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8 ABSTRACT: In natural freshwater and sediments, mercuric mercury
9 (Hg(II)) is largely associated with particulate minerals and organics, but it
10 remains unclear under what conditions particulates may become a sink or a
11 source for Hg(II) and whether the particulate-bound Hg(II) is bioavailable
12 for microbial uptake and methylation. In this study, we investigated Hg(II)
13 sorption−desorption characteristics on three organo-coated hematite
14 particulates and a Hg-contaminated natural sediment and evaluated the
15 potential of particulate-bound Hg(II) for microbial methylation. Mercury
16 rapidly sorbed onto particulates, especially the cysteine-coated hematite and
17 sediment, with little desorption observed (0.1−4%). However, the presence
18 of Hg-binding ligands, such as low-molecular-weight thiols and humic acids,
19 resulted in up to 60% of Hg(II) desorption from the Hg-laden hematite
20 particulates but <6% from the sediment. Importantly, the particulate-bound Hg(II) was bioavailable for uptake and methylation
21 by a sulfate-reducing bacterium Desulfovibrio desulfuricans ND132 under anaerobic incubations, and the methylation rate was
22 4−10 times higher than the desorption rate of Hg(II). These observations suggest direct contacts and interactions between
23 bacterial cells and the particulate-bound Hg(II), resulting in rapid exchange or uptake of Hg(II) by the bacteria. The results
24 highlight the importance of Hg(II) partitioning at particulate−water interfaces and the role of particulates as a significant source
25 of Hg(II) for methylation in the environment.

26 ■ INTRODUCTION

27 Mercury (Hg) is a global pollutant and can be methylated to
28 form methylmercury (MeHg), a neurotoxin, which can
29 bioaccumulate and biomagnify in food webs.1,2 Certain
30 microorganisms, such as sulfate-reducing bacteria,3,4 iron-
31 reducing bacteria,5,6 and methanogens,7−9 contain a two-gene
32 cluster, hgcAB, responsible for converting inorganic mercuric
33 Hg(II) to MeHg.10 However, microbial methylation requires
34 the initial step of Hg(II) cellular uptake from the extracellular
35 environment,11−13 and the physicochemical forms of Hg in the
36 environment are known to affect its availability for uptake.14−18

37 These different physicochemical forms of inorganic Hg present
38 in natural waters and sediments include, but are not limited to,
39 elemental Hg (Hg(0)), water-soluble Hg(II), mineral-bound
40 Hg(II), dissolved and particulate organic matter (DOM and
41 POM) bound Hg(II), and mercuric sulfide phases (cinnabar
42 and metacinnabar).14−17,19−21 In particular, minerals, DOM-
43 coated minerals (or organo-minerals), and POM are
44 ubiquitous, and up to 95% of the Hg(II) in fresh water and
45 sediments are usually associated with these solids.14,15,22−24

46 Particulates may act as a sink for Hg(II) through sorption
47 and occlusion or as a source by slowly and continuously
48 releasing Hg(II) to solution for microbial uptake and
49 methylation. However, under what geochemical conditions
50 do these particulates become a sink or a source for Hg(II)

51remains unclear in complex environmental systems, where
52concurrent interactions may occur between Hg(II) and
53minerals, DOM or POM, microbes, and various dissolved
54ligands. Hg(II) is known to strongly sorb onto soil organic
55matter, minerals, and biomass,11,14−17,23,25 although its
56mobility and bioavailability on particulates depend on the
57surrounding environment, such as the presence or absence of
58various Hg-binding ligands in solution. For example, low-
59molecular-weight (LMW) thiols are common in living
60organisms and often found in extracellular environments with
61concentrations ranging from nM to μM.26−29 These thiol
62compounds have high affinities for Hg(II) binding and in
63particular, thiol functional groups on natural POM and DOM
64have been shown to form exceptionally strong complexes with
65Hg(II).30−33 Therefore, Hg(II) binding with these environ-
66mentally relevant organic ligands may release and remobilize
67particulate-bound Hg(II), making it available for microbial
68methylation. Since minerals are often coated with DOM or
69POM, Hg(II) sorption and desorption behavior on these
70minerals could also be influenced by the coated organics or
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71 their exposed active functional groups. Previous studies
72 suggested that aqueous Hg(II) species were more bioavailable
73 than those bound to DOM or POM,14,23 and particulate HgS
74 was the least bioavailable form due to its extremely low
75 solubility.14,15,34−36 However, to date, systematic evaluations of
76 particulate-bound Hg(II) for microbial uptake and methylation
77 are lacking, especially concerning Hg(II) bound to organic
78 matter or thiol-coated minerals and natural sediments. An
79 improved understanding of the roles of complex organo-
80 mineral particulates as a sink or source for Hg(II) sorption,
81 desorption, and methylation under environmentally relevant
82 conditions is needed to predict MeHg production in the
83 environment.
84 The overall goal of this study was therefore to determine
85 Hg(II) sorption and desorption behavior at the particulate−
86 water interface and the bioavalability of particulate-bound
87 Hg(II) for microbial methylation. Specifically, using the
88 synthesized thiol- and DOM-coated hematite particulates and
89 a Hg-contaminated natural sediment, we investigated the
90 sorption/desorption kinetics and dynamics of Hg(II) and
91 evaluated the potential availability of particulate-bound Hg(II)
92 for microbial uptake and methylation by a known methylator,
93 Desulfovibrio desulfurians ND132, in laboratory cultures.

94 ■ EXPERIMENTAL SECTION
95 Chemicals. Cysteine, glutathione, and sodium 2,3-dimer-
96 capto-1-propanesulfonate monohydrate (DMPS) were used as
97 LMW thiols. Elliott soil humic acids (HA) was obtained from
98 the International Humic Substances Society (IHSS), contain-
99 ing 58.13% C (w/w) and 0.44% S (w/w). An EFPC-DOM was
100 isolated from East Fork Poplar Creek (EFPC) water in Oak
101 Ridge, Tennessee, as previously described,37 and contained
102 54.77% C (w/w) and 1.93% S (w/w). A Hg-contaminated
103 natural sediment, containing ∼2% iron oxides,38,39 and a pure
104 hematite mineral, as commonly observed in natural soil and
105 aquatic environments, were selected for comparative studies.
106 Hematite was purchased from Sterm Chemicals (Newbury-
107 port, MA) and used as received. The sediment sample was
108 collected from EFPC, oven-dried at 45 °C until a constant
109 weight, ground, screened with a 250-mesh sieve (63 μm
110 openings), and then stored in a desiccator in the dark until use.
111 The sediment contained about 16.1 μg/g total Hg, 10 mg/g C,
112 and 0.2 mg/g S.
113 Mercury Adsorption Experiments. Four particulate
114 samples were used to investigate Hg(II) adsorption and
115 include pure hematite, cysteine-coated hematite, EFPC-DOM-
116 coated hematite, and a Hg-contaminated EFPC-sediment. The
117 organic matter-coated hematite was prepared by reacting
118 hematite (5 g/L) with either cysteine (10 mM) or EFPC-
119 DOM (0.24 g/L) in 1 mM NaCl solution in amber glass vials.
120 The suspensions were shaken for 24 h and vacuum filtered
121 through 0.45 μm membrane filters (Millipore). The organic-
122 coated hematite was then washed three times with 1 mM NaCl
123 (5 mL each), scraped off the filters, and oven-dried at 45 °C
124 until a constant weight was obtained. Adsorption isotherms of
125 Hg(II) were subsequently determined on these particulates
126 with a solid concentration of 0.1 g/L in 1 mL NaCl at pH 6.5
127 in sealed glass vials under ambient conditions. An aliquot of
128 the Hg(II) stock solution was added to a series of amber glass
129 vials to obtain an initial Hg(II) concentration of 1 to 50 μg/L.
130 Samples were then equilibrated on a rotary shaker for 24 h,
131 which was found to be sufficient to reach an adsorption
132 equilibrium based on initial kinetic studies. For detailed kinetic

133studies, the initial Hg(II) concentration was fixed at 10 μg/L,
134and samples were taken and analyzed at desired time intervals
135of 1, 2, 4, 12, 24, and 48 h. For Hg(II) analysis, duplicate
136sample vials were sacrificed, and samples were filtered through
1370.2 μm syringe filters. The filtrate was preserved in 5% (v/v)
138BrCl solution (in 0.2 M HCl) overnight or longer at 4 °C, and
139an aliquot was used for determining Hg(II) concentration via
140reduction with SnCl2 to purgeable Hg(0) and detection using a
141Lumex RA-915+ analyzer (Ohio Lumex Co., Cleveland, OH).
142The detection limit of the method was about 10 pg Hg.11,37,40

143The amount of Hg(II) adsorbed was calculated by the
144difference between the initial Hg(II) concentration and the
145amount measured in the filtrate solution. Data points in all
146figures represent an average of 4−6 replicate samples (at least
147duplicate batch experiments), and error bars represent the
148standard deviations.
149Mercury Desorption Experiments. Hg(II) desorption
150from Hg-laden minerals and the EFPC-sediment was
151subsequently investigated in the presence of various organic
152ligands (HA and thiols). The Hg-contaminated EFPC-
153sediment was used without further treatment. The Hg-laden
154hematite, cysteine-coated hematite, and EFPC-DOM-coated
155hematite were prepared in laboratory by reacting Hg(II) (0.5
156mg/L, 20 mL) with 0.2 g hematite, cysteine-coated, and DOM-
157coated-hematite, respectively, in 1 mM NaCl solution at pH
1586.5 in sealed amber glass vials. Samples were then equilibrated
159for 24 h on a rotary shaker and vacuum filtered through 0.45
160μm membrane filters. The particulates were again washed with
1611 mM NaCl and oven-dried before use.
162Desorption kinetics of Hg(II) was studied similarly with the
163DOM-coated hematite (1 g/L) and the EFPC-sediment (5 g/
164L). A higher sediment concentration was used because of its
165relatively low desorption. HA (8 mg C/L) or DMPS (100 μM)
166was added to the suspension, and the vials were shaken for
167desired time intervals (1, 2, 4, 8, 24, 72, and 120 h) for Hg(II)
168desorption. Similarly, Hg(II) desorption from Hg-laden
169particulates was also conducted in the presence of different
170concentrations of HA (0−40 mg C/L) and thiols (cysteine,
171glutathione, and DMPS at 0−200 μM) in 1 mM NaCl at pH
1726.5. Samples were equilibrated for 24 h and then filtered and
173analyzed, as described in the sorption experiment.
174Mercury Methylation Assays with Hg-Laden Partic-
175ulates. The bioavailability of the particulate-bound Hg(II)
176was assayed by the production of MeHg by a known
177methylator, Desulfovibrio desulfurians ND132, under anaerobic
178conditions. The D. desulfurians ND132 strain was cultured,
179harvested, and washed using previously established proto-
180cols.11,37,41 A series of 1 g/L Hg-laden cysteine-coated
181hematite and 2 g/L EFPC-sediment suspensions were
182prepared in deoxygenated phosphate-buffered saline (PBS),
183consisting of 0.14 M NaCl, 3 mM KCl, 10 mM Na2HPO4, and
1842 mM KH2PO4 at pH 7.4. The washed ND132 cells were
185added to the suspension to a final cell density of 108 cells/mL
186and then supplemented with 1 mM pyruvate and 1 mM
187fumarate as the respective electron donor and acceptor. All
188vials were immediately sealed with PTFE-lined silicone screw
189caps and shaken in the anaerobic chamber in the dark. Control
190experiments were conducted similarly with particulates in PBS
191but without cells. At desired time intervals, replicate sample
192vials were collected and preserved in HCl (0.5% v/v) at 4 °C
193until analysis. An aliquot (0.05−0.2 mL) was used for total
194MeHg analysis with a modified EPA Method 1630, as
195previously described.10,11,37,40,41 The detection limit for
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196 MeHg was ∼6 pg/L Hg. The remaining aliquot was oxidized
197 with BrCl (5% v/v) overnight and analyzed for total Hg using
198 a Lumex RA-915+ analyzer. Control samples (without cells)
199 were filtered through 0.2 μm syringe filters, and the filtrates
200 were analyzed for total Hg(II) in the same manner.

201 ■ RESULTS AND DISCUSSION
202 Mercury Adsorption on Organo-Hematite Particu-
203 lates and EFPC Sediment. Sorption kinetics of Hg(II) were

f1 204 evaluated first on hematite and the EFPC-sediment (Figure
f1 205 1A). In both cases, the sorption increased rapidly within the

206 first 2 h, and the rate decreased and reached equilibrium in ∼4
207 h. The kinetics appeared to follow a pseudo-second-order
208 reaction with estimated rate constants of 0.073 and 0.133 g
209 μg−1 h−1 on hematite and the EFPC-sediment, respectively
210 (Supporting Information, Figure S1). The amount of Hg(II)
211 adsorbed at equilibrium was 63.3 μg/g on hematite and 74.2
212 μg/g on the EFPC-sediment at the initial Hg(II) concentration
213 of 10 μg/L and the particulate concentration of 0.1 g/L.
214 Hg(II) sorption isotherms were subsequently determined
215 using hematite, cysteine-coated hematite, EFPC-DOM-coated
216 hematite, and the EFPC-sediment (Figure 1B and Table S1),
217 representing various organo-mineral particulates found in the
218 natural environment. Hematite and the EFPC-DOM-coated
219 hematite exhibited similar sorption behavior for Hg(II): the
220 sorption first increased with increasing aqueous Hg(II)
221 concentrations and reached a maximum sorption capacity of
222 ∼84 μg/g on both hematite and the EFPC-DOM-coated
223 hematite. However, Hg(II) sorption on cysteine-coated
224 hematite increased much more than that on the bare hematite
225 or the DOM-coated hematite and did not show a maximum
226 within the Hg(II) concentration ranges studied (up to 50 μg/
227 L). The EFPC-sediment showed the highest affinity and
228 capacity for Hg(II) sorption among all the particulates studied
229 (Figure 1B).
230 The observed differences in Hg(II) sorption affinity and
231 capacity on particulates (Figure 1) could be explained by
232 different mineral surface characteristics and binding sites for
233 Hg(II). Iron oxide adsorbs DOM through surface complex-
234 ation-ligand exchange reactions with the carboxyl and hydroxyl
235 functional groups on DOM.42,43 The amount of DOM
236 adsorbed on hematite was estimated to be ∼1.5 mg C/g
237 hematite (0.15 mg C/L) at pH 6.5 in 0.1 M NaCl, based on
238 previous studies (Figure S2).42,43 As a conservative estimate, if
239 we assume that 50% of the sulfur (total 1.93%) on EFPC-
240 DOM is reduced and the strong binding sites (−SH) represent

2412% of the reduced sulfur,31,44 the total binding sites on the
242EFPC-DOM adsorbed on hematite would be ∼3.5 nmol/g
243hematite. This small amount of −SH on EFPC-DOM-coated
244hematite thus did not induce observable differences in Hg(II)
245sorption from the bare hematite. However, a much higher
246amount of cysteine was adsorbed on hematite at neutral pH
247(up to 26 mg/g, or ∼0.2 mmol/g thiols on the surface) (S2),45

248although partial oxidation of cysteine is expected under
249ambient conditions.45,46 A substantially higher amount of
250Hg(II) adsorbed by the cysteine-coated hematite than the bare
251hematite and the DOM-coated hematite (Figure 1B) suggests
252that the adsorbed cysteine remained effective in binding with
253Hg(II). For the EFPC-sediment, it exhibited the highest
254sorption capacity for Hg(II) (Figure 1B), although the
255sediment already retained a substantial amount of Hg(II)
256(Table S2). This high sorption capacity by the EFPC-sediment
257may be explained not only by surface adsorption but also
258immobilization by a heterogeneous mixture of various POM,
259biomass, and minerals in the sediment,30,31,47 which contained
260about 10 mg/g C and 0.2 mg/g S. Soil organic matter and
261biomass, such as microbial cells and periphyton, are known to
262adsorb or rapidly take up Hg(II) from aqueous solu-
263tion.37,40,48−50 Taking into account the low sorption capacity
264of hematite and the DOM-coated hematite, it is reasonable to
265assume that the presence of organic matter and biomass in the
266EFPC-sediment are likely responsible for its higher Hg(II)
267sorption capacity.
268Mercury Desorption from Hg-Laden Hematite Partic-
269ulates and EFPC-Sediments. Hg(II) desorption kinetics
270from the Hg-laden DOM-coated hematite and the EFPC-
271sediment was investigated in the presence of either 100 μM
272 f2DMPS or 8 mg C/L HA (Figure 2). The initial loading of
273Hg(II) on the DOM-coated hematite was 14.6 μg/g, which
274was ∼20 times higher than the estimated thiols on the
275adsorbed DOM, suggesting that other functional groups on
276DOM (e.g., carboxyl and amine) or direct binding with
277hematite were also involved in Hg(II) adsorption. The EFPC-
278sediment was used without further treatment, with an initial
279Hg(II) loading of 16.1 μg/g (Table S2). Hg(II) desorption by
280DMPS proceeded rapidly within the first 24 h and reached a
281plateau between 24 and 120 h for both the DOM-coated
282hematite and the EFPC-sediment. However, a smaller fraction
283of Hg(II) was desorbed from the EFPC-sediment (0.72 μg/g,
284or <5% of the total Hg) than that from the DOM-coated
285hematite (∼7.5 μg/g, or ∼50%). Interestingly, Hg(II)
286desorption by HA was much lower than that by DMPS,

Figure 1. (A) Hg(II) sorption kinetics (at the initial Hg concentration of 10 μg/L) and (B) sorption isotherms on 0.1 g/L hematite and EFPC-
sediment suspended in 1 mM NaCl solution at pH 6.5. Solid lines are fitted curves using linear (EFPC-sediment), Freundlich (cysteine-coated
hematite), and Langmuir (hematite) model equations noted in the figure.
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287 although HA or DOM is also known to form strong complexes
288 with Hg(II).26,30,33 The amount of Hg(II) desorbed by HA
289 was <4% and <0.15% from the Hg-laden DOM-coated
290 hematite and the EFPC-sediment, respectively (Figure 2).
291 The ineffectiveness of HA in desorbing Hg(II) was attributed
292 to a lower amount of −SH functional groups on HA than on
293 DMPS. It was estimated that the HA contained a reactive −SH
294 concentration in the range of 21−310 nM at 8 mg C/L,31,51

295 which is much lower than the added DMPS (100 μM, or 200
296 μM −SH). However, when normalized to the available
297 concentrations of −SH functional groups, the ability of −SH
298 in HA in desorbing Hg(II) was in fact comparable to that of
299 DMPS, consistent with strong binding affinities of Hg(II) with
300 both HA and DMPS.30,52

301 To further investigate Hg(II) desorption or mobilization,
302 different concentrations of HA and LMW thiols (i.e., DMPS,
303 cysteine, and glutathione) were used in Hg(II) desorption
304 from three Hg-laden hematite particulates and the EFPC-
305 sediment (Table S2). Without addition of HA or thiols, Hg(II)
306 desorption upon wetting of the particles was generally low,

f3 307 ranging from 0.1 to 4% of the initially loaded Hg(II) (Figure
f3 308 3). Desorption was higher from Hg-laden DOM-coated

309 hematite (∼4%) than from Hg-laden cysteine-coated hematite
310 (∼0.5%) and from Hg-laden hematite (∼0.1%) (Figure 3),
311 likely due to the desorption of some weakly bound Hg(II) or
312 Hg-DOM or Hg-thiol complexes upon wetting. As expected,
313 addition of HA or thiols resulted in substantially increased
314 Hg(II) desorption due to strong competitive binding of HA
315 and thiols for the adsorbed Hg(II), although the amount of
316 desorption varied greatly with the type and concentrations of
317 HA or thiols and the Hg-laden particulates themselves. Hg(II)
318 desorption by HA from the three Hg-laden organo-hematite
319 was relatively low but increased with increasing HA
320 concentrations (Figure 3, left column). Hg(II) desorption by
321 the LMW thiols (Figure 3, right column) was 4−40 fold higher
322 than that by HA, resulting from the addition of a higher
323 amount of available −SH functional groups. With the addition
324 of 50 μM LMW thiols, Hg(II) desorption increased to ∼20%
325 from the Hg-laden hematite, and further increasing thiol
326 concentrations (up to 200 μM) desorbed only a slightly higher
327 amount of Hg(II). This trend of Hg(II) desorption by LMW
328 thiols was similar on all three Hg-laden organo-hematite
329 particulates. The ability of DMPS, cysteine, and glutathione in
330 desorbing Hg(II) was comparable, with the exception of
331 Hg(II) desorption by cysteine from the Hg-laden cysteine-
332 coated hematite. In this case, a significantly lower amount of
333 Hg(II) (∼10%) was desorbed by cysteine than by glutathione
334 or DMPS (∼60%) since Hg(II) was already bound to cysteine

335on the hematite surface. The result also implies that the
336adsorbed Hg(II)-cysteine on hematite was stable, but
337glutathione and DMPS were able to outcompete cysteine for
338Hg(II) desorption.
339Interestingly, we observed a higher amount of Hg(II)
340desorption from the DOM-coated hematite (40−55%) or
341cysteine-coated hematite (50−70%) than the Hg-laden
342hematite (20−40%). This observation was surprising because
343Hg(II) bound to hematite surfaces was thought to be more
344readily desorbed by thiols than from the thiol-bound Hg(II)
345on the DOM- or cysteine-coated hematite, as Hg(II) would be
346strongly bound to the −SH functional groups.23,30,33,51 The
347lower Hg(II) desorption from the Hg-laden hematite than
348from the Hg-laden cysteine-coated hematite suggests that
349Hg(II) was likely sorbed or immobilized more strongly on
350hematite, making it more resistant to desorption. Previous
351EXAFS studies proposed the formation of an inner-sphere
352complex between Hg(II) and goethite via two oxygen atoms
353bound to the Fe sites53 and the potential formation of
354montroydite (HgO) during Hg(II) adsorption on montmor-
355illonite and vermiculite.54 Other studies speculated that Hg(II)
356can migrate and be incorporated into mineral solid matrix or
357diffuse into pores of minerals, making it unavailable for
358desorption.36,55,56 These immobilization mechanisms of Hg-
359(II) likely occur on hematite as well and may thus partially
360explain why lower amounts of Hg(II) were desorbed from the

Figure 2. Hg(II) desorption kinetics from (A) Hg-laden EFPC-
DOM-coated hematite (1 g/L) and (B) EFPC-sediment (5 g/L) with
8 mg C/L HA or 100 μM DMPS at pH 6.5 in 1 mM NaCl. Solid lines
are fitted curves based on rate equations in Table S3.

Figure 3. Hg(II) desorption from (A) Hg-laden hematite, (B) Hg-
laden cysteine-coated hematite, (C) Hg-laden DOM-coated hematite,
and (D) EFPC-sediment with varying concentrations of HA or LMW
thiols (cysteine, glutathione, and DMPS) in 1 mM NaCl at pH 6.5 for
24 h. The added particulate concentration was 1 g/L for Hg-laden
hematite and 5 g/L for the EFPC-sediment.
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361 bare hematite than from the cysteine-coated hematite.
362 Alternatively, the desorbed Hg(II) (or Hg-thiol complexes)
363 could be readsorbed on hematite directly or by forming ternary
364 complexes of hematite-thiol-Hg(II), as previously de-
365 scribed.23,57 Hg(II) readsorption would compete with its
366 desorption, thereby resulting in an apparently low amount of
367 Hg(II) desorption by increasing concentrations of thiols
368 (Figure 3, right column). Similarly, for the Hg-laden DOM-
369 coated hematite, a portion of the Hg(II) could be bound
370 directly on hematite because of limited thiol-binding sites on
371 DOM. Therefore, the amount of Hg(II) desorbed from the
372 Hg-laden DOM-coated hematite was lower than that from the
373 cysteine-coated hematite but higher than that from the bare
374 hematite.
375 Of particular interest is the observation of a much lower
376 amount of Hg(II) desorbed from the EFPC-sediment than that
377 from the organo-hematite particulates by both HA and DMPS
378 (Figure 3D). Less than 0.4% and 6% of the Hg(II) on EFPC-
379 sediments was desorbed by HA and DMPS, respectively. We
380 hypothesize three possible mechanisms as to why a low
381 amount of Hg(II) desorption was observed from the EFPC-
382 sediment. First, in complex natural sediments, Hg(II) not only
383 binds with soil minerals (e.g., Fe/Mn oxides) and organic
384 matter but also forms mineral precipitates such as meta-
385 cinnabar (HgS) or nanoparticulate HgS.14,17,39,58 The
386 predominant forms of Hg in the EFPC-sediment were
387 characterized to be metacinnabar and organic matter-bound
388 Hg(II), with a small fraction of the Hg(II) present as the
389 sorbed Hg(II) on Fe/Mn oxides.17,39 We thus consider that
390 HA and DMPS could desorb Hg(II) by competing with soil
391 organic matter on the EFPC-sediment, as in the Hg-laden
392 cysteine- or DOM-coated hematite. HA and DMPS could also
393 enhance the dissolution of HgS or nanoparticulate HgS by
394 forming Hg(II)-thiol complexes,52,59 although previous studies
395 have shown that HgS is quite resistant to desorption and
396 dissolution by HA and thiols.14,17 These results support our
397 observation that lower amounts of Hg(II) could be desorbed
398 from EFPC-sediment than from the Hg-laden organo-hematite
399 particulates, where Hg(II) was bound to the surface-coated
400 organics. The fact that Hg(II) desorption or dissolution
401 increased with increasing HA or DMPS concentrations (Figure
402 3D) also suggests that Hg(II) on the EFPC-sediment was
403 more resistant to desorption than that on the Hg-laden organo-
404 hematite particulates. The second mechanism could be due to
405 the incorporation or uptake of Hg(II) to biomass in the EFPC-
406 sediment, as described earlier, making the Hg(II) less
407 accessible for desorption or dissolution. Biomass such as
408 microbial cells and phytoplankton is known to rapidly take up
409 and internalize a large portion of Hg(II).11,37,40,48−50 Once
410 inside the cell, Hg(II) cannot be desorbed unless cells are
411 lysed. Third, aging effects could be another factor contributing
412 to the low desorption of Hg(II) from the EFPC-sediment due
413 to potential phase transformations, changes in bonding
414 environments, and migration of Hg(II) into stable soil and
415 organic matrixes over time. Several studies have reported that
416 fresh Hg(II) loadings to waters and sediments are more
417 bioavailable and accessible than the previously deposited
418 Hg(II),14,36,60 consistent with our observations of lower Hg(II)
419 desorption from EFPC-sediment (with a long deposition time)
420 than from Hg-laden hematite particulates.
421 Particulate-Bound Hg(II) as a Source for Microbial
422 Methylation. To evaluate whether the particulate-bound
423 Hg(II) may serve as a sole source of Hg(II) for methylation,

424the Hg-laden cysteine-coated hematite and the EFPC-sediment
425were incubated directly with washed cells of D. desulfurians
426ND132 in PBS, and Hg(II) desorption and methylation were
427determined. Hg(II) desorption in the absence of ND132 cells
428 f4(as a control) was found to be very low in PBS (Figure 4),

429similar to that observed in 1 mM NaCl solution at pH 6.5
430(Figure 3). The amounts of Hg(II) desorbed were <1.5% and
431<0.3% after 96 h from the Hg-laden cysteine-coated hematite
432and the EFPC-sediment, respectively. Without ND132 cells,
433no MeHg production was observed in the EFPC-sediment
434control (data not shown), indicating negligible contributions of
435native microorganisms to Hg methylation in the sediment.
436However, a much higher amount of Hg(II) methylation was
437observed (Figure 4) in the presence of ND132 cells. With the
438Hg-laden cysteine-coated hematite, cells produced ∼2.2 to 31
439nM MeHg after 4−96 h reactions, equivalent to about 1−15%
440of the total Hg(II) on the particulates (Figure 4A). Although
441lower, MeHg production in EFPC-sediment by ND132 cells
442ranged from 0.2% to 7%, but Hg(II) desorption was negligible
443(<0.3%) (Figure 4B). The lower methylation observed in
444EFPC-sediments than in the Hg-laden cysteine-coated
445hematite indicates that Hg(II) in the sediment was less
446bioavailable, since different forms of Hg(II) and its aging time
447could influence the rate of Hg(II) desorption, uptake, and
448methylation.
449Importantly, the observed higher amounts of Hg(II)
450methylation than desorption (Figure 4) suggest that
451particulate-bound Hg(II) was available for microbial uptake
452and methylation. This observation questions the common
453notion that only soluble Hg(II) (and HgS nanoparticles) are
454available for microbial uptake or methylation.14,15,61 Jonsson et
455al. proposed that aqueous or soluble Hg(II) was resupplied
456continuously by dissolution or desorption from the solids to
457sustain microbial methylation.14,15 However, we estimate that
458the initial Hg(II) desorption rate from Hg-laden cysteine-
459coated hematite (Figure 4) was only ∼0.13 nM/h, much lower
460than the initial methylation rate of 0.53 nM/h. Similarly, the
461initial Hg(II) desorption rate from EFPC sediments was only
462∼0.01 nM/h, but the methylation rate was ∼0.1 nM/h. The
463result cannot be attributed to the methylation of nano-
464particulate HgS because of a low total Hg content observed in
465the filtrate solution. We hypothesize that direct contact and
466interactions between ND132 cells with the particulate-bound
467Hg(II) resulted in faster rates of Hg(II) uptake and

Figure 4. Hg(II) desorption (without cells) and methylation in the
presence of washed cells of D. desulfurians ND132 (108 cells/mL) in
PBS. (A) Hg-laden cysteine-coated hematite and (B) EFPC-
sediments were used as the only Hg(II) source for Hg(II) desorption
and methylation. The particulate concentration was 1 g/L for the Hg-
laden cysteine-coated hematite and 2 g/L for the EFPC sediment.

Environmental Science & Technology Article

DOI: 10.1021/acs.est.8b06020
Environ. Sci. Technol. XXXX, XXX, XXX−XXX

E

http://dx.doi.org/10.1021/acs.est.8b06020


468 methylation, possibly through ligand exchange with thiol
469 functional groups on the cell surface rather than cell uptake of
470 the Hg(II) in the bulk solution phase.15 Abundant thiols or
471 sulfhydryl functional groups (106−107 thiols/cell) are known
472 to be present on ND132 cell envelops and cytosols37,62 up to a
473 thiol concentration of 0.17−1.7 μM at the cell concentration of
474 108 cells/mL, as used in this study. While it remains unclear
475 exactly how cells take up Hg(II), cellular thiols are critically
476 important in Hg(II) acquisition and uptake.11,37,62,63 Another
477 possible explanation is that bacterial exudates or extracellular
478 substances may have made particulate-bound Hg(II) more
479 available for methylation. These extracellular substances may
480 include low-molecular-weight thiols or other organic ligands
481 which form complexes with Hg(II) and thus enhance Hg(II)
482 uptake and methylation.13,27,29 However, regardless of the
483 mechanisms, close contacts between particulate-bound Hg(II)
484 and cells could lead to continuous Hg(II) complexation and
485 exchange with the thiols on ND132 cells, resulting in
486 subsequent Hg(II) uptake and methylation (faster than the
487 rate of Hg(II) desorption without cells).
488 Environmental Implications. Mercury partitioning at
489 particulate−water interfaces greatly affects its fate, transport,
490 and transformation in natural water and sediments and
491 ultimately its availability for biological uptake and methyl-
492 ation.14,15,36 Natural sediments and organo-coated minerals,
493 such as thiol- and DOM-coated hematite commonly found in
494 soils, were all shown to have a large capacity to sorb Hg(II)
495 under suboxic environmental conditions. They may represent
496 one of the largest sinks when Hg(II) is discharged from a point
497 source23,47,64 or deposited from the atmosphere.65,66 The result
498 is consistent with the fact that most Hg(II) in soil and aquatic
499 environments is associated with solids or particulates.14,22−24,67

500 However, Hg-laden particulates can also serve as a Hg(II)
501 source for biological uptake and methylation. In particular, the
502 presence of complexing organic ligands, such as small thiols,
503 can result in significant desorption of Hg(II) and facilitate its
504 release from particulates by 4−40 fold, depending on the types
505 of particulate-bound Hg(II) and the thiol content. DOM at
506 relatively low concentrations (e.g., < 5 ppm) shows a limited
507 desorption capacity, in part because of its low thiol content and
508 its competition with POM for Hg(II) binding. These
509 observations agree with studies that have shown key roles of
510 extracellular thiols in periphyton biofilms in influencing MeHg
511 production during algal bloom.29,68,69 Increased levels of low-
512 molecular-weight thiols could enhance microbial methylation
513 either through the formation of specific Hg(II)-thiol
514 complexes13 or through increased Hg(II) desorption from
515 particulates or cellular materials and thus increased bioavail-
516 ability.11,37 Therefore, depending on the environmental
517 conditions (e.g., minerals or organo-minerals, thiols, and
518 DOM contents), particulates may exert significant controls
519 on MeHg production in the aquatic environment.
520 Most significantly, we found that the particulate-bound
521 Hg(II) is available for microbial methylation, evidenced by the
522 higher methylation rates and extents than Hg(II) desorption
523 using Hg-laden particulates as the only Hg(II) source (Figure
524 4). This is especially evident in experiments with the sediment-
525 bound Hg(II), which resulted in >7% Hg(II) methylation but
526 <0.3% Hg(II) desorption under same experimental conditions.
527 The results signify important roles of particulates as an
528 available Hg(II) source for methylation. We propose that
529 direct contacts and interactions between particulate-bound
530 Hg(II) and cell surface thiols likely facilitated the exchange of

531Hg(II) from particulates and consequently resulted in
532increased rate of cell Hg(II) uptake and methylation. These
533observations suggest an alternative pathway by which microbes
534take up Hg(II) that is more complicated than we previously
535thought: particulate-bound Hg(II) may not have to be
536desorbed or dissolved in the aqueous phase to make it
537available for microbial uptake and methylation. Microbial
538methylation of particulated-bound Hg(II) should thus be
539considered in predicting MeHg production in the natural
540aquatic environment.
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