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Graphical Abstract 

The enhancing effect of HSO3
-
 on Se(IV) sequestration varied with the headspace 

volume, HSO3
-
 concentration and initial pH, respectively. 
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ABSTRACT 23 

The enhancing effect of bisulfite (HSO3
-) on the kinetics of Se(IV) sequestration by 24 

zerovalent iron (ZVI) was systematically investigated as functions of headspace 25 

volume, HSO3
- concentration and initial pH (pHini). To exclude the role of HSO3

- as 26 

an electrolyte, the kinetics of Se(IV) removal by ZVI with the presence of SO4
2- was 27 

determined as a control. With increasing the headspace volume from 0 to 2.0 mL, the 28 

rate of Se(IV) removal by ZVI experienced a considerable enhancement whereas the 29 

further increase in the headspace volume resulted in a drop in Se(IV) removal rate. 30 

Se(IV) was always removed by ZVI with a higher rate in the presence of HSO3
- than 31 

that in the presence of SO4
2- at various headspace volume, which was mainly ascribed 32 

to the release of H+ and the depletion of O2 from the oxidation of HSO3
- (i.e., 33 

2����
� + �� → 2��


�� + 2��). Furthermore, HSO3
- accelerated the reduction of 34 

ferric oxides and hydroxides to Fe(II)-containing solid intermediate, which was 35 

beneficial to the reductive removal of Se(IV). The SEM, Fe K-edge XAFS and Se 36 

XANES analysis for Se(IV)-treated ZVI samples confirmed that HSO3
- facilitated the 37 

transformation of ZVI to iron (oxyhydr)oxides (e.g., magnetite and lepidocrocite) and 38 

the reduction of Se(IV) to Se(0) compared to SO4
2-. The enhancing effect of HSO3

- on 39 

Se(IV) sequestration varied with the concentration of HSO3
- and initial pH, with the 40 

greatest effect achieved at 2.0 mM of Se(IV) and pHini 5.0. Since bisulfite is 41 

inexpensive and its final product is sulfate, a common anion existing in water, taking 42 

advantage of bisulfite to enhance the ZVI’s reactivity under limited oxygenated 43 

conditions is a promising method.   44 
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1. Introduction 45 

Zerovalent iron (ZVI), as a readily available, inexpensive, nontoxic and moderately 46 

strong reducing agent,1, 2 has been successfully applied for the remediation/treatment 47 

of groundwater/wastewater.1, 3, 4 Nevertheless, owing to the inherent passive film, the 48 

granular ZVI or iron filings has low intrinsic reactivity towards contaminants in 49 

laboratory studies and field demonstrations.1 Furthermore, the reactivity of ZVI 50 

decreased over time due to the precipitation of ferric (oxyhydr)oxides on the surface 51 

of iron.5 Considering that the low reactivity of ZVI has become a major concern in the 52 

ZVI-based systems, it is highly desirable to develop methods that can significantly 53 

meliorate the reactivity of ZVI for its further environmental application.1 Various 54 

countermeasures including acid washing,6 H2-reducing pretreatment,7 combination 55 

with sonication8 or weak magnetic field,1, 4, 9 and electrochemical reduction,10 as well 56 

as the synthesis of ZVI-based bimetals have been proposed to enhance the reactivity 57 

of ZVI.11 Nevertheless, the disadvantages of these methods should be addressed, such 58 

as relatively complex procedures, extra costs, and ecotoxicity.1, 2  59 

The inherent passive film and subsequent authigenic mineral precipitation are 60 

undesirable in environmental applications since they may mask the redox active sites 61 

where exchange of electrons between ZVI and contaminant or reduce the barrier 62 

permeability by occupying available pore space.12 However, the FeII adsorbed to ferric 63 

oxides and hydroxides with higher reducing power (−0.35 to −0.65 V for Fe(s)
III/Fe(s)

II) 64 

than that of FeII/Fe0 (−0.44 V) has been reported to be beneficial for contaminants 65 

reduction.13, 14 Recently, several studies have also confirmed that the Fe(II)-containing 66 
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solid intermediate, e.g., Fe(II)Fe(III) hydroxide,13 green rust,15, 16 magnetite,17 and 67 

pyrite,18 etc., can abiotically reduce contaminants whether the source of the FeII is 68 

bacteria-mediated regeneration,19-21 chemical reduction,22 or direct addition.23, 24 69 

Considering that the in situ generated Fe(III) can be rapidly reduced to Fe(II) by the 70 

inexpensive bisulfite (HSO3
-) (Eq. (1)), taking advantage of bisulfite to enhance the 71 

ZVI’s reactivity may be achieved. However, this hypothesis has not been validated. 72 

On one hand, oxygen (O2) can be quenched by HSO3
-, accompanied with the release 73 

of H+ via Eq. (2).25, 26 On the other hand, H+ and O2 had been reported to have great 74 

influence on the reactivity of ZVI toward contaminants.1, 9, 27-29 Consequently, the 75 

coupled influence of HSO3
- and O2 on the reactivity of ZVI should be clarified.  76 

����
� + 2��� + ���	 → 2��� + ��


�� + 3�� (1) 

2����
� + �� → 2��


�� + 2�� (2) 

The prevalence of selenium in water poses a potential toxicity or deficiency to 77 

humans, animals, and some plants within a very narrow concentration range.15, 30 78 

Selenium-contaminated waters mainly originate from crude oil processing in refinery 79 

operations, discharging agricultural drainage and treating mining wastewater.31, 32 80 

Selenium can exist in aquatic environments in several states of oxidation: selenide 81 

(Se(-II)), selenium (Se(0)), selenite (Se(IV)), and selenate (Se(VI)).33 The two 82 

oxidation states, Se(IV) and (Se(VI), are highly soluble, thus bioavailable and 83 

potentially toxic, while the reduced forms (Se(-II) and Se(0)) are insoluble and 84 

correspondingly much less bioavailable.34 Moreover, the acute toxicity of Se(IV) is 85 

almost 10 times greater than that of Se(VI).35 In view of the redox-dependent 86 
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solubility and toxicity of selenium, its oxyanions, particularly Se(IV), can precipitate 87 

as insoluble Se(0) or Se(-II) by reduction with ZVI or nanoscale ZVI,3, 4, 36-39 thereby 88 

creating an efficient sink for selenium.40, 41 Therefore, Se(IV) was employed as a 89 

target contaminant to examine the influence of HSO3
- on the reactivity (i.e., the 90 

reductive capability) of ZVI. 91 

In sum, the main objectives of this study were to (1) investigate the effect of HSO3
- 92 

on the kinetics of Se(IV) sequestration by ZVI in limited oxygenated water; (2) 93 

determine the role of HSO3
- in enhancing the reactivity of ZVI toward Se(IV) removal; 94 

(3) evaluate the effects of HSO3
- concentration and initial solution pH on Se(IV) 95 

removal by ZVI under limited oxygenated conditions.  96 

2. Experimental section 97 

2.1. Materials.  98 

All chemicals were of analytical grade and all solutions were prepared with Milli-Q 99 

water, unless otherwise specified. The ZVI used in this study was obtained from 100 

Sinopharm Chemical Reagent Co., Ltd., with a BET surface area of 0.15 m2 g-1. The 101 

SEM images, particle distribution and XRD pattern of the pristine ZVI sample 102 

employed in this study are presented in the Supporting Information (Fig. S1). All the 103 

other chemicals were purchased from Shanghai Qiangshun Chemical Reagent 104 

Company. 105 

2.2. Bach Experiments.  106 

To investigate the influence of HSO3
- on the reactivity of ZVI toward Se(IV) removal 107 

in limited oxygenated water, the batch reactor experiments were performed in 25 mL 108 
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serum vials sealed with headspace containing air for 0-5.0 mL, which was injected by 109 

a syringe through the stopper. Prior to tests, reaction solution containing Se(IV) and 110 

background ions was freshly prepared by the N2-sparged water in an anoxic chamber, 111 

then the initial pH was adjusted by dropwise addition of a NaOH or H2SO4 solution. 112 

No measure was taken to maintain the pH constant during the reaction. In a typical 113 

experiment, the dosage of ZVI was 2.0 mM and the initial concentration of Se(IV) 114 

was 10.0 mg L-1 while the concentration of HSO3
- varied from 0 to 2.5 mM. Before 115 

being sealed and subsequent air injection to initiate an experimental run, the dosing of 116 

iron powder was immediately accomplished. The vials were sealed with the 117 

Teflon-lined butyl rubber stoppers and placed on a rolling mixer (60 rpm) in a 118 

temperature-controlled chamber (~25 oC). It should be specified that the bisulfite per 119 

se (without ZVI) could not remove Se(IV) (Fig. S2) and reduce Se(IV) to Se(0) since 120 

no pink color resulting from Se(0) was observed. Additionally, to exclude the role of 121 

HSO3
- as an electrolyte and the influence of generated SO4

2- on Se(IV) removal by 122 

ZVI, the experiments with SO4
2- at same molar concentration as HSO3

- were carried 123 

out to work as the control. 124 

2.3. Chemical Analysis and Solid Phase Characterization.  125 

The sample in each reaction vial was sacrificed for analysis, which was collected at 126 

given time intervals using a 10 mL syringe and filtered immediately through a 0.22 127 

µm membrane filter, then acidified for analysis. Concentration of the residual 128 

selenium in the filtrate was analyzed using a PF5 atomic fluorescence spectrometer 129 

(Beijing Purkinje General Instrument Co., Ltd.) and the Fe(II) concentration in 130 
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solution was determined by the 1,10-phenanthroline colorimetric method using an 131 

UV-visible spectrophotometer at 510 nm.42 132 

Specific surface areas of the ZVI samples were determined by nitrogen adsorption 133 

using the BET method (Micrometrics ASAP 2020). Morphology of the pristine ZVI 134 

and the Se(IV)-treated ZVI samples was determined with Scanning Electron 135 

Microscopy (SEM) using a Hitachi 4700 microscope. The size distribution of the 136 

pristine ZVI particles was examined by a Bettersize 2000. The XRD pattern of the 137 

pristine ZVI was collected using a Rigaku DXR-8000 computer-automated 138 

diffractometer.  139 

The reacted ZVI samples were collected on membrane filters (0.22 µm) and washed 140 

with deionized water in a nitrogen-filled glove box, and then freeze-dried under 141 

vacuum, and put them into zipper bags before being subjected to Fe K-edge and Se 142 

K-edge X-Ray Absorption Fine Structure (XAFS) analysis. Particular care was taken 143 

to minimize the beam-induced oxidation of samples by placing the sample stands 144 

filled with reacted ZVI samples in a nitrogen-filled glove box for 6 hours before 145 

transferring them to zippered bags in this glove box. Negligible changes in the 146 

line-shape and peak position of Se K-edge X-ray absorption near edge structure 147 

(XANES) spectra were observed between two scans taken for a specific sample. The 148 

XAFS spectra were recorded at room temperature using a 4 channel Silicon Drift 149 

Detector (SDD) Bruker 5040 at beam line BL14W1 of the Shanghai Synchrotron 150 

Radiation Facility (SSRF), China. Fe and Se K-edge XAFS spectra were recorded in 151 

transmission mode and fluorescence mode using a Si(111) double crystal 152 
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monochromator, respectively. The spectra were processed and analyzed by the 153 

software codes Athena.43 The oxidation states of selenium in solid phase were 154 

analyzed by linear combination fitting (LCF) using reference compounds of FeSe 155 

(Se(-II)), Se powder (Se(0)), Na2SeO3 (Se(IV)) and Na2SeO4 (Se(VI)). The major 156 

species of Fe in Se-treated ZVI corrosion products were also quantified by LCF using 157 

the collection of reference materials including metallic Fe (Fe0), wustite (FeO), 158 

maghemite (γ-Fe2O3), magnetite (Fe3O4), goethite (α-FeOOH) and lepidocrocite 159 

(γ-FeOOH).  160 

3. Results and discussion  161 

3.1. Oxygen Effect on the Reactivity of ZVI toward Se(IV) Sequestration.  162 

The influence of headspace volume on the kinetics of Se(IV) removal by ZVI was 163 

investigated, as depicted in Fig. 1. Obviously, headspace remarkably improved the 164 

reactivity of ZVI toward substrate regardless the presence of SO4
2- or HSO3

-. 165 

Approximately 34.8%-94.8% of Se(IV) was removed by ZVI in 180 min in limited 166 

oxygenated water (Vair = 0.5-5.0 mL), whereas only 10.7%-28.9% of Se(IV) was 167 

sequestrated by ZVI within the same period but under anoxic condition. The 168 

O2-dependent characteristic of the ZVI’s reactivity toward contaminants had also been 169 

reported by other researchers and was always explained by the promoted ZVI 170 

dissolution rate (Eqs. (3) and (4)) and/or the formation of the Fe(II)-solid intermediate 171 

and Fe(III) (oxyhydr)oxides on the ZVI surface providing reducing power and large 172 

surface area.13, 27, 44-46  173 

2�� + �� + 2��� → 2��� + 4��� (3) 
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2�� + �� + 4�� → 2��� + 2��� (4) 

3.2. Coupled Effects of O2 and HSO3
-
 on the Reactivity of ZVI toward Se(IV) 174 

Sequestration.  175 

As illustrated in Fig. 1, a brief lag phase appeared in the kinetics of Se(IV) removal by 176 

ZVI in the presence of SO4
2- or HSO3

-, both in this study and in our previous work.1, 3, 
177 

4, 9, 36 Analogous effects have been reported in previous investigations with a diversity 178 

of iron types and contaminant natures.4, 47, 48  179 

In the presence of SO4
2-, it was found that the lag period of Se(IV) removal by ZVI 180 

was gradually alleviated from 60 to 20 min with increasing the volume of headspace 181 

from 0.5 to 5.0 mL. The lag behavior in the initial period of Se(IV) removal by ZVI 182 

was mainly ascribed to the oxide film coated on the pristine ZVI particles inhibiting 183 

the mass transfer of substrate to the Fe0 surface.9 The other possible explanation for 184 

this transient behavior was that the O2 in headspace, which expedites the pitting of the 185 

passive film (Eqs.(3)-(6)), and thus, Se(IV) reduction by ZVI via Eq. (7).  186 

�� + 2��� → ��� + �� + 2��� (5) 

�� + 2�� → ��� + �� (6) 

2�� + ����
� + 5�� → 2��� + �� ↓ +3��� (7) 

After the lag period, the main portion of each data set can be reasonably well 187 

simulated by the pseudo-first-order rate law (Eq. (8)).49  188 

d��(��)�

dt
= −�� !��(��)� (8) 

where �� !	 is the observed pseudo-first-order rate constant (min-1) for Se(IV) 189 

removal by ZVI. As demonstrated by in Fig. 1 and Fig. S3, a 4-fold enhancement, 190 
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from 0.0008 to 0.0031-0.0037 min-1, was observed in the rate constants of Se(IV) 191 

disappearance by increasing the headspace volume from 0 to 5 mL. Nevertheless, 192 

increasing the volume of headspace from 0.5 mL to 5.0 mL had minor effect on the 193 

reactivity of ZVI toward Se(IV) removal, indicating that O2 (i.e., Vair > 0.5 mL) was 194 

no longer involved in the rate controlling step for Se(IV) removal by ZVI in the 195 

presence of SO4
2-.  196 

As for the kinetics of Se(IV) removal by ZVI in the presence of HSO3
-, the lag 197 

behavior was susceptible to the headspace volume and the lag phase shortened from 198 

20 to 0 min with increasing the volume of headspace from 0.5 to 5.0 mL. In addition, 199 

Figs. 1 and S4 revealed that the performances of ZVI for Se(IV) sequestration 200 

experienced a more dynamic and more variable scenario compared to that in the 201 

coexistence of headspace and SO4
2-, accompanied with a distinctively bell-shaped 202 

pattern associated with the headspace space. The Se(IV) sequestration rate constant 203 

was enhanced progressively from 0.0016 to 0.0292 min-1 with increasing the 204 

headspace for containing air from 0 to 2.0 mL. With further increase in the headspace 205 

volume, the reactivity of ZVI reached a relatively recession. It should be emphasized 206 

that the ZVI remained a higher performance for removing Se(IV) in oxygenated water 207 

than that without headspace, which should be largely associated with the reduction of 208 

Fe(III) (oxyhydr)oxides to the Fe(II)-solid intermediate by HSO3
- on the ZVI surface 209 

providing reducing power for Se(IV) following Eqs. (7) and (9).50, 51 210 

4��� + ����
� + 9��� → 4�(��)� + �� ↓ +7�� (9) 

Fig. 1 demonstrates that the coupled effects of O2 and HSO3
- resulted in faster 211 
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selenium removal kinetics than that in the coexistence of O2 and SO4
2-, which were 212 

consistent with the variations of aqueous Fe(II) concentrations and solution pH during 213 

Se(IV) sequestration by ZVI in the presence of SO4
2-/HSO3

- and O2, as shown in Fig. 214 

2.  215 

In the presence of SO4
2-, the concentration of Fe(II) increased progressively within 216 

45 min and then dropped gradually in the process of Se(IV) removal by ZVI, which 217 

was accompanied with a mild increase of solution pH during the initial stage of 218 

reaction. Hereafter, pH was almost constant, which may be associated with the Fe2+ 219 

oxidation by O2 and Fe3+ hydrolysis (Eqs. 10-11). Different from the case in the 220 

presence of SO4
2-, the solution pH during Se(IV) removal by ZVI in the presence of 221 

HSO3
- dropped dramatically during the initial period of reaction (from 0 to 10.0 or 30 222 

min, Eq. (2)) and hereafter experienced a progressively elevated stage, accompanied 223 

with a rapid release of Fe(II) with prolonged reaction time. Moreover, Fe(III) can be 224 

reduced to Fe(II) by HSO3
- via Eq. (1), accompanied with the release SO4

2- and H+, 225 

which favors the corrosion of ZVI, accounting for the trend in the release of Fe(II). 226 

4��� + �� + 2���	 → 4��� + 4��� (10) 

��� + 3��� → 2�(��)� + 3�� (11) 

3.3. Iron Corrosion and Selenium Speciation Transformation in Se(IV)-treated 227 

ZVI Samples.  228 

The ZVI corrosion behaviors with presence of O2 and HSO3
- were further clarified by 229 

characterizing the Se(IV)-treated ZVI samples. The pristine ZVI used in this study 230 

was consisted of relatively smooth spheres (Fig. S1 (a)) and became slightly coarse 231 
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during reacted with Se(IV) in the presence of SO4
2- for 30 min, 60 min and 180 min, 232 

respectively (Fig. S5). Comparably, the Se(IV)-treated ZVI particles in the presence 233 

of HSO3
- became more cracked with angular-shaped and platy structures (Fig. S5), 234 

implying the more extensive corrosion upon the introduction of HSO3
-. Moreover, the 235 

Fe K-edge XANES spectra and k3-weighted EXAFS spectra of these two 236 

Se(IV)-treated ZVI samples and the reference materials were shown in Fig. 3(a-b). In 237 

the presence of SO4
2-, the XANES and EXAFS spectra of Se(IV)-treated ZVI sample 238 

was more analogous to that of the Fe0 than that with the presence of HSO3
- (Fig. 3(a)). 239 

Meanwhile, the latter sample was more analogous to those of the Fe(II)/Fe(III) 240 

reference compounds (Fig. 3(a)), implying that these solids were mainly composed of 241 

nonmetallic Fe. To identify the composition of corrosion products, linear combination 242 

fitting (LCF) analysis was carried out based on the Fe k3-weighted EXAFS spectra 243 

(Fig. 3(b)) and the corresponding fit results were summarized in Table. S1. In the 244 

presence of SO4
2-, the Se(IV)-treated ZVI sample was consist of magnetite (43.0%), 245 

wustite (20.4%), ferrihydrite (9.5%), lepidocrocite (8.0%), and some metallic Fe0 246 

(19.1%). hen SO4
2- was replaced with HSO3

-, the fraction of Fe0 in the Se(IV)-treated 247 

ZVI sample decreased greatly to 5.4% and ZVI corrosion was considerably enhanced 248 

with the major corrosion products being magnetite (57.7%) and lepidocrocite (19.4%), 249 

along with some wustite (8.2%) and maghemite (9.3%). It was generally 250 

acknowledged that the very high conductivity of magnetite with almost metallic 251 

character was beneficial for the electron transport and the loose and porous structure 252 

of lepidocrocite favored the mass transport between the solid phase and aqueous 253 
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phase.52, 53 Therefore, it could be inferred that the appreciable reactivity of ZVI was 254 

mainly associated with the involvement of magnetite and lepidocrocite.  255 

To further explore the coupled effects of O2-HSO3
- on the reactivity of ZVI 256 

toward Se(IV) removal, the selenium speciation in the corresponded precipitates 257 

collected at 180 min was analyzed with XANES, as demonstrated in Fig. 3(c). The Se 258 

K-edge XANES data for several Se reference compounds including FeSe (Se(-II)), 259 

selenium powder (Se(0)), sodium selenite (Se(IV)), and sodium selenate (Se(VI)) 260 

were analyzed to establish the reference X-ray absorption K-edge energies (E0).
46, 54 261 

The XANES spectrum of Se(IV)-treated ZVI in the presence of O2 and HSO3
- 262 

demonstrated that Se(IV) removal by ZVI was mainly achieved via reduction 263 

following Eqs. (7) and (9). However, only partial of the removed Se(IV) was reduced 264 

to Se(0) when SO4
2- was employed as background electrolyte. The transient Se(IV) 265 

adsorption step on the reductive surface forming the shell surrounding the iron core 266 

should be necessary for reduction of dissolved Se(IV) by ZVI and adsorbed Fe(II).1, 3, 
267 

55 Therefore, it could be concluded that the coupled presence of O2 and HSO3
- was 268 

more beneficial for the reduction of Se(IV) to Se(0) as compared to that by the 269 

synergetic effects of O2
 and SO4

2-. 270 

3.4. Effects of SO4
2-
/HSO3

-
 Concentration and pH on Se(IV) Sequestration by 271 

ZVI.  272 

The influence of SO4
2-/HSO3

- concentrations on the kinetics of Se(IV) sequestration 273 

by ZVI in limited oxygenated water at pHini 5.0 were demonstrated in Fig. 4. At 274 

various SO4
2-/HSO3

- concentrations, ZVI always removed Se(IV) at higher rate 275 

Page 14 of 27RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



14 

 

constants in the presence of HSO3
- than those in the presence of SO4

2-. In addition, the 276 

kinetics of selenium disappearance could be roughly divided into two stages, a lag 277 

period followed by a rapid removal period, which was simulated with pseudo-first 278 

order model (Eq. (8)). It was found that the rate constants of Se(IV) removal by ZVI 279 

were increased appreciably from 0.0008 to 0.0059 min-1 whereas did not mediate the 280 

lag period with increasing the concentration of SO4
2- from 0 to 2.5 mM, implying that 281 

the iron oxides coated on the pristine ZVI particles could weaken the enhancement for 282 

Se(IV) removal by SO4
2-. On the contrary, after the introduction of HSO3

-, the lag 283 

phase in the initial period of Se(IV) removal by ZVI was shortened from 20 to 10 min 284 

with increasing the HSO3
- concentration from 0.5 to 2.5 mM. Moreover, the rate 285 

constants of Se(IV) sequestration by ZVI were enhanced progressively from 0.0079 to 286 

0.0292 min-1 as the concentration of HSO3
- was elevated from 0.5 to 2.0 mM. 287 

However, as the concentration of HSO3
- was further increased to 2.5 mM, the removal 288 

rate of Se(IV) decreased to 0.0144 min-1. The influence of HSO3
- concentration on the 289 

reactivity of ZVI should be mainly associated with the H+ release and the O2 depletion 290 

from the oxidation of HSO3
- following Eq. (2). With increasing the HSO3

- 291 

concentration, the progressive enhancements should be likely due to the decline of 292 

solution pH and the depletion of O2 preventing the passivation of ZVI. However, 293 

HSO3
- of high concentration will quench O2, which will inhibit the formation of the 294 

Fe(III) (oxyhydr)oxides co-precipitating with Se(IV) and the galvanic corrosion of 295 

ZVI, and thus, Se(IV) reduction by ZVI via Eq. (7). 296 

The effects of SO4
2-/HSO3

- on Se(IV) removal by ZVI in limited oxygenated water  297 
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over the pHini of 3.0-7.0 were also evaluated, as depicted in Fig. 5. HSeO3
- is the 298 

major specie of the aqueous Se(IV) at pH 3.0-7.0 since the pKa1 and pKa2 of H2SeO3 299 

are 2.62 and 8.23, respectively (Fig. S6).56 Thus, the synergetic effects of O2 and pHini 300 

on Se(IV) removal should be rarely ascribed to the species variation of Se(IV).1 301 

Regardless the introduction of SO4
2- or HSO3

-, the removal of Se(IV) by ZVI 302 

exhibited self-acceleration characteristics, which involved a lag period and hereafter a 303 

rapid removal period. The duration of lag period extended gradually with increasing 304 

the pHini, verifying that the lower pH facilitated the abrasion of passive iron oxide 305 

layer and thus shortened the lag period.1, 2, 9 Beyond the lag period, it was additionally 306 

found that the pseudo-first-order rate constants (kobs) for Se(IV) removal in the 307 

presence of SO4
2- were dampen dramatically from 0.0084 to 0.0014 min-1 with 308 

increasing the solution pHini. Alternatively, the introduction of HSO3
- markedly 309 

accelerated Se(IV) removal by ZVI and the kobs were 0.0168, 0.0116, 0.0292, 0.0128 310 

and 0.0073 min-1 at pHini 3.0, 4.0, 5.0, 6.0 and 7.0, respectively. The best performance 311 

of ZVI for Se(IV) removal in the presence of HSO3
- was achieved at pHini 5.0. It was 312 

well known that the adsorbed Fe(II) on ZVI surface contributed to the reductive 313 

removal of Se(IV).3 With increasing pHini, the reductive ability of Fe(II) increased 314 

while the amount of released Fe(II) dropped (Fig. S7),57 and thus the most efficient 315 

Se(IV) removal was observed at pHini 5.0. 316 

4. Conclusions 317 

The bisulfite induced a significant enhancement on the kinetics of Se(IV) removal by 318 

ZVI and the improvement should be mainly ascribed to the release of H+ and the 319 
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depletion of O2 arising from the oxidation of HSO3
-. In addition, HSO3

- facilitated the 320 

reduction of ferric (oxyhydr)oxides to Fe(II)-containing solid, which was beneficial to 321 

the reductive removal of Se(IV). Over the HSO3
- concentration of 0-2.5 mM or pHini 322 

range of 3.0-7.0, ZVI could always keep higher reactivity toward Se(IV) sequestration 323 

in the presence of HSO3
- than that in the presence of SO4

2-. The coupled effects of O2 324 

and HSO3
- on ZVI’s reactivity toward Se(IV) removal experienced a more dynamic 325 

and more variable scenario (bell-shaped) than that in the presence of O2 and SO4
2-. 326 

Furthermore, the SEM, Fe K-edge XAFS and Se XANES analysis for Se(IV)-treated 327 

ZVI samples unraveled that binding O2 and HSO3
- favored the transformation of ZVI 328 

to iron (oxyhydr)oxides (e.g., magnetite and lepidocrocite) and the reduction of 329 

Se(IV) to Se(0). Compared to the previous strategies for maintaining or enhancing the 330 

reactivity of ZVI, applying bisulfite will provide a promising alternative to improve 331 

the performance of the ZVI-based technology for environmental application, since the 332 

bisulfite is efficient, inexpensive and its final product is harmless. However, more 333 

efforts should be taken to evaluate this technology more thoroughly on field-scale 334 

abatement practices. 335 
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 436 

Figure 1. The kinetics of Se(IV) removal by ZVI in glass vials sealed with headspace 437 

containing air (Vair) for 0 (a), 0.5 (b), 1.0 (c), 2.0 (d), 3.0 (e) and 5.0 mL (f), 438 

respectively. The solid lines are the results of simulating the kinetics with 439 

pseudo-first-order model. Reaction conditions: [Fe0] = 2.0 mM, [Se(IV)]0 = 10.0 mg 440 

L-1, [SO4
2-/HSO3

-]0 = 2.0 mM, pHini = 5.0.  441 
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 442 

Figure 2. Variations in dissolved Fe(II) and pH during Se(IV) removal by ZVI in 443 

glass vial sealed with the Teflon-lined butyl rubber stoppers containing containing air 444 

(Vair) for 0 (a), 0.5 (b), 1.0 (c), 2.0 (d), 3.0 (e) and 5.0 mL (f), respectively.  445 
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 446 

Figure 3. Fe K-edge XANES spectra (a), Fe k3-weighted EXAFS spectra (b) and Se 447 

K-edge XANES spectra (c) of the Se(IV)-treated ZVI corrosion products at 180 min, 448 

as well as the corresponding reference materials. The circles and the thick solid lines 449 

(b) represent the linear combination fits and the experimental data, respectively. 450 

Reaction conditions: [Fe0] = 2.0 mM, [Se(IV)]0 = 10.0 mg L-1, [SO4
2-/HSO3

-]0 = 2.0 451 

mM, pHini = 5.0, Vair = 2.0 mL.  452 
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 453 

Figure 4. The kinetics of Se(IV) removal by ZVI with the presence of SO4
2- or HSO3

- 454 

for 0 mM ((a): Control), 0.5 (a), 1.0 (b), 1.5 (c), 2.0 (d) and 2.5 mM (e), respectively. 455 

The solid lines are the results of simulating the kinetics with pseudo-first-order model. 456 

Reaction conditions: [Fe0] = 2.0 mM, [Se(IV)]0 = 10.0 mg L-1, [pH]ini = 5.0, Vair = 2.0 457 

mL.  458 
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 459 

Figure 5. The kinetics of Se(IV) removal by ZVI at various pHini levels. The solid 460 

lines are the results of simulating the kinetics with pseudo-first-order model. Reaction 461 

conditions: [Fe0] = 2.0 mM, [Se(IV)]0 = 10.0 mg L-1, [HSO3
-/SO4

2-]0 = 2.0 mM, Vair = 462 

2.0 mL. 463 
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