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Environmental Significance Statement 

The precipitation of β-HgS(s) nanoparticles in natural systems has been shown to affect the 

methylation potential of an environment. Here we use marine DOM to precipitate β-HgS(s) 

nanoparticles and investigate how they form and persist under different conditions. Our results 

describe environmental processes that would impact the formation, stability and toxicity of these 

nanoparticles in aquatic systems. 
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Abstract 17 

The methylation of mercury is known to depend on the chemical forms of mercury (Hg) present 18 

in the environment and the methylating bacterial activity. In sulfidic sediments, under conditions 19 

of supersaturation with respect to metacinnabar, recent research has shown that mercury 20 

precipitates as β-HgS(s) nanoparticles (β-HgS(s)nano). Few studies have looked at the 21 

precipitation of β-HgS(s)nano in presence of marine dissolved organic matter (DOM). In this 22 

work, we used dynamic light scattering (DLS) coupled with UV-Vis spectroscopy and 23 

transmission electron microscopy (TEM) to investigate the formation and fate of β-HgS(s)nano 24 

formed in association with marine DOM extracted from the east and west of Long Island Sound, 25 

and at the shelf break of the North Atlantic Ocean, as well as with low molecular weight thiols. 26 

We found that while β-HgS(s)nano formed in the presence of oceanic DOM doubled in size after 5 27 

weeks, those forming in solutions with coastal DOM did not grow over time. In addition, when 28 

the Hg
II
:DOM ratio was varied, β-HgS(s)nano only rapidly aggregated at high ratios (> 41 µmol 29 

Hg
II 

/mg C) where the concentration of thiol groups was determined to be substantially low 30 

relative to Hg
II
. This suggests that functional groups other than thiols could be involved in the 31 

stabilization of β-HgS(s)nano. Furthermore, we showed that β-HgS(s)nano forming under anoxic 32 

conditions remained stable and therefore could persist in the environment sufficiently to impact 33 

the methylation potential. Exposure of β-HgS(s)nano to sunlit and oxic environments, however, 34 

caused rapid aggregation and sedimentation of the nanoparticles, suggesting that photo-induced 35 

changes or oxidation of organic matter adsorbed on the surface of β-HgS(s)nano affected their 36 

stability in surface waters. 37 

  38 
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Introduction 39 

The production of methylmercury (MeHg) from inorganic mercury (Hg
II
) within 40 

environmental systems and its overall toxicity to humans and wildlife has spurred concern over 41 

anthropogenic Hg emissions worldwide and prompted research into the processes of MeHg 42 

formation. Hg
II
 is converted to MeHg (a more toxic and bio-accumulative form commonly found 43 

in the environment) during the remineralization of organic matter by anaerobic bacteria carrying 44 

the methylating gene pair hgcA and hgcB.
1, 2

 A major hotspot for MeHg production is the coastal 45 

sediment, owing to the active degradation of organic matter by sulfate reducing bacteria — one 46 

of the main methylators of Hg
II

.
1, 3-5

 Substantial progress in understanding the biogeochemistry of 47 

Hg
II
 in coastal areas has been made thus far; however, it is still difficult to predict the relative 48 

production of MeHg across ecosystems. While it is known that both the activity of the 49 

methylating bacteria and the bioavailability of Hg
II
 influence the extent of net methylation, the 50 

speciation of Hg
II
 in sediment porewater is not well understood.

6-11
 Mercury forms complexes 51 

with different ligands in solution including chlorides, hydroxides, thiols, and inorganic sulfides. 52 

As Hg
II
 is a soft acid, its complexes with reduced sulfur groups are the most thermodynamically 53 

stable. Recent studies have shown that Hg
II
 can also exist in solution as mercury sulfide 54 

nanoparticles (β-HgS(s)nano) and these have an enhanced availability to methylating bacteria 55 

relative to micro particles of β-HgS(s).
12, 13

 While our understanding of the importance of 56 

nanoparticles (NPs) to environmental Hg
II
 speciation is gaining ground, little data exists on the 57 

formation and persistence of these particles under different conditions. The objective of this 58 

work was to gain further knowledge on the formation and behavior of β-HgS(s)nano forming in 59 

the environment.  60 
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Nanoparticles in the environment have been detected in flood plains, hydrothermal vents, 61 

ocean waters, porewaters, and mine tailings.
14-20

 Due to their high surface to volume ratio, 62 

nanometer sized particles have high surface energy which the particle tends to compensate for by 63 

rearranging surface and near surface atoms.
21

 As such, NPs (especially those < 30 nm) have size-64 

dependent properties affecting their reactivity, mobility, solubility and bioavailability, and which 65 

differ substantially from their bulk counterparts.
12, 13, 21

 Due to their high surface energy, NPs are 66 

unstable and tend to aggregate, coalesce when possible and settle out of solution.
22, 23

  67 

Organic molecules have been shown to hinder the aggregation of particles by forming 68 

coordinate covalent bonds between functional groups on the organic molecule and atoms on the 69 

surface of the particle.
24, 25

 Nonspecific hydrophobic interactions between humic fractions of 70 

natural dissolved organic matter (DOM) and β-HgS(s)nano have also been noted to slow down the 71 

growth of particles.
26

 The adsorption of negatively charged organic matter to the β-HgS(s)nano 72 

surface enhances electrostatic repulsive forces and induces electrosteric forces hindering the 73 

aggregation of β-HgS(s)nano.
26-31

 The β-HgS(s)nano formed in the presence of DOM isolated from 74 

a terrestrial environment (Suwannee River Humic Acid (SRHA)), were observed under 75 

Transmission Electron Microscopy (TEM) to have a diameter of less than 10 nm.
32

 Such 76 

particles are considered metacinnabar-like as they have an average bond length and coordination 77 

number similar to β-HgS(s), but are less crystalline and possess a higher degree of disorder.
29, 31, 

78 

32
 79 

Most studies on β-HgS(s)nano have focused on fresh water and soil-derived DOM, and 80 

little has been done with marine DOM. In addition, few studies have looked at the persistence of 81 

the β-HgS(s)nano under different environmental conditions. β-HgS(s)nano are expected to form in 82 

the sediment where it is anoxic and dark; however, their fate and behavior when these conditions 83 
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change, remains unknown. For example, previous studies have shown that during sediment 84 

resuspension events, trace metals released to ocean waters become oxidized and change their 85 

form and speciation.
33

 Though the oxidation of HgS(s) by itself is known to be a slow process, 86 

photo-induced changes to the β-HgS(s)nano or to the DOM layer stabilizing the β-HgS(s)nano 87 

against aggregation could impact NP fate and transport. Here we investigated the size and 88 

stability of β-HgS(s)nano forming in the presence of various thiols and organic matter extracted 89 

from three marine environments: Eastern Long Island Sound (ELIS), Western Long Island 90 

Sound (WLIS), and offshore at the shelf break of the North Atlantic Ocean (SB) (Fig. S1). The 91 

thiols used in this study include cysteine, glutathione, 4- mercaptophenyl acetic acid (4- MAA), 92 

1,2-ethanedithiol, and 1,3-propanedithiol. Cysteine and glutathione are among the low molecular 93 

weight thiols commonly found at nM concentrations in natural waters.
34, 35

 These two thiols have 94 

also been used in previous studies to precipitate NPs under natural conditions and thus they 95 

allow for comparison with earlier studies.
27, 28

 1,2-ethanedithiol, and 1,3-propanedithiol were 96 

chosen to evaluate the effect of multiple thiol groups (as found in some proteins) on β-HgS(s)nano 97 

precipitation. 4-Mercaptophenyl acetic acid is an aromatic thiol and was used to evaluate the 98 

effect of an aromatic ring on β-HgS(s)nano precipitation. While the main focus of our study was 99 

the use of marine DOM to precipitate β-HgS(s)nano, model thiol ligands were also used to 100 

evaluate how the quality of DOM is likely to affect β-HgS(s)nano precipitation. Based on results 101 

from earlier studies, we hypothesized that: (1) Because of a higher humic fraction, coastal DOM 102 

would be better at inhibiting the aggregation of β-HgS(s) nanoparticles than DOM from the open 103 

ocean; (2) Since DOM prevents the aggregation of β-HgS(s) nanoparticles by increasing 104 

repulsive forces between particles, increasing the concentration of marine DOM relative to Hg
II
 105 

decreases the extent of the aggregation of β-HgS(s) nanoparticles; and (3) Due to the photo-106 
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degradation of marine DOM, the stability of β-HgS(s) nanoparticles is reduced under light and in 107 

oxic environments. 108 

 109 

Methodology 110 

Extracting Dissolved Organic Matter from Seawater 111 

Dissolved organic matter was isolated from surface waters collected at Eastern Long 112 

Island Sound (ELIS), Western Long Island Sound (WLIS), and at the shelf break of the North 113 

Atlantic Ocean (SB) as shown in the map (Fig. S1). Surface water from each of the locations was 114 

collected using Teflon-coated acid cleaned Go-Flo bottles deployed down to the chlorophyll 115 

maximum zone. The water was filtered on board immediately after collection using a 0.45 µm 116 

and subsequently 0.2 µm cartridge filter and then stored in ultra-clean cubitainers. Marine DOM 117 

was extracted from the filtered seawater using a modified benzene styrene polymer cartridge pre-118 

rinsed with 6 mL of methanol and 1 L of ultrapure UV treated water. Filtered seawater (acidified 119 

to pH 2) was passed through the rinsed cartridge at a rate of < 4 mL/min using a peristaltic 120 

pump.
36

 After desalting with 40 mL of 0.01 M HCl and drying the cartridge with Ar/N2, DOM 121 

was eluted using methanol and acetone and then stored in the freezer until use.
36

 An aliquot of 122 

the DOM in organic solvent was dried using a Nitrogen evaporator (N-EVAP 111) at 40
ᵒ
C, then 123 

re-dissolved in purified water or 2.2 mM NaHCO3 (pH 7.8) to be analyzed for the dissolved 124 

organic carbon (DOC) concentration or used in experimental solutions, respectively. All DOM 125 

solutions were filtered through a 0.2µm filter before use. The absorbance and fluorescence 126 

measurements of the extracted DOM were performed as described further below. Also, reduced 127 

sulfur groups were quantified using Sulfur X-ray Absorption Near Edge Structure (XANES) as 128 
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described in the supporting information for a DOM sample collected in Long Island Sound 129 

waters south of Nantucket.  130 

                                                                                                                                               131 

Preparation of Experimental Solutions 132 

All solutions were prepared using UV oxidized deionized water (18.4 MΩ), degassed by 133 

boiling and purging with nitrogen for at least 20 min. Preparation and synthesis was done in a 134 

nitrogen filled glove box. The mercury stock solution was prepared by dissolving 0.26 g of 135 

mercury nitrate monohydrate in 25 mL of 0.1 M HCl. Crystals of sodium sulfide nanohydrate 136 

(Acros) were washed to remove oxidation products and dried under nitrogen, and then 10 g of 137 

the washed crystals were dissolved in 5 mL of degassed water. The concentration of the sulfide 138 

standard was determined by titrating an aliquot of the sulfide preserved in Sulfide Anti-Oxidant 139 

Buffer (SAOB) with Pb(NO3)2 using an ion selective electrode.
37

 140 

Low molecular weight (LMW) thiol capping agents consisting of 1,2-ethanedithiol, 1,3-141 

propanedithiol, 4- mercaptophenyl acetic acid, glutathione, and L-cysteine were obtained from 142 

Alfa Aeser. Stock solutions of the dithiols and 4- mercaptophenyl acetic acid (4-MAA) were 143 

prepared by dissolving 5 µL and 0.02 g, respectively, in 5 mL methanol. Glutathione and L- 144 

cysteine solutions were prepared by dissolving 0.01 and 0.02 g respectively, in 10 mL of 2.2 mM 145 

NaHCO3 (pH 7.8). The thiol stock solutions were stored in the glove box and used within 24 h. 146 

Aliquots of all prepared solutions were diluted using the reaction matrix (2.2 mM NaHCO3, pH 147 

7.8) before amending them into respective reaction vials. As the pH of the experimental solution 148 

was 7.8 and the pKa1 of H2S is 7, dissolved sulfide existed predominantly as HS
-
, thus here we 149 

use HS
-
 to refer to the dissolved sulfide in our experimental solutions.  150 

 151 
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Synthesis of β-HgS(s)nano  152 

The synthesis of β-HgS(s)nano generally followed published procedures used to precipitate 153 

naturally forming NPs in the lab.
23, 27

 Here, β-HgS(s)nano were synthesized by adding an aliquot 154 

of the appropriate capping agent (concentration and type given with the results) to the solution 155 

matrix followed by Hg
II
 addition. The solution of Hg

II
 and capping agent was mixed end to end, 156 

and then HS
-
 was added and the solution mixed again. The binding of Hg

II
 to DOM has been 157 

shown to increase with equilibration time of Hg
II
 with DOM for up to 24 hours.

38
 Mercury is 158 

known to
 
bind preferentially to S containing sites on DOM, however, these sites are found at a 159 

much lower concentration than the weaker O and N containing functional groups.
39, 40

 As 160 

equilibration time increases therefore, it is assumed that Hg
II
, which would initially bind to the 161 

more abundant oxygen and nitrogen containing functional groups would migrate after an 162 

equilibration time of between 10–24 h to the stronger thiol binding sites.
38

 To test if the 163 

equilibration time of Hg
II
 with DOM, prior to sulfide addition, affected particle size; a subset of 164 

the experimental vials were equilibrated with DOM for 24 h before HS
-
 was added. Particle size 165 

with and without Hg
II
-DOM equilibration was similar (Fig. S2), subsequently, HS

-
 was added to 166 

all vials no more than 5 min after Hg
II
 addition to DOM. For the thiols that were initially 167 

dissolved in methanol (i.e the dithiols and 4-MAA), control experiments of glutathione and 168 

cysteine were prepared with an equivalent amount of methanol added prior to Hg
II
 and HS

-
 169 

addition. Cysteine and glutathione vials carried out with and without methanol formed particles 170 

of similar size (Fig. S3). Hence it was concluded that the methanol added to aid in the dissolution 171 

of the dithiols and 4-MAA did not have an apparent effect on particle formation. Unless 172 

otherwise stated, the final concentration of the capping agent was 300 µM for the monothiols, 173 
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150 µM for the dithiols, and 833 µM C for DOM. The concentrations of Hg
II
 and HS

-
 were 150 174 

µM each.  175 

The objective of this study was to investigate the effect of marine DOM on the growth 176 

and aggregation of β-HgS(s)nano by determining the size of the particles forming under various 177 

conditions. All experiments were done in a low ionic strength solution (2.2 Mm NaHCO3), since 178 

a high ionic strength would compress the electric double layer reducing repulsive forces between 179 

particles and promoting aggregation.
41

 As we wanted to study the effect of marine DOM on the 180 

aggregation of particles without introducing additional factors bound to affect aggregation; 181 

higher ionic strength solutions were avoided. 182 

 183 

β-HgS(s)nano Exposure Studies 184 

To determine the stability of the particles under four environmental conditions (anoxic 185 

dark, anoxic light, oxic dark and oxic light), β-HgS(s)nano were prepared as described above using 186 

ELIS DOM as the capping agent. The solution was divided into four batches. Each reaction vial 187 

contained 3 mL of solution and this was purged with air (oxic) or nitrogen (anoxic) for 5 min at a 188 

rate of about 40 mL/min. Vials purged with N2 were immediately capped and sealed with 189 

parafilm, and the vials under dark conditions were wrapped in foil. All vials were stored in the 190 

lab beside the window for the duration of the experiment. Though we report here that light 191 

exposure studies were conducted in sunlight, we acknowledge that both the vial (polypropylene 192 

centrifuge tube) and glass window attenuate the UV light reaching the sample, and so the role of 193 

UV in influencing β-HgS(s)nano was not directly assessed.  194 

 After three days of exposure, particle size of the β-HgS(s)nano was determined by DLS 195 

and compared to size obtained on day 1 upon synthesis of the particles. Following the DLS 196 
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measurements, vials were purged again with air/nitrogen as described above and those 197 

representing dark conditions were covered with foil. All vials were again left in the lab beside 198 

the window for 4 weeks during which time the vials were monitored for sedimentation. The 199 

experiment was later repeated under the same conditions except that blank vials containing DOM 200 

in 2.2 mM NaHCO3 were added to the experiment. The blank vials represented each of the four 201 

conditions investigated with the β-HgS(s)nano, and were conducted identical to and parallel with 202 

the repeat β-HgS(s)nano vials. Two sets of additional DOM blanks were left covered with foil 203 

inside the glovebox (lab blanks).  204 

At the end of the exposure studies, an equal volume of 1 M CaCl2 was added to all vials 205 

containing β-HgS(s)nano to cause particle sedimentation. 1 M CaCl2 was also added to one set of 206 

the lab blanks to monitor the effect of CaCl2 addition on the DOM. The rest of the DOM blanks 207 

were diluted with MQ to keep the dilution factors between the different sets of experiments 208 

equal. All vials containing CaCl2 were centrifuged at 5000 rpm for 10 min and the supernatant 209 

collected and filtered through a 0.2 µm PTFE syringe filter. Specific Ultra Violet Absorption 210 

(SUVA) at 254 nm of the filtered solutions and of the rest of the blank solutions was then 211 

determined by multiplying the raw absorbance at 254 nm (A) with 2.303 and dividing with the 212 

path length in m (l) and the dissolved organic carbon (DOC) concentration in mg C/L (C) as 213 

shown in equation 1 below. 214 

SUVA254 = 
����	×	�.	
	

�	×�
                        1 215 

 216 

Determining β-HgS(s)nano Particle Size 217 

The β-HgS(s)nano particle size was determined by Dynamic Light Scattering (DLS) using 218 

a Malvern Zetasizer ZS90. After the appropriate reaction time, solutions containing β-HgS(s)nano 219 
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were mixed then transferred to a 1 cm quartz cuvette and measurements taken at 25ᵒC. The 220 

intensity-weighted hydrodynamic diameter was calculated from 20 individual measurements of 221 

10 seconds each. The hydrodynamic diameter of β-HgS(s)nano was taken to be the size that 222 

corresponds to the peak with the highest intensity. For all samples except two, the major peak 223 

accounted for 70% of the scattering intensity. The two samples were β-HgS(s)nano solutions 224 

precipitated at a Hg
II
:DOM ratio of 1.5 and 6.8 µmole Hg

II
 / mg C and whose major peak 225 

contributed 49 and 66 % of the scattering intensity, respectively. Since scattering intensity 226 

increases with the size of the particles, DLS measurements are biased towards larger particles 227 

and aggregates. Thus, the DLS diameter reported here does not necessarily correspond to the 228 

average size of the scattering particles, as it is not based on their population but rather is more 229 

reflective of how well aggregation and growth is hindered in one situation over another. 230 

 The scattering intensities of blank solutions containing Hg
II
, DOM and NaHCO3 were 231 

less than 1.5 kilocounts per sec (kcps) with the exception of when a high concentration of DOM 232 

was used (56 mM C), in which case it was 10.5 kcps. Scattering intensities of experimental 233 

solutions containing Hg
II
, DOM and HS

-
 were above 5 kcps with most solutions above 10 kcps. 234 

Samples were prepared for TEM by inserting the TEM grid in the β-HgS(s)nano solution 235 

and placing the solution on a shaker table for 30 minutes. The TEM grid was then removed and 236 

washed with 5µL of ultrapure water for more than 5 times. TEM images were captured using FEI 237 

–Talos high resolution microscope operated at an accelerating voltage of 200 KV as described in 238 

a previous study.
13

   239 

 240 

Absorbance and Fluorescence Measurements 241 
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Absorbance measurements were conducted using a UV-Vis spectrophotometer (Hitachi 242 

U3010). Samples were analyzed in a 1 cm quartz cuvette using equimolar mixtures of 2.2 mM 243 

NaHCO3 and MQ or 2.2mM NaHCO3 and 1M CaCl2 as the reference solution depending on the 244 

matrix of the sample to be measured. Fluorescence (FL) measurements were performed using a 245 

Hitachi F2000 fluorometer with a 1 cm quartz cuvette. Excitation Emission Matrices (EEMs) of 246 

DOM samples were performed on diluted samples (to minimize inner-filter effects) with an 247 

absorptivity of < 0.05 cm
-1

 at 220 nm.
42

 FL scans of the DOM and matrix (NaHCO3) were 248 

recorded using an excitation wavelength spanning from 220 to 450 nm, every 5 nm. The matrix 249 

EEM was subtracted from the sample EEM, after which the corrected sample EEMs were 250 

normalized to the intensity of the Raman peak of MQ water (at λex of 350 nm and λem of 371–428 251 

nm), recorded on each day of analysis.
43

 The Raman and Rayleigh scattering peaks were 252 

removed from the sample EEMs by including only emission data for wavelengths 40 nm above 253 

the λex and less than twice the excitation wavelength. For example, for λex of 300 nm, emission 254 

data included in the EEM ranged from 341-600 nm. 255 

 256 

Results  257 

 258 

β-HgS(s)nano Formed using Different Capping Agents 259 

The hydrodynamic diameter of β-HgS(s)nano  260 

The formation of β-HgS(s)nano was investigated using different thiols (cysteine, 261 

glutathione, 4-mercaptophenylacetic acid, 1,2-ethanedithiol, and 1,3-propanedithiol) and natural 262 

organic matter extracted from 3 marine environments (ELIS, WLIS and SB). We used a solid 263 

phase extraction technique with a Bond Elut PPL resin to extract dissolved organic matter.
36

 The 264 

extraction efficiency for the DOM was 53%, and this is comparable to the extraction efficiency 265 
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reported for seawater using PPL cartridges.
36, 44

 The formation of metacinnabar was not 266 

confirmed in these studies, however, the general procedure adopted for β-HgS(s)nano synthesis is 267 

similar to published procedures in studies where the formation of metacinnabar has been 268 

confirmed using X-ray Diffraction Crystallography, Energy Dispersive X-ray Spectroscopy and 269 

Extended X-ray Absorption Fine Structure.
27, 29, 31, 32

 270 

Dynamic Light Scattering was used to monitor the hydrodynamic diameter of the β-271 

HgS(s)nano. Particles that formed in the presence of ELIS and WLIS DOM were comparable in 272 

size (about 12 nm) and were smaller than those formed in SB DOM, 28 nm (Fig. 1). Among the 273 

thiols, the smallest particles were formed in the presence of glutathione and 4-MAA (~ 6.5 nm) 274 

and these were about half the size of particles forming in the presence of cysteine (Fig. 2).  275 

Particles that formed in the presence of the dithiols had a much larger (>100 nm) 276 

hydrodynamic diameter after 9h of reaction than those formed with the monothiols. These 277 

particles also settled within 10 days of reaction while those capped with the monothiols were 278 

stable in solution for over a month. Since DLS measures the hydrodynamic diameter, it does not 279 

provide the diameter of the core particle. Instead, the hydrodynamic diameter is determined from 280 

the diffusion coefficient of the sample and then assuming a spherical particle, the diameter is 281 

calculated using the Stokes- Einstein’s equation. Since the diffusion coefficient of the particle is 282 

influenced by factors such as the water of hydration, the adsorbed ligand, and the aggregation 283 

state, the hydrodynamic diameter is also affected by these parameters and can be different from 284 

the actual size of the core particle.    285 

The core particle diameter of β-HgS(s)nano  286 

We therefore also estimated the core diameter of the thiol capped β-HgS(s)nano from their 287 

UV-Vis spectra. This is possible because of the quantum confinement effect exhibited in 288 

Page 14 of 44Environmental Science: Processes & Impacts

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



14 

  

semiconductor NPs with sizes similar to their Bohr’s radius.
45

 The size of the particle is related 289 

to the energy difference between the band gap of the nanoparticle and that of the bulk material as 290 

described in the following equation: 291 

 292 

 ∆E = ENP - Ebulk  =	
	��

�	��
(	

�

��
	+ 	

�

��
	) 	− 	

�.�	��

�	ℰ	�∏ℰ�
            (2)  293 

where E is the band gap energy, m� and m� are the effective masses of the electron and hole 294 

respectively, e is the charge of an electron, ℰᵒ is the permittivity of a vacuum, ℰ is the dielectric 295 

constant of the material, and R is the radius of the particle. To calculate the size of β-HgS(s)nano, 296 

the following constants were used: Ebulk = 0.3 eV, ε = 11.4 me = 0.036 and mh = 0.044.
46-48

  297 

The band gap energy of a semiconductor is the energy required to excite an electron from 298 

the valence band to the conduction band. As the size of a semiconductor material decreases, the 299 

band gap energy increases, hence NPs have band gap energies larger than their bulk counterparts. 300 

The band gap energy of HgS(s)nano lies in the UV-Vis region and can be determined from 301 

absorbance measurements. The band gap energy of a nanoparticle is obtained by extending a line 302 

tangent to the absorption edge (where the peak sharply rises) to the x-axis.  303 

The spectra of the β-HgS(s)nano are shown in Fig. 3 and the band gap energy of the β-304 

HgS(s)nano capped with glutathione, cysteine, 1,2-ethanedithiol, and 1,3-propanedithiol were 305 

found to be 399, 403, 402, and 417 nm, respectively. As our samples were polydisperse, the peak 306 

did not rise as sharply and our calculations are estimates of the average particle size in the 307 

sample. Previous studies on CdS(s)nano have used fluorescence spectroscopy to verify that the 308 

absorbance of the NPs is due to an electronic transition rather than light scattering by the 309 

particles.
49

 Here, fluorescence studies were not performed on the β-HgS(s)nano, however, in 310 

preliminary experiments, cysteine capped β-HgS(s)nano and CdS(s)nano were prepared using 311 
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procedures similar to those outlined above with 150 µM HS
-
 and Hg

II
 /Cd

II
, and 600 µM 312 

cysteine. While the emission of CdS(s)nano was clearly evident at around 550 nm when particles 313 

were excited at 350 nm, the emission spectra of β-HgS(s)nano was almost nonexistent when the 314 

particles were excited at 250 nm (Fig. S4). The sharp peaks in the fluorescence spectra of β-315 

HgS(s)nano and CdS(s)nano correspond to Raman and second order Rayleigh scattering peaks.  316 

Low or missing fluorescence of β-HgS(s)nano has been reported in previous studies and is 317 

suggested to be due to the presence of intrinsic surface states with a higher probability of non-318 

radiative decay process.
50, 51

   319 

The practice of using absorbance measurements to calculate nanoparticle size is 320 

frequently employed in the literature to size engineered NPs. Its application to naturally forming 321 

nanomaterials is however debatable. Nanoparticles forming in natural settings tend to be poorly 322 

crystalline and contain more defects than engineered NPs. Estimating their particle size using 323 

constants belonging to their bulk and more crystalline counterparts could be uncertain. In spite of 324 

the mentioned concerns, we found during our preliminary experiments that the size of cysteine 325 

capped β-HgS(s)nano determined from absorbance measurements taken periodically over 23 days 326 

(5.4 ± 0.02 nm, Fig. S5) was reasonably similar to the size determined from TEM images of the 327 

particles (7.5 ± 1.5 nm, Fig. S6).  328 

Most importantly, we would like to note that absorbance measurements were not used to 329 

determine the absolute size of β-HgS(s)nano formed in the presence of the different thiol ligands, 330 

but were rather used to examine if the large difference in particle size, as seen from the DLS 331 

measurements in Fig. 2, between β-HgS(s)nano formed in the presence of mono and dithiols was 332 

caused solely by a difference in core particle diameter. The core diameter of the dithiol capped 333 

particles was found not to be very different from the core diameter of particles formed in 334 

Page 16 of 44Environmental Science: Processes & Impacts

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



16 

  

presence of the monothiols (Table 1). This indicates that the much larger hydrodynamic diameter 335 

of the β-HgS(s)nano formed in the dithiols was mostly due to aggregation and not the growth of 336 

the core particle.   337 

The growth of β-HgS(s)nano over time 338 

The growth of β-HgS(s)nano was monitored for up to five weeks in experiments where the 339 

capping agent was ELIS DOM, SB DOM or cysteine. As in the previous experiment, β-340 

HgS(s)nano were synthesized by adding 150 µM HS
-
 to a solution containing 150 µM Hg

II
 and 10 341 

mg C/L (833 µM) DOM (ELIS/SB) or 150 µM Hg
II
 and 300 µM cysteine. The DLS 342 

measurement of the particles taken immediately after the addition of HS
-
 (5 min) gave an 343 

average particle size of 19.6 ± 3.6 nm for SB; 12.8 ± 1.7 nm for ELIS; and 9.9 ± 1.0 nm for 344 

cysteine. Particle size did not change significantly with time when monitored for up to 9 h (Fig. 345 

S7). At longer times (up to 5 weeks), particles capped with ELIS DOM did not show significant 346 

growth (Fig. 4a) while those capped with SB DOM doubled in size (Fig. 4b). In general, samples 347 

were quite polydisperse with a polydispersity index between 0.5 and 1.0 recorded by DLS for 348 

most samples. There was however, no trend related to the size distribution of particles between 349 

the two DOMs.  350 

ELIS and SB DOM were characterized for their optical properties. The specific 351 

ultraviolet absorption (SUVA) for ELIS and SB DOM was determined by dividing the Napierian 352 

absorption coefficient at 254 nm with the concentration of the DOC in solution (equation 1) and 353 

found to be 4.9 and 2.5 L mg
-1

m
-1 

for ELIS and SB DOM, respectively. For comparison, 354 

Suwannee River Humic Acid (SRHA) has a SUVA value of 16.1 L mg
-1

m
-1

.
52

 Furthermore, the 355 

3D excitation and emission matrices of fluorescence scans (Fig. S8) show that ELIS has a higher 356 

fraction of humic-like materials (max emission at a longer wavelength) and a lower fraction of 357 
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proteinaceous-like materials (max emission at a shorter wavelength) than SB.
53-55

 In addition, the 358 

total dissolved organic carbon to total nitrogen ratio (TDOC/TN ) of the two DOMs were found 359 

to be 26.7 for SB DOM and 27.0 for ELIS DOM. We did not measure the concentration of sulfur 360 

for the DOM used here; however, the concentration of reduced sulfur groups for the DOM that 361 

was extracted in our lab from seawater collected from Long Island Sound south of Nantucket 362 

was found to be 0.058 mmol per g of organic matter. This value is about half of that determined 363 

by Manceau and Nagy for SRHA using XANES (0.11 mmol/g organic matter).
56

 Similar to 364 

Manceau and Nagy, we used a Gaussian Curve fitting method to deconvolute the S XANES 365 

spectrum, however, while data for SRHA was fit to six standards, here XANES data was fit to 366 

eight standards to additionally include FeS and FeS2. As the LIS DOM was extracted from 367 

surface waters, the concentration of mackinawite and pyrite in the DOM was not detected and 368 

thus still allows for its comparison with SRHA. 369 

 370 

β-HgS(s)nano Formed at Different Hg
II

:DOM Ratios 371 

β-HgS(s)nano were formed in the presence of different amounts of ELIS DOM. Dissolved 372 

organic matter is composed of a mixture of organic molecules containing phenolic, carboxylic, 373 

amino, and thiol functional groups. As a soft acid, Hg
II
 forms stronger complexes with thiol 374 

containing moieties of the DOM than with moieties containing the other functional groups. The 375 

thiol functional groups on DOM are found however, at a much lower concentration than the O 376 

and N containing groups.
39

 Thus, as the concentration of Hg
II
 increases relative to the DOM, the 377 

thiol groups become saturated and Hg
II 

then binds to weaker O and N containing groups.
39

 The 378 

binding affinity of Hg
II
 to DOM therefore decreases with an increase in the Hg

II
:DOM ratio. 379 

Using aquatic DOM, Haitzer et al., showed that increasing the Hg
II
:DOM ratio above 5 nmol 380 
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Hg
II 

/mg C decreased the binding affinity of Hg
II
 to DOM. Below 5 nmol Hg

II 
/mg C the binding 381 

affinity was high and constant.
40

 Here, we varied the Hg
II
:DOM ratio from 1.5 nmol Hg

II
/mg C 382 

to 150 µmol Hg
II
 /mg C. As the Hg

II
:DOM ratio increased (binding affinity reduced), particle 383 

size increased (Fig. 5). The β-HgS(s)nano in reaction vials containing a Hg
II
:DOM ratio greater 384 

than 68 µmol Hg
II
 /mg C settled within a few minutes to one hour after the introduction of HS

-
.  385 

Between 6.8 and 41 µmol Hg
II
 /mg C, particle size increased gradually from an average 386 

of 6.5 ± 1.8 to 23.3 ± 1.0 nm, after which there was a sharp increase in particle size (Fig. 5a). At 387 

the two lowest ratios used (1.5 nmol and 1.5 µmol Hg
II
 /mg C) the particle diameter obtained 388 

from DLS measurements was 61.3 and 33 nm, respectively. TEM images of particles formed at 389 

1.5 nmol Hg
II
 /mg C revealed that particles of ~5 nm in size were present amidst few large 390 

aggregates of up to 50 nm in size (Fig. S9). The lack of clarity in the TEM images was due to the 391 

low contrast between the particles and the background caused by the high concentration of 392 

organic matter that was present in the reaction vial (56 mM C).   393 

 TEM studies for particles precipitated at a ratio of 1.5 µmol Hg
II
 /mg C were not done 394 

here, however, an earlier study in our lab synthesized β-HgS(s)nano at a Hg
II
:DOM ratio of 1 395 

µmol Hg
II
/ mg C using DOM extracted from Long Island Sound and following the procedure 396 

described here (except with a lower concentration of DOM). Particle diameter in this earlier 397 

study was determined using TEM and found to be 4.9 nm.
13

  398 

 399 

The Stability of β-HgS(s)nano under Different Conditions 400 

To contrast the results above which were completed under dark and anoxic conditions, 401 

the stability of β-HgS(s)nano was examined in sunlit and oxygenated conditions in the presence of 402 

ELIS DOM. The formed β-HgS(s)nano were purged with air or nitrogen before exposure to 403 
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light/dark conditions. Whereas the particles in dark conditions, whether purged with air or 404 

nitrogen, showed no or slight growth over time; exposure to sunlight led to a significant increase 405 

in particle size, from about 13 nm to 71 nm (Fig. 6). This experiment was subsequently repeated 406 

with enough blanks to monitor experimental artifacts. In the initial experiment, particles that 407 

were exposed to both air and light settled after two weeks, while the rest remained stable in 408 

solution for at least one month. In the repeat experiment, particles started settling in vials 409 

representing light oxic and light anoxic conditions after 12 h of exposure to sunlight.  410 

Following particle sedimentation, the aromatic content of the DOM was analyzed by 411 

determining SUVA. NPs were first separated from solution by adding CaCl2, centrifuging, and 412 

filtering through a 0.2 µm syringe filter, then absorbance and DOC measurements of the 413 

supernatant solutions were performed. In the initial experiment, we could not calculate SUVA 414 

accurately after the exposure studies as the DOC concentration in the supernatant solutions of all 415 

the vials measured was three time more than the anticipated concentration of 833 µM C. This 416 

was probably caused by a dilution that was not recorded in the notebook or was due to 417 

contamination from organic matter in the chemicals used to prepare the solutions. In the repeat 418 

experiment, the expected concentration was 854 µM, while the average DOC measured in all the 419 

vials at the end of the experiment was 970 ± 138 µM (14% more than the expected 420 

concentration).  421 

During the repeat experiment, there was no difference in the SUVA of the DOM blank 422 

solutions exposed to the four conditions (anoxic dark, oxic dark, anoxic light and oxic light), and 423 

the values were comparable to the SUVA of the DOM blank that was stored covered in the glove 424 

box (lab blank) during the exposure studies (Table 2). In the experimental vials containing β-425 

HgS(s)nano, SUVA of the solutions in the light oxic and light anoxic conditions were slightly 426 
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lower than those of the solutions in the dark vials (Table 2). The light oxic vials however, had 427 

SUVA similar to the DOM blank that was left covered in the glove box during the exposure 428 

studies but had the whole process of CaCl2 addition, centrifugation and filtration done alongside 429 

the vials containing β-HgS(s)nano (CaCl2 lab blank). It is also important to note that although 430 

SUVA of the blank solutions were all higher than SUVA of the solutions in the β-HgS(s)nano 431 

vials, SUVA of the ‘lab blank’ was also higher than SUVA of the ‘CaCl2 lab blank’ (Table 2). 432 

 433 

 434 

Discussion 435 

 436 

Formation of β-HgS(s)nano with Different Capping Agents 437 

All the thiols and organic matter used in this study stabilized β-HgS(s)nano well enough to 438 

prevent sedimentation during the course of the experiment. The stability can be assumed to be 439 

due to Hg
II
-thiol binding and hydrophobic interactions between the surface of the particle and 440 

organic matter in solution, as has been suggested in previous studies.
23, 26, 29, 49

 As there was no 441 

dramatic difference in the size of the core particles formed in the presence of the thiols (Fig. 3 442 

and Table 1), the differences in the hydrodynamic diameter shown in Fig. 2 imply mainly 443 

differences in the ability of the organic compounds to hinder aggregation. Heavier capping 444 

agents and those with more aromatic content formed particles with a smaller hydrodynamic 445 

diameter than their counterparts (Figs.1 & S8), suggesting that at the Hg
II
:DOM ratios used (15 446 

µmol Hg
II
 / mg C), steric forces are important in the aggregation and growth of NPs. These 447 

results are consistent with the hypothesis that DOM with more humic character, such as coastal 448 

DOM, leads to NPs with a smaller diameter than those forming in the presence of oceanic DOM. 449 

 Our results are in line with previous studies, which found an inverse relation between 450 

molecular weight and aromaticity of the DOM with the size of β-HgS(s)nano.
27, 29

 Much larger 451 
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hydrodynamic diameters of the formed β-HgS(s)nano were obtained when propane and ethane 452 

dithiol were used as the capping agents (Fig. 2). Though this is consistent with their smaller 453 

molecular weight, it is also possible that the presence of two thiol groups on the capping agent 454 

caused inter-staple crosslinking between the NPs. Previous studies looking at Au, Pb and CdTe 455 

NPs have observed that multiple thiol groups in a capping agent bridge neighboring NPs.
57-59

 456 

Inter-staple cross-linking reduces the distance between two particles and is known to cause 457 

aggregation and sedimentation.
57

 Here, while the particles capped with the monothiols remained 458 

suspended in solution, sedimentation occurred within 10 days of reaction when the dithiols were 459 

used. Thus, in addition to molecular weight and aromaticity, multiple thiol groups in a capping 460 

agent can affect the aggregation state of NPs forming in the environment.  461 

 462 

Formation of β-HgS(s)nano at Different Hg
II

:DOM Ratios 463 

The relative concentration of DOM controls the aggregation of β-HgS(s)nano 464 

β-HgS(s)nano were formed under different ratios of Hg
II
:DOM from 1.5 nmol – 150 µmol 465 

Hg
II
/mg C. At intermediate ratios (6.8 – 41) of Hg

II
:DOM used here, a linear relationship 466 

between the Hg
II
:DOM ratio and the hydrodynamic size of the particles was observed (Fig. 5b). 467 

As mentioned earlier, the presence of a suitable organic molecule during particle formation 468 

hinders the growth/aggregation of particles. Growth typically occurs when new ions attach to a 469 

formed particle or when smaller particles collide, aggregate and then merge to form bigger and 470 

more stable particles.
22-24

 Organic molecules adhere to the surface of a growing particle and 471 

rapidly undergo adsorption and desorption; a process that hinders the attachment of new ions and 472 

the collision and merger of two particles.
24, 60

 When the relative concentration of organic matter 473 

is increased, more organic molecules compete for the adsorption sites on the β-HgS(s)nano 474 
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surface; the desorption of one DOM molecule will be more rapidly followed by the adsorption of 475 

another molecule and the particle becomes well coated with DOM and more resistant to 476 

growth/aggregation. In our experiments, as the relative DOM concentration was decreased 477 

(Hg
II
:DOM ratio increased), less organic molecules adsorbed on the particle surface decreasing 478 

the extent of DOM coating on the β-HgS(s)nano. This likely led to the aggregation of particles 479 

with the extent of aggregation linearly dependent on the relative concentration of DOM (Fig. 5b). 480 

At a Hg
II
:DOM ratio of 68 µmol Hg

II
 /mg C rapid aggregation occurred implying that the 481 

concentration of DOM was now too low to stabilize the particles. Although at the said ratio 482 

particles did not settle during the course of the experiment, sedimentation occurred within an 483 

hour of reaction for all other Hg
II
:DOM ratios greater than 68 µmol Hg

II
 /mg C. 484 

At the lowest two ratios of Hg
II
:DOM used in this study (1.5 nmol and 1.5 µmol/ mg C), 485 

the hydrodynamic diameter of the formed β-HgS(s)nano were larger than the diameter of particles 486 

formed at higher ratios (Fig. 5a). This is contrary to expectation and to previous studies which 487 

have reported a decrease in the diameter of particles with increase in the concentration of 488 

DOM.
27

 Although, the large hydrodynamic diameter of β-HgS(s)nano formed at 1.5 nmol Hg
II
 /mg 489 

C is supported by the presence of few large aggregates in the TEM images (Fig. S9), these 490 

aggregates could also have formed during the preparation of the TEM sample. As the β-491 

HgS(s)nano were formed in an aqueous matrix, they are prone to aggregation when deposited on a 492 

carbon coated grid. In addition, since high concentrations of DOM were used to precipitate 493 

particles at 1.5 nmol and 1.5 µmol Hg
II
 / mg C (56 and 8.3 mM respectively), the higher than 494 

expected hydrodynamic diameter could have been due to the aggregation of DOM molecules at 495 

such high concentrations used. The DLS of a blank solution containing 56 mM DOM showed 2 496 

peaks of about equal intensities which corresponded to particles of 5 mm and 36 nm in size. The 497 
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scattering intensity of the blank solution was, however, almost half that of the solution 498 

containing the same amount of DOM but with Hg
II
 and HS

-
 added (10.5 vs. 24.2 kcps). It is also 499 

possible that the large hydrodynamic diameters at the lower ratios may be due to an increase in 500 

the adsorbed DOM layer thickness. Large hydrodynamic diameters of Au and hematite particles 501 

have been detected under high DOM concentration or high ionic strength.
41, 61

 It has been 502 

suggested that under these conditions, inter and intramolecular forces of DOM are screened 503 

resulting in an increased DOM adsorption.
41

 To minimize repulsive forces between the adsorbed 504 

DOM molecules, the molecules adopt coiled structures that extend far into the solution.
41, 61

 505 

Adsorption layers up to 55 nm have been witnessed for hematite NPs stabilized with Aldrich 506 

humic acid.
61

 An adsorption layer this large may however not be possible with our much lower 507 

molecular weight DOM. Future studies could use Time Resolved DLS measurements (to track 508 

changes in DLS diameter over time) coupled with Small Angle X-ray Scattering (SAXS) 509 

measurements of the β-HgS(s)nano at different Hg
II
:DOM ratios to determine if particle 510 

aggregation is happening in solution or if an increase in DOM layer thickness is at all 511 

contributing to the large hydrodynamic diameter of β-HgS(s)nano precipitated at 1.5 nmol and 1.5 512 

µmol Hg
II
 / mg C, as has been done in previous studies.

41
 513 

Surface Hg atoms and functional groups on DOM 514 

 Using a core particle diameter of 5 nm, we calculated that 45% of Hg atoms will be on 515 

the surface of the nanoparticles. In our calculations, we used the volume of one HgS molecule 516 

(28.7 cm
3
 mol

-1
) and assumed that the particle surface is covered by a mono-layer of HgS 517 

monomers and that all the Hg atoms in this outermost layer are accessible from the surface. As 518 

the particles will have defects and vacancies which will affect the distribution of atoms within 519 

the crystal, our calculations are simply rough estimates of the fraction of surface atoms on the 520 
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formed β-HgS(s)nano. These surface atoms are labile and may be more prone to dissolution. In 521 

terms of bioavailability of NPs, it has also been suggested that the labile surface atoms could 522 

interact with ligands present on the cell wall of Hg
II 

methylating bacteria and thereby facilitate 523 

their uptake and subsequent conversion of Hg
II
 to toxic MeHg.

12
 Indeed β-HgS(s)nano have been 524 

found to be more bioavailable than β-HgS(s)micro to Hg
II 

methylating bacteria.
12, 13

 525 

Our results showing an increase in β-HgS(s)nano particle size with decreasing 526 

concentration of organic matter are consistent with previous studies using fresh water and soil 527 

derived DOM.
27, 31

 For example, it was found that in the presence of SRHA at a ratio of 3 µmol 528 

Hg
II
/mg C, the NPs were ~ 50 nm, and increased with increasing Hg

II
:DOM ratio to be >150 nm 529 

at a ratio of 12 µmol Hg
II
/mg C.

27
 Here we similarly show that high Hg

II
:DOM ratios are 530 

required to induce aggregation and sedimentation. It is useful to consider the relative ratio of Hg
II
 531 

to thiol ligands in the DOM under these conditions. Various investigators have estimated the 532 

number of thiol groups (RSH) in DOM and suggest that the mole ratio of RSH groups (exocyclic 533 

reduced sulfur groups) to DOC ranges from 0.0006 to 0.0009 mol RSH/mol C.
5, 39

 As the 534 

concentration of thiols is suggested to comprise 30% of the pool of reduced organic sulfur, LIS 535 

DOM can be assumed to have a concentration of 0.0004 mol RSH/mol C while based on the 536 

results of Manceau and Nagy, SRHA will have a thiol concentration of 0.0008 mol RSH/mol 537 

C.
39, 56

 Cleary, the thiol concentration for the DOM used here is lower than established in the 538 

previous studies using soil and stream organic matter. Using these ratios, we can estimate that 539 

above 41 µmol Hg
II
/ mg C, where the particles started to aggregate rapidly, the mole ratio of 540 

surface Hg atoms to RSH groups was greater than 200; well above the maximum ratio of 1 541 

expected to coordinatively saturate surface Hg
II
 atoms and offer sufficient stabilization against 542 

aggregation. This indicates that the stabilization of β-HgS(s)nano by DOM may not be entirely due 543 
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to covalent bonding between Hg atoms and thiol groups on DOM. Other ligands besides thiols, 544 

may be involved in the interaction with the nanoparticle surface. While previous studies have 545 

indicated that carboxylic acids are not effective in hindering the precipitation of β-HgS(s)nano 546 

even at low Hg
II
:DOM ratios (0.8 µmol Hg

II
/mg C), it is possible that amine groups and other 547 

strong binding sites within the DOM could also be involved in the stabilization of β-HgS(s)nano.
27

 548 

Alternatively, bulky DOM molecules adsorbed on β-HgS(s)nano may have sterically blocked 549 

multiple binding sites on the particle surface rendering them inaccessible to thiol groups present 550 

on other DOM molecules. This phenomenon might explain why rapid aggregation of β-551 

HgS(s)nano occurred at a much higher Hg
II
:RSH mole ratio than expected. It is also possible that 552 

the β-HgS(s)nano stabilization effect is mainly through non-specific hydrophobic interactions 553 

between the organic capping agent and the surface of the particle.
26, 27

 In such a case, the 554 

Hg
II
:RSH mole ratio would say little about the stability of the β-HgS(s)nano solutions. We note 555 

that in calculating the mole ratio of surface Hg atoms to RSH, we assumed 100% yield of β-556 

HgS(s)nano. The actual yield is however much less than 100%, but since the unreacted Hg
II
 likely 557 

exists as bound to two thiol groups on DOM molecules, the ratio of Hg atoms on the surface of 558 

the particles to unbound thiol groups will be even higher than assumed above; further supporting 559 

the involvement of other functional groups or predominance of steric forces and hydrophobic 560 

interactions in the stabilization of the nanoparticles. Additional studies using model ligands with 561 

various functional groups and done at different Hg
II
:DOM ratios could help to further determine 562 

the nature of nanoparticle stabilization by DOM. 563 

 564 

Persistence of β-HgS(s)nano in the Environment 565 
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Short and long-term studies looking at the change in particle size for β-HgS(s)nano capped 566 

with cysteine and marine DOM, suggest that the diameter of the β-HgS(s)nano did not change 567 

appreciably with time (Fig. 4 & S7). This is similar to what previous studies have found for 568 

particles forming in Suwannee River humic and fulvic acid —a terrestrially derived DOM.
27, 32

 569 

Pham et al., using Small Angle X-ray Scattering (SAXS) suggested that contrary to the DLS 570 

results, particles are in fact aggregating in solution.
32

 It was argued that the constant diameter 571 

assessed by DLS was because the intensity weighted DLS measurements are biased towards 572 

bigger particles which were not increasing in size.
32

 Other studies have shown that the Hg-S-573 

DOM solution is in a state of dynamic equilibrium where the formation and dissolution of β-574 

HgS(s)nano is happening continuously over time.
29

 In our system, we monitored particles for over 575 

a month, and during this time the average growth rate was 0.6 and 4 nm/week for ELIS and SB 576 

DOM, respectively (Fig. 4). Also, no sedimentation was noticed during the entire period. Our 577 

results suggest that while it is possible that formation, aggregation, and dissolution of β-578 

HgS(s)nano are all concurrently happening over time, the slight growth rate observed after 5 579 

weeks indicates net aggregation may be a more dominant process, albeit happening at a slow 580 

rate.  581 

Contrary to the slow growth of β-HgS(s)nano observed in dark anoxic conditions, rapid 582 

aggregation and growth happened when the solutions were purged with air and/or exposed to 583 

sunlight (Fig. 6). In addition, in the initial light exposure studies, sedimentation was noticed in 584 

the light oxic vials within two weeks of reaction while in the later experiments, sedimentation 585 

begun in the light oxic and light anoxic vials 12 h following light exposure. One could argue that 586 

sedimentation in the light vials occurred because of the photo-oxidation of aromatic components 587 

of organic matter. The SUVA measurements conducted at the end of the exposure studies 588 
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however, do not support the degradation of aromatic components of DOM. As shown in Table 2, 589 

SUVA of the DOM blank solutions were not altered during the exposure studies. Secondly, 590 

though at the end of the experiment, the solutions in the β-HgS(s)nano vials exposed to light had 591 

SUVA less than that of the starting DOM (4.9 L mg
-1

 m
-1

), all solutions that had CaCl2 added and 592 

had been centrifuged and filtered (including the CaCl2 lab blank) showed a reduction in the 593 

SUVA value (Table 2). This suggests that the change in SUVA noted in the light β-HgS(s)nano 594 

vials, could not be due to the photodegradation of aromatic components of DOM and thus 595 

nullifies our third hypothesis. Instead, the change in SUVA could be a procedural artifact caused 596 

by the procedure adopted for separating β-HgS(s)nano from solution prior to the SUVA 597 

measurements. Previous studies have shown that the UV absorbance (and SUVA) of organic 598 

matter increased when filtrate turbidities were greater than 0.5 ntu.
62

 The process of CaCl2 599 

addition, centrifugation and filtration therefore might have changed the turbidity status of the 600 

system and reduced the absorbance of DOM at 254 nm thus lowering the SUVA values of the 601 

solutions that had contained β-HgS(s)nano.  602 

Other than photo-oxidizing the DOM, presence of dissolved oxygen in the solutions 603 

might have caused the oxidative dissolution of β-HgS(s)nano. Oxidative/reductive dissolution is 604 

known to occur for minerals containing elements that are redox-sensitive.
63

 Both Hg and S 605 

undergo redox reactions, but only the oxidation of S
2-

 to SO4
2+

 on HgS(s) has been shown to 606 

contribute to its dissolution.
63, 64

 The rate of dissolution of cinnabar (α-HgS(s)) was found to be 607 

similar to the weathering of stable minerals like quartz.
65

 Dissolution of cinnabar is enhanced in 608 

the presence of DOM and it has been suggested that aromatic components of DOM such as 609 

quinones could be involved in the oxidation.
66

 The increase in the hydrodynamic diameter of β-610 

HgS(s)nano upon exposure to light (Fig. 6) could thus be due to the dissolution of smaller sized β-611 
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HgS(s)nano causing the particle size distribution to shift to larger particles. In our experiments, we 612 

cannot conclude whether or not dissolution occurred as the concentration of Hg
II
 and SO4

2-
 in the 613 

solutions was not monitored over the course of the experiment. Future studies employing 614 

methods such as ultrafiltration would be able to monitor changes in the dissolved Hg
II
 615 

concentration and elucidate to what extent dissolution is impacting the results. Nonetheless, since 616 

sedimentation occurred several days later in the vials exposed to light, our results suggest that 617 

aggregation rather than dissolution was the major process happening in the β-HgS(s)nano 618 

solutions exposed to light.  619 

The rapid aggregation of β-HgS(s)nano following light exposure could have been caused 620 

by photochemical changes in the DOM resulting in DOM being less effective as a capping agent 621 

for β-HgS(s)nano. For example, the production of reactive oxygen species upon irradiation could 622 

oxidize reduced organic sulfur groups on the DOM. As these are the functional groups that 623 

would preferentially bind to Hg atoms on the particle and prevent aggregation, their oxidation 624 

would compromise the effectiveness of DOM as a capping agent and may lead to particle 625 

aggregation. Overall, our results indicate that photo-induced changes in DOM affect the fate of 626 

β-HgS(s)nano forming in aquatic systems. 627 

 628 

Conclusions and Environmental Implications 629 

 630 

In this work, we used equimolar concentrations of mercury and sulfur to precipitate the 631 

NPs. The concentration of Hg
II
 used is unlikely to be found in the environment, where the 632 

concentration of mercury is substantially lower than that of sulfide, but higher concentrations of 633 

sulfide than used in our experiments are environmentally possible. Typical concentrations of 634 

mercury and sulfur in overlying waters and porewaters of pristine systems range from 10–600 635 
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pM and 0.1–1000 µM, respectively.
5, 7, 67

 With speciation modeling using stability constants 636 

reported in our earlier study, a DOC concentration of 400 µM, pH of 7 and salinity of 20, the 637 

saturation index of β-HgS(s) (Q/K) was found to be greater than 1 for environments containing 638 

low nM concentrations of mercury and µM concentrations of sulfide (Fig. 7), similar to what has 639 

been reported in a previous study.
13, 27

 This concentration of Hg
II
 and HS

-
 is close to what could 640 

be found in pristine systems, especially in environments such as sediment porewaters. 641 

Additionally, conditions conducive to precipitation and NP formation, would definitely occur in 642 

contaminated coastal environments, as previously suggested.
27

 The presence of various other 643 

metal ions in solution could also cause Hg containing mixed metal sulfides to precipitate at much 644 

lower concentrations of mercury and sulfur than predicted above, as has been shown for iron 645 

phosphate particles.
21, 68

 Also, we have preliminary evidence that Hg
II 

could associate, through 646 

cation exchange or other interactions, with other Group 12 NPs such as CdS(s)nano, CdSe(s)nano 647 

and CdTe(s)nano. As the binding of Hg
II
 to sulfide, selenide and telluride is much stronger than 648 

that of Cd
II
, Hg

II
 could exchange with the cations in the matrix of these NPs, or be adsorbed on 649 

the particle surface.
69

 Many manufactured NPs (“quantum dots”) contain Cd
II 

bound to these 650 

Group 16 elements, and such exchange reactions could enhance the toxicity of quantum dots 651 

released into the environment. Further work is needed to examine such interactions more fully.   652 

Here we have examined the stability of β-HgS(s)nano in low ionic strength media across a 653 

range of Hg
II
:DOM ratios. Though we did not study the effect of ionic strength on the 654 

aggregation behavior of β-HgS(s)nano, higher ionic strength solutions could exacerbate the 655 

aggregation rates and cause sedimentation even at low Hg
II
:DOM ratios, as  found in other 656 

studies.
70

 An important avenue for future studies would be to determine the critical coagulation 657 

concentration (concentration of electrolyte needed to eliminate electrostatic repulsion between 658 
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particles) for β-HgS(s)nano formed at different Hg
II
:DOM ratios and for the various capping 659 

agents used. The critical coagulation concentration is a good measure of colloidal stability and 660 

can be used to further compare the stabilizing effects of the different capping agents studied 661 

here.
41

 662 

The presence of multivalent ions in solution is also likely to destabilize the NPs by 663 

bridging DOM molecules adsorbed on neighboring β-HgS(s)nano, similar to the effect of the 664 

dithiols discussed earlier. Indeed, relatively small concentrations of Mg
2+

, Ca
2+

, and Al
3+

 induced 665 

the aggregation of CdTe quantum dots, yet they remained stable at high concentrations of KCl.
71

 666 

Even considering a well-coated particle, high concentrations of mono and divalent ions in 667 

solution can induce aggregation and sedimentation. The settled particles, however, can be 668 

expected to remain loosely bound due to the intercalation of the DOM molecules between the 669 

particles. Particles effectively coated by DOM but aggregating under high salt concentration 670 

could be re-suspended and disaggregated with mechanical perturbation.  671 

Overall, we have shown that marine DOM stabilizes β-HgS(s)nano substantially in dark 672 

anoxic conditions and that the stabilization likely involves functional groups other than thiols. 673 

The use of marine DOM to precipitate β-HgS(s)nano has not been studied before. Additionally, as 674 

discussed in previous studies, there is evidence that Hg
II
 in the form of β-HgS(s)nano is more 675 

bioavailable to Hg
II
 methylating bacteria than micro-sized β-HgS(s), although it is not as 676 

bioavailable as other Hg
II 

complexes.
13

 Therefore, the presence of nanoparticles in marine 677 

sediments could affect the rate at which Hg
II
 is converted into MeHg. We also show for the first 678 

time that the transportation of β-HgS(s)nano from dark porewaters to surface waters, for example 679 

during sediment resuspension events, would impact the stability of the particles as DOM 680 

adsorbed on the surface of the particles could undergo photochemical transformation upon light 681 
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exposure rendering it less effective as a capping agent for β-HgS(s)nano. Nanoparticles entering 682 

the marine surface waters can also be incorporated into marine snow and taken up by filter-683 

feeders such as bivalves, as has been shown for TiO2 nanoparticles.
72

 The filtration size cutoff 684 

for filter-feeding organisms is typically a few microns and therefore these organisms would not 685 

assimilate NPs unless coagulation has occurred. The interactions outlined above could therefore 686 

substantially enhance the formation of Hg-containing NPs in environmental media and strongly 687 

impact their environmental fate and toxicity. 688 
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Fig. 1. The hydrodynamic diameter (mean ± SD, n=3) of DOM capped β-HgS(s)nano. Solutions contained 

150 µM Hg(NO3)2, 150 µM Na2S and 10 mg C/L DOM extracted from Eastern Long Island Sound (ELIS), 

Western Long Island Sound (WLIS) and at the SB of the North Atlantic Ocean (SB), in 2.2 mM NaHCO3 

(pH 7.8). Measurements were taken 9h after reaction was initiated. 

 

 

 

 

 

Fig. 2. The hydrodynamic diameter (mean ± SD, n=3) of thiol capped β-HgS(s)nano. Solutions contained 

150 µM Hg(NO3)2, 150 µM Na2S and 300 µM monothiol (glutathione, mercaptophenyl acetic acid (4-

MAA) or cysteine), or 150 µM dithiol (1,3-propanedithiol or 1,2-ethanedithiol), in 2.2 mM NaHCO3 (pH 

7.8). Measurements were taken 9h after reaction was initiated. 
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Fig. 3. The UV-Vis spectra of thiol capped β-HgS(s)nano. The solutions contained 150 µM 

Hg(NO3)2, 150 µM Na2S and 300 µM monothiol (cysteine or glutathione) or 150 µM dithiol (1,3-

propanedithiol or 1,2-ethanedithiol), in 2.2 mM NaHCO3 (pH 7.8). Measurements were taken 9h after 

reaction was initiated. 
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Fig. 4. The hydrodynamic diameter (mean ± SD, n=3) of β-HgS(s)nano monitored over time for up to 5 

weeks. Solutions contained 150 µM Hg(NO3)2, 150 µM Na2S and 10 mg C/L ELIS DOM (a) and SB DOM 

(b) in 2.2 mM NaHCO3 (pH 7.8). 
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Fig. 5. The hydrodynamic diameter (mean ± SD, n=3) of β-HgS(s)nano precipitated at different ratios of 

HgII:DOM from 1.5 nmol – 68 µmol/mg C (a); and linear relation between the diameter of the β-HgS(s)nano 

and the HgII:DOM ratio obtained from 6.8–41 µmol/mg C (b). Solutions contained 150 µM Hg(NO3)2, 150 

µM Na2S and ELIS DOM in 2.2 mM NaHCO3 (pH 7.8). Measurements were taken 9h after reaction was 

initiated. 
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Fig. 6. The hydrodynamic diameter (mean ± SD, n=3) of β-HgS(s)nano freshly precipitated (1 day) 

and when the fresh precipitate was exposed to different environmental conditions (dark + nitrogen, 

dark + air, light + nitrogen and light + air) for 3 days. Solutions contained 150 µM Hg(NO3)2, 150 

µM Na2S and 10 mg C/L ELIS DOM in 2.2 mM NaHCO3 (pH 7.8).  

 

 

 

Fig. 7. Minimum theoretical concentration of HgII required to cause the precipitation of β-HgS(s) 

at a given concentration of HS-.  
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Table 1: The core particle diameters of β-HgS(s)nano capped with glutathione, cysteine, 1,2-ethanedithiol, 

and 1,3-propanedithiol determined from the Effective Mass Approximation theory. 

Ligand 
UV-Vis Diameter 

(nm) 

Glutathione 5.38 

Cysteine 5.41 

1,2-ethanedithiol 5.40 

1,3-propanedithiol 5.51 

 

 

Table 2: Specific Ultra Violet Absorption (SUVA) of filtrates of experimental solutions which contained 

DOM blank or β-HgS(s)nano after exposure to oxic/anoxic and light/dark conditions. 

Experiment SUVA 

Lab blk  4.9  ± 0.3 

Dark anoxic blk  4.9  ± 1.3 

Dark oxic blk  4.9  ± 0.9 

Light anoxic blk  4.9  ± 0.1 

Light oxic blk  4.6  ± 0.1 

Lab CaCl2 blk  3.3  ± 0.1 

 Dark anoxic NPs  3.8  ± 0.2 

 Dark oxic NPs  4.2  ± 0.2 

 Light anoxic NPs 2.8  ± 0.3 

 Light oxic NPs  3.3  ± 0.4 

  

  

 

Page 44 of 44Environmental Science: Processes & Impacts

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60


