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Environmental Significance Statement 

 

Fe(III)-(oxyhydr)oxide nanoparticles (e.g., ferrihydrite, goethite, hematite)  are 

effective scavengers of trace metals and various organic and inorganic contaminants 

from surface and ground waters, soils, and sediments. Sulfidation of these 

nanoparticles and the nature of iron sulfides formed during this process strongly 

affect the speciation and mobility of heavy metals (e.g., Cr, Co, Ni, Zn, Cd) metalloids 

(e.g., As, Se), and actinides (U). Our results reveal that though the reaction is surface 

controlled, surface area alone does not explain the differences in reactivity of 

different Fe(III)-(oxyhydr)oxides nanoparticles with dissolved sulfides and atomic-

level surface structure is also likely to play an important role. 
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Abstract 38 

We used synchrotron-based x-ray absorption spectroscopy, transmission electron 39 

microscopy, and wet chemical analyses to study the sulfidation mechanism(s) and sulfur 40 

oxidation products from the reaction of ferrihydrite, goethite, and hematite nanoparticles with 41 

dissolved sulfide at different S/Fe molar ratios under anaerobic condition. Our results suggest 42 

that surface area alone does not explain the differences in reactivity of Fe(III)-(oxyhydr)oxide 43 

nanoparticles with dissolved sulfides; differences in atomic-level surface structure are also likely 44 

to play an important role. The higher reactivity of ferrihydrite leads to a faster sulfidation rate 45 

compared to that of goethite and hematite. We found that polysulfides as well as elemental sulfur 46 

are the major reaction products in the sulfidation of all three Fe(III)-(oxyhydr)oxide 47 

nanoparticles studied. We also found that thiosulfate and sulfate formed during the sulfidation of 48 

goethite and hematite but did not form in the case of ferrihydrite, suggesting that the slower 49 

reaction kinetics of goethite and hematite favors the formation of solid-phase thiosulfates and 50 

elemental sulfur in our experiments. In addition, our results revealed that the S/Fe ratio is a 51 

critical variable in the sulfidation reaction. Iron dissolution rates for ferrihydrite, goethite, and 52 

hematite nanoparticles were found to increase up to a S/Fe ratio of ≤ 0.5 and decline above this 53 

ratio, suggesting formation of FeS species. Similarly, Fe dissolution rates increased with 54 

increasing S/Fe ratios and remained an order of magnitude higher for ferrihydrite than for 55 

goethite and three times higher for ferrihydrite than for hematite. Sulfur-K-edge x-ray absorption 56 

near edge structure (XANES) spectroscopy revealed for the first time the mass distribution of 57 

these solid-phase sulfur oxidation products. In addition, we used Fe-K-edge XANES and 58 

extended x-ray absorption fine structure (EXAFS) spectroscopic analysis to follow the kinetics 59 

of FeS formation for the three types of Fe(III)-(oxyhydr)oxide nanoparticles, with varying S/Fe 60 

ratios. Ferrihydrite transformed completely to FeS in our experiments, but only 58% of the 61 

goethite and only 18% of the hematite transformed to FeS. These results have important 62 

environmental implications for Fe- and S-redox cycling and contaminant mobility and provide 63 

experimental evidence for the impact of S/Fe ratio on contaminant mobility in the systems 64 

studied, either by releasing surface-sorbed contaminants due to Fe(III)-reductive dissolution at 65 

lower S/Fe ratios or by trapping or co-precipitation of contaminants with FeS precipitation at 66 

higher S/Fe ratios. 67 

 68 

 69 
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1. Introduction 72 

Iron is the most abundant redox-sensitive element on Earth and in oxidizing surface and 73 

near-surface environments is commonly present as Fe(III)-(oxyhydr)oxides like ferrihydrite 74 

(~Fe(OH)3), goethite (α-FeOOH), and hematite (α-Fe2O3). When these phases are in the form of 75 

nanoparticles, they are particularly effective scavengers of trace metals and contaminants from 76 

surface and ground waters, soils, and sediments1-5. Reduction of Fe(III)-(oxyhydr)oxides is a 77 

prominent pathway contributing to electron fluxes in subsurface environments6. Reductive 78 

dissolution of Fe(III)-(oxyhydr)oxides can occur by respiration of iron-reducing bacteria (IRB), 79 

by metal-reducing heterotrophic bacteria coupled with oxidation of organic carbon7,8, as well as 80 

by abiotic reduction with H2S produced by microbial sulfate reduction9-12. These types of redox 81 

reactions have important geochemical implications due to their key role in iron and sulfur 82 

biogeochemical cycles, especially in Fe-sulfide formation. Sulfidation of Fe(III)-83 

(oxyhydr)oxides and consequent reductive dissolution strongly affects the speciation and 84 

mobility of heavy metals (e.g., Cr, Co, Ni, Zn, Cd)13-17, metalloids (e.g., As, Se)18-21, and 85 

actinides (U)22-24 in sub-surface environments. As a consequence, the formation and behavior of 86 

iron-sulfide minerals are central to our understanding of the cycling of Fe and S in the 87 

environment.  88 

Deriving a clear understanding of the kinetics and mechanism(s) of sulfidation of Fe(III)-89 

bearing minerals in natural systems is challenging due to the difficulty of determining the 90 

different solid phases present, reactive surface areas, and concentrations of dissolved sulfide 91 

present in natural samples. During the reaction of dissolved sulfide with Fe(III)-(oxyhydr)oxide 92 

nanoparticles, oxidation of sulfide ions at mineral-aqueous solution interfaces causes the release 93 

of Fe(II) into solution25. The subsequent reaction of Fe(II) with additional dissolved sulfide 94 

produces poorly crystalline iron monosulfide (FeS)25-28 that may eventually convert to more 95 

stable products such as pyrite (FeS2)
26,29-31. In order to form stoichiometric FeS, two electrons 96 

must exchange - one to reduce Fe(III) to Fe(II) and one to bind Fe(II) to dissolved sulfide to 97 
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form FeS25. Thus, it is the reductive dissolution of Fe(III) to Fe(II) that controls the sulfidation 98 

reaction of Fe(III)-(oxyhydr)oxides. 99 

The release of Fe(II) to solution is expected to be controlled by the surface structure and 100 

reactive surface area of the Fe(III)-(oxyhydr)oxide phases involved. In addition, Poulton et al32. 101 

found a range in reactivity of Fe(III)-(oxyhydr)oxides with dissolved sulfides, suggesting orders-102 

of-magnitude differences in reactivity for different Fe(III)-(oxyhydr)oxides when normalized to 103 

surface area. Overall, the availability of dissolved sulfide in solution under anaerobic conditions 104 

will ultimately control the release of Fe(II) into solution and the formation of Fe-sulfide phases. 105 

In natural systems, the availability of dissolved sulfide will depend on the rate and extent of 106 

microbial sulfate reduction33 and is ultimately controlled by the availability of organic carbon, 107 

ligand exchange, etc.26,34 and often difficult to estimate. However, a wide range of dissolved 108 

sulfide concentrations has been reported in natural environments (e.g., pore water sulfide 109 

concentrations of 200-600 µmolL-1 in estuarine sediments14, 29-209 µmolL-1 in wetland 110 

sediments35, 400-600 µmolL-1 in mangrove sediments36, and 18.8 µmolL-1 in pore waters 111 

collected from acid sulfate soil37. 112 

It is reasonable to assume that different sulfide-to-iron (S/Fe) ratios will affect the rate 113 

and mechanism of the sulfidation reaction and also the types of intermediate sulfur species 114 

formed. Intermediate sulfur species, including elemental sulfur (S(0)), polysulfides (Sn(-II)), 115 

thiosulfate (S2O3
2-), and sulfite (SO3

2-) are formed due to oxidation of sulfide during reaction 116 

with Fe(III)-(oxyhydr)oxide29,38 and are necessary to convert FeS ultimately into pyrite 117 

(FeS2)
27,38,39. Although, the mechanism of the reaction between Fe(III)-(oxyhydr)oxides and 118 

dissolved sulfide has been the subject of a number of studies and is reasonably well 119 

understood9,28, no study to date has employed a systematic approach to determine the 120 

transformations and fates of solid-phase sulfur species that ultimately control the FeS(x) species 121 

formed and the rate at which dissolved sulfide is fixed as Fe-sulfide. In addition, there has not 122 
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been much discussion about the effect of different S/Fe ratios on the sulfidation reaction of 123 

Fe(III)-(oxyhydr)oxides.  124 

In the present study, we assessed the reaction of dissolved sulfide with three types of 125 

Fe(III)-(oxyhydr)oxide nanoparticles (ferrihydrite, goethite, and hematite) with different surface 126 

areas and crystallinities in batch reactors. Our objective was to understand the mechanism(s) and 127 

kinetics of these reactions, with a special focus on monitoring the formation of intermediate, 128 

solid-state sulfur species. The dissolved sulfide concentrations in the batch reactors were varied 129 

in order to provide a range of different S/Fe molar ratios (0.1 to 2.0) in solution. The reason for 130 

using different concentrations of dissolved sulfide was to determine the ideal S/Fe ratio at which 131 

FeS precipitation will overcome the process of reductive dissolution of Fe(III) from Fe(III)-132 

(oxyhydr)oxide mineral to Fe(II) in solution. Also of interest is the identity of the intermediate 133 

solid sulfur species formed during the sulfidation reactions as well as the concentrations of Fe 134 

and sulfate in aqueous solution. As poorly crystalline iron sulfide phases like FeS (mackinawite) 135 

and intermediate sulfur species are difficult to analyze using conventional solid-phase techniques 136 

(e.g., by x-ray diffraction analysis), we carried out synchrotron-based S-K-edge and Fe-K-edge 137 

x-ray absorption spectroscopy (XAS) to quantitatively identify intermediate sulfur species and to 138 

decipher reaction mechanisms.  139 

 140 

2. Materials and Analytical Procedures 141 

2.1 Materials 142 

2.1.1 Ferrihydrite synthesis – Synthetic two-line ferrihydrite (Fh) was prepared by titrating a 143 

50mM aqueous solution of ferric nitrate nonahydrate (Fe(NO3)3•9H2O) (Sigma Aldrich, USA) 144 

with a 1M potassium hydroxide (KOH) solution (Fischer Scientific, USA) to pH 6.5 as described 145 

by Schwertman and Cornell40. After hydrolysis, the precipitates were centrifuged at 12000RPM 146 

(Spectrafuge 16M, Labnet International, USA) and the ferrihydrite nanoparticles were washed 147 

thoroughly with deionized water to remove traces of nitrate. The freeze-dried powder was stored 148 
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in an airtight glass tube at 4°C until further use, and samples were not stored longer than 2 149 

weeks. 150 

  151 

2.1.2 Goethite synthesis – Goethite nanoparticles were synthesized using the method described 152 

by Schwertman and Cornell40. Briefly, 11mM of ferric nitrate nonahydrate (Fe(NO3)3•9H2O) 153 

aqueous solution (Sigma Aldrich, USA) was titrated to pH 12 with a 33mM sodium hydroxide 154 

(NaOH) (EMD, Germany) solution. The suspension was kept at 65°C for 48hrs in a temperature-155 

regulated water bath. The suspension turned yellow by the end of 48hr of incubation, and the 156 

precipitates were centrifuged at 12000RPM and washed with deionized water at least 5 times to 157 

remove extra salts. The sample was then dried in an oven at 40°C and the powder was stored in 158 

air-tight glass vials until used. 159 

 160 

2.1.3 Hematite synthesis – Hematite nanoparticles were synthesized by adding 0.02M of Fe 161 

from ferric nitrate nonahydrate (Fe(NO3)3•9H2O) aqueous solution (Sigma Aldrich, USA) to 2L 162 

of a solution of 0.002M HNO3 which was constantly stirred and preheated to 98°C before the 163 

addition of iron salt as described by Schwertman and Cornell40. This mixture was then kept at 164 

98°C for 7 days in an oven. Bright red precipitates were centrifuged and washed 5 times with 165 

deionized water before use.  166 

2.1.4 Characterization of nanoparticles – The degree of crystallinity and phase purity of all 167 

three Fe(III)-(oxyhydr)oxide nanoparticles were confirmed by x-ray diffraction analysis (Figure 168 

S1; Supporting Information). Total available surface area of the Fe(III)-(oxyhydr)oxide 169 

nanoparticles was determined by the multi-point Brunauer–Emmett–Teller (BET) method using 170 

a Micromeritics 2200 BET instrument. Particle sizes of the Fe(III)-(oxyhydr)oxide nanoparticles 171 

were measured in solution using a Malvern ZS Zetasizer (Figure S9). The measured surface 172 

areas and average particle sizes are 332m2g-1 and ~5nm (ferrihydrite), 36m2g-1 and ~50-70nm 173 

(goethite), and 32m2g-1 and ~50nm (hematite). Transmission electron microscopy (TEM) was 174 
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also used to characterize the morphology and size of nanoparticles (Figure 8). Ferrihydrite 175 

nanoparticles are irregularly shaped and 5-10 nm in diameter; goethite is present as nanorods that 176 

are 70-100 nm in length and 4-6 nm in width; hematite nanoparticles were found to be round in 177 

shape and ~50nm in diameter. 178 

 179 

2.1.5 Sulfide solution – A stock solution of dissolved sulfide was prepared by dissolving 180 

Na2S•9H2O crystals (Acros, Belgium) in N2-purged deionized water. Nitrogen-purged water was 181 

prepared by bringing the deionized water to the boil and sparging with high purity N2 gas while 182 

cooling down to room temperature (approx. 4hrs). 183 

 184 

2.2 Sulfidation Reaction  185 

A total of 200mg of ferrihydrite, goethite, or hematite nanoparticles was placed in 20mL 186 

of de-oxygenated deionized water (in 25mL glass vials) with different dissolved sulfide-to-iron 187 

ratios (S/Fe = 0.1; 0.2; 0.5; 1.0; and 2.0) under an N2:H2 (95:5) atmosphere (COY Industries 188 

glove box). Vials were closed with an airtight septum to restrict oxygen exposure. Vials were 189 

then slowly shaken (40 RPM) and were sacrificed after 1 day, 5 days, and 14 days inside the N2-190 

filled glove box. The precipitates were centrifuged (Spectrafuge 16M, Labnet International, 191 

USA) inside the glove box and the aqueous solution was stored in 20mL plastic tubes for further 192 

chemical analysis. The precipitates were dried under N2 and kept sealed until analysis for solid-193 

phase identity, including S-K-edge and Fe-K-edge x-ray absorption spectroscopy. 194 

 195 

2.3 Analytical Procedures 196 

2.3.1. Chemical analysis of aqueous solutions – Dissolved sulfate was measured by ion 197 

chromatography (IC) using a Dionex DX-100 ion chromatography column after samples were 198 

centrifuged (12000RPM) and filtered through a 0.02µm membrane filter. Dissolved Fe(II) and 199 

Fe(III) were measured using the revised ferrozine method described by Viollier et al41 at a 200 
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wavelength of 562nm (limit of detection was 0.4µmol/L) using a Hewlett-Packard Vectra QS 201 

165 spectrophotometer.  202 

2.3.2. X-ray absorption spectroscopy – Conventional solid-phase identification techniques like 203 

x-ray diffraction (XRD) are not capable of identifying non-crystalline phases, and the 204 

quantification is even more difficult if multiple phases are present. In this study, solid-phase 205 

speciation was determined by S-K-edge x-ray absorption near-edge structure (XANES) 206 

spectroscopy and Fe-K-edge XANES and extended x-ray absorption fine structure (EXAFS) 207 

spectroscopy at beam line 4-3 (S-K-edge) and beam line 4-1 (Fe-K-edge), respectively, at the 208 

Stanford Synchrotron Radiation Lightsource (SSRL).  209 

For S-K-edge XANES analysis, samples were thinly brushed on sulfur-free Kapton® tape 210 

mounted on aluminum sample holders inside a glove box (5% H2:95% N2 atmosphere), and 211 

XANES data were collected under an inert (He) atmosphere at ambient temperature. Samples 212 

and reference standards were diluted 2- to 10-fold with boron nitride (BN) to minimize self-213 

absorption effects associated with high S loadings42. X-ray energy was varied using a Si(111) 214 

monochromator, with energy calibrated continuously in transmission mode to the maximum of 215 

the energy position of S K-absorption-edge peaks (1s to 3p) of sodium thiosulfate at 2472.02eV. 216 

XANES spectra in x-ray fluorescence mode were collected using a 4-element Si-Li Vortex 217 

detector. A minimum of 7-10 spectra was collected for each sample to extract workable average 218 

spectra. 219 

For Fe-K-edge XANES/EXAFS analysis, a known weight of each sample was diluted 220 

with oven-dried boron nitride (BN) powder and pressed into pellets inside a glove box. These 221 

pellets were then mounted on aluminum sample holders supported with Kapton® tape. Energy 222 

was calibrated at 7111eV, the energy position of the first inflection point in the K-edge of an Fe 223 

metal foil recorded in double transmission setup. XAS data were collected under a He 224 

atmosphere at ambient temperature in a specially designed gas flow chamber in fluorescence 225 

mode using a Si(220) double-crystal monochromator and a thirty-element Ge-detector. A 226 
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minimum of 7-10 spectra were collected for each sample to obtain a better signal to noise 227 

average spectrum for further analysis. 228 

Athena software43 was used for XANES and EXAFS background subtraction and 229 

normalization. The energy position of the absorption-edge feature of S-K-edge XANES spectra 230 

is expected to constitute a chemical ruler for oxidation state of S species44. However, owing to 231 

the similarity in XANES spectra for the various model compounds for each oxidation state45, S 232 

K-edge XANES spectra were first analyzed by principal component analysis (PCA)46 using the 233 

SIXPACK code47, in order to estimate the minimum number of components necessary to fit 234 

these XANES spectra48. Then, target transformation (TT) was used to determine the relevant 235 

model compound spectra to be considered as legitimate components (Table S1, S2). Details of 236 

the PCA-TT procedure are reported in the SI. Finally, quantitative sulfur speciation was 237 

determined by linear combination-least squares (LC-LS) fitting of XANES spectra with 238 

contributions from selected S reference compounds chosen by the PCA-TT procedure (Figure 239 

S2 and S3) using the Athena program45,49. The quality of the LC-LS fits was estimated by an R-240 

factor parameter (Rf) of the following form: Rf = ∑ (χexp – χcalc)
2 / ∑ (χexp)

2. The accuracy of 241 

the XANES fitting procedure is estimated to be ±10% of the fit-determined component phases42. 242 

The components below 10% are thus considered as not significant. However, the same model 243 

compounds for the LC-LS fitting of the S-K-edge XANES spectra were used for all the samples 244 

studied; thus, we assume that the occurrence of components comprising less than 10% of the 245 

total components as legitimate components if these S species are indicated by the occurrence of 246 

its main edge (due to 1s-4p electronic transitions). S-K-edge XANES spectra were analyzed by 247 

LC-LS fitting (model compounds used for the LC-LS fitting analysis are reported in Figure S3 248 

(SI) and shell-by-shell fits, respectively. Shell-by-shell fitting was performed with the program 249 

Artemis using the FEFF8 code 8.450. Backscattering phase and amplitude functions were 250 

calculated using the FEFF8.4 program for Fe-S and Fe-O pairs.  251 

 252 
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2.3.3. X-ray diffraction analysis – Synchrotron x-ray powder diffraction data were collected for 253 

reacted samples, and redox integrity was maintained by avoiding long x-ray exposures, which 254 

was made possible by the much higher flux of a synchrotron x-ray source. An x-ray exposure of 255 

60 seconds was enough to generate an x-ray diffractogram for these samples. A thin film of 256 

sample (<1mm) was pasted on Kapton® tape for x-ray diffraction at SSRL beamline 11-3 in 257 

transmission geometry using a Mar 345 image plate detector. An x-ray wavelength of 0.976Å 258 

(corresponding to an energy of about 12KeV) was employed after calibration using a lanthanum 259 

hexa-boride (LaB6) reference compound. A blank (i.e. without sample) with the same Kapton® 260 

tape was also analyzed to subtract the Kapton® signals for background corrections, and crystal 261 

structure standards sensitive to oxidation were analyzed with the same setups as controls. Data 262 

were collected from q = 1.0 to 12.5Å−1 with 0.02Å−1 step size. Mineral phases were identified 263 

using the PDF-2 database  264 

 265 

2.3.4 Transmission Electron Microscopy – TEM images were acquired using a FEI Tecnai G2 266 

F20 X-Twin (operating voltage of 200 kV) equipped with a field-emission gun, an x-ray detector 267 

(EDS) for compositional analysis, and a CCD camera; the point-to-point resolution was 2.5 Å. 268 

Dilute suspensions (prepared using O2-free milliQ water) of nanoparticles were deposited on 269 

ultra-thin holey carbon TEM grids and were dried under a nitrogen (97% N2 + 3% H2) 270 

atmosphere before TEM observations. 271 

 272 

3. Results 273 

3.1 Fe-dissolution and sulfide oxidation in aqueous solution – Bar graphs of Fe dissolution at 274 

different sulfide-to-iron (S/Fe) ratios for the three Fe(III)-(oxyhydr)oxides (Figure 1) show that 275 

the concentration of Fe(II) in solution increased with increased S/Fe ratio up to 0.5 during the 276 

sulfidation of all three Fe(III)-(oxyhydr)oxides. However, above S/Fe = 0.5, the concentration of 277 

Fe(II) dropped significantly in all solution samples. Iron dissolution for ferrihydrite (124µmol) is 278 
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an order of magnitude higher relative to hematite (3µmol) and two orders of magnitude higher 279 

relative to goethite (0.5µmol) at a S/Fe ratio of 0.5 (Figure 1). Order-of-magnitude differences 280 

in surface area-normalized Fe(II) concentrations in solution (Figure 1B) and Fe-dissolution rates 281 

(Figure 1C) suggest that the differences in Fe(II) concentrations in solution are not only 282 

controlled by the surface area but also by the chemical and physical properties of the 283 

nanoparticle surfaces. 284 

This observation is consistent with the fact that ferrihydrite is poorly crystalline51,52, has 285 

smaller particle size (~5nm), and has higher surface area (~332m2g-1) compared to hematite 286 

(50nm; 32m2g-1) and goethite (50-70nm, 36m2g-1). Figure 1B shows Fe-dissolution rates for all 287 

three Fe(III)-(oxyhydr)oxides at S/Fe ratios up to 0.5; above this ratio FeS precipitation is 288 

dominant. Iron dissolution rates (R (mol.m
2
.day

-1
)) of Fe(III)-(oxyhydr)oxides based on a first-289 

order rate law were calculated as  290 

2[ ]

A 
aqd Fe

R
dt

+

=
 291 

where, A is the surface area concentration of Fe(III)-(oxyhydr)oxides in m2L-1, and t is the time. 292 

 293 
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 294 

Figure 1: (A) Fe(II) concentrations measured in solution after one day of reaction of ferrihydrite, 295 
goethite, and hematite nanoparticles with dissolved sulfide at different S/Fe ratios; (B) Surface area-296 
normalized Fe(II) concentrations; (C) Fe-dissolution rates (mole.m-2.day-1) for ferrihydrite, goethite, and 297 
hematite nanoparticles at different S/Fe ratio. 298 

  299 

 In the process of reductive dissolution of Fe(III) to Fe(II), dissolved sulfide also oxidizes, 300 

forming intermediate sulfur species and eventually sulfate. Dissolved sulfate concentrations were 301 

also measured in aqueous solution for all samples after the sulfidation reaction as shown in 302 

Figure 2. Sulfate concentrations in solution follow a pattern similar to that of iron dissolution, 303 

where sulfate concentrations in solution increased (9-12µmol) for all three Fe(III)-304 

(oxyhydr)oxides upto the S/Fe ratio of 0.5, and at higher ratios (>0.5) decreased sharply (0-2 305 

µmol). However, unlike Fe(II) dissolution, dissolved sulfate concentration in ferrihydrite-306 

containing systems was lower (~9µmol) than that in goethite- and hematite-containing systems 307 

(~12µmol) at a S/Fe ratio of 0.5 (Figure 2; Figure S10). This finding is consistent with the fact 308 
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that higher dissolution rates of Fe(II) in case of ferrihydrite means more Fe(II) is available to 309 

react with sulfide before eventual oxidation of sulfide, hence less sulfate in the solution. 310 

 311 

 312 
 313 
Figure 2: Dissolved sulfate concentration measured after (14 days) sulfidation reactions of ferrihydrite, 314 
goethite, and hematite nanoparticles as a function of different S/Fe molar ratios. 315 
 316 
 317 
3.2 Fe-K-edge X-ray Absorption Spectroscopy  318 

 The pre-edge regions and the fully normalized Fe K-edge XANES spectra obtained from 319 

solid samples after 14 days of reaction of different Fe(III)-(oxyhydr)oxides with dissolved 320 

sulfide and linear combination fitting results are shown in Figure 3. It is well known that the 321 

position of the pre-edge features (due to 1s to 3d electronic transitions) depends on the redox 322 

state of Fe in Fe-bearing minerals53,54. The number, integrated intensities, and positions of 323 

absorption features in the pre-edge region of Fe K-edge XANES spectra depend on Fe oxidation 324 

state as well as on the symmetry and distortion of the site in which Fe resides. Fe(III) is 325 

characterized by a pre-edge feature centered around 7114eV, whereas Fe(II) is characterized by a 326 

pre-edge features centered around 7112eV. The pre-edge feature of the XANES spectra collected 327 

for ferrihydrite samples is centered around 7114eV, whereas this feature clearly moves toward 328 

7112eV in the presence of dissolved sulfide with increasing of S/Fe ratio (Figure 3). Such an 329 

evolution suggests that the redox state of Fe changed from Fe(III) to Fe(II). 330 
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 331 

Figure 3: Fe-K-edge XANES spectra of ferrihydrite (Fh), goethite (Gt), and hematite (Ht) nanoparticles 332 
taken after 14 days of reaction with dissolved sulfide at different S/Fe ratios. Dotted lines are linear 333 
combination fit results of the XANES region of the sample spectra (solid lines)  334 
 335 

These observations are also confirmed by the Fe K-edge XANES spectra, which show a 336 

decrease in the intensity of the white-line (Fe(III) and the appearance of a shoulder on the low-337 

energy side of this white-line, due to the presence of (Fe(II), with increasing of S/Fe ratio 338 

(Figure 3). These changes suggest the formation of reduced solid-phase Fe species during the 339 

reaction of ferrihydrite nanoparticles with dissolved sulfide. There was no significant change in 340 

the energy position or integrated intensity of pre-edge features of the goethite and hematite Fe K-341 

edge XANES spectra, suggesting that the majority of Fe remained oxidized under the same 342 

reaction conditions (with sulfide), as is the case for the ferrihydrite nanoparticles. 343 

  Similar behavior was also observed in the Fe-K-edge EXAFS spectra, where changes are 344 

evident only in ferrihydrite at S/Fe ratios > 0.5. The Fe-K-edge EXAFS spectra and the 345 

corresponding Fourier Transform of the normalized, background-subtracted, and k3-weighted 346 

ferrihydrite EXAFS spectrum after reaction with dissolved sulfide are presented in Figure 4. The 347 

EXAFS spectra show distinctive features which change with increasing S/Fe ratio. These 348 
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changes are also observed in the corresponding Fourier Transforms, which show a shift of both 349 

the first- and second-neighbor peaks from 1.4Å and �2.7Å (uncorrected for phase shift), at a 350 

S/Fe ratio of 2. This shift suggests a change in the Fe co-ordination environment and a change of 351 

first-neighbor atoms around Fe in the structure. More specifically, the Fe-K-edge XANES and 352 

EXAFS of end-member ferrihydrite in the presence of HS- compare well with those of 353 

mackinawite produced from reduction of dissolved Fe(III)55 suggesting formation of FeS 354 

species. 355 

 356 

Figure 4: (A) Background-subtracted and k3-weighted Fe-K-edge EXAFS spectra of ferrihydrite at 357 
different S/Fe ratios; (B) Fourier Transform Magnitudes of the EXAFS spectra of ferrihydrite 358 
nanoparticles after 14 days of reaction with dissolved sulfide at different S/Fe ratios. 

*
FeII-FeII and 

**
FeIII-359 

FeIII shells were calculated with the FEFF 8.1 code using the crystal structure of mackinawite56 and 360 
ferrihydrite51, respectively. 361 
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species identified at different S/Fe ratios for the different Fe(III)-(oxyhydr)oxide nanoparticles 367 

after 14 days of reaction. 368 

 369 

  370 

Figure 5: S-K-edge XANES spectra of ferrihydrite, goethite, and hematite nanoparticles after 14 days of 371 
reaction with dissolved sulfide at different S/Fe ratios. 372 

 373 

The energy positions of absorption-edge peaks of the S K-edge XANES spectra (due to 374 

1s to 3p electronic transitions) decreased from 2472 eV, characteristic of S(0), to 2469.4 eV, 375 

characteristic of S(-II), when the S/Fe ratio was > 0.5. This observation suggests formation of 376 

Fe-monosulfides. However, S(-I), characteristic of disulfides like pyrite and having typical K-377 

edge energy positions of 2471eV44 was not detected in our samples. There is also a clear signal 378 

for S(VI), characteristic of sulfate species, which have a K-edge energy of 2482eV. The highest 379 

peak intensity of sulfate is observed at low S/Fe ratios and gradually decreases as S/Fe ratio 380 

increases (Figure 5) in goethite and hematite. Interestingly, the sulfate peak was absent or less 381 

abundant in the case of ferrihydrite, suggesting a faster and more complete sulfidation reaction 382 

without further oxidation of sulfide. 383 
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Our XAS observations suggest that ferrihydrite is totally dissolved at the end of the 385 

sulfidation reaction (14 days), and was replaced by a reaction product that is similar to an iron 386 

sulfide like mackinawite. To identify this reaction product, shell-by-shell fitting was performed 387 

for the EXAFS spectrum of ferrihydrite at a S/Fe ratio of 2 (Figure 6).  388 

 389 

 390 

 391 

Figure 6: Shell-by-shell fits of EXAFS spectra of ferrihydrite after reaction with dissolved sulfide at a 392 
S/Fe ratio of 2 after 14 days. Fitting range R = 1-3.5Å, Fourier transform range: k = 3.4-14.8Å-1; Number 393 
of independent data points Nind = 18, Number of variables = 7. 394 
 395 

This spectrum was selected for shell-by-shell fitting because it showed total conversion; 396 

thus, it was also used as a reference for FeS for the LC-LS fittings of the other spectra. The best 397 

fit indicates that the interatomic distance between Fe and S is 2.23 (± 0.01)Å and the Fe-Fe 398 

 Fe-S Fe-Fe 

N 3.4 ± 0.1 1.0 ± 0.2 

D(Å) 2.23(1) 2.72(1) 

σ2(Å2) 0.0041(4) 0.0042(15) 

∆E0 (eV) 1.1±0.1 

R2 0.0058 

χ
2 3.76.83 
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distance is 2.74 (± 0.01)Å. The FEFF path for the Fe-O pair did not give satisfactory fits for the 399 

experimental spectra. The distance of 2.23Å is typical of mackinawite produced from reduction 400 

of Fe(III)55, which is referred to as minimally oxidized mackinawite45. 401 

 402 

4. Discussion 403 

4.1 Influence of Sulfide-to-Iron (S/Fe) Ratios on Sulfidation Mechanisms  404 

Our sulfidation studies of Fe(III)-(oxyhydr)oxide nanoparticles clearly show that S/Fe 405 

ratio is very important in determining the types of sulfidation mechanisms. Figure 7 shows the 406 

distribution of mass percentages of FeS and Fe(III)-(oxyhydr)oxide species in the solid-phase 407 

sample after 14 days of the sulfidation reaction as a function of S/Fe molar ratio. These results 408 

suggest that reductive dissolution of Fe(III)-(oxyhydr)oxides precedes the precipitation of FeS 409 

species only for S/Fe ratios > 0.5. At lower S/Fe ratios (≤ 0.5), this reductive dissolution results 410 

in Fe(II) release into aqueous solution, but it does not drive FeS precipitation. High 411 

concentrations of sulfide (S/Fe ratios ≥0.5) are needed to react further with Fe(II), derived from 412 

reductive dissolution of Fe(III)-(oxyhydr)oxides to precipitate FeS (Figure 5). Such precipitation 413 

removes Fe(II) from solution as suggested by the decreasing amount of dissolved Fe and sulfate 414 

(Figures 1 and 2). A sudden drop in Fe(II) concentration and no precipitation of FeS at S/Fe 415 

ratios lower than 0.5 suggest that some degree of super-saturation is required for FeS 416 

precipitation. The Fe(II) concentrations in solution were an order of magnitude different for 417 

different Fe(III)-(oxyhydr)oxides and still required similar sulfide concentrations in solution to 418 

precipitate FeS, indicating sulfide concentration controls FeS precipitation as previously 419 

suggested57. Finally, S/Fe ratios > 0.5 are required for spontaneous nucleation of FeS, and the 420 

production rate of FeS is directly proportional to the increase in sulfide concentration (Figure 7). 421 

Thus, these results suggest that the ratio of dissolved sulfide to Fe has a major influence on 422 

Fe(II) dissolution and FeS precipitation in low-temperature experimental sulfide systems. 423 

However, in natural systems or in the presence of other metal ions, this ratio could be higher as 424 
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some metal monosulfides have lower solubility products (Hg<Cu<Cd<Sn≈Pb<Ni<Fe)58 than Fe-425 

monosulfide and could precede FeS precipitation using dissolved sulfide. 426 

 427 

 428 

Figure 7: Mass percentage of Fe(III)-(oxyhyrdr)oxides and FeS in solid-phase samples after 14 days of 429 
the sulfidation reaction as determined by linear combination fits of the Fe-K-edge XANES spectra. Fe 430 
species are expressed as the relative proportion of each of the Fe model compounds normalized to 100%. 431 
 432 
 433 
4.2 Impact of Crystallinity and Surface Area on Sulfidation of Fe(III)-(oxyhydr)oxide 434 

 435 
It is well established that ferrihydrite, goethite, and hematite nanoparticles have different 436 

atomic-level structures and morphologies. Comparison of the surface area-normalized Fe-437 

dissolution rates of each Fe(III)-(oxyhydr)oxide (Figure 1C) clearly shows that ferrihydrite 438 

nanoparticles, with orders of magnitude higher dissolution rates, will produce an order of 439 

magnitude higher dissolved Fe(II) in solution than hematite nanoparticles and two orders of 440 

magnitude higher dissolved Fe(II) in solution than goethite nanoparticles. However, the goethite 441 

nanoparticles, which have a slightly higher surface area (36 m2.g-1) per gram than hematite (32 442 

m2.g-1) nanoparticles, produced lower dissolved Fe(II) in solution at similar S/Fe ratios due to 443 

lower dissolution rates. This result is consistent with previous field observations on red tropical 444 

soils59, where hematite dissolution rate was found to be an order of magnitude higher than that of 445 

goethite. Based on these observations, we conclude that the production of dissolved Fe(II) is 446 

controlled not only by surface area but also by the surface properties of Fe(III)-(oxyhydr)oxide, 447 
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particularly the atomic-level structures of the three nanoparticle surfaces in contact with aqueous 448 

solution. This suggestion is in agreement with previous studies, which found that surface area 449 

alone does not control reductive dissolution of Fe(III)-(oxyhydr)oxides by dissolved sulfide, but 450 

rather that the dissolution behavior also depends on atomic-level surface properties of these 451 

hydrated nanoparticles32,60
. The (0001) surface of hydrated bulk hematite has oxygen atoms that 452 

are singly coordinated by octahedral Fe(III) ions, and thus are likely to have greater proton 453 

lability and will be more reactive61 than the (100) surface of hydrated bulk goethite, where 454 

surface oxygens are bonded to two Fe(III) ions62. Very little is known about the surface 455 

structures of ferrihydrite, goethite, or hematite nanoparticles in contact with aqueous solutions. 456 

The above discussion of differences in the structures of hydrated single-crystal hematite (0001) 457 

and hydrated single-crystal goethite (100) surfaces is included only to point out potential 458 

differences between the structures of these two surfaces, which may or may not be relevant to 459 

hematite and goethite nanoparticle surfaces in the environment.   460 

 At higher sulfidation rates (S/Fe ratios > 0.5), spontaneous nucleation of FeS occurs, with 461 

ferrihydrite showing the highest mass of FeS formed during the sulfidation reaction, followed by 462 

goethite and hematite (Figure 7). Ferrihydrite was entirely transformed to FeS at an S/Fe ratio of 463 

2 in our experiments, whereas in the cases of goethite and hematite, a maximum of 58% and 464 

18% of these phases, respectively, was transformed to FeS at an S/Fe ratio of 2. In contrast with 465 

goethite and hematite, ferrihydrite is a poorly ordered Fe(III)-(oxyhydr)oxide, and thus is likely 466 

to have more undersaturated bonding of surface oxygens and hydroxyls than goethite or hematite 467 

surfaces. As a result, ferrihydrite should be more sensitive to reductive dissolution, as previously 468 

observed in field studies36,45,63 and as observed in the present study. So, it is likely that degree of 469 

crystallinity and attendant differences in atomic-level surface structures, influence the rate of 470 

conversion from Fe(III)-(oxyhydr)oxide to FeS. It is also important to note that the aggregation 471 

behavior of these nanoparticles might be different once in suspension and that the surface area 472 

measured by BET (dry powder) in this case might not be truly representative of the surface areas 473 

Page 21 of 35 Environmental Science: Nano

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



 

 
21

of natural Fe(III)-(oxyhydr)oxide nanoparticles. However, currently, we do not have an 474 

analytical method available that can reliably measure the surface area of nanoparticles in 475 

suspension. 476 

 477 

 478 

Figure 8: TEM images of (A) ferrihydrite (S/Fe = 0.5), (B) ferrihydrite (S/Fe = 2), (C) hematite (S/Fe = 479 
2), (D) and (E) goethite (S/Fe = 2) nanoparticles. 480 
 481 

TEM analysis of sulfidized Fe(III)-(oxyhydr)oxide nanoparticles suggests that FeS 482 

precipitated as a separate phase. We did not observe core-shell structure formation in these 483 

nanoparticles after reaction with dissolved sulfide, in contrast with study of silver nanoparticle 484 

sulfidation where a core-shell structure was observed64. We also did not observe a close spatial 485 

association of the FeS nanoparticles with the sulfidized Fe(III)-(oxyhydr)oxide nanoparticles as 486 

was found for sulfidation of ZnO nanoparticles, where a porous shell of 2.5 to 5 nm ZnS 487 

nanoparticles surrounded the ZnO nanoparticles65.  Our TEM observations suggest that the FeS 488 

phases precipitated using dissolved Fe(II) released from reductive dissolution of Fe(III)-489 

(oxyhydr)oxides and dissolved sulfide. Also, as the mechanism of sulfidation seems to be similar 490 
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in the three types of Fe(III)-(oxyhydr)oxide nanoparticles studied here, it is reasonable to assume 491 

that surface structure of the different Fe(III)-(oxyhydr)oxide nanoparticles is the primary control 492 

on reductive dissolution of Fe(III) and release of Fe(II) to the solution and FeS precipitation 493 

thereafter is independent of the nature of initial Fe(III)-(oxyhydr)oxide used. 494 

 495 
4.3 Formation of Intermediate Sulfur Species During Sulfidation of Fe(III)-496 

(oxyhydr)oxides  497 
 498 

Sulfur is characteristically hetero-valent, exhibiting a large range in oxidation state (-II to 499 

+VI). Thus, it is imperative to identify and quantify all of the species formed during the reaction 500 

of Fe(III)-(oxyhydr)oxide nanoparticles with dissolved sulfide. 501 

Principle component analysis indicates that 99% of the total variance of the system of our 502 

24 XANES spectra (from all three Fe(III)-(oxyhydr)oxide nanoparticles before and after 503 

sulfidation) can be explained by the three first principal components48 (Table S3, S4), with a 504 

minimum IND parameter value of 7.98•10-6. However, adding the fourth principal component 505 

improves the variance and the quality of reconstruction of the whole set of experimental XANES 506 

spectroscopic data. Among our large set of model compound spectra, the Target Transform (TT) 507 

analysis helped in selecting the most appropriate model reference compounds for the LC-LS fits 508 

of the S-K-edge XANES spectra of experimental samples (Table S2). The model compounds 509 

yielding a Normalized Sum of Squared Residuals (RTT = Σ (k3
χexp - k3

χmodel)
2/ Σ (k3

χmodel)
2) 510 

lower than 0.15 and SPOIL values below 6 after the TT procedure were considered as possible 511 

components66,67. Among all tested model compounds, elemental sulfur, minimally oxidized 512 

mackinawite, polysulfides, thiosulfate, and jarosite yielded the lowest RTT and SPOIL values. 513 

This result suggests that these five S-containing species are likely to represent S speciation in the 514 

24 samples we studied using S-K-edge XANES spectroscopy. The high SPOIL values combined 515 

with the higher RTT values of greigite, pyrite, Na sulfite, marcassite, pyrrothite, troilite, arcanite, 516 

Na-sulfate, malenterite, rhomboclase, K2SO4, anhydrite, and quenstedtite indicated that these S-517 

containing species were not present at detectable concentrations in our experimental samples.  518 
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The S-K-edge XANES spectra of iron sulfides produced during reductive dissolution of 519 

ferrihydrite exhibit a peak at 2470eV, which was previously interpreted as precipitation of 520 

greigite from reductive dissolution of Fe(III)-(oxyhydr)oxides in a tidally re-flooded wetland20. 521 

However, in subsequent studies45,68, it was found that synthetic FeS exposed to sub-522 

stoichiometric amounts of oxidants or Fe(III), referred to as minimally oxidized mackinawite, 523 

exhibits a peak at 2470.3eV. The S-K-edge XANES peak at 2470eV, characteristic of S(-II), 524 

could thus be interpreted as partially oxidized mackinawite. This conclusion corroborates the 525 

results of shell-by-shell fitting of Fe-K-edge EXAFS spectra. 526 

 527 

Figure 9: TEM image from sulfidated hematite nanoparticles (A) precipitates 528 

(B)“nanonails” showing solid phase sulfur in rod shaped formation. 529 

 530 
LC-LS fitting of the S-K-edge XANES spectra shows that different types of sulfur 531 

species formed at different S/Fe ratios during sulfidation of the three types of Fe(III)-532 

(oxyhydr)oxide nanoparticles (Figure 10). At S/Fe ratios ≤ 0.5, S(0) and polysulfides are the 533 

main solid-phase species. In the sulfidized goethite and hematite samples, thiosulfate and Fe(II)-534 

sulfate were also observed. TEM analysis showed solid phase sulfur species in sulfidated 535 

hematite samples (Figure 9). However, these species were not detected in the sulfidized 536 

ferrihydrite samples, perhaps due to faster and more complete reaction of the ferrihydrite with 537 
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dissolved S(-II). The FeS fraction determined here is consistent with the results from Fe-K-edge 538 

XANES spectroscopy. 539 

 540 

 541 

Figure 10: Sulfur species identified in solid phase after 14 days of reaction between ferrihydrite (Fh), 542 
goethite (Gt), and hematite (Ht) nanoparticles and dissolved sulfide, Mass percentages of these species 543 
were derived from linear combination fitting of S-K-edge XANES spectra of samples and selected 544 
reference compounds. 545 
 546 

 547 
Oxidation of S(-II) to SO4

2- is kinetically favored in the presence of oxygen. Sulfite, once 548 

formed, does not contribute to further reactions with Fe but reacts rapidly with H2S, resulting in 549 

the formation of thiosulfate25, which helps explain the presence of thiosulfate in our experiments. 550 

At S/Fe ratios ≤ 0.5, sulfide is oxidized (in the process of reducing Fe(III) to Fe(II)), first to 551 

elemental sulfur (S(0)) and eventually to sulfate via reactions 1 and 3 below, resulting in the 552 

release of Fe(II) into aqueous solution as we observed in our experiments (Figure 1).  553 

Fe3+ + S2- � Fe2+ + S0 + e-        (1) 554 

Fe2+ + S2- � FeS(m)       (2) 555 

S0 + 6Fe3+ + 4H2O � SO4
2- + 6Fe2+ + 8H+    (3) 556 

S2O3
2- + 8 Fe3+ + 5H2O � ����

�� + 8 Fe2+ + 10 H+                                (4) 557 

Fe2+ + SO4
2- � FeSO4         (5) 558 

S0 + HS-  � S2
2- + H+       (6) 559 

S2
2- + S2

2- � S4
2- + 2e-      (7) 560 
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S2-
n-1 + S0 � S2-

n       (8) 561 
 562 

The higher Fe-dissolution rates of ferrihydrite relative to goethite and hematite, 563 

contribute to the higher release of Fe(II) into solution and greater production of S(0) in the solid 564 

phase during the sulfidation reaction of ferrihydrite nanoparticles. Additionally, higher Fe-565 

dissolution rates of ferrihydrite nanoparticles provided a continuous supply of dissolved Fe(II) in 566 

solution to react rapidly with available dissolved sulfide at higher S/Fe ratios causing the 567 

precipitation of FeS (reaction 2). In contrast, the Fe-dissolution rates of Fe(II) from goethite and 568 

hematite nanoparticles were much lower than for ferrihydrite, so the initially formed S(0) is 569 

suspected to result in the formation of polysulfide via a disulfide route (reactions 6 and 7). 570 

Disulfides are end members of a series of sulfanes, usually referred to as polysulfides, which 571 

occur as discrete species in aqueous solution69. However, they have not been commonly 572 

identified in these systems. Nonetheless, they play an important role in the reactions of Fe with 573 

sulfide. Rickard27 proposed the polysulfide pathway for the formation of pyrite involving the 574 

dissolution of FeS followed by the reaction of Fe(II) and sulfur species forming pyrite (reactions 575 

9 and 10) 576 

FeS + Sn
2- = FeS2 + S(n-1)

2-            (9)          577 

FeS + H2S = FeS2 + H2                     (10) 578 

Wang and Morse39 suggested that S(0) is a key reactant in the formation of pyrite, which 579 

also includes the dissolution of FeS. However, Schoonen70 concluded that elemental sulfur is not 580 

the true reactant in the formation of pyrite and agreed with previous studies suggesting that the 581 

hydrolysis of sulfur or reaction of S(0) with H2S creates polysulfide species, which are more 582 

likely to be the reactants29,38. 583 

We also detected solid-phase polysulfide species after the reaction of Fe(III)-584 

(oxyhydr)oxides with dissolved sulfide resulting from eventual oxidation and precipitation of 585 

dissolved sulfide. During this reaction, sulfate is also present in aqueous solution as observed in 586 

Figure 2. At higher S/Fe ratios (> 0.5) where sulfate decreased to undetectable levels, formation 587 
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of FeS reaches a maximum. Once the available Fe(II) is converted to FeS, the H2S concentration 588 

builds up in the system with increasing S/Fe ratio, and Fe dissolution is no longer viable or 589 

occurs at an extremely slow rate. Also, in the sulfidation reactions of goethite and hematite, the 590 

likely formation of surface precipitates of sulfur species may result in slow electron transfer 591 

(Figure 10) limiting Fe(II) dissolution. Although H2S is not a good electron donor because the 592 

highest occupied molecular orbital is so stable, it can still act as an electron donor to Fe(II) 593 

because Fe(II) has an unoccupied low-energy atomic orbital. As a result, Fe-dissolution 594 

continues, but very slowly. Also, because Fe-dissolution is slow in the sulfidation reaction of 595 

hematite, we observed thiosulfate even at the highest S/Fe ratios (S/Fe =2). However, this is not 596 

the case in the sulfidation reaction of ferrihydrite nanoparticles, where Fe dissolution and FeS 597 

formation are complete. Figure 11 shows schematically the pathways of these reactions for 598 

different S/Fe ratios. 599 

 The adsorption of dissolved sulfide to Fe(III)-(oxyhydr)oxide nanoparticle surfaces 600 

occurs rapidly due to the formation of inner-sphere complexes >FeS- as suggested previously71. 601 

Electrons are transferred at the nanoparticle surfaces between the initially formed inner-sphere 602 

complexes and the Fe(III) in the nanoparticles72. During reductive dissolution of Fe(III)-603 

(oxyhydr)oxides by dissolved sulfide, a large portion of the reduced iron remains at the Fe(III)-604 

(oxyhydr)oxide nanoparticle surfaces or is bound to the solid phase due to the formation of FeS 605 

and mixed-valent iron oxides32,73,74. In the presence of sulfate, reductive dissolution of Fe(III)-606 

(oxyhydr)oxides is inhibited and reaction rates are usually lower than in the absence of sulfate75. 607 

These observations explain the decrease in Fe(II) concentrations in solution during the reaction 608 

of goethite and hematite after sulfate precipitation at higher S/Fe rations (> 0.5). 609 
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 610 

 611 
Figure 11: A schematic representation of the reaction pathways of sulfidation of Fe(III)-612 
(oxyhydr)oxides at different S/Fe ratios. 613 

 614 

5. Conclusions and Environmental Implications 615 

 Iron sulfides are an intrinsic and essential part of the global biogeochemical cycles of 616 

sulfur and iron25. Understanding their formation and subsequent transformations is essential for 617 

understanding the mobility and sequestration of heavy metal contaminants associated with iron 618 

sulfides13,14,18,55,76,78-80. Our experimental results provide a mechanistic understanding of the 619 

formation of FeS as well as intermediate sulfur species from the reductive dissolution of Fe(III)-620 

(oxyhydr)oxide nanoparticles in the presence of dissolved sulfide. They also indicate that the 621 

S/Fe ratio is critical in determining Fe(II) concentrations in solutions and the potential for FeS 622 

precipitation. A S/Fe ratio > 0.5 is required to precipitate FeS. Our results also show that the 623 

surface areas of the Fe(III)-(oxyhydr)oxide nanoparticles examined exert a major control on 624 

reductive Fe-dissolution in the presence of sulfide; however, Fe-dissolution rates normalized to 625 

surface area suggest order-of-magnitude differences for different Fe(III)-(oxyhydr)oxide, 626 

indicating that surface structure and other surface properties of these nanoparticles are likely 627 

Fe-
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important. However, our study was conducted on highly simplified systems. Natural 628 

environmental systems should exhibit more complexity in terms of competing ions, ionic 629 

strength variations, presence of organic matter, etc. 630 

 The environmental impacts of these processes are vast, as Fe(III)-(oxyhydr)oxide 631 

nanoparticles exert a major control on the mobility and behavior of contaminants in waters and 632 

soils. Also, reduction of Fe(III)-(oxyhydr)oxides in subsurface environments plays an important 633 

role in electron cycling in water-sediment systems. Redox transformations in these environments 634 

are frequent, and microbial sulfate-reduction is ubiquitous. These redox changes will stimulate 635 

sulfidation of Fe(III)-(oxyhydr)oxide nanoparticles and eventually lead to the release or result in 636 

the co-precipitation of surface-sorbed contaminants, depending on the availability of dissolved 637 

sulfide (S/Fe ratio).  638 

An important result of this sulfidation process is the difference in pHpzc of the original 639 

Fe(III)-(oxyhydr)oxides vs. their sulfidized reaction products. The pHpzc values of Fe-sulfides 640 

like mackinawite (pHpzc = 2.9) and pyrite (pHpzc = 2.0-2.4)81 are much lower than the pHpzc 641 

values of Fe(III)-(oxyhydr)oxides like ferrihydrite (pHpzc = 7.9)82; goethite (pHpzc = 8.32)83; 642 

hematite (pHpzc = 7.82)83. The lower pHpzc values imply that the particle surface will be highly 643 

negatively charged at common environmental solution pH values (such as in our experiments 644 

~7.2 ±0.2), resulting in higher inter-particle repulsion and consequently, lower particle 645 

aggregation. This would eventually provide larger surface area and higher sorption efficiency for 646 

positively charged metal ions at newly formed Fe-S surfaces. The more negative surface charges 647 

of iron sulfide nanoparticles than iron oxide nanoparticles should also result in enhanced 648 

adsorption of cation contaminants onto the former.  649 

 On a global scale, these processes also have important environmental implications 650 

associated with climate change-induced sea level rise and seasonal flooding of rivers. For 651 

example, sea level rise would bring sulfate-rich seawater to coastal areas which could potentially 652 

alter the biogeochemistry of redox-sensitive elements by turning formerly oxic zones into more 653 
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reducing zones, resulting in reductive dissolution of Fe(III)-(oxyhydr)oxides. Such dissolution 654 

would release surface-sorbed contaminants to the environment. On the other hand, river water 655 

flooding would also create reducing conditions but with lower sulfate concentrations providing a 656 

lower S/Fe ratio. Additional studies are needed to better understand these river water and sea 657 

water scenarios on the redox cycling of Fe(III)-(oxyhydr)oxides and associated contaminants and 658 

to assess the associated risks for humans and environments since almost 25% of the world’s 659 

population lives in coastal areas. 660 
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