
Vol.:(0123456789)1 3

Environmental Science and Pollution Research (2023) 30:123055–123066 
https://doi.org/10.1007/s11356-023-30960-4

RESEARCH ARTICLE

Performance evaluation of sulfidated nanoscale iron for hexavalent 
chromium removal from groundwater in sequential batch study

Mainak Bhattacharya1 · Najmul Haque Barbhuiya1 · Swatantra P. Singh1,2,3,4 

Received: 16 July 2023 / Accepted: 4 November 2023 / Published online: 18 November 2023 
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2023

Abstract
Chromium [Cr] contamination in groundwater is one of the serious environmental concerns due to the carcinogenicity of its 
water-soluble and mobile hexavalent [Cr(VI)] form. In spite of the existence of multiple precipitation and adsorption-based 
Cr(VI) remediation technologies, the usage of sulfidated nano zerovalent iron (S-nZVI) has recently attracted researchers 
due to its high selectivity. Although S-nZVI effectively immobilized Cr(VI), its long-term performance in multiple shifted 
equilibrium has not been explored. In this contribution, influences of S-nZVI dosage, initial concentration of Cr(VI), pH, 
ionic strength, total hardness, sulfate, carbonate, and silicate were probed in ultrapure water. Further experiments were per-
formed in synthetic groundwater to investigate the effects of initial concentration of Cr(VI) in the pH range of 4–8 for 1 g 
 L−1 S-nZVI dosage. Cr(VI) removal rate was quantified in groundwater without pH fixation. Finally, a comparative study 
between conventional nano zerovalent iron (nZVI) and S-nZVI was conducted in sequential batch reactors to investigate their 
respective efficiencies during repeated usage. Mechanistic interpretation of the processes governing the immobilization of 
Cr(VI) was done by integrating the results of these experiments with the metadata. While aggregation due to magnetic prop-
erties and rapid oxidation of Fe decreased the efficiency of nZVI with repeated usage, sulfidation minimized the passivation 
and favored an extended reducing environment because of continuous electron transfer from iron and sulfur components.
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Introduction

The presence of chromium [Cr] in groundwater aquifers is a 
global environmental concern (Bacquart et al. 2015; Santra 
et al. 2018; Kanagaraj and Elango 2019; Poonia et al. 2021). 
The drinking water standards for Cr recommended by the 
US Environmental Protection Agency (USEPA) is 0.1 mg 
 L−1 (USEPA 2022). While hexavalent chromium [Cr(VI)] is 
highly soluble, mobile, and carcinogenic, its reducing coun-
terpart trivalent chromium [Cr(III)] is insoluble, less mobile, 
and non-toxic (Rai et al. 1987; Sass and Rai 1987; Turick 
et al. 1996). One of the common pathways of immobilization 
of soluble Cr in groundwater is to add a reducing agent, such 
as iron sulfate or nanoscale zerovalent iron (nZVI), to cause 
a reduction of soluble Cr(VI), resulting in the precipitation 
of insoluble Cr(III) (Qin et al. 2005; Sharma et al. 2008; 
Gheju 2011). However, nZVI might also remove non-target 
hydrophilic contaminants, decreasing the extent of Cr(VI) 
reduction and thereby increasing the treatment cost (Guan 
et al. 2015; Dai et al. 2022).
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Recently, sulfidized nanoscale zerovalent iron (S-nZVI) 
has been identified as one of the most suitable materials due 
to its potential benefits in groundwater treatment (Shen et al. 
2021; Xu et al. 2021b). Sulfidation of zerovalent iron (ZVI) 
increased specific surface area and improved ZVI’s reactiv-
ity, selectivity, longevity, and electron utilization (Fan et al. 
2017; Xu et al. 2019). Moreover, sulfur induction increases 
hydrophobicity, blocks hydrogen adsorption, and redistrib-
utes charge density (Xu et al. 2021b). All these properties 
of S-nZVI benefit the remediation of typical groundwater 
contaminants. Chen et al. (2022) showed improvement in 
the performance of nZVI when it was modified with sulfur 
and proposed that sulfur-modified nZVI has the potential to 
solve the issue of dissolved heavy metal contamination in 
environmental matrices (Wei et al. 2021; Chen et al. 2022).

In the last few years, several researchers successfully 
demonstrated the removal of dissolved Cr(VI) by S-nZVI 
in Cr(VI)-spiked synthetic water matrices (Lv et al. 2019; 
Brumovský et al. 2021; Dai et al. 2022). In S-nZVI, Fe and 
S coatings contain phases like  FeS(s) or  FeS2(s), along with 
 Fe0. This results in the inhibition of particle agglomera-
tion, increase in specific surface area, and improvement in 
remediation efficiency of Cr(VI). The mechanism of Cr(VI) 
removal by S-nZVI includes adsorption of Cr(VI) and reduc-
tion of Cr(VI) to insoluble and immobile Cr(III) (Gong et al. 
2017). Lv et al. (2019) also proposed the removal of Cr(VI) 
by S-nZVI as a multi-step process involving instantaneous 
reduction of Cr(VI), followed by coprecipitation and adsorp-
tion (Lv et al. 2019). The processes governing Cr(VI) immo-
bilization might vary in different kinds of modified S-nZVI. 
For example, most of the dissolved Cr(VI) was adsorbed on 
zeolite-supported S-nZVI (Zhou et al. 2022), but an inte-
grated adsorption and reduction process was responsible 
for the removal of Cr(VI) by oyster shell powder supported 
S-nZVI (Hu et al. 2022). Past researchers further suggested 
that initial ultrasonication for an optimum period of 10 min 
exhibited improved sulfidation, resulting in enhanced Cr(VI) 
remediation (Dai et al. 2022). Moreover, high temperature, 
rising ionic strength, and low pH were found to be the domi-
nating parameters responsible for high treatment efficiency 
(Lv et al. 2019). Removal of Cr(VI) by S-nZVI was reported 
to be an acid-driven surface-mediated process with maxi-
mum efficiency at pH 2.5 (Gao et al. 2018). It was further 
reported that dissolved sulfate led to higher removal of 
Cr(VI), but the efficiency varied inversely proportionately to 
the dissolved calcium level (Gao et al. 2018). Another study 
with blast furnace slag-supported modified S-nZVI stated 
that dissolved nitrate and humic acid affected Cr(VI) reme-
diation from aqueous solution (Deng et al. 2020). In spite 
of some of the aforementioned limitations, S-nZVI proved 
to be more effective in the remediation of dissolved Cr(VI) 
than other toxic heavy metals like lead, nickel, and cadmium 
(Wei et al. 2021). It was reported that in a mixed metal 

matrix, biochar supported modified S-nZVI could increase 
the removal efficiency of Cr(VI) by 9.2% and decrease the 
removal of cadmium by 43.47% (Zhao et al. 2022).

Researchers have also compared the performance of 
S-nZVI with different types of modified S-nZVI. For exam-
ple, Xi et al. (2022) established that comparatively higher 
Cr(VI) was recovered when S-nZVI was covered with an 
extracellular polymeric substance (Xi et al. 2022). Humic 
acid and unmodified FeS can remove Cr(VI), but humic 
acid stabilized FeS showed enhanced Cr(VI) remediation 
even in the presence of high Cr(VI) (Yao et al. 2020). Pol-
ysulfide-modified nZVI reportedly contributed to Cr(VI) 
removal from groundwater (Yu et al. 2023). However, the 
performance of the modified S-nZVI during its repetitive 
usage in the treatment of sequential batches of Cr(VI) con-
taminated water is not well established. Furthermore, the 
S-nZVI performance in groundwater matrix and the pos-
sibility of an extended reactive lifetime in aqueous solution 
have not been explored. This contribution attempted to treat 
multiple batches of highly contaminated groundwater matrix 
with S-nZVI and nZVI particles to compare their respec-
tive performances. Recovering and reusing the nanoparticles 
in sequential batches in the laboratory scale would provide 
insight into the possibility of their application for low-cost 
treatment. The specific objectives of the present research 
are (a) to demonstrate the removal of Cr(VI) from ultrapure 
water and groundwater matrices under varying geochemi-
cal conditions, (b) to estimate the rate of Cr(VI) removal by 
S-nZVI in groundwater, and (c) to compare the long-term 
performance of nZVI and S-nZVI in sequential batches of 
Cr(VI) contaminated water.

Materials and methods

Synthesis of S‑nZVI

Synthesis of S-nZVI was carried out by the borohydride 
reduction method (Xu et al. 2020a; Cao et al. 2021). A solu-
tion of 10 g  L−1 of trivalent iron was prepared by adding 
ferric chloride  [FeCl3] in 100 mL ultrapure water and purged 
continuously with nitrogen. Another 100 mL solution con-
taining 2.2 g  L−1 sodium dithionite  (Na2S2O4) and 34 g  L−1 
sodium borohydride  (NaBH4) was separately prepared and 
dropwise added to the Fe(III) solution with continuous nitro-
gen purging. This one-step method of S-nZVI synthesis with 
the addition of  Na2S2O4 was followed in the present study 
because it was reported to provide better longevity and reac-
tivity (Xu et al. 2019). After the complete mixing of the two 
solutions, nitrogen purging was stopped. The formation of 
black-colored particles was visually observed. These parti-
cles were carefully transferred in 50 mL centrifuge tubes and 
washed once with ultrapure water and thrice with ethanol. 
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Cleaned particles were centrifuged at 2500 rpm for 15 min. 
The supernatant was decanted, and the solid residues were 
gently blown with nitrogen before vacuum drying for 3 h at 
80 °C. The dried particles were stored in capped centrifuge 
tubes inside a desiccator at 25 °C for characterization and 
experiments. Similar protocols, except the step of addition 
of  Na2S2O4, were followed to synthesize nZVI and described 
in the Supporting Information (SI, Section S1).

Batch equilibration experiments

Batch reactors were set up to demonstrate the influence of 
various parameters responsible for the remediation of dis-
solved Cr(VI) by S-nZVI in an ultrapure water matrix. For 
all the experiments, Cr(VI) was spiked in these reactors 
as  K2Cr2O7. Initially, the effect of the dosage of S-nZVI 
was studied in batch reactors contaminated with 20 mg  L−1 
Cr(VI). The mass concentration of S-nZVI was varied from 
0.25 to 2 g  L−1. S-nZVI dosage of 1 g  L−1 was used as a con-
stant solid concentration for all the experiments performed 
afterward. Effects of the initial concentration of Cr(VI) were 
studied in the range of 2–100 mg  L−1. Consequently, influ-
ences of other physicochemical parameters such as ionic 
strength, divalent cations naturally present in groundwater 
contributing to its hardness (calcium, magnesium), divalent 
anions that might compete with chromate (sulfate, silicate, 
carbonate), and pH were studied at 20 mg  L−1 initial Cr(VI). 
The effect of ionic strength was probed in NaCl solution at a 
concentration range of 1–100 mM. Since hardness in drink-
ing water is governed by its calcium (Ca) and (Mg) content, 
 CaCl2 and  MgCl2 salts were added in ultrapure water at 
varying quantities to determine the effect of total hardness. 
Effects of sulfate, silicate, and carbonate were studied by 
adding respective amounts of  Na2SO4,  Na2SiO3, and  Na2CO3 
in the water matrix. The influence of solution pH was inves-
tigated between pH 4 and 8.5. Solutions of 0.01 M  HNO3 
and 0.01 M NaOH were used for pH adjustment.

Remediation of Cr(VI) by S-nZVI was further investi-
gated in a synthetic groundwater matrix containing typi-
cal background analytes (Matern et al. 2017; Bhattacharya 
et al. 2020) of contaminated aquifers in India (Section S2, 
Table S1). Synthetic groundwater was prepared by dissolv-
ing  CaCl2·2H2O (147 mg),  MgSO4·7H2O (246 mg), NaCl 
(176 mg),  KNO3 (16 mg),  NaHCO3 (14 mg), and dextrose 
(10 mg) in ultrapure water (1 L) to meet the respective con-
centration ranges of the solutes (Matern et al. 2017; Bhat-
tacharya et al. 2020). Cr(VI) concentration in these reactors 
was varied from 2 to 100 mg  L−1 in the pH range of 4–8. 
A consistent S-nZVI dosage of 1 g  L−1 was maintained in 
the batch reactors. The reactors were loaded on a horizontal 
shaker and mixed at 120 rpm. All the equilibration experi-
ments were performed for a duration of 24 h.

Kinetic study

The kinetics of Cr(VI) removal was investigated in the syn-
thetic groundwater matrix for an initial Cr(VI) concentration 
of 20 mg  L−1 in sacrificial batch reactors. A constant S-nVZI 
dosage of 1 g  L−1 was applied and loaded on a horizontal 
shaker for mixing at 120 rpm. Liquid samples were collected 
with time for Cr(VI) and pH measurements. Dedicated batch 
reactors were set up for each time point, which was sac-
rificed immediately after the collection of samples. The 
kinetic data were modeled to determine the rate of Cr(VI) 
remediation. The data were fitted in conventional first-order 
(Eq. 1) and second-order (Eq. 2) reaction models. These 
equations are derived by assuming that the rate of change 
in pollutant concentration (− dC/dt) is directly proportional 
to the nth power of the concentration of the pollutant at any 
time t for nth order reaction (Cn). A constant rate value (k) 
was assumed, and multiple iterations were done by changing 
this value through minimum mean square error. In this math-
ematical exercise, the sum of the squares of the differences 
between the modeled Cr(VI) and experimentally determined 
Cr(VI) was minimized by varying the rate constant. Correla-
tion coefficients of the modeled data for first- and second-
order reactions were compared.

In Eqs. 1 and 2, time and reaction rate constant have been 
denoted as t and k, respectively. The unit of t is minute. 
For the first-order reaction (Eq. 1), the unit of k is  min−1. 
In the second-order reaction (Eq. 2), k is represented in L 
 mg−1  min−1. Respective concentrations of Cr(VI) at time 
zero and any time t have been represented by CrVI0 and 
CrVIt in mg  L−1.

Sequential batch extraction experiments

The feasibility of repeated usage of S-nZVI was investigated 
in 20 mg  L−1 Cr(VI) spiked ultrapure and synthetic ground-
water matrices. S-nZVI, at mass concentration 1 g  L−1, was 
added in Cr(VI)-spiked batch reactors and loaded on a hori-
zontal shaker for mixing at 120 rpm. Liquid samples were 
collected after 24 h for Cr(VI) measurement. The rest of 
the solution was carefully decanted after centrifugation at 
4000 rpm for 15 min. Prevention of loss of the leftover solid 
residues was ensured by inserting a magnet while decant-
ing. The recovered solids were reacted with another batch 
of 20 mg  L−1 Cr(VI) solution. This process of the sequential 

(1)CrVI
t
= CrVI

0
e
−kt

(2)CrVI
t
=

1

(kt) +
1

CrVI
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batch experiment was repeated for five cycles. After the final 
cycle, the recovered solids were centrifuged and oven-dried 
at 40 °C for X-ray diffraction (XRD) analysis. One of the 
replicates was sacrificed after the first cycle of the batch for 
XRD analysis of the leftover solid. Measurements of Cr(VI) 
and pH were done at the end of each cycle. Similar experi-
ments in parallel were also performed with conventional 
nZVI following identical protocols to compare the efficiency 
of S-nZVI with nZVI during repetitive usage.

Analytical methods

Liquid phase characterization included measurements of pH, 
Cr(VI), total Cr, and Fe. Solution pH was measured using a 
glass electrode and benchtop meter (AZ Company 86502). 
Liquid samples were filtered through 0.2 µm syringe filters, 
and Cr(VI) was measured using the spectrophotometric tech-
nique in an ultraviolet–visible spectrophotometer (Thermo 
Scientific), following the di-phenyl carbazide method 
(USEPA 1992). In this method, 10 mL of filtered liquid sam-
ples were added with three drops of concentrated orthophos-
phoric acid and 0.2 mL di-phenyl carbazide (DPC) solu-
tion. The DPC solution was prepared by dissolving 250 mg 
DPC salt in 50 mL acetone and preserved in a brown bottle 
wrapped up with aluminum foil to minimize the influence 
of sunlight. Approximately 10–12 min of time was given 
for color development after the addition of orthophosphoric 
acid and DPC in the filtered liquid samples. Thereafter, the 
absorbance of the liquid samples was recorded at 540 nm 
wavelength in UV–Vis. The instrument was calibrated in 
the Cr(VI) concentration range of 0.05–2 mg  L−1, prior to 
analysis of the samples. Whenever required, the samples 
were diluted to bring the Cr(VI) level within the calibration 
range, and multiplied by the dilution factor to estimate the 
actual Cr(VI) concentration after noting down the absorb-
ance. Total Cr and Fe were measured using the inductively 
coupled plasma atomic emission spectroscopy (ICP-AES) 
(SPECTRO Analytical Instruments). For ICP-AES analysis, 
an aliquot of each of the filtered samples was acidified using 
concentrated  HNO3. The acidification was done maintain-
ing 1% acid fraction on volume-to-volume basis in the fil-
tered liquid aliquot. There was no requirement of dilution as 
ICP-AES was calibrated in the broad range of 0.05–100 mg 
 L−1, prior to analysis of the acidified samples. The chemi-
cals used for this study were of analytical grade or better 
purity. All the mathematical modeling was performed using 
the Solver and Data Analysis Tool Pack of Microsoft Excel 
2016.

Solid phase characterization was performed on S-nZVI 
particles to determine the mineralogy, morphology, and ele-
mental profiles. The mineralogical composition of S-nZVI 
was determined by XRD (PANalytical, X’Pert Pro) tech-
nique. The diffraction pattern was recorded in the range of 

10 to 100° 2θ, and the data was processed through the MDI 
JADE (International Centre for Diffraction Data 2010) soft-
ware. Scanning electron microscopy (SEM) and associated 
energy-dispersive X-ray (EDX) (JEOL JSM-7600F) analyses 
were performed to obtain the morphology and elemental 
profile of S-nZVI, respectively, at an accelerating voltage 
range of 0.1 to 10 keV. The nanostructure of S-nZVI solid 
was captured using high-resolution transmission electron 
microscopy (TEM) (Thermo Scientific, Themis 300 G3) 
technology at 300 kV. EDX area mapping was further done 
on these TEM images captured at the nanoscale to find the 
elemental composition of S-nZVI at a reducing interaction 
volume. The oxidation states of Cr in the solid residues after 
the reaction were determined by X-ray photoelectron spec-
troscopy (XPS) (ULVAC-PHIPHI5000, Versa Probe II). All 
the instruments were properly calibrated prior to usage. The 
point of zero charge (pZC) of the synthesized S-nZVI was 
estimated by the method of salt addition (SI, Section S3) 
following the methodology suggested by a previous study 
(Mahmood et al. 2011).

Results and discussion

Characterization of S‑nZVI

XRD analysis of S-nZVI confirmed the presence of both iron 
[Fe] and iron-sulfur  [FeS2] phases in the synthesized solid 
(Fig. 1a). The mineralogical composition of S-nZVI depends 
on the chemicals used for sulfurization. Usage of  S2O4

2− as 
the precursor resulted in the formation of the  FeS2 phase, and 
this observation is consistent with previous research where the 
crystalline structure of S-nZVI affected by various S-bearing 
compounds, utilized to synthesize S-nZVI, was probed (Xu 
et al. 2020a). The powder diffraction file (PDF), 98–000-0259, 
matched with the most intense peak of the diffraction pattern 
(ICDD 2013) at 2θ of 44.67°. This peak corresponds to  Fe0 for 
the lattice plane of 110 (hkl). The diffraction pattern of S-nZVI 
matched with one more peak of the aforementioned PDF at 2θ 
value 82.33° for the miller index of 220 (hkl). The  FeS2 peak 
in the form of marcasite was found in the synthesized S-nZVI 
solid at 2θ 33.5°. This peak matched with the most intense 
peak of the diffraction pattern of PDF 01–074-1051 for  FeS2 
lattice plane 020 (hkl). Since pyrite-like mineralogical phases 
 [FeS2] are more hydrophobic than mackinawite-like solids 
[FeS] (Gu et al. 2019; Xu et al. 2020a, b), the S-nZVI synthe-
sized for this study is expected to aid in contaminant removal 
due to high hydrophobicity. SEM–EDX analysis of S-nZVI 
indicated the presence of spherical-shaped particles (Fig. 1b) 
containing Fe and S. Approximate estimation of atomic 
percentage of Fe and S was obtained from SEM-associated 
EDX analysis. For a better interpretation of the morphology, 
TEM analysis was done at nanometer scale, demonstrating 
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nanocrystals and nanosheet structures of S-nZVI particles 
(Fig. 1c). These kinds of structures were previously reported to 
cause lesser agglomeration as compared to conventional nZVI 
(Chen et al. 2022). EDX area mapping associated with high-
resolution TEM (Fig. 1d) justified these findings as dispersion 
of both Fe and S was observed throughout the particle (Fig. 1 
e and f). The area mapping analysis confirmed the success-
ful modification of iron nanoparticles with S. XRD analysis 

of nZVI indicated the presence of only  Fe0, which has been 
demonstrated later in Sect. 3.4.

Physicochemical parameters affecting Cr(VI) 
removal

The addition of S-nZVI in water resulted in rise in equilib-
rium pH (Fig. 2a). Cr(VI) concentration decreased with the 

Fig. 1  a XRD analysis, b SEM imaging, c TEM imaging at two dif-
ferent magnifications, and d TEM imaging at 100 nm magnification 
with associated EDX area mapping for e Fe and f S of the synthe-
sized S-nZVI. Identified peaks of the XRD pattern of the solid have 
been labeled as  FeS2 for PDF 01–074-1051, and  Fe0 for PDF 98–000-

0259. The respective atomic percentage of Fe and S determined by 
SEM-associated EDX analysis was 20.88% and 1.03%. Identifica-
tion of Fe and S through area mapping of the TEM image have been 
denoted in red and green colors, respectively
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mass concentration of S-nZVI until a dosage of 1 g  L−1, 
with an equilibrium pH of 7.85 (Fig. 2a). The addition of 
S-nZVI beyond 1 g  L−1 caused marginal Cr(VI) reduction. 
Therefore, an optimum dosage of 1 g  L−1 was chosen for 
all subsequent experiments. Cr(VI) removal efficiency was 
inversely proportional to the initial concentration of Cr(VI) 
(Fig. 2b). A reduction of 89% Cr(VI) was achieved for 2 mg 
 L−1 initial concentration, and the removal efficiency gradu-
ally decreased to 29% in 100 mg  L−1 Cr(VI) containing solu-
tion. Although S-nZVI addition resulted in pH increase in 
Fig. 2a, decrease in pH was observed due to the spiking of 
very high concentration of Cr(VI) as  K2Cr2O7 in Fig. 2b. 
The role of pH is critical in the immobilization of Cr(VI). 
For a similar initial Cr(VI) concentration, decrease in pH 
resulted in a sharp increase in Cr(VI) removal with approxi-
mately 100% of dissolved Cr(VI) remediation below pH 5 
(Fig. 2c). Principle mechanisms behind Cr(VI) remediation 
by S-nZVI are the reduction of Cr(VI) to insoluble Cr(III) 
followed by coprecipitation in the form of  FeCr2O4(s), and 
adsorption of Cr(VI) on the surface of S-nZVI (Lv et al. 
2019). Variation in redox-potential  (EH) with pH for a 
chromium water system shows the dominance of Cr(III) 
species at lower pH (Rai et al. 1989; Bhattacharya et al. 
2020), which is indicative of the feasibility of the forma-
tion of stable Cr(III) phases in the presence of appropri-
ate reducing materials like S-nZVI. Furthermore, the pZC 
value of S-nZVI was 8.36 (Section S3, Figure S1), which is 
comparable to the  pHpzc value of 8.3, previously reported 
by Lv et al. 2019 (Lv et al. 2019). Therefore, electrostatics 

facilitated the adsorption of negatively charged dissolved 
 CrO4

2− (pH > 6.51) or  HCrO4
− (pH < 6.51) on the positively 

charged S-nZVI surface at pH below 8.3. With the decrease 
in pH,  HCrO4

− becomes the dominant form of Cr(VI) (Bhat-
tacharya et al. 2020). The  EH

0 values for the transformation 
from  HCrO4

− to  Cr3+ and  CrO4
2− to  Cr3+ are 1.35 V and 

0.56 V, respectively (Gustafsson 2011; Peng and Guo 2020). 
Since  HCrO4

− is a better oxidant than  CrO4
2−, the reduction 

of Cr(VI) occurs to a higher extent at lower pH (Peng and 
Guo 2020). These were further supported from the removal 
of 76%, 83%, 87%, and 99% of Cr(VI) at the respective pH 
values of 8.5, 7, 6, and 5 (Fig. 2c).

Increase in the ionic strength of the background solu-
tion from 1 to 100 mM largely enhanced Cr(VI) removal 
from 37 to 94% (Fig. 2d). Past researchers elucidated that at 
higher ionic strength, passivation of precipitated iron-con-
taining phases on S-nZVI might be prevented due to diffu-
sion, ensuring continuous electron transfer between Fe, S, 
and Cr(VI) (Rangsivek and Jekel 2005; Lv et al. 2019). The 
presence of dissolved Ca and Mg affected the overall reme-
diation of Cr(VI); but the variations in the initial concentra-
tions of  Ca2+ and  Mg2+ did not impact Cr(VI) remediation 
efficiency as it varied between 56 and 60% in the hardness 
range of 125–1000 mg  L−1 as  CaCO3 (Fig. 2e). The equilib-
rium pH values were less than 7.49, and the pZC of S-nZVI 
was 8.36. So, there was electrostatic repulsion between 
positively charged S-nZVI, and  Ca2+ and  Mg2+. Since the 
major multivalent cations typically present in groundwater 
have only one oxidation state and adsorption on S-nZVI is 

Fig. 2  Influence of a S-nZVI dosage, b initial Cr(VI) concentration, c 
pH, d ionic strength, e total hardness, and f sulfate, silicate, and car-
bonate in remediation of Cr(VI) by S-nZVI from ultrapure water. For 

the experiments demonstrated in b, c, d, e, and f, mass concentration 
of S-nZVI was 1 g  L−1. Initial Cr(VI) concentration corresponding to 
a, c, d, e, and f was 20 mg  L−1
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thermodynamically not feasible, their possible interventions 
on Cr(VI) removal might be eliminated. However, the over-
all decrease in Cr(VI) removal due to the presence of Ca is 
noticeable. Past researchers have suggested that the decrease 
in efficiency can be attributed to the enhanced agglomera-
tion of the nanoparticles due to the formation of calcium 
complexes (Gao et al. 2018; Xu et al. 2021a). Among the 
major divalent anions, dissolved  SO4

2− did not hinder Cr(VI) 
removal, but increasing silicate and even a nominal amount 
of (20 mg  L−1) carbonate caused a decrease in the removal 
efficiency (Fig. 2f). While the presence of  SO4

2− might 
increase the number of reactive sites as well as the overall 
reactivity of S-nZVI to uptake Cr (Kim et al. 2014; Gao 
et al. 2018), a rise in equilibrium pH was inevitable due 
to the addition of carbonate and silicate which caused the 
decrease in Cr(VI) removal.

Batch equilibration studies performed in synthetic 
groundwater matrix at varying pH further elucidated 
pH dependence in the remediation of Cr(VI) by S-nZVI. 
Removal efficiency decreased with an increase in pH, as 
well as initial Cr(VI). When the initial Cr(VI) concentration 
was increased in the range of 2–100 mg  L−1, the removal 
efficiency gradually decreased from 99 to 51%, 98 to 50%, 
90 to 49%, and 72 to 31% at pH 4, 6, 7, and 8, respectively 
(Fig. 3). Cr(VI) was removed to a greater extent in synthetic 
groundwater as compared to the ultrapure water matrix for 
similar initial Cr(VI) and identical pH. From the controlled 
experiments performed in the ultrapure water (Fig. 2), it can 
be suggested that the higher ionic strength of the synthetic 
groundwater, containing dissolved  SO4

2− might be respon-
sible for better efficiency. The USEPA drinking water limit 
of Cr is 0.1 mg  L−1 (USEPA 2022). Therefore, the findings 
from this set of batch experiments in synthetic groundwater 
implied that 90% Cr(VI) remediation could be achieved at 
pH above 6 and below 8 in subsurface environmental water 

samples 20 times more contaminated than the permissible 
limit. Dissolved Cr(III) and Fe Concentrations were below 
the detection limit of ICP-AES (Section S5, Table S2). This 
observation is consistent with the results reported in one of 
the past studies where no dissolved Fe was found after 2 h 
during the reaction between Cr(VI) and S-nZVI (Lv et al. 
2019).

Solid phase characterization after batch equilibration 
experiments was done to trace the evidence and fate of Cr 
on S-nZVI particles. XRD analysis confirmed the presence 
of iron chromite  [Cr2FeO4(s)] in the reacted solid, indicative 
of precipitation of Cr as insoluble Cr(III) phase due to reduc-
tion (Fig. 4a). Similar to the synthesized material, the reacted 
batch of S-nZVI also contained the most intense peak of 
 Fe0 at 2θ 44.67. However, the  FeS2 peak diminished com-
pletely after the reaction. This result indicated that initially, 
 FeS2 was utilized, and  Fe0 remained as a bulk solid phase in 
the reacted S-nZVI. Since  Fe0 can also remove Cr(VI), the 
reacted S-nZVI might be recovered and reused effectively 
to treat another batch of Cr(VI) contaminated water. XPS 
of Cr 2p spectra of the reacted solid showed the peaks of 
Cr(III), establishing the transformation of dissolved Cr(VI) 
to reduced and precipitated Cr(III) (Fig. 4b). XPS analysis 
of the synthesized S-nZVI did not indicate any peaks of Cr 
before the reaction (Section S4, Figure S2). The reduction of 
Cr(VI) by S-nZVI, followed by the precipitation of Cr(III) 
due to its poor solubility, seemed to be the governing mecha-
nism behind the immobilization of dissolved Cr(VI). Contin-
uous electron transfer from  Fe0,  Fe2+

, and  S− was responsible 
for the conversion of Cr(VI) to Cr(III) (Lv et al. 2019; Dai 
et al. 2022), and precipitation of  Cr2FeO4(s). Surface-sen-
sitive XPS analysis further suggested the presence of  Fe3+ 
in the reacted S-nZVI (Section S6, Figure S3). However, 
there is not enough evidence to state whether  Fe3+ is bound 
to Cr(III) as  CrxFe(1-x)(OH)3(s), or it is simply an oxidized 
form of iron oxide  (Fe2O3), resulting from partial oxidation 
of  Fe0. Both  Fe0 and  Fe2+ were also traced along with  Fe3+ 
on the surface of the reacted S-nZVI from XPS analysis. 
The spherical particles of S-nZVI (Fig. 1b) were deposited 
with layers of foreign particles, indicating a transformation 
in the morphology of the native particles due to reaction 
with Cr-contaminated water (Fig. 4c). Traces of Fe, S, and 
Cr were identified in the reacted S-nZVI particles by TEM-
associated EDX area mapping (Figs. 4d–g). As suggested 
from the area mapping, Cr was also found to be distributed 
throughout the core particles of the reacted S-nZVI (Fig. 4 
d and g) like Fe and S (Fig. 4e, f).

Kinetics of Cr(VI) removal from synthetic 
groundwater

The rate of Cr(VI) removal by S-nZVI from synthetic 
groundwater was quantified. The kinetic data were fitted to 

Fig. 3  Removal of varying levels of Cr(VI) from synthetic groundwa-
ter in the pH range of 4–8 by S-nZVI. All the experiments were per-
formed in duplicates at S-nZVI dosage of 1 g  L−1
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the first-order and second-order reaction models. The best 
fit obtained by the minimum mean square error method 
indicated that the process of Cr(VI) immobilization by 
S-nZVI closely followed second-order kinetics. The 
respective correlation coefficient (R2) between the experi-
mental and modeled data of the first-order and second-
order kinetics were 0.66 and 0.97 (Fig. 5). Previous studies 
have illustrated that the solid–liquid interfacial processes 
between S-nZVI and dissolved Cr(VI) at different pH in 
ultrapure water as well as mixed metal matrices were of 
pseudo second order (Gong et al. 2017; Gao et al. 2018; 
Chen et al. 2022; Dai et al. 2022). Modeled results of the 
kinetic experiment performed in the present study in a 
synthetic groundwater matrix were also consistent with 
these previous observations. The rate constant quantified 
from the model was 0.0035 L  mg−1  min−1. Although equi-
librium was attained in 2 h, the experiment was performed 

for 6 h to check for any notable shifts. Measured pH values 
at equilibrium were 8.5 ± 0.03.

Sequential batch experiments

A comparative study was performed to estimate the extent of 
Cr(VI) removal due to repetitive usage of nZVI and S-nZVI. 
While nZVI was able to remove 88% of Cr(VI) from the first 
batch of Cr(VI)-spiked ultrapure water, remediation of 76% 
Cr(VI) was observed by S-nZVI (Fig. 6a). Robust electron 
transfer from  Fe0 was responsible for higher Cr(VI) reduction 
in the case of pure nZVI as compared to S-nZVI. However, 
due to the continuous usage of the recovered solid particles 
in the subsequent batches of water, the efficiency of nZVI 
gradually went down to 68% in the fourth cycle. In contrast, 
the performance of S-nZVI progressively improved to an 
efficiency of 91% in the fourth batch (Fig. 6a). A decline in 

Fig. 4  a XRD analysis, b XPS analysis for Cr, c SEM imaging, d 
TEM imaging, and associated EDX area mapping for e Fe, f S, and 
g Cr of the solid residues recovered after batch experiments with syn-

thetic groundwater. Identified peaks of the XRD pattern of the solid 
have been labeled as  Cr2FeO4 for PDF 00–034-0140, and Fe.0 for 
PDF 98–000-0259

Fig. 5  Kinetic modeling of 
Cr(VI) remediation by S-nZVI 
from synthetic groundwater. All 
the reactors containing 20 mg 
 L−1 Cr(VI) were dosed with 1 g 
 L−1 S-nZVI
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the effectiveness of nZVI and S-nZVI was noted in the fifth 
batch with 60% and 77% respective reductions of Cr(VI). 
Similar to the batch experiments elaborated earlier, higher 
Cr(VI) reduction was achieved in the synthetic groundwater 
matrix as compared to the ultrapure water matrix, probably 
because of its higher ionic strength. The drop in removal 
efficiency observed in ultrapure water was not seen in the 
case of synthetic groundwater for five cycles. S-nZVI driven 
removal of Cr(VI) increased from 70 to 98% in synthetic 
groundwater’s first and fifth cycles, respectively (Fig. 6b). 
However, 99% and 67% Cr(VI) removal was noticed in the 
first and fifth batches of nZVI-dosed synthetic groundwater, 
which indicated its downdrift performance (Fig. 6b).

The reason for the better performance of S-nZVI due to 
its prolonged and repetitive usage can be explained from the 
metadata: (i) Past studies demonstrated that S-nZVI caused 
Cr(VI) reduction due to continuous electron transfer from 
the iron and sulfur components present in both solid and 
liquid phase (Nahuel Montesinos et al. 2014; Lyu et al. 2017; 

Lv et al. 2019). While S-nZVI created a reducing environ-
ment; facilitated continuous electron transfer from  Fe0,  Fe2+, 
and  S−; and supported lesser exhaustion of  Fe0 due to the 
addition of sulfur component, rapid oxidation of  Fe0 in nZVI 
resulted in surface passivation. As a result, the performance 
of nZVI declined during the series of multiple equilibrium 
processes over time in spite of its high efficiency in the ini-
tial batches. (ii) Previous researchers observed that aging 
resulted in a drop in nZVI reactivity, possibly due to higher 
magnetic properties resulting in agglomeration and passiva-
tion (Guan et al. 2015). Sulfur incorporation inhibited mag-
netic attraction, passivation, and aggregation and aided in 
long-term utility (Li et al. 2016; Lv et al. 2019). (iii) Partial 
oxidation of S-nZVI during prolonged usage was proven to 
enhance Cr(VI) uptake by overcoming the rate-limiting step 
of surface adsorption (Liu et al. 2022).

XRD analysis performed on the solid particles collected 
from the first batch of reactors indicated that the  Fe0 peak 
almost diminished in the reacted nZVI, unlike the case of 

Fig. 6  Comparative removal of Cr(VI) by nZVI and S-nZVI in 
sequential batch reactors in a ultrapure water and b synthetic ground-
water matrices; c XRD analysis of nZVI and S-nZVI, and the solid 
residues recovered after first and fifth batches during the sequential 

reaction experiment. Identified peaks of the XRD pattern of the solid 
have been labeled as  FeCr2O4 for PDF 98–000-0161, Fe.0 for PDF 
98–000-0259, and  FeS2 for PDF 01–074-1051
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reacted S-nZVI, where a prominent peak of Fe at 2θ 44.67° 
was detected (Fig. 6c). The absence of the distinguishable 
 Fe0 peak in the first batch of nZVI suggested rapid oxida-
tion of iron. Although this rapid oxidation resulted in higher 
removal of Cr(VI) in the first batch, surface passivation of 
nZVI prevented its efficacy in the subsequent cycles of 
batches. On the other hand,  FeS2(s) played a vital role in 
ensuring the extended reactive life of S-nZVI by partici-
pating in Cr(VI) immobilization. Dissolution of  FeS2(s) can 
cause coprecipitation of Cr(VI) as both  Fe2+ and reduced 
species of sulfur can convert Cr(VI) to insoluble Cr(III) 
(Patterson et al. 1997; Kim et al. 2001; Nahuel Montesinos 
et al. 2014; Li et al. 2017; Lyu et al. 2017). Moreover, even 
after the complete dissolution of the  FeS2(s) phase,  Fe0 was 
identified as a prominent and trace phase in the first and fifth 
batches of reacted S-nZVI, respectively. As sulfur modi-
fication prevented exhaustion of  Fe0, enhanced and effec-
tive usage of S-nZVI in the treatment of multiple batches of 
Cr(VI)-contaminated groundwater was feasible. Precipitated 
 FeCr2O4(s) phase was identified in nZVI and S-nZVI from 
both the first and fifth batches, confirming the uptake of dis-
solved Cr(VI) in the form of reduced and insoluble Cr(III) 
(Fig. 6c). During the batch equilibration study, a similar 
form of Cr in the precipitated solid was also identified earlier 
in the reacted S-nZVI (Fig. 4a). More importantly, promi-
nent  Fe0 peaks in the reacted S-nZVI have been confirmed in 
the batch equilibration studies as well as the sequential batch 
experiment (Figs. 4a and 6c). The Cr(VI) removal mecha-
nism by S-nZVI involved the adsorption of diffused Cr(VI), 
reduction associated coprecipitation by iron and sulfur com-
ponents present in the solid, and reduction by dissolved  Fe2+ 
and dissolved reduced form of sulfur present in the liquid. 
A below-detectable level of soluble Cr(III) and dissolved 
total-Fe in batch studies further supported this hypothesis 
and satisfied the fundamental mechanisms of Cr(VI) removal 
by S-nZVI proposed in the recent studies (Lv et al. 2019; 
Dai et al. 2022).

In recent times, several researchers probed and reported 
different aspects of the benefits of S-nZVI in Cr(VI) reme-
diation. These advantages include the preservation of the 
inner core of  Fe0 below a layer of FeS (Gao et al. 2018), 
and the prevention of aggregation of particles that results 
in a high specific surface area for Cr(VI) adsorption fol-
lowed by its reduction (Gong et al. 2017). Moreover, Fe 
dissolution is retarded, aiding neutralizing the secondary 
contamination of Fe (Gong et al. 2017; Lv et al. 2019). 
Partial oxidation of nano-FeS enhances Cr(VI) removal 
because of increased binding affinity (Liu et al. 2022). In-
situ addition of S-nZVI decreases Cr(VI) concentration 
and maintains a long-term low redox potential in ground-
water, favoring stable precipitation of insoluble Cr(III) 
and co-existence of  Fe0 in high quantity even after several 
months of injection (Brumovský et al. 2021). All these 

findings are consistent with the results of the present study, 
where we observed utilization of  FeS2 and lesser usage 
of  Fe0 in the earlier cycles of batches aided in enhanced 
Cr(VI) removal during repetitive usage of S-nZVI in 
Cr(VI)-contaminated water matrices.

Conclusions

S-nZVI was synthesized and characterized in the laboratory 
to remove dissolved Cr(VI) in multiple cycles of batches. 
XRD analysis indicated the presence of  Fe0 and  FeS2, and 
TEM-associated EDX mapping confirmed the existence 
of both iron and sulfur in the synthesized S-nZVI. Batch 
experiments in the ultrapure water matrix elucidated that 
Cr(VI) removal increased with the rise in ionic strength and 
decreased with high initial Cr(VI), pH, carbonate, and sili-
cate. The presence of sulfate in the range of 20–200 mg  L−1 
facilitated very high (97–99%) remediation of Cr(VI), unlike 
other cations or anions. For similar pH and initial Cr(VI), 
S-nZVI showed better performance in synthetic groundwa-
ter matrix, indicating the suitability of the material in treat-
ing aquifers containing 2 mg  L−1 Cr(VI), which is 20 times 
more than its permissible limit. Moreover, the sequential 
batch extraction experiments were meant to establish the 
cost-effective application of S-nZVI in groundwater treat-
ment. In addition, the experiments were performed with an 
initial Cr(VI) of 20 mg  L−1, which is 200 times more than 
the permissible limit. Repetitive elevated effectiveness of 
S-nZVI through the removal of more than 97% Cr(VI), even 
in such highly contaminated groundwater, suggests its suit-
ability over conventional nZVI. Coating of  FeS2(s) favored 
prolonged reducing environment, inhibited exhaustion of 
 Fe0, and supported adsorption of diffused Cr(VI), reduction 
of Cr(VI) due to direct electron transfer from reduced forms 
of iron and sulfur in both solid and liquid phase, and copre-
cipitation. However, rapid oxidation of  Fe0 created surface 
passivation of nZVI, ensuing performance declination dur-
ing repeated application. The Cr(VI) removal rate from syn-
thetic groundwater was quantified as 0.0035 L  mg−1  min−1. 
The kinetic data fitted with the second-order reaction rate 
model with R2 0.97. Overall, the results indicated that with 
1 g  L−1 S-nZVI, a minimum of five batches of 20 mg  L−1 
Cr(VI) contaminated groundwater can be treated with 98% 
efficiency, implying a potential benefit for its application 
over conventional nZVI. Increasing removal of Cr(VI) even 
after multiple time usage of S-nZVI indicated its efficient 
long-term performance. Therefore, the associated treatment 
cost might be lower than that of the nZVI-based purifica-
tion technique. This study will facilitate the application of 
S-nZVI for Cr(VI) removal from groundwater and could 
provide a pathway to treat other groundwater contaminants.
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