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GRAPHICAL ABSTRACT

e Graphene oxide
(GFeN) exhibited
removal kinetics.

o Ultra-high 306 mg As(IIl) and 431 mg
As(V) was adsorbed per gram of
GFeN.

e GFeN worked over a wide pH range
(3—9) and in the presence of coex-
isting ions/compounds.

e Arsenic removal mechanisms of
include electrostatic attraction and
surface complexations.

e Graphene oxide stores electron and
transfers them to the iron nano-
particles for rejuvenation.
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Iron (Fe)-based adsorbents have been promoted for aqueous arsenic adsorption because of their low cost
and potential ease of scale-up in production. However, their field application is, so far, limited because of
their low Fe use efficiency (i.e., not all available Fe is used), slow adsorption kinetics, and low adsorption
capacity. In this study, we synthesized graphene oxide iron nanohybrid (GFeN) by decorating iron/iron
oxide (Fe/FexOy) core-shell structured iron nanoparticles (FeNPs) on the surface of graphene oxide (GO)
via a sol-gel process. The deposition of FeNPs on GO for the nanohybrid (GFeN) improves Fe use effi-
ciency and arsenic mobility in the nanohybrid, thereby improving the arsenic removal capacity and
kinetics. We achieved removal capacities of 306 mg/g for As(Ill) and 431 mg/g for As(V) using GFeN.
Rapid reduction (>99% in <10 min) of As(IIl) and As(V) (initial concentration, Co = 100 pg/L) was achieved
with the nanohybrid (250 mg/L). There were no significant interferences by the coexisting anions and
organic matters at environmentally relevant concentrations. Based on the experimental data, we have
proposed that both electrostatic interaction and surface complexation contributed to ultra-high arsenic
removal by GFeN. The GO sheets acted as the reservoirs for the electrons released during surface
corrosion of the FeNPs and the electrons were transferred back to the FeNPs to rejuvenate the oxidized
surface. The rejuvenated FeNP surface layer helped in additional arsenic removal.

© 2020 Elsevier Ltd. All rights reserved.
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1. Introduction

Arsenic (As) is predominately a naturally occurring (geogenic)
metalloid present in water (Meharg and Zhao, 2012). Inorganic
arsenic in both As(Ill) and As(V) are the most prevalent species in
groundwater. The maximum contaminant level (MCL) for total
arsenic in drinking water is 10 pg/L (USEPA, 2001; WHO, 2003).
Arsenic contamination of drinking water is a major public health
concern across the globe and has affected more than 140 million
people across 50 countries with Bangladesh, India, Argentina,
Canada, Chile, Japan, and Taiwan being most affected (Murcott,
2012; WHO, 2018). About 2.1 million people in the United States
who rely on domestic wells for their drinking water are in danger of
facing arsenic contamination (>10 pg/L) (Ayotte et al., 2017). Excess
arsenic in drinking water cause several health problems including
skin lesions, respiratory problems, neurological complications, and
circulatory disorders (Chen et al., 2009). Consumption of water
high in arsenic may lead to cancers of skin and internal organs
(liver, kidney, lung, and bladder) (WHO, 2018).

While adsorption is the most adopted method for arsenic
removal, coagulation, flocculation, precipitation, ion exchange, and
membrane filtration are also used. An ideal adsorbent should have
high adsorption capacity, affinity for both the inorganic arsenic
species (As(Ill) and As(V)) and should be effective under relevant
environmental conditions.

Among several adsorbents, iron (Fe) based adsorbents are very
effective and widely used to remove arsenic (Hao et al., 2018).
Nanomaterials, mostly nano magnetite (M) and nanoscale zero-
valent iron (NZVI) (Bezbaruah et al., 2013; Ling and Zhang, 2014;
Tucek et al., 2017; Xu et al., 2019), are effective for arsenic removal
because of their very high specific surface area and good adsorption
capacity. However, these particles agglomerate easily and get
oxidized rapidly (NZVI) (Krajangpan et al., 2012; Stefaniuk et al,,
2016). Embedding iron nanoparticles (FeNPs) on sheets of carbo-
naceous materials enhances aqueous dispersion of the nano-
particles (Ma et al., 2013; Mortazavian et al., 2018), and graphene-
based materials are found to be one of the most promising carbo-
naceous materials for such applications (Wang et al., 2013; Yoon
et al., 2016). Graphene oxide (GO) based nanohybrid produced
with iron nanoparticles deposited on GO showed improved
dispersion behavior in water (Chandra et al., 2010; Huong et al.,
2016; Yoon et al., 2016). GO is a 2D carbon sheet with sp? hybrid-
ization with a very high specific surface area (320—-940 m? g~1)
(Gao, 2015; Perreault et al., 2015). GO also contains a large number
of hydrophilic groups —OH, — COOH, C=0), and so has good dis-
persibility in aqueous media (Gao, 2015; Perreault et al., 2015). The
functional groups in GO sheet also act as the nucleation sites for
nanomaterial formation and facilitate a higher number of nano-
particles to be dispersedly deposited on the GO surface (Wang et al.,
2010; Tang et al., 2011). Dispersed deposition of nanoparticles en-
sures that the surface area of each deposited nanoparticle is
available for reaction with the target contaminants. Such GO-
nanohybrids are reported to be good adsorbents for various con-
taminants (Wang et al., 2013; Guo et al., 2014).

The use of GO-iron nanohybrids are reported for metal and
metalloid removal including arsenic (Luo et al., 2012; Guo et al,,
2014; Hoan et al., 2016; Ren et al., 2018). The most reported GO-
iron nanohybrid for arsenic removal is GO-Fe304 (Chandra et al.,
2010; Yoon et al., 2016; Liang et al., 2019). There is also limited
reporting on the use of GO-Fe® nanohybrid for arsenic removal
(Wang et al, 2014). The reported GO-iron nanohybrids (SI,
Table A1) have shown limited arsenic removal capacity (6—180 mg/
g) and that limits the potential life span of the arsenic removal
systems to be fabricated with these nanohybrids. To enhance the
removal capacity, an iron-based nanoparticle decorated on GO

surface can potentially be used. GO-Fe nanohybrids offer such an
architecture where the nanoparticles are well dispersed (less
agglomerated) and, hence, will have enhanced contaminant
removal efficiency. The GO layer will mediate electron transfer
through initial storage of released electron (due to iron oxidation)
and late release of electrons back to the iron nanoparticles. If a core-
shell structured iron nanoparticle is used with GO, then the core-
shell structure will be protected due to active electron transfer
and effective life of the GO-Fe nanohybrid will be extended. For the
ease of operation and maintenance, we need a treatment system
that can run for a longer period of time before any maintenance
intervention is needed. Further, the mechanisms of arsenic removal
by these hybrid materials are not well investigated and understood.

In this study, we synthesized a GO iron nanohybrid (GFeN) using
a sol-gel process where iron/iron oxide (Fe/FexOy) nanoparticles
were decorated on the surface of GO. The new material was tested
for its arsenic removal efficiency at environmentally relevant con-
ditions and its field application potential was evaluated. Based on
reaction kinetics, isotherm parameters, and characterization in-
formation, we have elucidated on the possible arsenic removal
mechanisms. We also investigated the potential role of the GO
sheet in arsenic removal by GFeN.

2. Experimental methods
2.1. Materials and supplies

Graphene oxide in water (4 g/L, monolayer content >95%) was
obtained from Graphena, (Spain), ferrous sulfate (FeSO4-7H,0,
>99.5% pure), sodium borohydride (NaBH4, >97% pure) and other
chemicals were reagent grade and purchased from VWR (USA). All
chemicals were used as received unless otherwise specified. As(III)
and As(V) solutions used in this experiment were prepared using
individual 1000 mg/L standard stock solutions (Environmental
Express, USA). Deoxygenated deionized (DDI) water was used in
this research.

2.2. Material synthesis

GFeN synthesis was done using a sol-gel process (details in SI,
Section A2). Briefly, 250 mg of GO was ultrasonicated in 125 mL DDI
water for 1 h and transferred into 300 mL round-bottom reaction
flask, and the content was purged with N; gas for 30 min. A freshly
prepared FeSO4-7H,0 solution (2.25 g in 50 mL DDI water) was
added, and the mixture was continuously stirred in a magnetic
stirrer for 30 min. The pH of the mixture was then adjusted to
6.0—6.1 using 1 M NaOH. The temperature of the mixture was then
raised to 60 °C followed by dropwise addition of NaBH,4 solution
(0.99 g in 30 mL DDI water) under continuous stirring and N
environment, and the mixture was then stirred in the flask for an
additional 4 h to allow for the reaction to complete [30]. Black
colored precipitates were produced, and the black precipitates
were washed with DDI water and ethanol and vacuum dried at
40 °C for 40 h under nitrogen environment. The dried precipitates
were ground to get GFeN and the final product was stored in glass
vials purged with nitrogen. The yield of GFeN in the process was
650 + 30 mg which was ~27% (based on total raw materials used).
Iron nanoparticles (FeNPs) were also synthesized and stored using
the same procedure (as in GFeN) but without the addition of GO
and were used in control experiments.

2.3. Characterization

Transmission electron microscopy (TEM) images were obtained
using a JEOL JEM-2100 LaBg transmission electron microscope (JEOL
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USA, Peabody, MA, USA) ran at 200 kV. Raman spectroscopy mea-
surements were conducted on a RM 1000B Micro-Raman Spec-
trometer (Renishaw, West Dundee, IL, USA) at the Ar-514.5 nm
excitation unit. High-Resolution X-ray Photoelectron Spectroscopy
(HR-XPS) was performed on a Thermo Fisher ESCALAB 250Xi
spectrometer (Thermo Fisher Scientific, Waltham, MA USA) with a
monochromated Al Ko X-beams (hv = 1486.7 eV). Peak fitting was
accomplished by utilizing Avantage XPS program. A Zetasizer Nano
ZS (Malvern Panalytical Ltd, Malvern, UK) was used to measure zeta
potential. The samples were vacuum degassed at 80 °C for 12 h and
then the specific surface area measurements were done using a
Quantachrome Nova-e surface area analyzer.

2.4. Batch studies

Amber glass vials (40 mL) fitted with a plastic cap and silicon
septum were used as batch reactors. To understand the effects of pH
on arsenic removal by GFeN, batch reactors with As(Ill) or As(V)
(30 mL of 5 mg As/L with 10 mg of nanomaterials) were prepared
and the initial solution pH was adjusted with 0.1 M HCl or 0.1 M
NaOH without any additional buffering and pH adjustment during
the experiment. For all other studies an adsorbent (GFeN) dose of
250 mg/L (10 mg in 40 mL) was used in a 60 mL amber glass vial
containing different initial As(Ill) or As(V) concentrations at initial
solution pH at 7. The reactors were rotated in a custom-made end-
over-end shaker (28 rpm) at room temperature (22 + 2 °C, except in
the temperature study) for 24 h. The adsorbent was filtered out
from the bulk solution using 0.22 um syringe filters (VWR, USA) and
the filtrate was stored in 1% HNOs for later arsenic analysis using a

Graphite Furnace Atomic Absorption Spectrophotometer (GF-AAS,
PerkinElmer AAS 900H, Waltham, MA, USA). The amount of arsenic
adsorbed (qe, mg/g) onto the adsorbent was calculated (Eq. (1)).
Isotherm and kinetic studies were conducted, and the effects of
temperature and interferences by coexisting ions and compounds
were investigated (method details in SI).

Ge=(Co—Ce) x V/m (1)

where, qe, is the amount of arsenic adsorbed (mg/g) by the adsor-
bent, Cy is the initial and C is the equilibrium arsenic concentration
in the solution (mg/L), V is the volume of bulk solution (L), and m is
the mass of the adsorbent (g) used.

2.5. Quality control and statistical analysis

All experiments were conducted in triplicates and the average
values are reported here along with the standard deviations.
ANOVA analysis was done to determine statistically significant
differences in data sets and Tukey’s pairwise comparison was used
to identify the data that were significantly different.

3. Results and discussion
3.1. Material characterization
TEM micrographs show that the fresh (unused) GO sheets

(Fig. 1a) are irregular in shape and a few micrometers in size
(~0.51 pm in the shorter direction and ~4.10 pum in the longer
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Fig. 1. TEM micrographs (a—d) of (a) a GO sheet (dotted outline, looks irregular in shape and has layered structure), (b) FeNPs synthesized separately (not on GO), and they appear
agglomerated, (c) GFeN where nanoparticle are seen dispersed on GO surface (Inset: single FeNP particle on GO), and (d) GFeN where core-shell structured FeNPs and FeNPs trapped
between GO layers can be seen). High resolution-XPS spectrum (e—g) obtained from GFeN for (e) Fe 2p, (f) O1s, and (g) C1s. Fe 2p and O1s indicate that oxidized surface of GFeN
have both FeOOH and Fe,03/Fe;04 with FeOOH being predominant. (h) Raman spectra for GO, FeNPs, and GFeN. The characteristic D and G peaks confirm the presence GO layer. The
shifts in peak locations (D and G) (in GFeN compared to GO) indicate the deposition FeNPs on GO to form GFeN.
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direction) and folded in nature. Similar observations were made by
others (Wang et al., 2014; Yoon et al., 2016). The bare FeNPs are
found to be spherical in shape and clustered together
(diameter = 15.3—65.3 nm, n = 31, Fig. 1b). GFeN (Fig. 1c) has
nanoparticles decorated on the GO sheets and the particles are well
dispersed. The FeNPs decorated on GO (GFeN) have a size distri-
bution of 21.1-88.5 nm (n = 50). Careful observation of the nano-
hybrid (GFeN) indicates that the nanoparticles are not only
deposited on the GO surface but also trapped in between the GO
sheets (Fig. 1c—d). The BET specific surface areas of GO was found to
be 252.12 m?/g, and it was 88.18 m?/g for FeNPs and 159.62 m?/g for
GFeN.

XPS analyses of fresh bare FeNPs (Fig. Ala) show the Fe2p core
levels with the deconvoluted peaks of Fe (2p32), Fe (2p1/2), and the
shake-up satellite peaks. The deconvoluted Fe2p envelop show a
small peak of Fe® along with other feature peaks suggesting that the
surface consists of a large fraction of iron oxides/iron hydroxide and
a relatively small amount of elemental iron (Fe®) (Liu et al., 2014).
This is in conformity with core-shell structure of FeNPs reported by
others (Li and Zhang, 2007; Martin et al., 2008; Liu et al., 2014) and
also observed in our HRTEM micrographs (Fig. 1b). This observation
was expected as the nanoparticles were prepared in the water
where the Fe® and iron oxides are eventually converted to oxy-
hydroxide on the surface which can be ascribed by a series of
chemical reactions (Egs. (2)—(4)) (Roberts et al., 2004; Liu et al.,
2014).

4Fe® + 30, + 2H,0— 4FeOOH (2)
4Fe;04 + 05 + 6H,0— 12FeO0H (3)
Fe,05 + H,0— 2FeOOH (4)

The Fe2p core level of GFeN (Fig. 1e) shows no elemental iron
(Fe%) suggesting that the material surface consists mostly of iron
oxide/hydroxides in the form of Fe;03, Fe304, or/and FeOOH. Iron
oxide and hydroxide have similar XPS peak positions in this region,
and therefore, O1s spectrum (Fig. 1f) is used to determine the
existing surface oxygen states. The O1s spectrum contains three
prominent peaks that are assigned to 0>~ (~530 eV), OH
(~531.8 eV),and OH; (~533.1 eV) (Li and Zhang, 2007). The presence
of surface OH species (~68%) and Fe—O (~23%) bonds indicate that
the oxidized iron is in the form of FFOOH and that is consistent with
other reports (Li and Zhang, 2007; Hao et al., 2014; Liu et al., 2014).
Again, the broad peak at ~530 eV suggests the presence of Fe;03
and Fe304. In the spectrum of C1s core levels (Fig. 1g), the peak at
284.6 eV represents the binding energies of C—C/C=C, the peak at
285.8 eV is for C—OH, and the one at 286.7 eV is for C—0/C=0. The
intensity of C—OH is high in GFeN (compared to that in GO shown in
Fig. A2b) and that could be due to the presence of high —OH group
on the GFeN surface. Based on the XPS results, we can suggest that
FeOOH and Fe;03/Fe304 are the predominant components of the
oxidized surface of GFeN.

Raman spectrum of the GO (Fig. 1h) shows two major charac-
teristics peaks, D band peak at 1364 cm~! and G band peak at
1595 cm™ L. The small peak at 2704 cm ™! belongs to 2D band of GO.
The FeNPs exhibit a broad peak at 1298 cm ! and three sharp peaks
at 282, 388 and 591 cm~! suggesting that the surface of the
nanoparticle is composed of mixed iron oxide and oxyhydroxide
(Nieuwoudt et al., 2011; Liu et al., 2015, 2017). The inference from
the Raman data agrees very well with that from our XPS data. The
Raman spectra of the nanohybrid (GFeN) shows features of iron
oxide and GO which clearly demonstrates the successful deposition
of FeNPs on GO. Moreover, the clear shifts of the D and G bands
indicate a charge transfer between the FeNP and GO sheet (Ban

et al., 2010; Cong et al., 2012). This charge transfer phenomenon
can be beneficial as GO can store the electrons released during iron
oxidation (and subsequent arsenic adsorption), and the stored
electron can be released back to the FeNP surface to rejuvenate the
iron surface. The rejuvenated iron surface can facilitate additional
arsenic removal.

3.2. Dispersion behavior

The dispersion behavior of nanomaterials was interpreted based
on their Zeta potential ({) values (Table A2). GO sheets had a high ¢
value (—48 + 0.33 mV) and, hence, exhibited good dispersion
behavior via electrostatic stabilization. The FeNPs lacked electro-
static stabilization with their low { value (11.67 + 0.87 mV) and they
agglomerated easily. The nanohybrid (GFeN) had a high ¢
(—22.97 + 0.90 mV) and exhibited very good dispersion behavior in
aqueous media (also see SI, Section A6).

3.3. Point-of-zero-charge PZC

The point-of-zero-charge (PZC), at which the pH dependent
surface charge is zero, was high for both FeNPs (PZC = 8.40) and
GFeN (8.05) (Fig. A3). This indicated that the materials would be
able to effectively adsorb aqueous arsenic if the adsorption process
is controlled by electrostatic process.

3.4. Arsenic removal

3.4.1. Role of pH on arsenic removal

As(V): Both GFeN and FeNPs removed >90% As(V) (Co = 5 mg/L)
over a wide pH range (pH 3—9) with maximum removal (>98%) at
pH 5—7 (Fig. 2a). Solution pH affects the speciation of As(V)
(Fig. A4), and in aqueous media it is typically present as H>AsOz at
pH 2.2—6.9 and HAsOﬁ’ at pH 6.9—11.5. Further, H3AsO4 is the
dominant species at extremely low pH (<2.2), and AsO3~ dominates
at high pH (>11.5) (Yoon et al., 2016).

Below PZC, GFeN and FeNPs were more positively charged and
attracted the negatively charged As(V) (H,AsOz and HAsO3 ). It
was expected that with increasing pH the net positive surface
charge would decrease and there would be a reduction in arsenic
adsorption as we hypothesized the adsorption to be controlled by
electrostatic process. However, no significant decrease in As(V)
removal (Fig. 2a, removal ~ 95%) was observed in the pH range of
3—9 (Two-way ANOVA, p = 0.05). This indicates that other driving
forces besides electrostatic attraction might have helped in the
removal of As(V). Similar inferences were also drawn by others
(Wang et al., 2014; Wu et al., 2017). Besides electrostatic forces,
interactions of arsenic species with iron corrosion products such as
FeOOH, Fe304 and Fe,03 play important roles in arsenic removal at
all pH (Wu et al., 2017). As(V) was possibly removed simultaneously
through electrostatic attraction and surface complexation with
corrosion products, and, for that reason, high removal of As(V) by
GFeN and FeNPs was observed over a wide pH range (pH 3-9).

As(Ill): We tested our new nanohybrid for the removal of As(III)
as well. As(Ill) is present as neutral H3AsO3 in aqueous media at
pH < 9.2 (Fig. A4). Beyond pH 9.3, H3AsOs3 dissociates into nega-
tively charged arsenite ions (H3AsO3 < HyAsO3 + H™). The neutral
As(Ill) species was adsorbed onto the Fe-based nanohybrids
through surface complexation at pH 3—9, and effective removal
(>99%) was achieved (Fig. 2b).

3.4.2. Roles of graphene oxide and iron

We tested the reduced GO (rGO) as the GO sheets used in GFeN
synthesis might have been reduced by NaBH4 used. We investi-
gated the possible adsorption of arsenic using pristine GO and rGO
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Fig. 2. Arsenic removal at different pH: (a) As(V) and (b) As(IIl). Initial arsenic concentration (Cy) = 5 mg/L.

sheets as controls. First, we conducted the experiment with an
initial arsenic concentration (Cp) of 5 mg/L but did not record any
observable removal by the adsorbents (data not shown). So, we
decided to evaluate the GO and rGO sheets at Cp = 1 mg|/L (Fig. A5).
The pristine GO sheets removed ~12.5% of As(IIl) and 0.44% of As(V)
from 1 mg/L arsenic solution (pH 7). The rGO sheets recorded only
1.8% removal for As(Ill) and 0.35% for As(V). So, we can infer that our
GO sheets in GFeN (present as rGO in the nanohybrid) did not
significantly adsorb arsenic but only the FeNPs deposited on the GO
sheets did.

In our experiment, we used same mass weight of each adsorbent
(GFeN, FeNPs). The Fe content per unit weight of each adsorbent
was determined (Table 1, also see Section A4). Even though GFeN
had less iron (0.43 g/g) than FeNPs (0.59 g/g), GFeN adsorbed ~38%
more As(Ill) than FeNP across all pH (3—9) (Table 1). In case of
As(V), GFeN had ~50% more adsorption capacity than FeNP at pH 3
and ~25% more at pH 9 (Table 1). Higher arsenic removal by GFeN
could be due to effective dispersion of FeNPs (reduced agglomer-
ation) in GO layer which ensured improved interactions with
arsenic species. Given that GFeN worked as a more efficient
adsorbent (than FeNPs), further investigations (subsequent sec-
tions) were carried out with GFeN only.

3.4.3. Arsenic removal by GFeN

Kinetic studies: More than 99% removal of arsenic (Cp = 5 mg/L)
occurred within the first 6 h for As(Ill) and within 8 h for As(V)
(Fig. 3a). The adsorption happened in three distinct stages for both
the arsenic species: (1) a rapid removal in the first 60 min (>50%)
(Fig. 3a inset), (2) relatively slower removal after 60 min till 6—8 h,
and (3) minor (non-significant) removal beyond 6—8 h. The data
were fitted onto zero-, first-, and second-order as well as pseudo-
first- and pseudo-second-order reaction models (details in SI, sec-
tion A11). The pseudo-second-order model gave the best fit (R* ~
0.999) for both As(IIlI) and As(V) (Fig. A6, Table A3) which suggests

Table 1

that chemisorption is possibly responsible for the removal of
arsenic by GFeN (Wang et al., 2014).

We also measured the Fe in the bulk solution in the 24-h sam-
ples. During As(V) removal by GFeN, the total Fe release after 24 h
reaction was 0.76 mg/L (0.71% of total Fe in GFeN), and for As(III),
the release was 1.03 mg/L (0.95% of total Fe). The results indicate
that our nanohybrid was not leaching out any significant amount of
iron.

Adsorption isotherm: Langmuir and Freundlich isotherm models
were used to understand arsenic sorption behavior by GFeN. Both
As(III) and As(V) adsorption data fitted slightly better for Langmuir
model (R?* = 0.9863 for As(Ill) and 0.9818 for As(V)) than the
Freundlich (R?> = 0.9758 for As(Ill) and 0.9586 As(V)) (Fig. 3b—c,
Table A5).

Based on the isotherm data, the adsorption capacities of GFeN
were found to be 30610 + 9.92 mg/g for As(lll) and
431.41 + 25.95 mg/g for As(V) (Table A5). The As(Ill) and As(V)
adsorption capacities of GFeN are very high compared to other GO-
based nanocomposites so far reported (Table 2). For GFeN, the af-
finity for sorption (K;) of As(IlI) is 0.03846 L/mg and that for As(V) is
0.02314 L/mg, and we used these values to calculated Ry (R, = 1/
(1 + Co*K;, where Cy is the initial arsenic concentration) to further
elucidate the adsorption process. If Rp > 1 then the adsorption
process is unfavorable and if 0 < Ry < 1 then the adsorption is
favorable (Hall et al., 1966; Weber and Chakravorti, 1974). For GFeN,
arsenic adsorption was found to be favorable for both the arsenic
species with Ry = 0.056—0.997 for As(Ill) and 0.072—0.998 for
As(V).

3.4.4. Stability of GFeN

A number of batch reactors (amber glass vials) were prepared
with 10 mg of GFeN and 40 mL of actual arsenic contaminated
groundwater (As(V) = 30 ug/L) were prepared and kept in a dark
cabinet. Three randomly selected reactors were taken at a

Characteristics of iron nanoparticles (FeNPs) and nanohybrid (GFeN) used for arsenic removal in this study.

Material Particle Size (nm) Mean ¢ (mV) ¢ Optimal pH ° PZC ¢ Fe content g/g As Removal mg As/g Fe ¢

As(1ll) As(V) ©
FeNP 15.3-65.3 11.67 + 0.87 3-9 8.4 0.59 26 32-36
GFeN 21.1-88.5 —22.97 + 0.90 3-9 8.05 0.43 36 43—-49

2 { = Zeta potential.
b pH at which >90% arsenic removal was achieved.
¢ PZC: Point-of-zero-charge.

d This comparison is done based on arsenic removal by FeNPs and GFeN at Co = 5 mg/L and the iron content in each nanomaterial was measured for normalization purposes

(Sections 3.4.2.).
€ Adsorption of arsenic decreased as pH increased from 3 to 9.
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Fig. 3. (a) Arsenic removal by GFeN over time when initial arsenic concentration (Cp) is 5 mg/L (Inset: first 2 h data zoomed in). Langmuir and Freundlich isotherms for: (b) As(III)

and (c) As(V). Langmuir fitted better for both the data sets and recorded adsorption capacities of 306.10 + 9.92 mg/g for As(Ill) and 431.41 + 25.95 mg/g for As(V). For all ex-
periments: Adsorbent dose = 250 mg/L, and Initial pH = 7.

Table 2
Arsenic adsorption capacity for various carbon-based metallic nanohybrids.
Adsorbents pH* Arsenic concentration Adsorbent dose Adsorption capacity Source
range (mg/L) used (g/L) (mg/g)
As(IIl) As(V)
Fe304-GO 7 0-550 0.1 85 38 Yoon et al. (2016)
Ce0,-GO - 0.1-200 0.5 185 212 Sakthivel et al. (2017)
Mg—Al hydroxide/GO 5 0.1-150 0.5 — 180.26 Wen et al. (2013)
rGO-Fe304—TiO, 7 3-10 0.2 147.05 — Benjwal et al. (2015)
GO—ZrO(OH), 7 2—-80 0.5 95.15 84.89 Luo et al. (2013)
B-FeOOH@GO-COOH 6.5 1-200 1 77.5 457 Chen et al. (2015)
GO-MnFe,04 1-2 10-50 0.2 — 240.3 Huong et al. (2016)
FeMnO/RGO 0.2—7 0.2 2217 22.05 Zhu et al. (2015)
Macro-porous magnetic 3D GO hydrogel ~7 0-150 1 25.1 74.2 Liang et al. (2019)
GNP/Fe—Mg oxide 7 5-90 0.2 — 103.9 La et al. (2017)
GO-CuFe,04 foam 7.2 5—-500 8L 51.64 124.69 Wau et al. (2018)
GO-Fe,03 7 0.1-1200 0.8 147 113 Su et al. (2017)
Fe30,@Cu0-GO 7 3.75-75 0.3 70.36 62.60 Wu et al. (2019)
GO-lanthanum fluoride — 2-30 0.8 — 18.52 Lingamdinne et al. (2019)
Fe,03 nanocubes- porous GO aerogel - 5-70 0.5 172.27 217.34 Yu et al. (2019)
GFeN 7 0.1-550 0.25 306.10 431.41 This study

2 pH at which the experiment was conducted.

predetermined time (0, 1, 5, 18, and 30 d) and spiked with arsenic groundwater concentration ~0.32 pM), bicarbonate (HCO3, ~3 mM),

(with As(V) standard solution) to achieve an arsenic concentration
of 450 pg/L. The set of three reactors in put in the end-over-end
shaker (28 rpm) for 12 h and the arsenic concentration was
measured in the bulk solution after 12 h to calculate the removal
efficiency. The arsenic removal till 5 days remained ~99% and then
it slightly decreased to ~93% (18 d) and remained unchanged till
30 d (Fig. A9).

3.4.5. Interferences by co-existing ions and compounds
The ions in groundwater that may potentially interfere with
arsenic removal by GFeN include phosphate (PO3~, typical

silicate (SiO5~, ~0.3 mM), nitrate (NO3, <0.16 mM), sulfate (SO?{,
~1 mM) and compounds like natural organic matters (NOM, <1 mg/
L) (Van der Leeden, 1990; Karanfil et al., 2002). The role of ionic
strength (typical value 0.001—0.02 mM) on arsenic removal by
GFeN was also evaluated. Further, the adsorption efficiency of GFeN
was determined when As(Ill) and As(V) are present together.

S0, NO3 and HCO3 (0—10 mM) had a negligible effect on the
removal of both the arsenic species by GFeN (Fig. 4a—b).

In the presence of low PO3~ concentration (0.1 mM), the As(III)
removal efficiency decreased from ~99% (0 mM PO3~) to ~95%
(Fig. 4a), and As(V) removal decreased to ~91% (Fig. 4b). The
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removal efficiency further decreased with the increase of POz~
concentration (Fig. 4a—b) and the effect was more prominent in
As(V) compared to As(IIl). At 10 mM POz, As(IIl) removal was ~48%
and As (V) removal was ~5%. It is important to note that PO3~
concentration in groundwater is typically much below 0.1 mM
(WHO, 2004) and, as such, will not affect arsenic removal by GFeN.

In the presence of low SiO3~ concentration (0.1 mM), the As(IIl)
removal (~97%) was not significantly (p = 0.05) affected relative to
the control (~99%) whereas As(V) removal significantly decreased
to ~88% (Fig. 4a—b). At 1 mM SiO3~ concentration, As(Ill) removal
reduced to ~62% and As(V) removal decreased to ~69.2%. When
Si03~ concentration was increased to 10 mM, the removal effi-
ciencies decreased to ~56% for As(Ill) and ~31% for As(V). Typical
reported concentration of SiO3~ in groundwater is 0.3 mM, and so
we expect some reduction in arsenic removal efficiency when GFeN
is used.

There was marginal (6—7%) decrease in arsenic removal when
the humic acid concentration was increased from 0 to 10 mg/L
(Fig. A8a). In groundwater, organic acid concentration does not
typically exceed 1 mg/L (Karanfil et al., 2002) and we did not see
any significant decrease in arsenic removal efficiency when the
organic acid present was 1 mg|/L.

Ionic strength 0—1 M did not affect arsenic adsorption by GFeN
(removal >98%) (Fig. A8b). Typical groundwater ionic strength is
0.001-0.02 M (Wallace et al., 2012), and, as such, GFeN is expected
to effectively work in any groundwater contaminated with arsenic.

Co-existing arsenic species: To simulate the field situation when
As(IIl) and As(V) are present at the same time, a series of experi-
ments were conducted with an initial combined (As(III) and As(V))
concentration of 5 mg/L with different ratios of the two species. For
all combinations, ~99% removal was achieved (Fig. 4c) indicating
that GFeN can simultaneously remove both the arsenic species. This
is a major advantage with GFeN as most of the reported adsorptive

media can only effectively remove As(V) and pretreatment is called
for to oxidize As(IIl) to As(V). The ability of GFeN for the simulta-
neous removal of both the species will reduce treatment system
complexity and result in cost saving.

3.4.6. Effect of temperature

The temperature (4—45 °C) had significant effects on As(V)
removal by GFeN. Optimal As(V) removal (>99%) was achieved at
20 °C, but the removal decreased from 99 to 80—85% when the
temperature was either increased or decreased (Fig. 4d). However,
As(IlI) removal was not affected by the temperature variation
(4—45 °C) and always remained >99% (Fig. 4d). While mobility of
the arsenic species increases with the increase in temperature,
electrostatic attraction gets reduced (Wang et al., 2014). Accord-
ingly, we observed reduced As(V) removal at low temperature (low
species mobility) as well as high temperature (low electrostatic
attraction). However, As(Ill) removal was not controlled by elec-
trostatic attraction (Section 3.4.1) and, thus, was not affected by
temperature change.

3.4.7. Environmental relevance

Arsenic concentration in arsenic contaminated groundwater
across the globe is typically around 100 pg/L. We evaluated the
removal of both As(IIl) and As(V) by the GFeN in the concentration
range of 0—140 pg/L in simulated groundwater (Table A4) and
achieved >99% within 30 min in all cases (Fig. 5a). At an initial
arsenic concentration of 100 pug/L, GFeN remediated both As(III) and
As(V) to below the MCL (10 pg/L) within 10 min (Fig. 5b). The
arsenic removal data best fitted in a pseudo-second-order model
(R? ~ 0.999) for both As(lll) and As(V). Effective removal of the
arsenic species at these environmentally relevant concentrations in
a short time (10—30 min) is promising for field applications.
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3.5. Removal mechanisms

Based on our experimental and characterization data, we are
proposing a possible mechanism (Fig. 7) for arsenic removal by the
nanohybrid (GFeN). First, the aqueous arsenic ions come in contact
with the nanohybrid surface and arsenic flux gradient builds up
between the solution and the adsorbent (GFeN) surface. Then the
arsenic adsorbs onto the surface of GFeN through electrostatic
attraction and surface complexation. Further, the adsorbed arsenic
on GFeN surface gets transformed and stabilized within the
nanohybrid.

Two types of surfaces are available on the GFeN for arsenic
adsorption, the GO sheet and the FeNP surface. However, GO (rGO
in GFeN) is not considered as an adsorbent for arsenic in the model
as our results indicate that GO sheets do not actively participate in
the adsorption process (Fig. A5, rGO in our GFeN removed <2%
arsenic, Section 3.4.2).

The XPS spectrum of GFeN after As(V) adsorption shows a strong
peak at 45.7 eV (Fig. 6a) which is the characteristic peak for As(V)
indicating that there was no change in the oxidation state during
the adsorption process. To further understand the possible mech-
anism, O1s scan of GFeN after As(V) adsorption was analyzed
(Fig. 6b) and a significant reduction of OH group (from 68% to 52%)
was observed. This result indicates that surface OH species were
involved in the formation of inner-sphere monodentate (FeOA-
sO,0H) or bidentate ((FeO),As0,) complex leading to the lowering
of OH concentration. Similar results were reported earlier (Egs. (4)
and (5)) (Stachowicz et al., 2008; Hao et al., 2014) and our obser-
vations are consistent with that. These equations (Eqs. (5) and (6))
are based on a surface complexation model (aka charge distribution
model (CD model)) explained by Stachowicz et al. (2008)
(Stachowicz et al., 2008) where AZy and AZ; are the CD model
coefficients, and AZy + AZ; is equal to the charge introduced by the
As(V) adsorption process.

=FeOH /2 4 2H* + AsO;~ — FeO~1/2+4%A50,0H%% + H,0 (5)

2=FeOH /2 4 2H" +As0}~ — (Fe0), /***% As0%4 1 2H,0
(6)

In the case of As(IIl), the XPS spectrum of arsenic sorbed GFeN
indicates that the adsorbed arsenic is in dual oxidation states with
As(V) being mostly noticeable on the material’s surface and As(III)
being relatively less (Fig. 6¢). This reveals that As(Ill) is oxidized to
As(V) as it reacts with the iron oxide present on GFeN (Ramos et al.,

2009; Tucek et al., 2017). However, during this oxidation process,
elemental iron (Fe®) also corrodes simultaneously via the Fenton
reaction (Pang et al., 2011) to produce fresh/more iron oxy-
hydroxide/iron oxide products; in our experiment, this was
confirmed by the increase in OH concentration (from 68% to 72%) in
the O1s spectrum (Fig. 6d). This suggests that the Fe—O is involved
in As(Ill) adsorption via the formation of inner-sphere surface
complex product ((FeO),AsOH). In brief, both adsorption and
oxidation of As(IIl) happen simultaneously on GFeN surface. Other
reported similar observations during adsorption of arsenic onto
iron nanomaterials (Kanel et al., 2006; Farrell and Chaudhary, 2013;
Tucek et al., 2017).

Fe® in FeNPs [Fe/FexOy]| deposited on the GO sheet oxidize
quickly due to the lower redox potential of the Fe>* and Fe3*
couple. During this oxidation, electrons are released by Fe? [Fe® —
Fe?* 4+ 2e~; Fe** — Fe3* + e], and the GO sheet acts as a reservoir
for the released electrons (Lightcap et al., 2010; Wang et al., 2017;
Ren et al., 2018). The GO sheet then releases the electrons back to
the FeNPs, and iron oxides (on FeNP surface) are converted back to
the earlier reduced form (Fe** + e~ — Fe?") (Wang et al,, 2017).
Ren et al. (2018) (Ren et al., 2018) working with hexavalent chro-
mium indicated that there is an active electron transfer process
occurring between the decorated iron nanoparticles and the GO
sheet, and Wang et al. (2017) (Wang et al., 2017) reported that ion
nanoparticles deposited on GO are regenerated by electrons
transferred from the graphene oxide sheets during phenol removal.
The electron transfer process (from GO to FeNP) helps in main-
taining an optimal amount of iron species on the FeNP surface
which enhances arsenic adsorption. The major significance of this
mechanism is that the overall iron oxidation process is slowed
down because of the electron transfer process, and the core Fe® is
prevented from getting quickly oxidized (Ren et al., 2018) poten-
tially adding to the active life of the GFeN system.

Additionally, the As(V) — As(0) reaction has a potential of
0.499 V while reduction potential of the Fe(0) — Fe(Il) reaction
is —0.477 V, and, thus, As(V) — As(0) transformation (SI, Eq. A15 -
A23) is thermodynamically favorable (Melitas et al., 2002; Sasaki
et al.,, 2009). The oxide layer on FeNP contains a mixture of amor-
phous and crystalline iron oxides with the amorphous phase being
much larger (2—10 times) than the crystalline phase (Dixit and
Hering, 2003; Yan et al., 2012b; Ling and Zhang, 2014; Wu et al.,
2017). The porous nature of the amorphous phase, and the lattice
disorder and oxygen vacancies in the crystalline phase facilitate
faster ionic mobility of arsenic (Kerisit and Rosso, 2005). Both the
arsenic species migrate toward the Fe® core (Fig. 7) and gets
reduced to an intermetallic phase of As(0) (Yan et al., 2012b; Ling
and Zhang, 2014). Intermetallic arsenic species are known to be
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more stable than other species (Yan et al., 2012a; Tucek et al., 2017)
and that adds to the robustness of the adsorbent (GFeN).

4. Practical significance

The relative high arsenic removal capacity of GFeN (>300 mg As/
g for both the species) and rapid reaction kinetics are very signifi-
cant for possible field applications of the nanohybrid. Assuming
that a typical four-member family needs a minimum of 20 L of
drinking water per day, the amount of GFeN needed to treat arsenic
contaminated water to meet daily water demand will be 10 g per
year (detailed calculations in Section A18, Table A6). It is important
to note that this number is calculated assuming only 25% efficiency
in arsenic adsorption by GFeN (25% of 300 mg/g = 75 mg As per g of
GFeN), a raw water arsenic concentration of 100 pg/L (typical
value), and a finished water arsenic concentration of 0 pg/L (MCL
Goal, (USEPA, 2019)). If a point-of-use (POU) treatment system is
fabricated with 100 g of GFeN, then it is expected to work for ~10
years. Additionally, such systems can be scaled up for community
water treatment. This is significant because such a treatment unit
will reduce the need for frequent monitoring of the system and
water quality. Monitoring water quality is always a challenge in
rural and remote communities. Moreover, it will reduce the volume
of hazardous waste generated and the frequency of such
generation.

5. Conclusions

In this paper, we have reported an easy to adopt synthesis
process for graphene oxide-iron nanohybrid (GFeN). GFeN exhibits
very high adsorption capacities for As(V) (431 mg/g) and As(III)
(306 mg/g) compared to other available nanohybrid sorbents (re-
ported adsorption capacities of 12—240 mg/g, Table 2). At envi-
ronmentally relevant arsenic concentrations (up to 140 pg/L), GFeN
could bring down the effluent arsenic concentrations to below the
MCL (10 ug/L) within 10 min. The adsorbent works for both the
species of arsenic even when they were present simultaneously.
GFeN nanohybrid removes >90% arsenic even in the presence of
potential competing anions (SO5~, NO3, HCO3, PO3", Si03~) and
organic matters (organic acid) at environmentally relevant con-
centrations. Arsenic removal by GFeN is not controlled by electro-
static forces alone but surface complexation played a major role to
make it effective across a wide pH range (pH 3—9). Iron nano-
particles (FeNPs) were well dispersed on the graphene oxide (GO)
sheets and thus most of the reactive surfaces on the nanoparticles
were available for arsenic removal. The GO sheet also played an
important role by acting as the reservoir for the released electrons
during the oxidation of Fe® present in GFeN and then transferring
the electrons back to the nanoparticle (FeNP) surface to rejuvenate
the adsorptive oxide layer. We also report a comprehensive
mechanism to explain the unique arsenic adsorption behavior of
the nanohybrid (GFeN). Interfacial (water and GFeN) exchange of
arsenic leads to adsorption through electrostatic attraction and
surface complexation, and the adsorbed arsenic then gets trans-
formed and stabilizes in the nanohybrid. The ultra-high adsorption
capacity (>300 mg/g for either arsenic species) along with quick
reaction kinetics and effectiveness under different environmental
conditions make GFeN an ideal candidate for potential use in
aqueous arsenic remediation. Our calculations indicate that a
point-of-use treatment unit with 100 g of GFeN can potentially
supply arsenic free drinking water for ~10 years without much
operation and maintenance needs.
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