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Abstract

Sulphidation of nZVI (S-nZVI) has shown to significantly improve the arsenic removal capacity of nZVI, concurrently
modifying the sequestration mechanism. However, to better apply S-nZVI for groundwater arsenic remediation, the impact
of groundwater coexisting ions on the efficacy of arsenic uptake by S-nZVI needs to be investigated. This present study
evaluates the potential of S-nZVI to remove arsenic in the presence of typical groundwater coexisting ions such as CI~, HA,
HCO;~, PO,*>~ and SO,*" through batch adsorption experiments. Individually, PO,*>~ and HA had a dominant inhibition
effect, while SO,?~ promoted As(III) removal by S-nZVI. Conversely, for As(V) removal, HCO;~ and SO,>~ impeded the
removal process. X-ray spectroscopic investigation suggests that the coexisting ions can either compete with arsenic for the
adsorption sites, influence the S-nZVI corrosion rates and/or generate distinct corrosion products, thereby interfering with
arsenic removal by S-nZVI. To investigate the cumulative effects of these ions, a 23! Fractional Factorial Design of experi-
ments was employed, wherein the concentration of all the ions were varied simultaneously in an optimized manner, and their
impact on arsenic removal by S-nZVI was observed. Our results shows that when these ions are present concurrently, PO,>~,
SO42_ and HA still exerted a dominant influence on As(III) removal, whereas HCO;~ was the main ions affecting As(V)
removal, although the combined influence of the ions was not merely a summation of their individual effects. Overall, the
finding of our study might provide valuable insight for predicting the actual performance of S-nZVI in field-scale applica-
tions for the remediation of arsenic-contaminated groundwater.
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environmental health (Bhowmick et al. 2013; Podgorski and
Berg 2020). Arsenic exposure from contaminated groundwa-
ter-sourced drinking water can result in diverse health com-
plications including cancers of various organs (Khan et al.
2020; Palma-Lara et al. 2020). Arsenic dissolved in ground-
water are primarily present as arsenite (As(IIl)) and arsenate
(As(V)) oxyanions in different proportions depending upon
the pH and redox potential of the aquifer (Sharma and Sohn
2009; TARC 2012; Bhowmick et al. 2013). The toxicity of
these arsenic species are also different and it is generally
regarded that As(III) are more toxic than the As(V) species
(Sharma and Sohn 2009; IARC 2012). Cleanup of arsenic-
contaminated groundwater presents a challenging task and,
therefore, new and improved methods are being continuously
researched to eliminate arsenic from groundwater.
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Nanoscale zerovalent iron (nZV]) has received the atten-
tion of the scientific community due to its high reactivity
towards a range of organic and inorganic contaminants (Zou
et al. 2016; Li et al. 2017; Liu et al. 2018). Arsenic also has
high affinity toward nZVI and is effectively removed from
aqueous solution (Ling and Zhang 2017; Wu et al. 2017).
However, nZVI tends to rapidly aggregate and surface pas-
sivate, resulting in reduced reactivity and mobility, particu-
larly in in situ remediation (Guan et al. 2015). The inherent
corrosion reaction of Fe® with water results in formation of
surface iron oxide/hydroxide layer, which reduces the nZVI
reactive lifetime (Liu et al. 2017; Deng et al. 2023). Numer-
ous efforts are being researched to increase nZVI reactivity,
which includes stabilizing nZVI particles with stabilizer
(Zhao et al. 2016; Mondal et al. 2018), doping noble metal
on nZVI (O’Carroll et al. 2013; Wang et al. 2019) and load-
ing nZVI onto some support (Bhowmick et al. 2014; Zou
et al. 2016; Wang et al. 2017). Most recently, there have
been studies which have documented increased reactivity
of nZVI for both organic and inorganic contaminants when
modified with lower valent sulfur compounds (Rajajayavel
and Ghoshal 2015; Dong et al. 2018; Garcia et al. 2021; Li
et al. 2021a). Such sulfidated nZVI (S-nZVI) also reduces
the background corrosion reaction with water and increases
the reactive lifetime, as well as improves the particle reactiv-
ity and selectivity (Gu et al. 2019; Xu et al. 2021). Reports
suggest that the reactivity of S-nZVI is strongly dependent
upon the S/Fe molar ratio (Rajajayavel and Ghoshal 2015;
Dong et al. 2018), although limited but recent investigations
suggest that there is clear improvement of arsenic removal
efficiency for S-nZVI compared to nZVI (Singh et al. 2021;
Zhao et al. 2021). In fact, sulfide modification of nZVI also
changed the arsenic sequestration mechanism in compari-
son to bare nZVI (Singh et al. 2021; Zhao et al. 2021). In
the case of nZVI, arsenic is primarily removed by forming
Fe—As (co)precipitate and adsorption as surface complex
onto nZVI (Yan et al. 2012; Ling and Zhang 2017; Wu et al.
2017). However, for S-nZVI, along with (co)precipitation
and adsorption, arsenic is also removed by surface precipita-
tion as iron—sulfide complex (Singh et al. 2021; Zhao et al.
2021).

Notably, for successful field-scale application and deploy-
ment of S-nZVI for arsenic removal from contaminated
groundwater, it is important to evaluate the impact of co-
occurring ions since arsenic adsorption onto an adsorbent
is known to be influenced by the presence of several cations
and anions (Su and Puls 2001; Mak et al. 2009; Frau et al.
2010; Sun et al. 2016). There are different types of ions that
are present in groundwater and these co-occurring ions can
compete with arsenic for the surface adsorption sites on the
adsorbent and can also alter the electrostatic charge of the
adsorbent surface, thereby influencing the overall arsenic
removal capacity (Pincus et al. 2020; Zubair et al. 2022).

Since the concentrations of the coexisting ions in ground-
water are in much higher concentration compared to arsenic,
such effects cannot be neglected.

One-factor-at-a-time experimental design is a conven-
tional design to study the effect of such coexisting ions
where the response is tested against one factor while keeping
the other factors constant. However, such approach has limi-
tations as large number of experimental runs are required
which are time-consuming and utilize lots of resources.
Moreover, the results of such experimental design are incon-
clusive as the effects of interactions between parameters are
not accounted. To circumvent such shortcoming, statistical
design of experiment is being increasingly applied to opti-
mize the interaction between parameters with reasonably
reduced number of experiments (Liu et al. 2016; Watson
et al. 2016; Li et al. 2021b). For this purpose, Fractional
Factorial Design (FFD) is commonly applied. FFD employs
orthogonal experimental design where the significant factors
as well as interactions between factors are identified without
neglecting the interactions of other factors (Montgomery
2001; Box et al. 2005). Tanboonchuy et al. (2012) used FFD
to study the competitive behavior of multi-ion on arsenic
adsorption onto nZVI and reported inhibiting effect of phos-
phate (PO43 7) and humic acid (HA) while enhancing effect
of calcium (Ca2+). However, to the best of our knowledge,
there has been no report on the effect of coexisting species
on arsenic removal by S-nZVI.

The primary aim of the present study was to study the
effect of five commonly occurring groundwater ions (Cl1,
HA, HCO;™, PO43_, SO42_) on the arsenic removal efficiency
using S-nZVI as adsorbent. The anions were chosen based
on their abundance in arsenic-contaminated groundwater
and their relationship with arsenic mobilization (Bhowmick
et al. 2013; Malik et al. 2020). The individual and combined
effect of coexisting ions was screened, and optimization of
adsorption efficiency was performed using FFD. The results
obtained from this study will therefore help to increase our
understanding on the potential feasibility of S-nZVI for
in situ remediation of arsenic-contaminated groundwater in
the presence of co-occurring background species.

Materials and methods
Chemicals and reagents

All the chemicals were used without any prior treatment.
To synthesize the S-nZVI, FeCl; (>98%), NaBH, (96%)
and Na,S,0, (85%) were purchased from Merck, Spec-
trochem and Loba Chemie respectively. For batch experi-
ment, stock solutions of coexisting ions were prepared
using NaH,PO, (99.5%, Sigma-Aldrich), Na,SO, (=99%,
Sigma-Aldrich), NaCl (99.9%, Avantor), NaHCO; (99.5%,
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Sigma-Aldrich) and humic acid (Sigma-Aldrich) for PO43_,
SO,*~, CI~, HCO;™ and HA respectively. NaAsO, (98%) and
NaHAsO,-7H,0 (98%) were brought from Nice chemicals
and were used to prepare As(III) and As(V) stock solutions
respectively. HC1 (37%) and NaOH (>97%) were supplied
by Merck. All the solutions were prepared using Milli-Q
water.

Synthesis methods of S-nZVI

S-nZVI was prepared according to one-step route and the
details are given in the Supplementary Information (Text
S1). The S/Fe molar ratio of the synthesized S-nZVI was
selected as 0.1 for all the experiments based on the max-
imum reactivity of S-nZVI for As(IIl) and As(V) at that
particular S/Fe ratio obtained in our previous study (Singh
et al. 2021).

Batch adsorption experiments

All the batch experiments for arsenic uptake by S-nZVI were
done under anaerobic condition. The adsorption experiments
were performed in 50-mL centrifuge tube containing 5 mg/L
of either As(IIl) and As(V) solution, 0.05 g/L. S-nZVI and
appropriate amount of background species. The initial pH
was adjusted to 7.00+0.05 with NaOH and HCI and the
centrifuge tube was placed in rotating shaker at 30 rpm.
Periodically, sample aliquot (5 mL) was withdrawn from
the centrifuge tube and filtered through 0.22-um syringe
filter (Moxcare). The filtered samples were measured for
arsenic and iron in [CP-OES (Prodigy high dispersion ICP,
Teledyne-Leeman Labs). All the experiments and analysis
were carried out in triplicates to avoid occasional results. To
investigate the surface morphology, the formation of various
iron phases and the change in elemental valence state com-
position after reaction, transmission electron microscopy
(TEM), X-ray diffraction (XRD) and X-ray photoelectron
spectroscopy (XPS) analysis were performed on the reacted
S-nZVI. The reacted S-nZVI was collected after the end
of reaction, washed with deoxygenated Milli-Q water and
dried in vacuum oven. The dried reacted S-nZVI samples
were later analyzed for TEM (Technai G2 30ST-FEI, USA),
XRD (1710 diffractometer, Philips, Netherlands) and XPS
(ESCALAB Xi + spectrometer, Thermo-Scientific).

Assessment of single species effect

The effect of individual co-occurring species was evaluated
by spiking separate amounts of coexisting ions in centri-
fuge tube along with arsenic solution and S-nZVI. The con-
centration for each of the coexisting ions were as follows:
PO,*>", 2 and 10 mg/L; SO,>~, 5 and 50 mg/L; HCO,~, 50
and 500 mg/L; C1~, 10 and 200 mg/L; HA, 1 and 10 mg/L.
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All solutions that were prepared for each of the anions were
stable, as the concentrations were well below the solubility
limit of the respective salts (Table S1).

Assessment of multi-species effect

In this work, the five co-occurring background ions (factors)
namely, C1”, HA, HCO;", PO43_ and SO42_ were screened
for their effect on arsenic removal percentage (response)
by S-nZVI. Design of experiment (DOE) approach was
employed to classify the major effects and provide insights
about the changes of response that happen due to devia-
tion in factor levels (Montgomery 2001; Antony 2003; Box
et al. 2005). The adsorption experiments were performed in
consonance with the 2”7 FFED, where k denotes the number
of factors (which was 5 in this study), and p represents the
degree of fractionation (degree of fractionation was 1 in this
case). By adopting two-level FFD and using two different
concentration levels (the lower concentration was noted by
minus (—) sign and the higher concentration was presented
by plus (+) sign) for all the five factors, it was possible to
decrease the total number of experimental runs to 16 instead
of 32 for full factorial design (Table 1). The high and low
concentration for each of the factors was selected based on
the single species system. The applied IV resolution was
particularly useful as it covered estimation of all main
effects and other two-factor interactions except three-factor
and other higher factor interactions which were confounded
with main effect contributors (Montgomery 2001). It was

Table 1 Experimental design matrix for 2°~! FFD with resolution IV

Run number Factors and codes

HCO,~ CI- HA PO SO
A B C D E=ABCD
1 -1 -1 -1 -1 1
2 1 -1 -1 -1 -1
3 -1 1 -1 -1 -1
4 1 1 -1 -1 1
5 -1 -1 1 -1 -1
6 1 -1 1 -1 1
7 -1 1 1 -1 1
8 1 1 1 -1 -1
9 -1 -1 -1 1 -1
10 1 -1 -1 1 1
11 -1 1 -1 1 1
12 1 -1 1 -1
13 -1 -1 1 1 1
14 1 -1 1 1 -1
15 -1 1 1 1 -1
16 1 1 1 1 1
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found that the variable E as generator confounded as follows:
E=AXBXCxD (Table 1). All the analysis was performed
using the Minitab software.

Results and discussion
Selection of experimental parameters

In our previous study, Singh et al. (2021) synthesized
S-nZVI using a one-step approach with sodium dithionite
as the sulfidating agent. It was found that the S/Fe molar
ratio of S-nZVI strongly influenced its arsenic removal
performance, with an S/Fe ratio of 0.1 showing the highest
removal efficiency for both As(III) and As(V). Additionally,
the incorporation of sulfur onto the nZVI particle partially
mitigated the aging effect and the reduced reactivity of the
nZVI particle over time, a major limitation for the nZVI
particles. Our investigation into the arsenic sequestration
mechanism revealed that sulfur modification of nZVTI altered
the arsenic removal process. For nZVI, As(IIl) and As(V)
were primarily removed through co-precipitation, adsorp-
tion and reduction, with nZVI capable of reducing As(III)
and As(V) to its lower valence states, including As(0). In
contrast, reduction of As(IIl) and As(V) species was not
observed for S-nZVI, instead the uptake of As(IIl) oxy-
anion by S-nZVI was through adsorption onto the surface
of S-nZVI along with As,S,-like surface precipitate (Singh
et al. 2021). Therefore, our previous study successfully dem-
onstrated the potentiality of S-nZVI and optimized the S/Fe
ratio for enhanced removal of As(III) and As(V), and also
elucidated the change in As removal mechanism from such
sulfur modification in nZVI. However, for practical appli-
cation and effective field-scale deployment of S-nZVI, it is
crucial to understand how groundwater contaminants might
impact arsenic removal by competing for the adsorption sites
and affecting iron corrosion (Frau et al. 2010; Mangayayam
et al. 2020; Pincus et al. 2020; Zubair et al. 2022). This pre-
sent study focuses on examining these influences in detail
and investigating how co-existing groundwater ions might
affect the arsenic removal process using S-nZVI.

In this present investigation, we employed batch adsorp-
tion reaction condition. In this context, the rate of mixing
is an important parameter as it might significantly affect the
mass transport and iron dissolution (Polasek 2007; Epolito
et al. 2008; Noubactep et al. 2009; Sun et al. 2016). Earlier
report suggests that mass transport influences the contami-
nant removal for ZVI-based adsorbent surfaces, where a
relationship exists between the reaction rate and the speed
of mixing (Agarwal and Tratnyek 1995). Generally, the for-
mation of an oxide shell on ZVI particles impedes the mass
transport of contaminants to the adsorbent. While disrupt-
ing the oxide shell formation might seem advantageous,

this shell plays a crucial role in contaminant removal (Yan
et al. 2010; Mu et al. 2017; Di et al. 2023). Increasing the
proximity of the contaminant species to the iron surface and
enhancing the dissolution of the solid phase can improve
the material performance (Noubactep et al. 2009). Mixing
achieves this by reducing nZVI aggregation, exposing fresh
Fe’ and removing corrosion products from the solution
(Noubactep et al. 2009).

It is important to note that the mechanism of Fe corrosion
and the characteristics of the corrosion products differ under
aerobic and anaerobic conditions (Filip et al. 2014; Liu et al.
2017; Deng et al. 2023; Mundra et al. 2023). In the litera-
ture, there has been a wide range of mixing speed that has
been used for removal of contaminants by Fe-based adsor-
bent (especially nZVI), with some studies employing speeds
up to 250 rpm and more under anoxic conditions (Yan et al.
2012; Lv et al. 2019; Liang et al. 2019; Liang et al. 2021).
However, conventional studies have typically applied mixing
speed below 50 rpm (Matheson and Tratnyek 1994; Agarwal
and Tratnyek 1995). For instance, Kim et al. (2011) applied
15-rpm mixing speed to study the degradation of TCE by
FeS/Fe? system. Similarly, mixing speeds of 30-40 rpm have
been used for the removal of heavy metals and organic con-
taminants by S-nZVI (Gong et al. 2017; Xu et al. 2019). In
this context, Noubactep et al. (2009) investigating the effect
of shaking intensity on discoloration of methylene blue by
metallic iron concluded that shaking intensities intended to
promote contaminant mass transfer to the Fe surface should
be limited to a maximum of 50 rpm. The study further rec-
ommended that experiments relevant to subsurface Fe/H,O
systems should be conducted under shaking conditions that
simulate the velocities characteristic of groundwater flow. In
another study, Epolito et al. (2008) suggested that the type of
mixing, such as end-over-end rotation or orbital shaking, has
more significant impact on the reaction rate rather than the
mixing intensity. Therefore, considering the subsurface con-
ditions with low oxygen availability, in this present study,
we applied an end-over-end rotation with speed of 30 rpm to
ensure minimal disturbance to oxide shell formation while
maintaining adequate mass transfer, consistent with the low
flow rates in groundwater environments.

Another crucial parameter for this study is the selection
of the type and concentration of co-existing ions commonly
found in arsenic-contaminated groundwater. Studies focus-
sing on groundwater arsenic have usually reported HCO;™,
CI~, PO,*~ and SO,*™ to be the most dominant ions with
some of these ions having an intricate relationship with
the arsenic mobilization processes (Nath et al. 2008; Bis-
was et al. 2011; Bhowmick et al. 2013; Malik et al. 2020).
Table S2 provides a brief overview of the variation in these
ion concentration in arsenic-contaminated groundwater,
as reported in the literature across different aquifers. For
instance, in one such study in the Bengal Delta Plain, a
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well-known high arsenic groundwater contaminated region,
Bhowmick et al. (2013) reported the concentration of PO43_,
HCO;7, CI™ and SO42_ in the range of 0.11-4.5, 168-515,
65—426 and 2.9-52 mg/L respectively. Similarly, in Santiago
del Estero Province, Argentina, large spatial variability of
these ion concentrations has been reported. Bhattacharya
et al. (2006) found 208-1998 mg L~' HCO,™, 62.6-1434 mg
L~! CI7, 84-4826 mg L™' SO,*~ and 0.02-4.80 mg L~!
PO,>~ in the collected groundwater samples from Rio
Dulce alluvial cone. Similarly, Bundschuh et al. (2004)
reported HCO;™ concentrations of 12-1893 mg/L, C1~ of
1.3-2716 mg/L and SO42_ of 19-1368 mg/L in samples
from the Chaco-Pampean Plain. Therefore, in this present
study, we considered a generalized range for these four ions
so as to cover both the higher and lower range: HCO;™ (50
and 500 mg L), CI~ (10 and 200 mg L), PO,*~ (2 and
10 mg L™') and SO,?~ (5 and 50 mg L="). pH of the solution
was adjusted to 7.00 since arsenic-contaminated groundwa-
ter generally has a circum-neutral pH (Table S2). Addition-
ally, 1 and 10 mg L™! of HA were used to study the effect
of dissolved organic matter, based on the concentration

0.00
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reported in the literature (Mak et al. 2009; Liu et al. 2013;
Malik et al. 2020).

Once the experimental parameters were optimized, in the
following section, we specifically try to understand the mode
of influence of the selected coexisting ions on the arsenic
removal performance of S-nZVI.

Individual effect of ions on arsenic removal
by S-nZVI

Phosphate (PO,*")

It has been widely documented that PO, has an inhibi-
tory effect on arsenic removal due to competitive sorp-
tion, as both arsenic and PO,*>~ forms inner sphere com-
plex on iron oxide (Frau et al. 2010; Bhowmick et al. 2014;
Sun et al. 2016). In this present study, we found that the
decrease in arsenic adsorption on S-nZVI was much more
pronounced for As(III) compared to As(V) in the presence of
PO~ (Fig. 1a). For example, the percentage As(III) removal
decreased from 90.50% (in absence of PO43_; t=2h) to
77.11% (2 mg/L PO43_; t=2 h) and down to 58.76% at

0.00 @
0.50 %
1.00
1.50 4
—o—Blank
2.00 {=0-2 mg/L Phosphate
——10 mg/L Phosphate
2.50 4{—0—5 mg/L Sulfate
—%—50 mg/L Sulfate
3.00 T T
0 50 100 150
Time (min)
0.00
e
-0.50 A (e)
-1.00 4
-1.50 4
2.00 —0—Blank
“4-Y¥ 1 40-50 mg/L Bicarbonate
——500 mg/L Bicarbonate
-2.50 1 o-10 mg/L Chloride
—¥—200 mg/L Chloride
-3.00 T
0 0 . . 150
Time (min)
0.00
(f)
-1.00 A
-2.00
-3.00
—o—Blank
400 ] ~-1mg/LHA
——10 mg/L HA
-5.00 T T
0 50 100 150

Time (min)

Fig.1 Effect of PO43_, SO42‘, HCO;™, CL.™ and HA on As(Ill) (a, b, ¢) and As(V) (d, e, f) removal by S-nZVI. Experimental condition:

[S-nZVI]: 0.05 gm/L; initial [As (IID)]: 5 mg/L; pH: 7.0 +0.05
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10 mg/L PO43_ solution (=2 h) (Fig. 1a). In the case of  of the reacted S-nZVI was performed. It was found that
As(V), the percentage As(V) removal decreased from 86.49 with increase in PO43_ concentration, there is an increase in
to 82.66% and 80.59% in blank, 2 mg/L and 10 mg/L of  relative percentage of Fe(II) and S>~ peaks, for both As(III)
PO43_ solution, respectively (=2 h) (Fig. 1d). and As(V) (Figs. 2 and 3; Table S3). The increase in peaks

Fig. S1 shows the TEM images of the S-nZVI after reac-  of Fe(II) and S?~ indicates presence of more surface FeS
tion with As(IIT) and As(V) in the presence of PO43‘. Both on the reacted S-nZVI and, therefore, signifies decrease
the particles exhibit a core shelled structure with a well-  in corrosion of S-nZVI with increase in PO,>~ concentra-
formed outer oxide layer, suggesting oxidation of the S-nZVI  tion. Such decrease in S-nZVI corrosion affects the As—Fe
particles after reaction. To investigate further, XPS analysis ~ co-precipitation as evidenced from the increase in solution
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Fig.2 Fe2p spectrum of a As(IIl)- and b As(V)-reacted S-nZ VI in the presence of PO,*~, SO,.2~ and HA. Experimental condition: [S-nZVI]: 2
gm/L; initial [As]: 100 mg/L; pH: 7.0 +0.05
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Fig.3 S2p spectrum of a As(IlI)- and b As(V)-reacted S-nZVI in the presence of PO43’, SO4.2’ and HA. Experimental condition: [S-nZVI]: 2
gm/L; initial [As]: 100 mg/L; pH: 7.0 £0.05
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Fe concentration with increase in PO,’~ concentration
(Fig. S2), which eventually leads to the decrease in As
removal. Additionally, As3d spectrum for As(Ill)-reacted
S-nZVI shows that there is also a substantial decrease in
As,S; peaks when the PO,*~ concentration increases from
blank solution to 2 to 10 mg/L (Fig. 4a; Table S3). Since
PO, competes with As(III) for the adsorption sites on
the S-nZVI, there is eventually a decrease in interaction
of adsorbed As(III) and surface FeS and, thereby, result-
ing in a decrease in As,S; surface precipitate formation and
As(IIT) removal (Fig. 1a). However, in the case of As(V),
with increase in PO43_ concentration, there is less sub-
stantial change in surface speciation of arsenic, including
As,S; peaks (Fig. 4b; Table S3). Given that As(V) is largely
removed by outer sphere complexation by S-nZVI and only
a small amount of As,S; precipitate is formed (Singh et al.
2021), there is less significant decrease in As(V) adsorption
capacity in the presence of PO,>~. Similar non-significant
effect of PO43_ have also been reported for As(V) removal
by FeS (Niazi and Burton 2016; Han et al. 2020).

Sulfate (S0,%")

In this present investigation, SO42_ in solution had a nega-
tive impact on the removal of As(V) by S-nZVI (Fig. 1d).
With increase in SO,*~ concentration from blank to 5 to
50 mg/L, the As(V) removal percentage was 86.49%,
78.90% and 72.73%, respectively. On the contrary, there was
a slight decrease in As(III) removal at lower SO42' con-
centration, but the As(III) removal increased significantly
when SO,>~ concentration increased from 5 to 50 mg/L

(Fig. 1a). Such incremental increase in As(III) removal at
higher SO,>~ concentration was concurrent with simultane-
ous decrease in dissolved Fe (Fig. S2).

There has been a previous report which suggested a minor
decrease in arsenic removal in the presence of SO,*~ due to
electrical repulsion between negatively charged SO,>~ and
arsenic species (Sun et al. 2006), and/or decrease in adsorp-
tion sites from replacement of surface iron (oxy)hydroxides
with SO42_ (Tanboonchuy et al. 2012; Zubair et al. 2022).
Microscopic images of the reacted S-nZVI in the presence of
SO42_ reveal that for As(V), the core of the particles remains
more intact, as indicated by the darker spots, and the outer
oxide shell is better developed, suggesting passivation of the
S-nZVI particles (Fig. S1). Conversely, for As(III)-reacted
S-nZVI, the outer layer appears more diffused and the
inner core of the particles is significantly lighter, indicating
increased corrosion of the particles.

XPS analysis of the As(V)—reacted samples showed
that at low SO42_ concentration, the peaks of both Fe(II)
and S~ did not change considerably when compared to
blank As(V)—reacted samples (without the presence
of background ions) (Figs. 2 and 3). However, when the
SO,*~ concentration was increased to 50 mg/L, there was
an increase in peaks of Fe(I) and S>~ in the samples after
reaction with As(V), indicating decrease in S-nZVI corro-
sion, in agreement with the TEM image (Figs. 2b and 3b).
Additionally, the As3d spectrum showed that there was no
significant change in percentage of As,S; peaks on the sur-
face of As(V)—reacted S-nZVI with change in SO42' con-
centration (Fig. 4b; Table S3). Consequently, based on the
above results, it can be inferred that the adverse impact of
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Fig.4 As3d spectrum of a As(IIl)- and b As(V)-reacted S-nZVI in the presence of PO43’, SO4.2’ and HA. Experimental condition: [S-nZVI]: 2

gm/L; initial [As]: 100 mg/L; pH: 7.0 £0.05
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SO42_ on As(V) removal was due to reduction in the corro-
sion of S-nZVI corrosion and the inhibition in As(V) com-
plex formation.

On the other hand, Fe2p spectrum of As(III)-reacted
S-nZVI samples showed a shift towards the lower bind-
ing energy when the SO,>~ concentration was increased,
suggesting presence of more Fe?* species on the surface
of reacted S-nZVI (Fig. 2a). However, the S2p spectrum
showed that there was no substantial increase in the peaks
of S~ when the SO,?~ concentration was increased and the
peak area of S°~ remained nearly constant (Fig. 3a). Further-
more, it was found that at lower SO,>~ concentration, there
was a slight decrease in the As,S; peaks, but the As,S; peak
area increased considerably at higher SO42_ concentration,
as evidenced from the As3d spectrum (Fig. 4a; Table S3).
Thus, from the results of the XPS analysis, it may be con-
cluded that at lower 8042' concentration, the decrease in
As(III) removal was due to reduced S-nZVI corrosion,
whereas the increase in As(IIl) removal in the presence of
high SO,>~ concentration might be attributed to excess sur-
face precipitation of arsenic sulfide and iron sulfides, thereby
also accounting for the observed reduction of dissolved Fe
(Fig. S2). Notably, in reduced sulfidic environment, forma-
tion of FeS and As,S; precipitation is promoted, as reported
in recent studies (Shakya and Ghosh 2018; Shakya et al.
2019).

Bicarbonate (HCO;")

As shown in Fig. 1, the presence of low concentration of
HCO;™ marginally retarded the removal of As(III), but
for As(V), the arsenic removal performance was signifi-
cantly inhibited. However, when the HCO;™ concentration
increases from 50 to 500 mg/L, there was a sharp decrease
in arsenic removal efficiencies for both As(III) and As(V)
(from 85.78 to 71.28%, and 80.20 to 67.88% for As(III) and
As(V), respectively) (Fig. 1b, e). Since HCO;™ can also form
inner sphere surface complex with iron oxide (Yang et al.
2015; Zubair et al. 2022), it is expected that competition for
adsorption sites between arsenic species and HCO;™ may
result in decrease in arsenic removal. However, the less
inhibition effect of As(III) removal at low HCO;™ concen-
tration points towards the effectiveness of FeS coating in
S-nZVI to mitigate the inhibitive effect of HCO;™. It should
be noted that in the experimental pH range (7.2-8.9), As(III)
usually exists as neutral H;AsO; species, while As(V) as
H,AsO,*” species (Sharma and Sohn 2009). Thus, uptake
of HCO;™ induces more electrostatic repulsion between the
S-nZVI surface and doubly negative charged As(V) oxy-
anions, resulting in more pronounced decrease in As(V)
removal (Fig. le). Moreover, there have been reports which
suggest that presence of HCO;™ in higher concentration
preferentially leads to formation of chukanovite, carbonate

green rust, siderite, etc. mineral-like phases that form a pas-
sive layer on the surface (Bi et al. 2009; Mangayayam et al.
2020). XRD analysis of the reacted samples showed that at
low HCO;™ concentration, for both As(III) and As(V), there
is presence of magnetite/maghemite as the only corrosion
products (Fig. 5). However, at higher HCO;™ concentra-
tion (500 mg/L), small peak of siderite was detected along
with magnetite/maghemite (Fig. 5). This suggests that at
higher HCO;™ concentration, iron carbonate mineral is also
formed along with iron oxide/hydroxide corrosion products.
Such additional precipitation of iron carbonate mineral on
the surface of S-nZVTI also inhibits the access of arsenic to
iron oxide and FeS, thereby impeding arsenic adsorption
and co-precipitation reaction for arsenic removal. Figure S1
presents the TEM images of the arsenic-reacted S-nZVI in
the presence of HCO;™. The well-formed outer layer in the
reacted S-nZVI observed in the TEM images points towards
the formation of iron oxide and/or iron carbonate minerals
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Fig.5 XRD analysis of a As(IlI)- and b As(V)-reacted S-nZVI in the
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on the S-nZVI surface, thereby further supporting the find-
ings of the XRD analysis.

Chloride (CI")

The effect of CI™ on As(III) and As(V) removal is shown
in Fig. 1. It was found that at low Cl~ concentration
(10 mg/L), there was a slight increase in both As(IIl) and
As(V) removal. However, with further increase in C1~ con-
centration from 10 to 200 mg/L, there was a slight decrease
in As(IIT) and As(V) removal (Fig. 1b, e). The observed
increase in arsenic adsorption may be due to promotion
of iron corrosion (Turcio-Ortega et al. 2012), resulting in
increased arsenic adsorption and/or coprecipitation. Also,
passive layer formation is inhibited, and new iron oxide
layer is produced, since corrosion helps to diffuse the iron
oxide layer from the iron surface to the bulk water phase
(Rangsivek and Jekel 2005). This is corroborated from the
microscopic images which shows that both As(III)- and
As(V)-reacted S-nZVI in the presence of CI~ exhibit a core
shelled structure but the outer shell is much distorted and
ill-defined (Fig. S1). Moreover, previous studies have shown
that Fe-based materials in the presence of high CI™ concen-
tration leads to precipitation of white rust and chloride green
rust (Mangayayam et al. 2020). Such precipitation of iron
chloride phases may decrease the number of reactive sites
on the S-nZVI surface for arsenic uptake. However, in this
study, XRD analysis of the reacted S-nZVI samples did not
show any additional peaks of iron chloride minerals apart
from iron oxide (magnetite/maghemite) phases even at high
chloride concentration (Fig. 5), and may be due to the low
concentration of these iron chloride minerals precipitated on
the S-nZVI surface.

Humic acid

HA is one of the major components of natural organic mat-
ter that is ubiquitously present in aquatic environment. To
investigate the effect of HA, As(III) and As(V) adsorption
was performed in the presence of low (1 mg/L) and high
(10 mg/L) concentration of HA. In low concentration, HA
had a substantial inhibitory effect on As(IIl) removal, while
As(V) removal decreased marginally (Fig. 1c, f). On the
other hand, when the concentration of HA was increased
from 1 mg/L to 10 mg/L, there was a slight increase in
arsenic removal for both As(III) and As(V), although the
removal percentage was less than the blank solution (Fig. Ic,
f). For example, the percentage arsenic removal increased
from 61.23 to 67.32% and 82.75 to 84.46% for As(III) and
As(V) respectively, when concentration of HA increased
from 1 to 10 mg/L.

Fe2p spectrum for both As(IlI)- and As(V)-reacted S-nZVI
shows a slight shift towards lower binding energy at low HA
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concentration, indicating presence of more Fe(Il) species
(Fig. 2). Similarly, the S2p spectrum shows relative increase
in peaks of S%~ for both As(II)- and As(V)-reacted S-nZVI
at low HA concentration compared to arsenic-reacted S-nZVI
without the presence of HA (Fig. 3). Such observations indi-
cate that the HA might form a protective organic layer on the
surface of S-nZ VI, thereby inhibiting both iron corrosion and
arsenic adsorption (Turcio-Ortega et al. 2012; Fakour et al.
2015). This is consistent with the TEM images of the reacted
S-nZVI in the presence of HA where the microstructural fea-
ture of the S-nZVI particles shows formation of well-defined
outer layer after reaction (Fig. S1). Additionally, at low HA
concentration, the As3d spectrum shows significant decrease
in As,S; peaks for As(III), but for As(V), there is no sub-
stantial change in As,S; peaks (Fig. 4). Thus, it may be fur-
ther suggested that in the case of As(IIl), the organic layer
additionally blocks the reaction of As(IIl) with surface FeS
of S-nZVI and decreases the surface precipitation of As,S;,
thereby further retarding the As(IIl) removal. As for As(V),
our results indicate that the extent to which HA forms a coat-
ing on the surface of S-nZ VI has less influence on the adsorp-
tion of As(V) and the observed minimal decrease in As(V)
removal could be attributed to reduction in iron corrosion and
co-precipitate formation (Fig. 1f).

XPS analysis of As(IIl)- and As(V)-reacted S-nZVI at
high HA concentration shows decrease in peaks of Fe(II)
and S?7, suggesting increase in corrosion of S-nZVI (Figs. 2
and 3). On the contrary, As3d spectrum shows there was no
considerable change in the surface precipitation of As,S;
at high HA compared to low HA, especially for As(III)
(Fig. 4; Table S3). Such contrasting results of increased iron
corrosion but practically no change in As,S; precipitation
might be explained considering the reduced aggregation and
enhanced dispersion of S-nZVI particles due to decrease
in steric hindrance and electrostatic repulsion between HA
adsorbed S-nZVI particles (Du et al. 2020; Yao et al. 2020).
In a recent study, Wang et al. (2020) found similar adsorp-
tion behavior of Pb>* on polystyrene-supported nano-Fe(0)
nanocomposite. The authors concluded that the decrease in
Pb** removal efficiency at low HA concentrations was due
to surface-competitive adsorption of Pb>* and HA, whereas
at high HA concentration, the Pb%* removal rate remained
constant because of increased particles dispersion caused by
decrease in electrostatic interactions between the HA-coated
nZVI particles.

Evaluation of competitive effects

Effects of different levels of coexisting ions on arsenic
removal

To investigate the simultaneous impact of co-existing ion
(CI7, HA, HCO;™, PO43', SO42') on the arsenic removal
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capacity of S-nZVI, the concentrations of the ions were sys-
tematically varied according to 2°~' FFD (Table 1). Each
of the experimental run number corresponds to a solution
containing different concentration of the anions mixed
together. Figure 6 presents the variation of arsenic removal
by S-nZVI with respect to different run number. As dis-
cussed previously, due to difference in sequestration mecha-
nism of As(IIT) and As(V) by S-nZVI and the varying influ-
ence of the ions on As(IIT) and As(V) removal, the profile
of As(IIl) and As(V) removal were differentially affected by
the type and concentration of background co-occurring ions
(Fig. 6). It can be seen that the highest As(III) removal was
observed for run nos. 10 and 15. Both these runs have low
concentration of PO,*~ and HA, and high concentration of
SO42_ (Table 1). On the other hand, lowest As(III) removal
was observed in run nos. 4 and 16, having high concen-
tration of PO,>~ and HA, and low concentration of SO,>".
These results suggest that in the presence of all co-existing
ions, PO43_ and HA still exert a dominant inhibitory effect,
whereas SO,*~ promotes As(III) removal by S-nZVL

In the case of As(V), the highest arsenic removal was
observed in runs no. 15 and 16; both these runs have low
HCO;™ in solution (Fig. 6). For run nos. 5 and 14, where the
concentration of HCO;~ was set at high levels, the As(V)
removal efficiency dropped sharply to 50.2% and 47.8%,
respectively (Fig. 6). Therefore, a preliminary conclusion
may be drawn that HCO;" still has the most significant nega-
tive impact on the removal of As(V) by S-nZVI, when all the
ions are present together.

Screening of main effects

Analyses of estimate of effect for the investigated factors are
shown in Fig. 7. Estimate of effects for a particular factor
was tabulated from the difference of that factor’s average
response at high level variables (+) and low level variables
(—) in the design matrix of Table 1 (Tanboonchuy et al.
2012). It can be seen that for As(II), PO,*~ and HA had
a negative estimate of effects of —9.65 and —7.91, respec-
tively, implying the dominant role of PO,*~ and HA as the
main inhibiting factors in As(III) removal in the presence
of other co-existing ions (Fig. 7a). For example, when

Fig.6 Percentage removal of

a As(IIl) and b As(V) vs run ’
number. Experimental condi-
tion: [S-nZVI]: 0.05 gm/L; [As]
spiked: 5 mg/L; pH: 7.0+0.05
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the concentration of PO,*~ increased from 2 to 10 mg/L,
the average As(III) removal decreased from 68.71 to
59.06%, and on increasing the concentration of HA from
1 to 10 mg/L, the As(III) removal decreased from 67.84 to
59.93%. On the contrary, SO,*~ had a positive estimates of
effects, and the As(IIT) removal increased by 15.03% when
S0,2~ concentration increases from 5 to 50 mg/L (Fig. 7a).
The effect of HCO;™ and C1™ on As(III) removal was weak
in comparison to the other investigated ions when all the
ions were present simultaneously. In the case of As(V),
HCO;™ was the main factor that showed negative estimates
of effects of — 14.67 (Fig. 7b). This is to say that increasing
the concentration of HCO;™ ions from low to high levels
inhibited As(V) removal. Compared to the effect of HCO;™,
the positive effect of C1~ and SO,>~ and the negative effect
of HA and PO43_ on As(V) removal were relatively minor
(Fig. 7b). These results are in contrast with reports pub-
lished in the literature on As(V) adsorption on Fe based
material, where PO43_ exhibits the most dominant inhibi-
tory effect, followed by HCO;™ and SO,2~ (Bhowmick et al.
2014; Frau et al. 2010; Yang et al. 2015; Zubair et al. 2022).
This discrepancy underscores the alteration in nZ VI particle
properties due to sulfur modification, leading to changes in
the As(V) adsorption mechanism (Singh et al. 2021). Inter-
estingly, in the multi-ion system, the negative impact of
S0,?~ on As(V) removal observed in the single-ion system
was not evident; instead, a minor positive effect was found
(Fig. 7b). This points towards the complex interplay among
coexisting ions during As(V) removal by S-nZVI and the
reduction in S-nZVI corrosion due to SO,*~ (as explained
earlier) might be compensated by other coexisting ions pre-
sent in solution.

The above results were confirmed by Pareto chart (Fig.
S3) where the vertical line indicates the magnitude of sta-
tistically minimum significant effect of 5% significance
level, while the factors are represented by horizontal col-
umns and are sequenced based on the decreasing influence
for each effect (in this case, arsenic removal) and the length
of each of the column being proportional to the degree of
significance (Liu et al. 2016). Accordingly, the factors that
exceed the vertical line are considered to have a possible sig-
nificant effect on arsenic removal. It was found that PO43‘,

= As(III)

9 10 11 12 13 14 15 16

Run number
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Fig.7 Estimating the effects of
coexisting ions on a As(III) and
b As(V) removal by S-nZVI.
Experimental condition:
[S-nZVI]: 0.05 gm/L; [As]
spiked: 5 mg/L; pH: 7.0 +0.05
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HA and SO42_ were the significant main factors for As(IIl)
removal and are in agreement with the results of estimate of
effect (Fig. 7a). However, for As(V), the analysis shows that
HCOj;™ was the only significant factors and the contribution
of other factors such as SO42_, Cl, PO43_ and HA was insig-
nificant. This might be expected considering the magnitude
of estimate of effects of HCO;™ for As(V) removal might
have surpassed the effect of SO,*~, C1~, PO,*>~ and HA ions
(Fig. 7b).

Screening of interactive effects

In practical scenario, the coexisting ions investigated may
simultaneously affect the arsenic adsorption processes, and
thus, the mutual interactive effect needs to be assessed. It
should be noted that the combined interaction effect of two
factors is not equal to the sum of their individual contribu-
tions, but it indicates whether the two factors are antagonis-
tic or synergistic (Tanboonchuy et al. 2012; Liu et al. 2016).
For example, as discussed earlier, PO43_, SO42_ and HA of
single-factor interaction were most significant for removal
of As(IIT) by S-nZVI. However, the estimate of effect of
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Estimate of Effects

interaction CD (HAXPO43_) was only —5.15 (Fig. 7a).
This value does not only result from (HAXPO43_) inter-
action but was confounded with (SO,2~ x C1~ x HCO;").
The association can be described as (HAXPO43‘) =(HA
XxPO,*7)+(SO,>~ xCI~ xHCO;"). Similarly, in the case
of As(V) removal by S-nZVI, HCO;~ was found to be the
most dominant factors in one-factor influence analysis,
along with HA which had a small negative impact. How-
ever, the (HCO;~ XHA) interaction was not so significant
as (HCO;~ xHA) confounded with (CI~ xPO,*~ xS0O,*);
the relationship can be represented as
(HCO,~ xHA)=(HCO;~ xHA)+(Cl~ xPO,*~ xS0,*")
(Fig. 7b).

Figure 8 shows the interaction plot of two factors, with
respect to percentage of arsenic removal. Interaction plot is
a convenient graphical plot that depicts the mean response
of two factors in all conceivable configurations (Antony
2003; Liu et al. 2016). Parallel lines indicate no interaction
between the factors; on the other hand, when the lines are
non-parallel, there is significant interaction between the two
factors (Antony 2003). Furthermore, inside each cell, when
the lines have a considerable slope, the interaction due to
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factor in the x-axis is substantial; and the interactions due
to factor in the y-axis are significant when the separation
between the two data points (blue and red) is fairly large
(Antony 2003; Tanboonchuy et al. 2012). As for example,
in cell AE of Fig. 8a, both the blue and red lines have a posi-
tive upward slope, suggesting increase in As(III) removal
with increase in factor E (i.e. SO,*7). On the other hand, the
separation between the blue and red points are small, both
at high and at low levels of factor A. This indicates insignifi-
cant impact of factor A (i.e. HCO;") at both high and low
levels on As(IIT) removal. Moreover, no separate interaction
effect exists between SO42_ and HCO;™ for As(III) removal
as their effect lines are parallel to each other.

Considering the interaction effect between various coex-
isting ions in the case of As(IIl) removal, as seen from
Fig. 8a, there is significant separation between the blue
and red points in row C (HA), D (PO,*") and E (SO,*),
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indicating strong impact of these factors on As(IIl) removal.
Therefore, the cells where significant interactions exist is in
cell CD, CE and DE. These findings are in concordance with
the results in Fig. 7a. The inhibitory role of HA and PO,*~ in
As(IIT) removal is expected and aligns with the published
reports on As(IIT) removal by Fe-based adsorbent (Su and
Puls 2001; Bhowmick et al. 2014; Fakour et al. 2015). How-
ever, the enhancing effect of SO42_ on As(III) removal in the
presence of other anions is important, highlighting the criti-
cal role of surface precipitation of As,S;-like phase during
the removal of As(III) by S-nZVI (Singh et al. 2021; Zhao
et al. 2021). Apart from the above-mentioned cells, small
overlapping data points are observed in AC, AD and BD
(Fig. 8a). On the other hand, for As(V), significant sepa-
ration between the blue and red points observed in row A
(HCO;™) points towards the dominant role of HCO;™ in
As(V) removal (Fig. 8b). This observation corroborates
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the findings in Fig. 7b, where similar predominant role of
HCO;™ was identified among the simultaneous presence of
all the coexisting ions during As(V) removal. Along with
row A, important interactions were also observed in cell
BC (high C), BD (high D) and CD (high D) and overlapping
interaction was observed in BE, CE and DE. It is interesting
to note that for column E (SO42_), at lower concentration of
HCO;™, CI7, HA and PO43_, there is an increase in As(V)
adsorption with increase in SO,>~ concentration (Fig. 8b).
Therefore, the present findings suggest that the collective
influence of background species on arsenic removal by
S-nZVI, when they coexist, may not be a combination of
their individual effects, but rather a more intricate relation-
ship may exist.

Conclusion

The present study investigates the mechanism of the influ-
ence of co-occurring background ions such as Cl~, HA,
HCO,~, PO,*~ and SO,>~ on As(IIl) and As(V) uptake
capacity by S-nZVI. The ions were selected considering
their ubiquitous presence in groundwater and their intricate
associations with arsenic mobilization processes. Assess-
ment of the individual effect of the background ions showed
that both the type and concentration of the ions impacted
differently the As(III) and As(V) removal by S-nZVI. Spe-
cifically, HA, PO,*” and SO,*>~ had dominant effect on
As(IIT) removal, with HA and PO43 ~ hindering the As(III)
removal, while SO42_ facilitated the uptake process. On
the other hand, in the case of As(V), HCO;™ reduced the
As(V) uptake capacity by S-nZVI. X-ray investigation of the
arsenic-reacted S-nZVI indicates that the background ions
modulated the arsenic removal capacity by either competing
for the adsorption sites, altering the rate of S-nZVI corro-
sion reaction or forming different corrosion products. Impor-
tantly, the interaction effects demonstrated that when the
background ion coexisted together, their camulative impact
on arsenic removal might significantly differ from that in a
single-ion system. Overall, this study emphasizes the piv-
otal role of co-occurring background ions in determining
the selectivity of S-nZVI for water treatment, emphasizing
their relevance for practical applications of S-nZVI in arse-
nic abatement. Nonetheless, further research is warranted to
elucidate the long-term effects of these coexisting ions on
the application of S-nZVI, ensuring its efficacy and sustain-
ability in water treatment processes.
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