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Environmental Significance Statement

There is a growing interest in the subject of sulfur-modified iron (ZVI) materials for reductive 
dehalogenation in recent years owing to its ability to remarkably increase the rates of trichloroethene 
(TCE) degradation and more selective electron transfer to target contaminants against background 
constituents. This study examined systematically the effects of different sulfidation treatments on the 
reactivity of four commercially available ZVIs for reductive dechlorination of perchloroethene (PCE), 
TCE, and cis-dichloroethene (cis-DCE). We showed for the first time that the effect of sulfidation is 
highly contaminant-specific with the observed kinetic enhancements in the order of TCE > PCE > cis-
DCE.  Furthermore, there is a clear divide in cis-DCE dechlorination performance among the high-purity 
ZVIs and those derived from a less pure feedstock such as cast iron. The innate impurities in the latter can 
serve as adventitious catalysts and their actions are inhibited by sulfidation. 
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17 Abstract

18 Recent studies on the use of controlled sulfur amendment to improve the reactivity and 

19 selectivity of zerovalent iron (ZVI) in reductive dechlorination reactions have generated a 

20 renewed interest in ZVI-based remediation materials. However, existing studies have focused 

21 on the reactions between trichloroethene (TCE) and lab-synthesized ZVI, the applicability of 

22 sulfidation to ZVIs with different material characteristics for reductive dechlorination of 

23 chloroethenes such as tetrachloroethene (PCE) and cis-dichloroethene (cis-DCE) have not 

24 been systematically examined. In this study, four ZVI materials from commercial sources 

25 having different size, morphological, and compositional characteristics were subject to 

26 various sulfidation treatments and were assessed in batch reactions with PCE, TCE, or cis-

27 DCE. Sulfur-amendment induces modest increases in PCE degradation and steers reaction to 

28 a cleaner pathway that has minimum accumulation of partially dechlorinated intermediates.  

29 In the case of cis-DCE, bifurcating outcomes were observed that include enhancement effects 

30 for two high-purity ZVIs and inhibitory effects for two ZVIs possessing low levels of metal 

31 impurities. Further investigations based on controlled metal dosing reveal that the trace 

32 metals commonly present in cast iron or recycled metal scraps, such as Cu and Ni, can act as 

33 adventitious catalysts for cis-DCE reduction. Sulfidation results in poisoning of these 

34 catalytic ingredients and accounts for the adverse effect observed with a subset of ZVIs. 

35 Collectively, this study confirms enhanced degradation of highly chlorinated ethenes (PCE 

36 and TCE) by sulfidation of ZVIs from diverse origins; nonetheless, the effects of sulfidation 

37 can be highly variable for the lesser chlorinated ethenes due to differences in the material 

38 characteristics of ZVI and the predominant dechlorination pathways.       
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39 Keywords: ZVI, sulfur, sulfidation, dechlorination, TCE, PCE, and cis-DCE
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40 Introduction 

41 Chlorinated ethenes, such as tetrachloroethene (PCE) and trichloroethene (TCE), are 

42 common groundwater pollutants and their efficient removal remains a lingering challenge 

43 due to their historical uses in diverse industries 1, 2, significant accumulation in fractured 

44 bedrocks or low-permeability media 3, 4, and recalcitrance to natural attenuation 1, 5. In 

45 addition to TCE and PCE, lesser chlorinated analogues such as cis-dichloroethene (cis-DCE), 

46 1,1- dichloroethene (1,1-DCE), and vinyl chloride (VC) have been frequently detected in the 

47 subsurface environment owing to incomplete biodegradation 6 or the formation of 

48 intermediates during abiotic transformation 7, 8. These complications have spurred continuous 

49 search for effective remediation approaches in the past three decades.  

50 Zero-valent iron (ZVI or Fe(0)) materials have been applied extensively to 

51 environmental remediation 6, 9-13. The nanoscale or bulk ZVI materials can transform 

52 chlorinated ethenes into non-toxic end products with minimal build-up of problematic 

53 intermediates, however, one serious drawback is the tendency of iron to passivate in 

54 groundwater matrices or under aerobic conditions 14-18.  In recent years, a collection of 

55 studies have shown that amending the iron substrate with low doses of sulfur significantly 

56 mitigates passivation and steering the electron selectivity towards the target contaminants 19-

57 24. In addition to these desirable properties, the promise of ZVI sulfidation lies in the 

58 simplicity and robustness of the sulfidation process. In general, controlled sulfidation can be 

59 attained by either exposing ZVI to aqueous or gaseous sulfur precursors 19, 20, 24 or placing 

60 ZVI in contact with solid phase sulfur (e.g., elemental sulfur) using mechanochemical means 
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61 25, 26, and concise summaries of a variety of sulfidation protocols are available in several 

62 recent reviews 6, 27. Our earlier investigation demonstrated that at low sulfur doses, 

63 improvements in TCE reduction rates attained by different sulfur precursors are comparable. 

64 Further, the enhancement effect saturates at a S/Fe mole ratio of ca. 0.05 for the nanoscale 

65 ZVI, thus a consistent beneficial outcome is expected over a wide range of operation 

66 conditions 22.

67 Reduction of chlorinated ethenes by iron substrates may occur via direct electron 

68 transfer or indirect reduction involving atomic hydrogen 6, 28. Concerning the mechanisms of 

69 sulfur-induced improvements in TCE dechlorination rates, multiple accounts have been 

70 proposed including depassivation of the native oxide layer 29, more facile electron 

71 conductance from the Fe(0) core to contaminants via the iron sulfide phase (FeSx) 23, 30, 31, 

72 and increased availability of atomic hydrogen on the particle surface 22. An unequivocal 

73 conclusion cannot be made at this time due to differences in experimental conditions (e.g., in 

74 dilute vs. saturated TCE solutions), as the dominant mechanism may shift with solution pH 

75 and TCE concentration 28. Furthermore, there is evidence that the enhancement effect is 

76 reactant-specific 6, 31, 32, and the outcome of sulfidation may not necessarily manifest in the 

77 same way for different contaminants. With this, we recognize that the majority of the studies 

78 reported thus far have employed lab-synthesized iron (nano)particles and used TCE as the 

79 target contaminant. These studies do not consider the complexity in actual remediation 

80 systems, including the variations in physicochemical characteristics and processing history of 

81 different ZVI reagents deployed in the field and the presence of co-contaminants and reaction 

82 intermediates in contamination plumes. As such, whether sulfidation can serve as a general 
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83 strategy to improve the performance of in situ chemical reduction (ISCR) is not fully 

84 assessed.    

85 In this study, we investigated sulfidation of four bulk ZVI materials, including ZVI 

86 prepared from an electrolytic method or reduction of Fe-carbonyl complexes and two 

87 commercial ZVI products frequently employed for environmental remediation. Sodium 

88 thiosulfate was used as the sulfur precursor following our previous protocol 22. The rates and 

89 reaction products of the resultant iron materials with PCE, TCE, and cis-DCE were 

90 systematically assessed. PCE and TCE are parent contaminants, while cis-DCE is a persistent 

91 daughter product arising during biological attenuation of TCE/PCE plumes 3, 6. The goals of 

92 these investigations were to assess the applicability of sulfidation as a general approach to 

93 engineering the reactive properties of pre-formed ZVI materials, to evaluate the effects of 

94 sulfur amendment on the rates and daughter product formation during degradation of 

95 common chlorinated ethenes detected in the subsurface, and to highlight the advantages and 

96 potential complications of sulfidation for in situ reductive dechlorination applications.  

97

98 MATERIALS AND METHODS

99 Chemicals and Materials 

100 Four types of commercial ZVI were used in this study. Alfa Aesar iron powder 

101 (catalogue # AA0017030) was purchased from Fisher Chemical. BASF carbonyl iron powder 

102 (CIP-OM), was provided by BASF SE (Germany). Hepure Ferox-PRBTM iron powder was 

103 supplied by Hepure Technologies Inc (Hillsborough, NJ, USA). Peerless cast iron powder 
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104 (50D) was provided by Peerless Metal Powders & Abrasive (Detroit, MI, USA). The 

105 materials were designated in short as ZVIAA, ZVICIP, ZVIHP and ZVIPL, respectively. Among 

106 the materials, ZVIPL and ZVIHP are widely used commercial ZVI materials for active 

107 remediation of chlorinated solvent-impacted sites. Unlike the two high-purity ZVI of 

108 synthetic origins (ZVIAA and ZVICIP), the remediation-grade ZVIs were manufactured from 

109 cast iron stock. ZVIHP was specifically developed for permeable reactive barrier applications 

110 and therefore has a relatively large size distribution. To improve its size uniformity, the 

111 particles were sieved, and only the fraction passing through the ASTM Sieve #40 (opening 

112 size 425 µm) was collected for further evaluations. Other ZVI materials were used without 

113 size fractionation. 

114 Pretreatment and Sulfidation of ZVI 

115 All surface treatments were conducted in the atmospheric environment. 

116 Deoxygenated distilled-deionized water (DDI) was used in laboratory procedures. 

117 Deoxygenation of DDI was carried out by purging the solutions with N2 for 30 min prior to 

118 its use. In all aqueous treatments or reductive dechlorination experiments, the loading of ZVI 

119 in the aqueous phase was 10 g/L, except for ZVIHP, which was used at 50 g/L due to its 

120 relatively large particle size (Table 1). Each material was subject to the following sulfidation 

121 treatments. Method one, referred to as direct sulfidation, entails the addition of an 

122 appropriate amount of sodium thiosulfate (Na2S2O3) to an aqueous suspension of ZVI, and 

123 the mixture was agitated on a wrist action shaker for 60 min at 250 rpm. The resultant 

124 particles were collected via vacuum filtration using 0.2 M� membrane filters (PALL life 

125 sciences), rinsed with deoxygenated DDI, and used immediately in the dechlorination 
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126 experiments. The second method, dubbed two-step sulfidation, involves pre-washing the 

127 commercial ZVI with 0.1% v/v HCl for 1 h (or 0.1% v/v acetic acid in the case of ZVICIP) to 

128 remove the surface passivation layer. Dilute acetic acid was employed for ZVICIP due to its 

129 higher efficiency at stripping off the organic surface coating on the CIP particles. The acid 

130 washed particles were collected through vacuum filtration, rinsed with DDI, and were re-

131 dispersed in DDI. Following that, thiosulfate was amended following the same procedures as 

132 the direct sulfidation process. Unless otherwise noted, the amount of thiosulfate added 

133 corresponds to a S/Fe mole ratio of 0.05. 1 mole of thiosulfate is considered to release 1 mole 

134 of sulfide ion 22, 33. As a comparison, the iron receiving the acid washing but not sulfidation 

135 was also prepared and evaluated for its dechlorination efficiency. 

136 Preparation of Metal-amended ZVI

137 To assess the effects of trace metal impurities on the reactivity of the as-is and sulfur-

138 amended iron materials, ZVICIP (a ZVI with no detectable metal impurities) was deposited 

139 with a small amount of Cu, Ni, or Mn. Metal amendment was performed by pre-washing 300 

140 mg ZVICIP in 30-mL dilute acetic acid for 24 h. The particles were harvested by vacuum 

141 filtration and immediately immersed in 30 mL of 150 mg/L Cu(II), Ni(II), or Mn(II) solution 

142 (refer to Chemicals in SI for the metal salts used)  and mixed on a wrist-action shaker at 250 

143 rpm for 1 h. The resultant particles were collected by vacuum filtration & rinsed with DDI. A 

144 portion of these particles was used immediately in dechlorination experiments, and the 

145 remaining particles were subject to the two-step sulfidation following the same procedure as 

146 described in the earlier text, and the resultant particles were used immediately in further 

147 experiments. The filtrates were analyzed by inductively coupled plasma-mass spectrometry 
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148 (ICP-MS) and the mass loading of Cu, Ni, and Mn in the respective particles were 

149 determined to be 0.14 (± 0.01) %, 0.11 (± 0.07) %, and 0.19 (± 0.04) %, respectively. 

150 Reduction of Chlorinated Ethenes 

151 TCE, PCE, and cis-DCE degradation experiments were performed to evaluate the effects 

152 of different surface treatments on the dechlorination performance of various ZVIs. All batch 

153 experiments were carried out in 45-mL EPA vials containing 30 mL of aqueous solution and the 

154 remaining as headspace. ZVI materials were introduced into deoxygenated solution at 10 g/L 

155 except for ZVIHP, which was loaded at 50 g/L. Each reactor was capped with a PTFE-lined 

156 mininert valve, and a small aliquot of the stock solution of TCE, PCE, or cis-DCE in methanol 

157 was injected to start the experiment. Periodically, an aliquot (25 - 50 M,: of the headspace gas 

158 was withdrawn using a gastight syringe and was analyzed for the parent and daughter 

159 compounds. 

160 Analytical methods 

161 A gas chromatography (GC) system (Agilent 6890) equipped with an Agilent 

162 PoraPlot Q column (25 m x 0.32 mm) and a flame ionization detector (FID) was used to 

163 quantify the parent compounds and reaction products. The headspace samples were injected 

164 in a splitless mode at 250°C. The oven temperature (35°C for 5 min, ramp 12°C/min to 

165 220°C, and hold at 220°C for 5 min) provided adequate separation between chlorinated 

166 ethenes and all reaction products. The calibration curves for TCE, PCE, and cis-DCE were 

167 constructed by headspace analysis of the respective aqueous standard solutions prepared in 

168 the same vials as the experimental reactors. Calibrations for hydrocarbons (C1-C6) were 
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169 performed using the commercial gas standards after accounting for partition between 

170 headspace and aqueous phases using the respective Henry�s Law constants 34, 35.

171

172 Material Characterizations 

173 The average particle sizes of the ZVI materials were measured using an API 

174 Aerosizer Particle Size Analyzer (TSI Inc, Massachusetts, USA). The specific surface areas 

175 were analyzed with a surface area and pore size analyzer (Quantachrome NOVA 2000e, 

176 USA) using 11-point N2-adsorption curves. Metal impurities in ZVI materials were 

177 quantified by digesting the as-received ZVI particles in 5.6% (v/v) HCl solution for 72 h. The 

178 resultant solution was filtered, and the filtrate was analyzed using ICP-MS. The digestion 

179 was performed in duplicates.  

180

181 Results and Discussion

182 Characteristics of ZVI Materials 

183 Table 1 summarizes the properties of the ZVI materials employed in this study. The 

184 SEM images of the particles are available in Fig. S1 in the Supporting Information. ZVIAA 

185 and ZVICIP exhibited a similar morphology of a spherical shape with smooth, non-porous 

186 surface texture that is consistent with their syntheses routes of electrolytic reduction and 

187 thermal decomposition of iron pentacarbonyl (Fe(CO)5) 36. In comparison to the uniform 

188 morphology of the synthetic ZVIs, the two ZVIs used in environmental remediation, i.e., 

189 ZVIHP and ZVIPL, appeared as flaky and irregular-shaped particles. ZVIHP comprised 

190 predominantly of coarse granules spanning several tens to hundreds of microns in diameter 
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191 and the particle surface was characterized by a high degree of roughness contributed by 

192 crevices and cracks. ZVIPL had a broad size distribution ranging from very fine (< 10 M�: 

193 particles to large chunky flakes spanning tens of microns. Although the SEM images of 

194 ZVIPL suggest mainly coarse granules, the surface-area-weighted average size determined 

195 through the Aerosizer method is 3.3 ± 2.5 M�� which reflects the dominant quantity of small 

196 particles as the Aerosizer method operates on a particle counting principle 37. Both ZVIHP and 

197 ZVIPL displayed a tiered structure with the surface of the primary particles decorated with a 

198 large number of fine debris (insets of Fig. S1). This feature has been observed of the 

199 mechanically processed ZVI 38, and it may account for the relatively high specific surface 

200 areas of the two materials (Table 1) in spite of the large primary particle sizes revealed in the 

201 SEM micrographs (Fig. S1).  

202 The purity of ZVI reported by the manufacturers suggests that ZVIAA has the highest 

203 purity, followed by ZVICIP. The two remediation-grade ZVIs carry up to 10 wt.% impurities 

204 (Table 1). To identify the major non-ferrous metal constituents in the solid matrix, all ZVI 

205 materials were digested in 6% (v/v) hydrochloric acid solution for 72 h. Neither ZVIAA or 

206 ZVICIP contains detectable levels of metal ingredients other than Fe. ZVIHP and ZVIPL have 

207 0.48 wt.% and 0.67 wt.% manganese, respectively. Other metals of a significant presence 

208 include copper and nickel (Table 1). Both materials generated appreciable amounts of solid 

209 residues upon acid digestion (Fig. S2). No attempt was made to ascertain the composition of 

210 these residues, although carbon, silicon, and sulfur ingredients are expected based on their 

211 common presence in cast iron-derived ZVI reagents 39, 40.

212 Effect of Sulfidation on Reduction of TCE
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213 Reductive dechlorination of TCE was conducted using the as-received ZVIs and 

214 those that had received various treatments including: (a) dilute acid washing, (b) direct 

215 sulfidation, and (c) two-step sulfidation. The adoption of acid washing prior to sulfidation is 

216 based on the rationale that the affinity of low-valent sulfur ligands for iron oxide surfaces are 

217 significantly lower than for the metal iron 41, therefore, the presence of a continuous layer of 

218 native oxide may impede sulfidation of the metal phase. The rates of TCE degradation by the 

219 original and surface treated ZVIs are depicted in Figure 1. As shown, the reactivity of the as-

220 received ZVIs varies considerably. The two remediation ZVIs were considerably more 

221 reactive than the synthetic iron (i.e., ZVIAA and ZVICIP) as the latter group did not produce a 

222 significant loss of TCE during a 30-day monitoring period. Although direct exposure to 

223 thiosulfate led to noticeable increases in TCE dechlorination rates, the combination of acid 

224 washing and sulfur amendment delivered the greatest rate enhancement effects consistently 

225 for ZVIAA and ZVICIP. 

226 Comparatively, acid washing alone elicited remarkable increases in TCE reaction 

227 rates for ZVIPL and ZVIHP, indicating that the surfaces of the two ZVIs are fairly susceptible 

228 to chemical modification and these materials may be inherently more reactive than the high-

229 purity ZVIs.  Compared to acid-washing, direct or two-step sulfur amendments gave rise to 

230 small incremental improvements for ZVIHP, yet the same treatments substantially accelerated 

231 TCE decomposition by ZVIPL. The highest rate constants attained by sulfur treated ZVIPL and 

232 ZVIHP were 190 folds and 4.2 folds of the as-received materials, respectively. 

233 To assess the effect of S/Fe ratio, sulfidation of ZVIPL was performed using the two-

234 step sulfidation procedure but with varying doses of thiosulfate. As plotted in Fig. 2, a steep 
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235 rise in the surface-normalized TCE decomposition rate constant (kSA) was observed at a S/Fe 

236 mole ratio as low as 0.0037, corresponding to 670 M+ of thiosulfate in contact with 10 g/L 

237 ZVIPL suspension. The rate constant plateaus as S/Fe ratio exceeds ca. 0.01. This trend 

238 resembles the characteristics of a similar plot of the sulfidated nZVI (S-nZVI), although in 

239 the latter case, rate saturation occurs at a nominal S/Fe mole ratio of approximately 0.05 22, 30. 

240 The smaller dose of sulfur precursor required by these micron-sized ZVI to attain the 

241 saturated reaction rate is likely related to a smaller specific surface area available of the ZVI 

242 granules relative to the nanoparticles. For both types of iron, the observation that the 

243 reactivity of the particles initially increased with the sulfur loading then leveled out at higher 

244 sulfur loadings demonstrates that the enhancement effect is a surface phenomenon. Excessive 

245 sulfur, either present in the aqueous phase or forming surface-attached or discrete sulfide 

246 particles, did not contribute appreciably to the observed reaction rates. The finding also 

247 implies that the natural level of sulfide in an anoxic environment may be adequate to improve 

248 ZVI performance in situ.  

249 Product distribution data (Fig. 4b), determined at ca. 90% conversion or the last 

250 sampling point for experiments with slow kinetics, indicates that the major products of TCE 

251 reactions with different ZVIs were acetylene, ethene, ethane, and higher order hydrocarbons 

252 (only C3 to C6 hydrocarbons were quantified). Chlorinated intermediates were not detected 

253 during TCE experiments. Except for acetylene, whose concentration peaked at an 

254 intermediate stage (Fig. S3), other products appeared to accumulate in the system without 

255 further reactions. Comparing the product distribution profiles across the types of ZVI and the 

256 treatment methods, it was observed that sulfidation of iron resulted in an increased proportion 
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257 of acetylene relative to other products. The shifts in product distribution are more prominent 

258 in the case of ZVIHP and ZVIPL. Regardless of the ZVI origin, the two-step sulfidation led to 

259 greater dominance of acetylene compared to direct sulfidation. In prior studies of TCE 

260 reaction with ZVI 42, iron sulfides 43-45, or sulfidated nanoscale ZVI 22, 30, significant 

261 accumulation of acetylene was also reported and a direct conversion of TCE to acetylene as 

262 opposed to stepwise hydrogenolysis was inferred. Prior kinetic analysis shows that the 

263 increased production of acetylene is mainly attributed to a large boost in the rate of TCE to 

264 acetylene conversion, whereas the hydrogenation reactions of acetylene are not affected or 

265 moderately slowed down by sulfidation 22. Therefore, sulfur amendment improves multiple 

266 reductive steps to varying extents and the initial conversion of TCE to acetylene exhibits the 

267 most pronounced enhancement effect. 

268

269 Effect of Sulfidation on Reduction of Other Chlorinated Ethenes

270 The effect of sulfur amendment was assessed for the dechlorination of PCE and cis-

271 DCE. Among DCE isomers, cis-DCE is the most persistent and tends to accumulate in the 

272 environment during natural attenuation of PCE or TCE 6, 46. The surface area-normalized rate 

273 constants (kSA) of different ZVIs are compared in Figure 3. For consistency, the acid-washed 

274 (as opposed to as-received) particles were used as the reference materials to eliminate the effect 

275 of varying degrees of passivation caused by material storage or handling. The sulfidated 

276 particles were all subject to the two-step sulfidation. With sulfur amendment, more rapid PCE 

277 dechlorination was consistently observed of all ZVIs (Figures 3a). The rate constants of the 

278 sulfur-laden ZVIs were in the range of 140% to 630% of those of the acid-treated particles, 
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279 with the two remediation-grade ZVIs (i.e., ZVIPL and ZVIHP) exhibiting the largest gains in 

280 reaction rates. However, the extents of improvements for PCE were somewhat smaller than 

281 TCE (Figure 3b). The variations in sulfidation-induced enhancement effects may stem from 

282 the difference in reductive dechlorination pathways undertaken by different chlorinated 

283 ethenes 43, 45, 47. As shown in Figure 4a, PCE decomposition by acid-washed ZVIAA and ZVICIP 

284 yielded a significant amount of TCE and higher order hydrocarbons. Upon sulfur treatment, 

285 TCE accumulation was virtually eliminated. For the two remediation-grade ZVI (ZVIHP and 

286 ZVIPL), TCE production was minimal by either acid-treated or sulfur-amended particles. 

287 Sulfidation of the latter two types of ZVI also created remarkable increases in acetylene 

288 formation. Other intermediates, including dichloroethenes or vinyl chloride, were not detected 

289 in the product mix.   

290 Prior studies reported that abiotic dehalogenation of chloroethenes proceeds via 

291 hydrogenolysis, which goes by sequential replacement of chlorine substituents by hydrogen 

292 producing lesser chlorinated intermediates, or alternatively, the parent compound may 

293 chemisorb onto iron surface and the surface complex undergoes concerted C-Cl bond 

294 dissociation to yield acetylene as the main intermediate 43, 44, 47-49. In either case, reduction via 

295 either direct electron transfer or indirectly through surface-adsorbed atomic hydrogen are 

296 involved 6, 22, 23, 28. Electrochemical investigations suggest that the contribution of the two 

297 pathways to PCE and TCE decomposition varies with contaminant concentration and solution 

298 pH 28. Direct electron transfer is thought to occur to a larger degree for PCE reduction than 

299 TCE at near neutral pH 28, 47. Recent investigations have shown that, in contrast to the large 

300 improvement in TCE dechlorination performance, sulfidation has little or inconsistent effect 
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301 on the reduction of carbon tetrachloride 6, 22, which reacts predominantly via direct electron 

302 transfer. As such, the modest enhancement in PCE degradation seen in this study implies 

303 indirect reduction with atomic hydrogen may play a less important role in PCE reduction than 

304 in the case of TCE 28,  in agreement with findings from computational analysis that electron 

305 transfer to PCE on ZVI surface involves a smaller activation energy than TCE 50.  

306 In comparison to PCE and TCE experiments, in which sulfur amendment is able to 

307 bring about faster dechlorination for all iron materials, sulfidation resulted in bifurcating 

308 outcomes for cis-DCE reactions (Figure 3c). Specifically, sulfidation of ZVIAA and ZVICIP 

309 produced more swift cis-DCE reduction compared to their acid-washed counterparts, rendering 

310 over an order of magnitude increase in kSA for both ZVIAA and ZVICIP. Therefore, for these 

311 two synthetic ZVIs, sulfidation is proven advantageous for the degradation of all chloroethenes 

312 evaluated in this work. Nonetheless, sulfur treatment casts a pronounced inhibitory effect on 

313 the other two ZVI materials, causing 66% and 98% decreases in the rate constants for ZVIHP 

314 and ZVIPLS, respectively. cis-DCE may lose one chlorine generating vinyl chloride as an 

315 intermediate or it may shed off two chlorines concertedly to yield acetylene or its 

316 hydrogenation products 46, 47. We did not detect vinyl chloride in the product mixture in all cis-

317 DCE experiments and there was no consistent changes in product distribution related to sulfur 

318 treatments (Fig. 4c). Although a smaller enhancement effect by sulfidation is expected of cis-

319 DCE as the structure of the molecule is cumbersome for the elimination of the two chlorine 

320 substituents concurrently 48, we could not rationalize the drastic loss of reactivity due to 

321 sulfidation for the two ZVIs intended for remediation use (ZVIHP and ZVIPL). Instead, we 
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322 hypothesize that the metal impurities present in these two ZVI materials may influence the 

323 outcomes of sulfidation treatments. This hypothesis was tested with the following study. 

324

325 Effects of Metal Impurities and Sulfur Amendment  

326 Cu, Ni, and Mn were detected in the bulk substrate of ZVIHP and ZVIPL at up to 0.7 wt.% 

327 (Table 1). To investigate whether these trace metals may fortuitously catalyze dehalogenation, 

328 we used ZVICIP, a high-purity ZVI with no detectable metal impurities, as the base material 

329 and loaded it individually with a small amount of Cu, Ni, or Mn via aqueous impregnation. 

330 The mass loadings of Cu, Ni, and Mn in the particles were reported in the Materials and 

331 Methods section. These values are comparable to the impurity content of the two commercial 

332 ZVI materials (Table 1). We reckon that, although the artificially impregnated particles likely 

333 bear all impurities on the surface whereas impurities in ZVIHP and ZVIPL are expected to 

334 distribute throughout the particles, the former can provide meaningful insights into  the effects 

335 of individual metals in the commercial ZVIs. 

336 Among the trace metals incorporated onto ZVICIP, Mn had a negligible effect on cis-

337 DCE degradation efficiency (Figure 5a). Ni-deposited particles exhibited highly variable 

338 performance between replicate experiments, possibly due to slow transformation of Ni(II) to 

339 its catalytic active form on ZVI surface based on findings in our prior studies 51, 52. 

340 Comparatively, the Cu-amended particles were the most efficient at cis-DCE dechlorination. 

341 kSA of Cu-amended ZVICIP is 6.6 x 10-5 L/m2�min, approximately 200 times the rate constant 

342 of the acid-washed ZVICIP or 15 times that of the sulfidated ZVICIP (Table 2). Compared to Ni 

343 or Pd, Cu is not an efficient hydrogenation catalyst, but Cu is fairly active for the dissociation 
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344 of carbon-halogen bonds 53, 54. Combining ZVI and Cu can therefore enable rapid conversion 

345 of TCE to predominantly ethene. However, when the particles deposited with Cu were exposed 

346 to thiosulfate solution, the catalytic effect imparted by Cu was largely annihilated (Figure 5b). 

347 The product distribution pattern indicates that the dominant products of Cu-amended ZVICIP 

348 (viz., ethene and a smaller amount of ethane) were replaced with predominantly higher-order 

349 hydrocarbons when the Cu-amended particles underwent sulfur treatment (Fig. S4), suggesting 

350 the activity of the surface Cu sites was silenced. Sulfur poisoning of transition metal catalysts 

351 have been extensively studied 41, 55-57. The strong chemisorption of sulfur onto metal surfaces 

352 causes perturbation of the electronic structures of the metal atoms, reconstruction of surface 

353 structures, and blocking of active sites, leading to severe attenuation of catalytic activities 41, 

354 57. Although sulfur deactivation of Cu-amended ZVI materials for reductive dechlorination has 

355 not been specifically examined, poisoning of Pd-amended ZVI, a model catalytic bimetallic 

356 material for hydrodechlorination reactions, by aqueous reduced sulfur species (sulfide, sulfite, 

357 or thiol groups in natural organic matter) has been noted in prior studies 58-60. The potent ability 

358 of the aqueous sulfur precursor to poison the adventitious catalysts on the two remediation-

359 grade ZVIs (i.e., ZVIHP and ZVIPL) may explain for the drastic decrease in cis-DCE 

360 degradation rates upon sulfidation of these impure ZVIs.

361 A similar investigation using PCE as the starting compound shows that the deposition 

362 of Cu (or Ni to a smaller effect) onto the ZVI surface led to more rapid PCE transformation, 

363 with kSA increasing by 35 folds for the Cu-amended particles relative to the acid-washed 

364 particles (Fig. 5c). Exposing the Cu-amended ZVI to aqueous thiosulfate resulted in a greatly 

365 attenuated PCE conversion rate, nonetheless the remnant reactivity of the particles was still 
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366 higher than that of the acid-washed but unamended particles (Fig. 5d). In the headspace 

367 mixture, TCE accounted for 41% of the total products when the Cu-amended particles were 

368 used, in contrast to minimal TCE accumulation using the sulfidated ZVI or ZVI receiving Cu-

369 deposition followed by sulfidation (Fig. S4). This implies an important role of Cu in controlling 

370 the reduction pathways and also agrees with a recent finding that the reaction of TCE with Cu-

371 Fe bimetallic creates substantial amounts of chlorinated intermediates that were not observed 

372 with pristine or sulfidated nZVI 23. 

373 It is interesting to note that, while PCE and cis-DCE reduction rates by Cu-amended 

374 ZVICIP exceed that of the sulfidated particles, the addition of Cu exerts only a moderate 

375 enhancement effect on TCE reaction (Table 2). Further, comparing the rates of Cu-amended 

376 ZVICIP against the same particles receiving Cu amendment followed by sulfidation, the loss of 

377 reactivity due to sulfidation is the most pronounced for cis-DCE, followed by PCE and TCE, 

378 respectively. These results imply that the catalytic function of Cu is more important for cis-

379 DCE degradation than that those of the highly chlorinated ethenes. On the other hand, with 

380 reference to pure unamended ZVI, sulfidation brings about a remarkably higher degree of 

381 reactivity improvement for TCE than PCE and cis-DCE. The compounded outcome of the 

382 enhancing and inhibitive actions of sulfur for the remediation grade ZVI would be that 

383 sulfidation should result in an overall improved TCE degradation performance and a certain 

384 degree of reactivity loss in cis-DCE dechlorination. This is consistent with the observations 

385 made of ZVIPL and ZVIHP. It is postulated that Cu catalyzes direct dissociative dechlorination, 

386 but has a minor impact on pathway involving activated hydrogen species.  The varied outcomes 
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387 caused by the sulfidation of Cu-laden ZVI therefore reflect the contribution of different 

388 reduction mechanisms for different chloroethenes as summarized in Figure 6. 

389

390 Conclusions

391 Recent studies have investigated sulfidation of laboratory synthesized nanoscale ZVI 

392 using either pre-synthesis or post-synthesis sulfidation procedures 19, 20, 22. Whether 

393 sulfidation is applicable to a wide spectrum of ZVI materials would have crucial implications 

394 for the amenability of this technique to in situ remediation applications. The results obtained 

395 in this study confirm that sulfur amendment is applicable to commercially available ZVI to 

396 attain greater dechlorination efficiencies for the highly chlorinated ethenes, with the 

397 enhancement effect being more pronounced for TCE than PCE. The preparation of sulfur-

398 amended ZVI using bottom-up synthesis methods is therefore not necessary. As predicted 

399 previously 22, a low level of sulfur in the solid phase is adequate to achieve the saturated 

400 enhancement effect, which suggests in situ sulfidation using naturally available or augmented 

401 sulfur source is feasible for ZVI that had been emplaced in the fields. This can be a 

402 potentially important tool to reinstate the performance of previously installed iron materials 

403 and to sustain the beneficial effect of sulfidation considering that the surface-residing sulfur 

404 species is susceptible to oxidation in an oxic environment.

405 While sulfidation brings about more rapid and complete dehalogenation of PCE and 

406 TCE across all forms of ZVIs evaluated in this work, there are significant differences in the 

407 cis-DCE dechlorination efficiencies, suggesting subtle variations in the ZVI composition due 
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408 to different material origins and processing routes can profoundly affect iron reactive 

409 properties. With the two high-purity ZVIs, sulfidation is beneficial for the degradation of all 

410 chlorinated ethenes evaluated in this study. In contrast, the ZVI materials intended for 

411 remediation saw marked loss of reactivity towards cis-DCE due to poisoning of metal 

412 impurities that act as adventitious catalysts. As the ZVI materials used in the environmental 

413 applications are frequently sourced from mixed industrial feedstock or recycled scrap metals, 

414 trace levels of impurities are expected. The distinct effects of common impurities such as Cu 

415 in facilitating the reduction of cis-DCE and its susceptibility to sulfur poisoning point to several 

416 practical considerations. For instance, the application of sulfur-modified iron may be more 

417 suitable for source zone mitigation than treating plumes that have undergone extensive 

418 environmental aging, as the latter may contain significant levels of partially dechlorinated 

419 intermediates. On the other hand, the inclusion of common impurities (due to recycled nature 

420 of the iron substrate) may make ZVI more efficient at transforming the lesser chlorinated 

421 intermediates. More broadly, the findings in this study demonstrate interesting interactions 

422 among iron, sulfur, and metal impurities that play out the many facets of ZVI chemistry. The 

423 ability to manipulate these factors would enable rational design and use of ZVI materials from 

424 diverse sources to create more tailored solutions to sites with complex mixture of contaminants.    

425  
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606 Table 1. Properties of Commercial ZVI products investigated in this study

Metal Impurities (wt.%)eZVI 

Product

Average 

Diameter 

(µm)

BET Surface 

Area (m2/g)c

Fe content 

(wt.%)d

Mn Ni Cu

Alfa Aesar 

Iron 

Powder 

(ZVIAA)

3.80 ± 1.07a 0.347 ± 0.001 ~ 99.5 N.D. N.D. N.D.

BASF 

CIPTM OM 

(ZVICIP)

3.33 ± 1.05a 0.349 ± 0.003 > 97.8 N.D. N.D. N.D.

Hepure 

Ferox-

PRBTM 

(ZVIHP)

< 425 µm b 0.407 ± 0.02 > 95% 0.48 ± 

0.03 

0.032 ± 

0.005

0.073 ± 

0.009

Peerless 

50D (ZVIPL)

 

3.25 ± 2.5a 1.95 ± 0.003 > 90% 0.67 ± 

0.06

0.19 ± 

0.02

0.15 ± 

0.02

607 a Determined as the surface-area weighted mean diameter using aerosizer. b Fraction passing through 

608 ASTM Sieve No. 40 (opening size 425 µm) was used in this study.  c Estimated based on 11-point N2
 

609 adsorption curves. d Based on specifications provided by manufacturer.   e Measured via acid digestion 

610 and ICP-MS analyses. N.D. stands for below detection limit, which is 0.003%, 0.0002%, and 0.011% 

611 for Mn, Ni, and Cu, respectively.  

612  
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613 Table 2. Surface area-normalized pseudo-first-order rate constants of chlorinated ethene degradation 

614 by ZVICIP receiving various surface treatments

615

Surface Treatment Contaminant kSA (L�m
-2
�min

-1
) Carbon Recovery

 a

Acid wash TCE N.D. 
b 0.94

Acid wash + sulfidation 1.12 (± 0.36) x 10
-4

0.57

Cu-amendment 9.15 x 10
-5 

1.12

Cu-amendment + sulfidation 2.47 (± 0.06) x 10
-5

0.91 (± 0.01)

Acid wash PCE  3.15 (± 0.11) x10
-6

0.81 (± 0.02)

Acid wash + sulfidation  4.49 (± 1.26) x10
-6

0.66 (± 0.05)

Cu-amendment 1.12 (± 0.21) x10
-4

1.16 (± 0.003)

Cu-amendment + sulfidation 1.09 (± 0.17) x10
-5

0.94 (± 0.26)

Acid wash cis -DCE  3.28 (± 2.49) x10
-7

0.92 (± 0.02)

Acid wash + sulfidation  4.41 (± 2.10) x10
-6

1.07 (± 0.03)

Cu-amendment 6.61 (± 0.59) x10
-5

1.08 (± 0.18)

Cu-amendment + sulfidation 8.16 (± 0.20) x10
-7

0.93 (± 0.04)

616 a determined at the point of ca. 90% conversion or, for slow reactions, the last sampling point. b rate 

617 constant not determined due to negligible product formation over 30 days. Numbers in brackets 

618 represent standard deviations of replicate experiments.

619
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622 Figure 1. Effects of chemical treatment of various commercial ZVI on TCE degradation rates. TCE 

623 initial concentration was 25 mg/L. 

624
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625

626 Figure 2. Effect of sulfidation of ZVIPL on TCE degradation rates. TCE initial concentration was 25 

627 mg/L. The loading of iron particles was 10 g/L. Sulfidation of ZVIPL follows the two-step procedure 

628 of acid washing followed by immersion in thiosulfate solution. 

629  
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630                                                                                                                                                                                                                                                                                                                                              
631 Figure 3. Comparison of the effects of acid treatment and sulfidation on degradation rates of (a) PCE, 

632 (b) TCE, and (c) cis-DCE by various ZVI materials. Initial concentrations of PCE, TCE, and cis-DCE 

633 were 0.19 mM. ZVI loadings are the same as those in Figure 1. �N.D.� denotes non-detectable due to 

634 negligible product formation in the 30-day monitoring periods. 

635
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637 Figure 4. Distribution of reaction products from dechlorination of (a) PCE, (b) TCE, and (c) cis-DCE 

638 by various ZVI materials. Initial concentrations of PCE, TCE, and cis-DCE were 0.19 mM. ZVI 

639 loadings are the same as those in Figure 1.

640
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642 Figure 5. Effect of metal impurities on (a) cis-DCE and (c) PCE degradation rates by metal-amended 

643 ZVICIP. Inhibitory effect of sulfidation on (b) cis-DCE and (d) PCE degradation by metal-amended 

644 ZVICIP.  Initial concentrations of PCE and cis-DCE were 0.19 mM. ZVI loading was 10 g/L. Note that 

645 duplicate experiments of Ni-amended ZVICIP were shown separately due to large variations.

646
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