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HIGHLIGHTS GRAPHICAL ABSTRACT
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ABSTRACT

Neutral trivalent arsenic (As(II)) and antimony (Sb(IIl)) species are more toxic and harder to remove from
wastewater environment than their pentavalent counterparts. Herein, a natural polysaccharide chitosan (CS)
functionalized iron nanosheet using an in-situ doping method was designed, aiming to attract As(III) and Sb(III)
from aqueous solution. The surface area of the optimum sample was 111.8 cm?/g, a good dispersion of the iron
nanocomposite was observed by the TEM and element mapping characterization. In the batch adsorption ex-
periment the factors of doping contents of CS and solution properties (pH, co-existing anions and humic acid)
were studied systematically. The result showed that 0.5 wt% CS functionalized iron nanosheet had higher re-
moval capacity, affinity, selectivity and reusability for Sb(III) than As(III). The optimum adsorption were
achieved at the adsorbent dosage of 0.4 g/L at a wide pH values, and the maximum adsorption capacity were
108.6 and 138.8 mg/g for As(III) and Sb(III) calculated from Langmuir non-linear fitting, respectively. Both As
(I11) and Sb(III) removal were independent on pH values, indicating electrostatic attraction was not the dominate
removal mechanism. The detailed removal mechanism was confirmed by a synergetic interaction of As-Fe/Sb-Fe
complexes and hydrogen bonding using the combined characterization of FTIR and XPS spectra. This study
demonstrated that the CS functionalized iron nanosheet with the properties of environmental friendly, low-cost
and facile preparation could have potential applications in water purification.
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1. Introduction

Environmental contamination with heavy metals has been a
worldwide problem due to the natural processes and anthropological
activities. Arsenic(As) and antimony(Sb) contamination have been
global potential disasters in many countries [1-4]. They have a po-
tential threat to aquatic lives and humans due to their toxicity, bioac-
cumulation and non-biodegradable properties [5-7]. The World Health
Organization (WHO) recommended the maximum permissible limit of
As and Sb in drinking water at 10.0 and 5.0 ug/L, respectively [8]. It is
well known that they are mostly found as inorganic trivalent and
pentavalent species in the aquatic systems. Compared with As(V) and
Sb(V) oxyacid anions, As(III) and Sb(III) are harder to remove owing to
the less potential for charge dependent associations with solid phases,
where they mainly existed as neutral forms of As(OH); and Sb(OH)s.
Additionally, As(III) and Sb(III) are more toxic and mobile. Thus, it is
more required and urgent to remove As(III) and Sb(IIl) from waste-
water.

Numerous technologies have been proposed in disposing polluted
water containing toxic metals, including adsorption, coagulation/floc-
culation, membrane separation, ion exchange method and extraction.
Among them, adsorption is the most attractive and practical method to
remove toxic metals [9-12]. Various types of materials have been de-
veloped on the removal of toxic metals such as ligand exchange resins
and fibers, metal-organic frameworks and metal oxides [12-19]. Iron-
based materials as potential candidates have attracted a lot of interest
in As and Sb remediation due to their high efficiency, environmental
friendly and abundance on earth, for example, zero-valent iron, iron
(hydro)oxides, bimetal oxides containing iron [20-27]. However, the
pristine nano iron-based adsorbents could encounter agglomeration and
thus lead to a significant decrease in the reactivity and adsorption ca-
pacity, thus limit their application in eliminating As and Sb pollution. In
order to overcome the problems, spherical composite have been pre-
pared using surfactants and polymers to embed the nano iron-based
materials [28-30]. Unfortunately, the surface sites of the iron particles
inside the beads may not be accessible by the targeted contaminants.

Surface modification is an alternative promising strategy for stabi-
lizing the nanomaterials and enhancing the adsorption efficiency, such
as amino modification. Chitosan (CS) as an abundant cationic poly-
electrolyte is environmental friendly and biodegradable containing
abundant of amino and hydroxyl groups [31]. The dispersion and
available specific surface sites of the nano iron could be enhanced by
chelating CS with iron [32-34], moreover, the ligand CS could be sy-
nergistically attract As(III) and Sb(III) by chelating and electrostatic
attractions. Thus it is reasonable to develop a CS functionalized iron
nanocomposite to enhance the removal capacity of As(IIl) and Sb(III).
And the role of CS on the reactivity of the as-prepared iron nano-
composite materials was explored as well as the synergistic removal
mechanism for As(III) and Sb(III).

Here, we have developed a CS functionalized iron nanocomposite
using in-situ doping method, and provided detailed experimental and
theoretical study on the removal of As(III) and Sb(III). The main ob-
jectives were to (1) analyze the dispersity and synergy removal capacity
for As(III) and Sb(III) after functionalization with CS; (2) comparatively
investigate the removal performance as a function of factors, including
doping contents of CS, pH, co-existing anions and humic acid, as well as
the cycle removal performance; and (3) access the contribution of
electrostatic attraction, surface coordination, hydrogen bonding on the
overall removal mechanism of As(III) and Sb(III).

2. Experimental section
2.1. Chemicals and reagents

All chemicals were analytical grade and used without further pur-
ification. The 1000 mg/L stock solutions of As(III) and Sb(III) were

prepared by dissolving sodium arsenite (NaAsO,) and potassium anti-
monyl tartrate trihydrate (CgH4K,012Sbo-3H,0) in deionized distilled
(DDI) water, respectively. All working solutions were freshly prepared
each time.

2.2. Synthesis of CS functionalized iron nanocomposite

Fabrication of the nanocomposite was carried out by stabilizing the
in-situ growth of iron particles in the presence of CS as a stabilizer.
Different molecular weights of CS were initially used, however, a large
part of precipitates were dissolved by the excess acetic acid when a
small molecular weight of CS was used as a ligand (data now shown).
Hence subsequently experiments were conducted using a large mole-
cular weight of CS. Firstly, a CS solution was prepared by adding acetic
acid slowly until the CS was just dissolved. Then nitrogen was injected
into the CS solution to remove any dissolved oxygen before a FeSO,
solution was added under stirring. This was followed by the addition of
NaBH, leading to the formation of black precipitation. The homo-
geneous solution was stirred for 60 min. The products were washed
several times with de-ionized water and dried at 50 °C. The prepared
powder was ground and stored in a brown bottle.

2.3. Batch experiments

Batch experiments were performed in 50 mL sealed vials to evaluate
the removal performance of As(Il) and Sb(IlI) by the iron nano-
composite. The adsorption isotherms for As(III) and Sb(III) were per-
formed at room temperature, with an initial concentration range from 2
to 60 mg/L and from 2 to 100 mg/L respectively. The adsorption ki-
netics experiments were conducted with an initial concentration of
40 mg/L under neutral pH conditions and supernatant samples were
obtained at different time intervals.

The effect of solution chemistry was also studied, including pHs, co-
existing anions, humic acid and ionic strength. Typically, the pH values
of suspension were adjusted using 0.1-1.0 M HCI or NaOH solutions.
Different concentrations of co-existing anions, including CO527,804%7,
Si052~, PO, ~, were mixed with 40 mg/L As(III) and Sb(III) solution,
respectively. Humic acid concentrations ranging from 5 to 40 mg/L
were mixed with 40 mg/L As(III) and Sb(III) aqueous solutions, re-
spectively. The effect of ionic strength on the removal capacity was
studied using different concentrations of NaCl. All the experiments were
conducted in triplicates. After shaking for 24 h, the suspensions were
filtered using 0.45 um syringe filters. The total concentration of As(III)
and Sb(V) were determined using inductively coupled plasma-optical
emission spectrometry (ICP-OES, Avio 200).

2.4. Characterization

The surface morphology of the functionalized iron nanocomposite
was analyzed using scanning electron microscope (SEM) together with
elemental mapping. The specific surface areas were examined by the
Brunauer-Emmett-Teller (BET) N, adsorption/desorption method, and
the pore size distribution was determined by the Brunauer-Joyner-
Hallenda (BJH) method using desorption data. The zeta potential of
samples in distilled water at different pH values was determined by a
zetasizer at ambient temperature. The structures and interactions of the
samples before and after adsorption were monitored using a Fourier
transform infrared spectrometer (FTIR) and an X-ray photoelectron
spectroscope (XPS).

3. Results and discussion
3.1. Characterization of the iron nanocomposite

TEM characterization showed that the CS functionalized iron na-
nosheet had a short rod shape (Fig. 1a), having a distinct morphology
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Fig. 1. TEM images (a), FTIR spectrum (b), N, adsorption/desorption isotherms with surface area and pore size information (c) and the corresponding element
mapping images of Fe and O in the rectangular region (d) for the as-prepared iron nanocomposite with 0.5 wt% CS. And the inset in figure ¢ shows the surface areas of

samples as a function of CS content.

comparing to the pure nanoscale iron particles. The microstructure of
the as-prepared nanosheet was analyzed by FT-IR spectrum (Fig. 1b).
Substantial reduction of the intensity for the bands of NH, stretching at
3340 and 1586 cm ™! after modification was observed [35]. And the
adsorption band —OH shifted from 1065 to 1019cm™~'. Two char-
acteristic absorption bands at 1637 and 1312 cm ™' were observed in
the iron nanosheet, which corresponds to —CO and —-CN stretching vi-
bration [36]. These results suggest the successful binding of CS and iron
via complexation involving amine and hydroxyl groups. The effect of CS
content on the surface areas was shown in the inset of Fig. 1c, where the
functionalized iron nanosheet with 0.5 wt% CS had a maximum surface
area of 111.8 cm?/g. And the elemental mapping analysis also present
that Fe and O were uniformly dispersed in the iron nanosheet (Fig. 1d).
The synergistic effects of coordination and electrostatic repulsion as
well as space steric hindrance may contribute to the excellent disper-
sion of the iron nanosheet. However, with the further increase of CS
content, a reduction of the surface area was observed, suggesting that
the CS content was significant for restricting the aggregation of the as-
prepared nanosheet. The nitrogen adsorption-desorption isotherm with
the pore size information for the optimal sample was performed
(Fig. 1c). The results showed that the average pore diameter was about
5.2nm, and the total volume was 0.19 cm®/g, suggesting that the as-
prepared iron nanosheet was mesoporous material [37-39].

3.2. Effect of ligand CS

In order to evaluate the role of CS on the removal performance of As
(III) and Sb(III), the effect of CS content on the uptake capacity were
studied. As shown in Fig. 2a, the removal capacity of As(IIl) increased
with increasing CS concentration from 0% to 0.5 wt%, followed by a
decreasing trend further increasing the CS content. The similar trend
was also observed for Sb(III) adsorption. These results demonstrated
that the proper addition of CS had a promotion effect on As(II) and Sb
(II1) removal. Additionally, the presence of CS could provide additional
binding sites to enhance the removal capacity of As(III) and Sb(III) via
Van der Walls forces and complexation, where As(III) and Sb(III) would
bind to the amine groups and hydroxyl groups of CS [40,41]. The effect

of CS/Fe mass ratio on the removal capacity was also studied with a
constant of 0.5% CS as shown in Fig. 2b. Apparently, the iron nanosheet
show a maximum removal efficiency at a CS/Fe mass ratio of 1. It
further suggests that the amount of CS is important for optimization of
the dispersion and removal capacity for As(III) and Sb(III).

3.3. Removal kinetics of As(Ill) and Sb(II)

In order to obtain the adsorption rate and to understand the possible
removal mechanism, the removal kinetics of As(III) and Sb(III) by the
iron nanocomposite were investigated, and two common Kkinetics
models were applied to analyze the kinetic data, including pseudo-first
order and pseudo-second order models. As shown in Fig. 3a and b, all
the kinetic curves were fitted well to the pseudo-second-order model
via non-linear fitting, suggesting that the adsorption rata of As(IIl) and
Sb(III) are mainly controlled by chemisorption and the number of the
active sites determined the removal capacity [42]. The obtained ki-
netics parameters are shown in Table S2. Notably, the adsorption rate
(ky) of Sb(III) was higher relative to that of As(Ill), implying that the
chemisorption between Sb(III) and the iron nanocomposite is more
robust [43].

3.4. Adsorption isotherms

To access the uptake capacity of As(III) and Sb(III) by the functio-
nalized iron nanosheet, adsorption isotherms were studied at room
temperature. Non-linear fitting of typical Langmuir and Freundlich
models were conducted to explore the adsorption isotherm data (Fig. 3c
and d). The comparison of adsorption constants calculated based on the
two models are listed in Table S2. The iron nanosheet exhibited a
higher affinity of Sb(III) than As(IIl) based both on the maximum ad-
sorption capacity calculated from Langmuir model and the K¢ value
calculated from Freundlich model [44]. The maximum adsorption of As
(I11) and Sb(III) were 108.6 and 138.8 mg/g according to the non-linear
fitting of Langmuir model, respectively. The bonding force between Sb
(III) and the surface sites should be more strongly, since Sb(IIl) is a
stronger Lewis base than As(III) with a higher pK, value if considering
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Fig. 2. (a) Effect of varying CS content; (b) effect of the CS/Fe ratio on the adsorption of As(III) and Sb(III).

the iron nanosheet as Lewis acid [45]. In addition, as shown in the
insets, the removal efficiency for Sb(III) at a lower initial concentration
was close to 100%, while As(III) present a lower removal efficiency
around 85%. The comparison of the removal capacity for As(IIl) and Sb

removal capacity than the CS functionalized iron nanosheet, it still
showed potential applications in wastewater treatment due to the
properties of low-cost, environmental friendly and simple preparation.

(III) mainly among the iron-based composite materials was performed
(Table 1). Although some of the composite materials exhibited higher
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dosage = 0.4 g/L, pH = 7.0.



Table 1
Comparison of the maximum removal capacity among some of the iron-based
composite materials.

Target Materials Removal Reusability Ref.
capacity (mg/g)

As(IlI)  Fe304/HNTs 408.7 6 times 83% [46]
Iron chitosan flakes 16.2 2 times stable  [47]
Iron nanoparticles 24.2 = [48]
Potassium ferrate 108.3 - [49]
Cs functionalized iron 108.6 4 times 50.3%  Present
nanosheet study

Sb(IlI) Iron-coated cork 5.8 - [50]
granulates
MnFe,04-BC 237.5 5 times 60% [51]
MNP @hematite 36.7 6 times stable [52]

55.4 - [49]
138.8 4 times 85.6%  Present
study

Potassium ferrate
Cs functionalized iron
nanosheet

3.5. Effect of solution chemistry

Humic acid (HA) is the considered most representative organic
matter in natural water and thus the effect of HA on the removal of As
(IID) and Sb(III) was evaluated at different HA concentrations. As can be
seen in Fig. 4b, it has a negligible effect on the removal process of of Sb
(III) at a concentration range from 5 to 40 mg/L, which is consistent
with previous studies [53,54]. The addition of HA also had a minor
effect on As(III) removal at the concentration range from 5 to 20 mg/L,
while it was reduced by 8% when the concentration of HA raised to
40 mg/L. Possibly the negatively charged macromolecules of HA can
bind the positively charged surface sites of the iron nanocomposite as
well as occupy and compete with As(III) for partial of adsorption sites
[55]1.

100
g (a) /.__.__.—o—o*o——o
£ 804
S’
)
-
= 60
3 s
s 0
=]
= 40 "
=)
£ £
B
g 204 —e—sbn) s -~
2 3 4 56 7 8 9 1011
3 As(lll) PH
0 —
2 3 4 5 6 7 8 9 10 1
pH
Omg/L
100+ (c) Sb(in) Somg
[ 50mgiL

Removal amount (mg/g)
3

80+

40

20
0

(‘O' SO' SlO'

1004 As(111)

I I sv(iu)
0 I I I
1 2 3 4

Cycle

(%)

J

Removal efficiency

Fig. 5. Regeneration of the iron nanosheet for the removal of As(III) and Sb(III)
with eluent of 0.5 M NaOH.

The adsorption capacity of Sb(III) and As(IIl) were further studied to
evaluate the specific selectivity in the existing of common anions of
S04%7, CO527, Si05>~ and PO,>~. As shown in Fig. 4c, the existing
foreign ions were not observed to have a distinct influence on the re-
moval of Sb(III), suggesting the specific chemical reaction between Sb
(II1) and the iron composite [27]. The adsorption of As(IIl) was some-
what impeded by the existing ions of SiOs?>~ and PO~ at a con-
centration of 50 mg/L, and SO,>~ and CO52~ did not cause any obvious
interference on As(III) removal (Fig. 4d). The negative influence of
PO,3~ on both As(III) and As(V) removal have been known due to their
chemical similarity [55-58]. The Si052~ ion could compete with As(III)
since it was easy to accumulate in hydrous ferric oxides [59].
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d) on the removal of As(III) and Sb(IIl), including C0527, 80427, Si052~ and PO,>~ (initial concentration of As(III) and Sb(III): 40 mg/L; adsorbent dosage: 0.4 g/L;

pH: 7).



Consequently, the CS functionalized iron nanocomposite exhibited
higher selectivity for Sb(III) than As(III) due to the strong binding force
between Sb(III) and the surface sites.

3.6. Reusability study

Sustainability is a definite must to elucidate the adsorbent potenti-
ality [44]. Hence the recycling performance for the removal of As(III)
and Sb(III) were studied as shown in Fig. 5. The iron nanocomposite
was regenerated after each adsorption with 0.5 M NaOH as eluent. After
four cycles, the Sb(III) removal efficiency did not diminish significantly,
while the As(III) removal efficiency almost decreased half comparing to
the original value. The comparison of the reusability among the iron-
based materials was presented in Table 1. The CS functionalized iron
nanosheet exhibited a good reusability for Sb(IIl), and it further testi-
fied the stronger interaction between Sb(III) and surface sites than for
As(III). Additionally, the complicated solid-liquid separation proce-
dures could lead to the loss during the repeated application processes.
Moving forwards, according to the limitations of the nanoscale nano-
materials, it is crucial to further design new directions for disposing the
wastewater such as nanocomposite membrane materials.

3.7. Synergistic removal mechanism

To evaluate the control of electrostatic interaction during adsorp-
tion, the correlation between removal capacity and pH values was
studied as shown in Fig. 4a. The As(III) and Sb(III) removal was almost
constant over the pH range from 3 to 10. The surface of the iron na-
nocomposite was positively charged at a pH below 9, the value of the
point of zero charge (pHpzc) of the iron nanocomposite, and charged
negatively above 9. The removal capacity of As(II) and Sb(III), how-
ever, did not change as a function of pH, suggesting that electrostatic
attraction was not involved in the adsorption process, which in turn is
corresponding to the fact that both As(III) and Sb(III) mainly exist as
uncharged species (H3AsO3 and H3SbO3) in the pH range from 2 to 9.
The ionic strength with increasing concentration of NaCl showed a
negligible influence on the removal of As(IIl) and Sb(IIl) (Fig. S2),
suggesting that both As(III) and Sb(III) could tightly bound on the
surface sites via the formation of surface complexes.

The identification of involved removal mechanism of As(III) and Sb
(III) by the functionalized iron nanocomposite was further studied by
XPS and FTIR, respectively. The XPS regional scans of C and N further
suggest the successful binding of CS and iron (Fig. 6a). After adsorption
of As(Il), a sole new peak at the binding energy of 44 eV appeared
(Fig. 6a), indicating that As(III) was adsorbed on the surface sites
without being oxidized [60]. In contrast, two typical peaks at 539 and
530 eV, corresponding to Sb3d;,, and Sb3ds,», appeared after Sb(III)
adsorption, respectively. Such an increment of intensity at 530 eV after
adsorption should be caused by the overlap of the Ols peak with the
Sb3ds,, peak. Two typical peaks of Sb(III) and Sb(V) on the binding
sites suggest that partial oxidation of Sb(IIl) is occurred during ad-
sorption, corresponding to the previous studies that Sb(III) is more
readily oxidized than As(III) at a lower Eh [61,62]. The removal per-
formance of the trace amount of formed Sb(V) was not further dis-
cussed, because its concentration was considered too low to interfere
with Sb(III) removal [63].

The interaction of As/Sb-Fe in the adsorption process was also ex-
amined. As shown in Fig. 6b, various valence states of Fe, including
trivalent and bivalent as well as zero-valent iron, coexisted in the iron
nanocomposite. The corresponding peaks at the binding energies of
710 eV could be ascribed to Fe(I) [64], and the observed peaks at 711,
712 and 724 eV corresponded to Fe(III). Most of the iron transferred
and existed as Fe?* and Fe®*, suggesting that the addition of CS fa-
cilitate the nano iron to undergo surface passivation. The electro
transformation could be occurred between iron and the protonated
amino group of CS. And the passivation products could mainly be

hydroxyl iron oxides according to the XRD characterization (Fig. S4),
demonstrating a higher adsorption capacity compared to the nano iron
[65]. The peak intensity of Fe2p declined after adsorption, suggesting
that the formed hydroxyl ferric oxides could be contributed to the ad-
sorption of As(III) and Sb(III) via the formation of inner-sphere com-
plexes. This was also verified in the Ols spectra (Fig. 6¢), where the
peak at 529 eV ascribing to Fe-O bonds moved to a higher binding
energy after adsorption. The peaks located at 718 eV could be attrib-
uted to Fe® [66], and the lower intensity after adsorption suggests that
Fe® was also involved in the adsorption process.

The synergistic effect on the enhanced removal capacity of As(III)
and Sb(III) via hydrogen bonding was also considered. Look at the C 1s
XPS spectra (Fig. 6d), a difference trend was observed for the band of C-
OH after adsorption, which was consistent with the O 1s spectra that
the peak shifted to the aspect of lower binding energy resulting from
electron migration (Fig. 6¢). This observation also corresponded to the
results obtained from FTIR spectra, where the band of —~OH shifted and
the density was weakened after the adsorption of Sb(III). Thus it was
concluded that the surface hydroxyl groups of CS could have a bene-
ficial effect on the adsorption of As(III) and Sb(III) by forming hydrogen
bonds.

In summary, a synergistic mechanism for the high affinity of the
neutral H3AsO3; and H3SbO3 species on the CS functionalized iron na-
nosheet is illustrated in Fig. 7. Abundant surface groups and active sites
were available as well as surface passivation were facilitated after
modification by CS. Surface complexation between hydroxyl iron
oxides and As(III)/Sb(III) play an important role during the adsorption.
Hydrogen bonds between surface hydroxyl groups on the iron nano-
composite and As(III)/Sb(III) molecules also contributed to the ad-
sorption of As(III) and Sb(III). Overall, the CS functionalized iron na-
nocomposite show potential applications in water purification with the
properties of simple fabrication, high efficiency, environment friendly
and low-cost.

4. Conclusions

In this study, a CS functionalized iron nanocomposite material was
successfully fabricated for effective removal of As(III) and Sb(III). The
addition of CS on the enhanced adsorption capacity mainly include two
aspects: On one hand, the iron nanocomposite had a highest surface
area and good dispersion with a CS content of 0.5 wt%. On the other
hand, abundant surface functional groups were available and the hy-
droxyl iron oxides during surface passivation was formed. The kinetics
of As(Ill) and Sb(III) were fitted well by the pseudo-second order
equation, suggesting the adsorption rate was controlled by chemisorp-
tion. The iron nanosheet exhibited a higher affinity for Sb(II) than As
(III) based on the non-fitting of Langmuir and Freundlich models.
Moreover, the adsorption of Sb(III) was not interfered by the existing
foreign ions, and the As(II) adsorption was somewhat disturbed by the
presence of PO4>~ and SiO5?~. The iron nanosheet also showed a better
reusability for Sb(II) than As(IIl) during regeneration processes. The
enhanced removal of As(III) and Sb(II) by the CS functionalized iron
nanosheet was ascribed to the synergistic effect of As-Sb/Fe com-
plexation and hydrogen bonding. Overall, the facile fabrication of iron
nanocomposite exhibited promising applications as a potential ad-
sorbent in wastewater treatment.
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