: a platform for method
improvement. Chemosphere 169:32-39

Kodamatani H, Maeda C, Balogh SJ, Nollet YH, Kanzaki R, Tomiyasu T (2017b) The
influence of sample drying and storage conditions on methylmercury determination in soils
and sediments. Chemosphere 173:380-386

Krabbenhoft DP, Sunderland EM (2013) Global change and mercury. Science 341:1457-1458

Lambertsson L, Nilsson M (2006) Organic material: the primary control on mercury
methylation and ambient methyl mercury concentrations in estuarine sediments. Environ
Sci Technol 40:1822-1829

Lamborg CH, Hammerschmidt CR, Bowman KL, Swarr GJ, Munson KM, Ohnemus DC, Lam
PJ, Heimbirger LE, Rijkenberg MJ, Saito MA (2014) A global ocean inventory of
anthropogenic mercury based on water column measurements. Nature 512:65-68

Lasorsa B, Casas A (1996) A comparison of sample handling and analytical methods for
determination of acid volatile sulfides in sediment. Mar Chem 52:211-220

Lee BG, Lee JS, Luoma SN, Choi HJ, Koh CH (2000a) Influence of acid volatile sulfide and
metal concentrations on metal bioavailability to marine invertebrates in contaminated
sediments. Environ Sci Technol 34:4517-4523

Lee JS, Lee BG, Luoma SN, Choi HJ, Koh CH, Brown CL (2000b) Influence of acid volatile
sulfides and metal concentrations on metal partitioning in contaminated sediments. Environ
Sci Technol 34:4511-4516

Li P, Feng XB, Qiu GL, Shang LH, Li ZG (2009) Mercury pollution in Asia: a review of the
contaminated sites. J Hazard Mater 168:591-601

Liang L, Horvat M, Cernichiari E, Gelein B, Balogh S (1996) Simple solvent extraction
technique for elimination of matrix interferences in the determination of methylmercury in
environmental and biological samples by ethylation-gas chromatography-cold vapor

atomic fluorescence spectrometry. Talanta 43:1883-1888

Liang L, Horvat M, Feng XB, Shang LH, Li H, Pang P (2004) Re-evaluation of distillation

and comparison with HNOs leaching/solvent extraction for isolation of methylmercury

compounds from sediment/soil samples. Appl Organomet Chem 18:264-270

16



513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545

Liu PF, Zhang CL, Mu YJ, Liu CT, Xue CY, Ye C, Liu JF, Zhang YY, Zhang HX (2016) The
possible contribution of the periodic emissions from farmers’ activities in the North China
Plain to atmospheric water-soluble ions in Beijing. Atmos Chem Phys 16:10097-10109

Liu Y, Chai XL, Hao YX, Gao XF, Lu ZB, Zhao YC, Zhang J, Cai MH (2015) Total mercury
and methylmercury distributions in surface sediments from Kongsfjorden, Svalbard,
Norwegian Arctic. Environ Sci Pollut R 22:8603-8610

Maggi C, Berducci MT, Bianchi J, Giani M, Campanella L (2009) Methylmercury
determination in marine sediment and organisms by direct mercury analyser. Anal Chim
Acta 641:32-36

Mao YX, Liu GL, Meichel G, Cai Y, Jiang GB (2008) Simultaneous speciation of
monomethylmercury and monoethylmercury by aqueous phenylation and purge-and-trap
preconcentration followed by atomic spectrometry detection. Anal Chem 80:7163-7168

Meng B, Feng XB, Qiu GL, Li ZG, Yao H, Shang LH, Yan HY (2015) The impacts of organic
matter on the distribution and methylation of mercury in a hydroelectric reservoir in
Wujiang River, Southwest China. Environ Toxicol Chem 35:191-199

Mikac N, Niessen S, Ouddane B, Wartel M (1999) Speciation of mercury in sediments of the
Seine estuary (France). Appl Organomet Chem 13:715-725

Poulain AJ, Barkay T (2013) Cracking the mercury methylation code. Science 339:1280-1281

Qian J, Skyllberg U, Frech W, Bleam WF, Bloom PR, Petit PE (2002) Bonding of methyl
mercury to reduced sulfur groups in soil and stream organic matter as determined by X-ray
absorption spectroscopy and binding affinity studies. Geochim Cosmochim Acta 66:3873-
3885

Qiu GL, Feng XB, Wang SF, Shang LH (2005) Mercury and methylmercury in riparian soil,
sediments, mine-waste calcines, and moss from abandoned Hg mines in east Guizhou
province, southwestern China. Appl Geochem 20:627-638

Qiu GL, Feng XB, Wang SF, Fu XW, Shang LH (2009) Mercury distribution and speciation
in water and fish from abandoned Hg mines in Wanshan, Guizhou province, China. Sci
Total Environ 407:5162-5168

Rickard D, Morse JW (2005) Acid volatile sulfide (AVS). Mar Chem 97:141-197

Schartup AT, Mason RP, Balcom PH, Hollweg TA, Chen CY (2012) Methylmercury
production in estuarine sediments: role of organic matter. Environ Sci Technol 47:695-700

Schumacher BA (2002) Methods for the determination of total organic carbon (TOC) in soils

and sediments. Ecological Risk Assessment Support Center, Las Vegas, USA

17



546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578

Tamura H, Goto K, Yotsuyanagi T, Nagayama M (1974) Spectrophotometric determination of
iron(Il) with 1,10-phenanthroline in the presence of large amounts of iron(l1l). Talanta
21:314-318

Tseng CM, DE DIEGO A, Martin FM, Donard OF (1997) Rapid and quantitative microwave-
assisted recovery of methylmercury from standard reference sediments. J Anal Atom
Spectrom 12:629-635

Ullrich SM, Tanton TW, Abdrashitova SA (2001) Mercury in the aquatic environment: a
review of factors affecting methylation. Crit Rev Env Sci Technol 31:241-293

USEPA (2007) Method 7473: mercury in solids and solutions by thermal decomposition,
amalgamation, and atomic absorption spectrophotometry. Washington DC, USA

USEPA (2001) Method 1630: methyl mercury in water by distillation, aqueous ethylation,
purge and trap, and cold vapor atomic fluorescence spectrometry, U.S. Environmental
Protection Agency, Washington DC, USA

USEPA (2002) Method 1631: mercury in water by oxidation, purge and trap, and cold vapor
atomic fluorescence spectrometry, Revision E. U.S. Environmental Protection Agency,
Washington, DC, USA

Wang SF, Xing DH, Jia YF, Li B, Wang KL (2012) The distribution of total mercury and
methyl mercury in a shallow hypereutrophic lake (Lake Taihu) in two seasons. Appl
Geochem 27:343-351

Wang ZW, Sun T, Driscoll CT, Yin YG, Zhang XS (2018) Mechanism of accumulation of
methylmercury in rice (Oryza sativa L.) in a mercury mining area. Environ Sci Technol
52:9749-9757

Yin DL, Wang YM, Jiang T, Qin CQ, Xiang YP, Chen QY, Xue JP, Wang DY (2018)
Methylmercury production in soil in the water-level-fluctuating zone of the Three Gorges
Reservoir, China: the key role of low-molecular-weight organic acids. Environ Pollut
235:186-196

Yu RQ, Flanders J, Mack EE, Turner R, Mirza MB, Barkay T (2012) Contribution of coexisting
sulfate and iron reducing bacteria to methylmercury production in freshwater river
sediments. Environ Sci Technol 46:2684-2691

Zhu W, Song Y, Adediran GA, Jiang T, Reis AT, Pereira E, Skyllberg U, Bjérn E (2017)
Mercury transformations in resuspended contaminated sediment controlled by redox
conditions, chemical speciation and sources of organic matter. Geochim Cosmochim Acta
220:158-179

18



579

19



