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The environmental and health impacts caused by arsenic (As) in wastewater make it necessary to carefully

manage As wastes. In the present work, a composite of the ionic liquid [Hmim]SbF6 and nano-iron (H/Fe)

was used as an adsorbent to remove As(V) from aqueous solution. To better understand the removal effect

of H/Fe on As(V) in aqueous solution, the reaction parameters of pH, reaction temperature, time and H/Fe

dosage were systematically analyzed in detail. The results show that H/Fe has significant removal efficiency

toward As(V), and that the adsorption of As(V) by 0.5 g H/Fe reaches its maximum adsorption capacity within

2 h. The adsorption of As(V) on H/Fe is a non-linear, time-varying process. The initial adsorption reaction is

fast; however, unlike at the beginning, the later reaction involves sustained slow absorption, resulting in

a distinct two-phase adsorption characteristic. Redox reaction may be one of the mechanisms

responsible for the slow adsorption of As(V) on H/Fe. At the same time, the As(V) removal effect of H/Fe

is greatly restricted by the pH. Electrostatic adsorption, adsorption co-precipitation and redox reactions

act together on H/Fe in the As(V) removal process. This study provides a basis for further clarifying the

adsorption, adsorption rules and mechanism of As(V) on H/Fe and a feasible method for the

improvement of As(V) removal efficiency of zero-valent iron materials.
1. Introduction

With the rapid improvement in environmental protection
requirements, arsenic contamination has become the main
limiting factor for groundwater.1 According to the statistics of
the World Health Organization,2 in addition to the catastrophic
arsenic pollution in water in Bangladesh and India's Bangla-
desh region, the United States, Mexico, Chile and other coun-
tries still have high concentrations of arsenic in water.3–5 Long-
term exposure to low-dose local arsenic contamination has
become one of the most prominent environmental problems
domestically and abroad;6 thus, the international standards for
drinking water of arsenic have become stricter.7

Current treatment technologies for arsenic-containing water
mainly include precipitation, adsorption, ion exchange,
neutralization oxidation, ion otation, electro-occulation,
extraction, membrane separation and biological method,
among others.8–12 Among them, due to its advantages of
simplicity, low cost and environmental friendliness, adsorption
is the most commonly used method to remove arsenic from
eering, Kunming University of Science and

ple's Republic of China. E-mail: qgab@

enter-NCW, Kunming 650500, Yunnan,

the Royal Society of Chemistry
wastewater. Various types of adsorbents have been discussed.
Adsorbents usually have very small particle sizes and are easily
dispersed in solution. Several absorbents, such as activated
carbon, biological adsorbents, mineral adsorbents and gra-
phene, are currently available and have been used in other
research. Among them, activated carbon and graphene are the
two most commonly used adsorbents;13,14 however, they have
high production costs, which reduces the possibility of their
being put into actual production. In particular, their prepara-
tion conditions are rather extreme.

Common problems with conventional treatment methods
are high cost, the generation of a large amount of waste, and
difficulty of separating the adsorbent material from the water.15

With the development of modern technology, in the past few
years, nano-materials have arisen as a new type of adsorbent for
application in wastewater treatment,16,17 but due to their special
characteristics, such as the small size of nano-particles, they
still present the problem of being difficult to recover from
water.18–20 On these bases, our work provides an alternative
method for the efficient adsorption of arsenic. By using
magnetic nano-materials,21,22 easy recycling and reuse can be
achieved, environmental pollution can be reduced, and the
utilization rate of the nano-adsorbents can be improved. Thus,
this approach shows great promise for a wide range of appli-
cations in the challenging removal of arsenic of wastewater for
environmental protection. Nano-zero-valent iron (NZVI) is
RSC Adv., 2021, 11, 6577–6585 | 6577
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a chemical reductant with strong chemical reducibility.23 Due to
its unique surface effect and small size effect, it has superior
adsorption performance and high reducing activity. NZVI has
been reported as a successful remediation agent for environ-
mental issues, and is extensively used in groundwater and soil
remediation.24,25 The use of zero-valent nanoparticles has arisen
as a highly effective method due to their high specic surface
area, and developments in the properties of the nano-particles
have promoted the application of NZVI in environmental
remediation technologies.26

In recent years, ionic liquids (ILs) have been considered to be
green chemicals and have been regarded as environmentally
friendly substitutes for toxic organic solvents. ILs have the
characteristics of non-volatility, water-stability, reusability, low
melting points and environment friendly solubility;27 thus, the
study of the ionic-liquid-based extraction of various metal ions,
copper, nano-plastics and radioactive metals,28,29 among other
contaminants, has become a research hot spot. Many types of
ILs, such as imidazolium-based and pyridinium-based ILs, are
water-stable. Therefore, the toxicity of these types of ILs, espe-
cially imidazolium-based ILs, has a limited effect in the water
phase.30 Furthermore, imidazolium-based ILs are non-volatile,
especially compared to other commonly used organic chem-
icals, i.e., ammonia and phenol. Imidazolium-based ILs do not
evaporate into the atmosphere, and thus do not contribute to
air pollution, such as smog formation, ozone depletion and
global climate change. Most importantly, imidazolium-based
ILs will not lead to human inhalation exposure or injury due
to res and explosions.30–33 However, the use of ionic liquids as
adsorbents for the removal of arsenic is limited by some chal-
lenges. Several disadvantages, such as the need for a large IL
dosage, and the high price, high viscosity, difficult separation
aer use and slow reaction processes of ILs greatly limit their
use in large-scale industrial applications.34 Therefore, in order
to avoid the disadvantages of ionic liquids and enable them to
be applied on a large scale, porous adsorbents have been used
as carriers onto which the ionic liquid can be loaded.35,36 The
novel adsorbents prepared in this way not only exhibit the
advantages of both the ionic liquid and the adsorbent, but also
avoid the problems associated with ionic liquids. Therefore,
they not only can reduce the amount of ionic liquid added,
thereby reducing the cost, but also facilitate the expansion of
the surface area, promote the reaction process, and greatly
extend the practical use of ionic liquids.37–39

In many studies, surfactant-based modied adsorbents have
been found to be an appropriate choice, and modied adsor-
bents have been shown to play a very big role in enhancing the
adsorption efficiency of various materials.40 On this theoretical
basis, in our present study, the ionic liquid [Hmim]SbF6 was
chosen for modifying nano-zero-valent iron particles because of
its ability to be graed onto NZVI. As a result, the number of free
radical functional groups on the zero-valent nano-iron
increased, and both the stability of the zero-valent nano-iron
and its adsorption capacity toward the pollutant arsenic were
improved. The [Hmim]SbF6–nano-iron (H/Fe) composite
adsorbent was prepared via a physical impregnation method,
6578 | RSC Adv., 2021, 11, 6577–6585
and its arsenic removal ability and mechanism in aqueous
solution were investigated.
2. Experimental
2.1 Materials and instrumentation

NZVI powder (polycrystalline nano-iron with a face-centered
cubic structure, purity 99%) with a claimed average particle
size of <50 nm was purchased from Tianjin Damao Chemical
Reagent Factory (China). An arsenic standard solution with
a concentration of 1000 mg L�1 was purchased from Xiya
Chemical Reagent Factory, and mainly contained total arsenic,
which includes As(V) and a small amount of As(III). 1-Methyl-
imidazole and N-hexane chloride were bought from Lanzhou
Institute of Chemicals (China), ethyl acetate was obtained Jinan
Haili Chemical Co., Ltd. (China), and antimony pentauoride
was purchased from Tianjin Special Gas Company (China). All
chemical reagents used in the experiment were of analytical
purity (AR), and deionized water was used as a solvent.

The instruments used in the experiments were an AFS-933
atomic uorescence spectrometer (Beijing Jitian Instrument
Co., Ltd., China), ZSX100e X-ray uorescence spectrometer
(Tianjin Gongdong Sci. & Tech. Co., Ltd., China), TTRIII X-ray
diffractometer (Dandong Tongda Technology Co., Ltd.,
China), AXIS-ULTRA DLD-600W X-ray photoelectron spectrom-
eter (Shimadzu Enterprise Management (China) Co., Ltd),
rotary distillation apparatus and CS101-1AB electrothermal
constant temperature blast drying oven and hydride generator
(Shanghai Jiecheng Experimental Instrument Co., Ltd., China).
2.2 Preparation of [Hmim]SbF6

2.2.1 Synthesis of [Hmim]Cl. 1-Methylimidazole and n-
hexane chloride were mixed in a 1 : 1.2 molar ratio in a three-
port ask with a reux device. The reaction temperature was
controlled at 70 �C using a heat-collecting constant-temperature
heating magnetic stirrer. The reaction was carried out under
magnetic stirring and stopped aer 24 h. The crude product was
washed with ethyl acetate 3–4 times to remove the unreacted
raw materials and then dried in a rotary evaporator at 80 �C.
Finally, [Hmim]Cl was obtained as a colorless transparent
viscous liquid aer vacuum drying at 80 �C for 24 h.

2.2.2 Synthesis of [Hmim]SbF6. [Hmim]Cl was synthesized
via the two-step method, and [Hmim]SbF6 was then obtained by
ion exchange. [Hmim]Cl and HSbF6 were mixed in a 1 : 1.2 ratio
in a three-port ask with a reux device. The same volume of
distilled water was added. The reaction temperature was
controlled at 80 �C by a heat-collecting constant-temperature
magnetic stirrer. The reaction was carried out under magnetic
stirring and stopped aer 24 h. The reaction mixture was then
le to stand to allow it to stratify. The upper layer of distilled
water was poured out and washed repeatedly with the same
volume of steam feed water to remove unreacted HSbF6. Finally,
the washed ionic liquid was placed in an empty drying oven to
dry it and remove the water, aer which the colorless trans-
parent viscous liquid [Hmim]SbF6 was obtained.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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2.3 Preparation and characterization of materials

The ionic liquid was loaded onto the nano-materials by a phys-
ical method. First, 1.0 g of the nano-ironmaterial was immersed
in 1.3 g of [Hmim]SbF6 in the same beaker at 35 �C for 24 hours.
The solution was ltered while hot and washed repeatedly
before being dried in an oven for later use.

Surface morphology studies were performed using scanning
electron microscopy (SEM, FEI Quanta-200) images and high-
resolution transmission electron microscopy (HR-TEM, JEM-
2100). The specic surface area and pore volume were evalu-
ated using a Brunauer–Emmett–Teller (BET, ASAP 2000,
Micromeritics, USA) nitrogen adsorption–desorption isotherm.
The surface composition was examined via X-ray photoelectron
spectroscopy (XPS) using a VG ESCALAB Mg Ka X-ray source
device, and the binding energy was calibrated using the C1s
peak at 284.6 eV.
Fig. 1 SEM photos of the ionic-liquid-loaded nanomaterials: (a) NZVI;
(b) H/Fe. (c) Adsorption isotherm and pore size distribution of NZVI
before and after ionic liquid loading. (d) EDS results for ionic-liquid-
loaded NZVI.
2.4 Adsorption experiments

The total arsenic concentration was 1.00 mg L�1, and a known
amount of H/Fe was added. According to the single factor
variable method, the reaction temperature, reaction time,
solution pH and dosage of the adsorbent were used as variables
to investigate the effect of arsenic removal and determine the
optimal adsorption conditions. The supernatant was then
aspirated, and the concentration of total arsenic remaining was
determined by atomic uorescence spectrometry aer the pre-
treatment. The calculation formulae for the adsorption
amount and adsorption efficiency are shown below:

qe ¼ C0 � Ce

m
� V (1)

h ¼ C0 � Ce

C0

� 100% (2)

where qe is the adsorption amount (mg g�1) at the adsorption
equilibrium, C0 and Ce are the initial concentration of the
solution and the concentration at adsorption equilibrium (mg
L�1), V is the volume of the solution (L), m is the dosage of the
adsorbent (g), and h is the removal rate (%).
Table 1 Materials structure parameters before and after IL-loading

Material SBET (m2 g�1) D (nm) Vtotal (cm
3 g�1)

Fe 11.86 18.60 0.045
HSbF–Fe 13.77 21.44 0.057
3. Results
3.1 Sample characterization and analysis

3.1.1 SEM, BET and EDS analysis. SEM images of the ionic-
liquid-loaded nanomaterials are shown in Fig. 1a and b, which
depict the microstructure of NVZI and H/Fe respectively. Fig. 1c
is the adsorption isotherm and pore size distribution of NZVI
before and aer ionic liquid loading, and Fig. 1d is the EDS
result for the ionic-liquid-loaded NZVI. As can be seen from the
SEM images (Fig. 1a and b), an ionic liquid lm is formed on the
H/Fe surface. From Fig. 1d, it can be seen that the H/Fe surface
has C, N, O, F, and Sb peaks in addition to Fe peaks, which
implied that the ionic liquid was graed onto iron. The
pollutant arsenic reacts directly with the iron surface groups,
indicating the impregnation method does immobilize the ionic
liquid [Hmim]SbF6 on the surface of the modied nano-iron.
© 2021 The Author(s). Published by the Royal Society of Chemistry
BET analysis indicates that the specic surface area and pore
volume increase aer ionic liquid loading. It can be seen from
Fig. 1c that the specic surface area of the nano-iron increased
by 16.11% and the cumulative pore volume increased by 27%
aer loading the ionic liquid. This shows that the ionic liquid is
supported on the surface of the nano-iron, increasing the
surface roughness and forming part of the pores, which in turn
enhances the possibility of N2 coming into contact with the
internal pores of the material during the adsorption process
and nally results in an increase in specic surface area. In
addition, the average pore size also increased aer modica-
tion. From the pore size distribution map in Fig. 1c and the
average pore diameter shown in Table 1, it can be seen that the
mesopores and macropores on the nano-iron surface increased
aer the ionic-liquid loading, with the average pore size
increasing by approximately 15%. This indicates that the ionic
liquid on the surface of the material also contributes to the
porosity and specic surface area.

3.1.2 XPS analysis. The chemical composition of fresh and
used H/Fe was analysed using an X-ray photoelectron spec-
trometer with a monochromated Al Ka source at a power of
450 W. The XPS analysis of the fresh and used H/Fe over the O
1s, N 1s, and C 1s spectral regions are shown in Fig. 2a, b and c,
respectively. The gure shows that the O 1s XPS spectrum of
ionic-liquid-loaded nano-iron can be deconvoluted into three
peaks at 529.8, 531.1 and 534.3 eV, respectively. The rst peak is
RSC Adv., 2021, 11, 6577–6585 | 6579
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Fig. 2 XPS spectra of fresh and used H/Fe over the (a) O 1s, (b) N 1s,
and (c) C 1s spectral regions.

Fig. 3 Effect of the reaction temperature on the adsorption of As.
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attributed to lattice oxygen (expressed as Oa), the second peak is
attributed to chemisorbed oxygen (expressed as Ob) and the
third peak corresponds to carbonyl oxygen (–CO–, expressed as
Og). Among them, the functional group is attributed to the
partial oxidation and activation of nano-iron during the calci-
nation process, and Ob is the most active oxygen during the
oxidation reaction.41 Table 2 shows the change in the
percentage of O 1s for the ionic-liquid-loaded nano-iron before
and aer the reaction. Aer the reaction, Og disappears
completely, and Oa and Ob increase, indicating that all the
carbonyl oxygen is consumed in the reaction, resulting in more
chemisorbed or hydroxyl oxygen and NO3

�. Fig. 2c shows the
spectrum of Fe 2p. The peaks at 710.0 and 710.8 eV were
attributed to Fe2+ cations, and the peaks at 713 and 719 eV in
the center belong to Fe3+ cations.42,43 The percentage of Fe2+

(Fe2+/(Fe2++Fe3+)) was 20.79% in the unreacted material, and
increased to 41.08% aer the reaction.44 The study shows that
Fe3+ can effectively capture electrons due to its radius (0.69 Å);
in addition, the redox performance of the Fe2+/Fe3+ combina-
tion is higher.45 Therefore, Fe2+ is easily oxidized by H+ or
adsorbed O2 to Fe3+.46
3.2 Effect of the main environmental factors on the
adsorption of As(V)

3.2.1 Effect of reaction temperature. In order to investigate
the effects of reaction temperature on the As(V) removal effi-
ciency, adsorption experiments were conducted at six different
Table 2 Surface O and C atom percentages on the ionic-liquid-
loaded nanomaterial

Nano-material

O (%) C (%)

Oa Ob Og Ca Cb Cg

Fresh H/Fe 19.56 33.40 47.07 28.79 30.36 40.85
Used H/Fe 36.35 63.65 — 50.07 38.09 11.84

6580 | RSC Adv., 2021, 11, 6577–6585
temperatures (10, 20, 30, 40, 50 and 60 �C). In this experiment, 6
0.5 g portions of H/Fe were weighed out, and each was added to
1.0 L of arsenic-containing wastewater with an arsenic
concentration of 1 mg L�1. The adsorption time was 12 h. The
experimental results showing the inuence of the reaction
temperature on the total arsenic adsorption by H/Fe are pre-
sented in Fig. 3. One regular phenomenon that can be observed
is that as the temperature increases, the arsenic removal effi-
ciency of H/Fe increases when the temperatures is below 40 �C.
However, as the temperature continues to rise above 40 �C, the
arsenic removal efficiency gradually declines. This result
implies that when the temperature is low, the combination of
the pore structure of the adsorbent and the arsenic ion is not
active, and the non-covalent bond between them increases with
increasing temperature. Furthermore, it also indicates that the
H/Fe surface has more iron oxide at 40 �C and the iron is more
reactive with arsenate ions to form precipitates. When the
temperature exceeds 40 �C, the arsenic ions in the liquid phase
move more frequently, which is not conducive to adsorption,
and even some arsenic begins to be re-solvated. Therefore, 40 �C
was selected as the optimum experimental adsorption condi-
tion for H/Fe.

3.2.2 Effect of reaction time. To determine the effect of
reaction time on the As(V)removal efficiency, the adsorption
experiment was carried out at 40 �C for 24 h. In this experiment,
0.5 g H/Fe was weighed and added to 1.0 L of arsenic-containing
wastewater with an arsenic concentration of 1.00 mg L�1. The
relationship between the adsorption efficiency and the reaction
time is shown in Fig. 4. It can be seen from the gure that the
adsorption of arsenic in water can be divided into two stages:
a rapid adsorption stage and slow adsorption. The rapid
adsorption phase of H/Fe is observed during the rst 90 min of
adsorption. During this period of time, the arsenic removal
efficiency is approximately 99%, and the arsenic removal effi-
ciency reaches adsorption equilibrium at 99.5% in the slow
adsorption phase. Considering the adsorption effect and the
experimental progress of the experiment, we selected 2 h as the
adsorption time condition for the subsequent experiments.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Influence of reaction time on the arsenic removal rate. Fig. 6 Influence of dosage on the arsenic removal rate.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Fe

br
ua

ry
 2

02
1.

 D
ow

nl
oa

de
d 

on
 4

/2
5/

20
26

 1
2:

06
:5

1 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
3.2.3 Effect of solution pH. The effect of the solution pH on
the As(V) removal efficiency was conducted at pH values of 2, 4,
6, 8, and 10, respectively. In the experiment, six 0.5 g portions of
H/Fe were weighed out, and each was added to 1.0 L of arsenic-
containing wastewater with an arsenic concentration of
1.00 mg L�1. The adsorption experiment was carried out at
40 �C for 2 h, and the relationship between the adsorption effect
of H/Fe and the pH of the solution is shown in Fig. 5. The gure
suggests that the arsenic removal efficiency of the H/Fe pair is
highest when the pH is 6, but aer pH exceeds 6, the arsenic
removal efficiency drops dramatically, and when the pH is 12, it
reaches 43%. This is because the material easily precipitates
when OH� forms iron hydroxide and ferrous hydroxide under
alkaline conditions. Although the newly formed substance
adsorbs some arsenic ions by coprecipitation, it also adheres to
the surface of the material to passivate it, reducing the arsenic
removal efficiency. When the pH is low, the acidic solution is
more favourable for the production of Fe2+ on the surface of the
adsorbent. The Fe2+ can be rapidly oxidized to Fe3+, and the
arsenate precipitate is formed by the redox reaction and the
arsenate ion to improve the arsenic removal efficiency.

3.2.4 Effect of H/Fe dosage. The effect of the H/Fe dosage
on the removal efficiency of As(V) was investigated in this
experiment. 0.05 g, 0.1 g, 0.3 g, 0.5 g, 0.7 g, or 1.0 g H/Fe were
weighed out and added to 1.0 L of arsenic-containing
Fig. 5 Influence of pH on arsenic removal efficiency.

© 2021 The Author(s). Published by the Royal Society of Chemistry
wastewater with an arsenic concentration of 1 mg L�1 to
control the pH of the water sample to 6. The adsorption
experiment was carried out at 40 �C for 2 h, and the relationship
between the adsorption effect of H/Fe and the dosage is shown
in Fig. 6. It can be seen from the gure that H/Fe has a good
removal efficiency toward arsenic, and that a high removal rate
can be achieved using a very low dosage. The arsenic removal
performance increases with increasing H/Fe dosage. When the
amount of H/Fe reaches 0.5 g L�1, the maximum adsorption is
achieved. As the dose of the adsorbent is increased, the number
of adsorption sites for arsenic on the adsorbent and the removal
efficiency of arsenic increase. At the same time, the amounts of
Fe2+, Fe3+ and Fe(OH)3 on H/Fe also increase, that is, the
formation of FeAsO4 precipitates and coprecipitates to remove
arsenic becomes easier. In addition, the increase in ionic liquid
causes the positive charge on the surface of the material to
increase and the viscosity increases, thereby leading to the
adsorption of more arsenic anions.

3.2.5 Adsorption equation. Six portions of 0.5 g H/Fe were
weighed and added to 1.0 L of arsenic-containing wastewater,
for the assessment of arsenic concentration on the removal
efficiency, different initial concentrations of arsenic (C0),
namely, 0.5, 1, 1.5, 2, 2.5, 3, and 5, 9 mg L�1 were investigated,
Fig. 7 Fitting of the H/Fe adsorption isotherm by the Langmuir and
Freundlich equations.

RSC Adv., 2021, 11, 6577–6585 | 6581
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the reaction pH was 6, and the adsorption experiment was
carried out at 40 �C for 2 h. The equilibrium concentration was
then measured, and the equilibrium adsorption amount was
calculated. The data were tted using the Langmuir and
Freundlich isotherm adsorption equations. The results are
shown in Fig. 7, and the parameters are shown in Table 3.

Table 3 suggests that the tting degree of the Freundlich
isotherm equation (R2¼ 0.9818) for the H/Fe adsorption arsenic
isotherm is greater than that of the Langmuir isotherm equa-
tion (R2 ¼ 0.9016), and the data is thus better described by the
Freundlich equation. The adsorption of arsenic on H/thus
mainly involves chemical adsorption of multi-molecular layers.
Fig. 8 Zeta potential of H/Fe.

4. Discussion

This experiment showed that H/Fe is very effective in adsorbing
the pollutant arsenic. The adsorption process may involve not
only simple physical adsorption, but also chemical adsorption
and coprecipitation processes. When the reaction begins, the
NZVI surface not covered by the ionic liquid is gradually
oxidized during the adsorption process. At the same time,
a small amount of As(V) is reduced to As(III). Additionally, oxides
or hydroxides may also have an effect on the adsorption of
arsenic ions.28,37,47 The H/Fe removed As(V) by two main routes:
adsorption by the ionic liquid or adsorption by the NZVI. These
adsorption mechanisms are described below:
4.1 Ionic liquid removal of arsenic

The ionic liquid supported by the adsorbent contains electron
donor atoms such as nitrogen and oxygen, and the lone pair
electrons provided can cooperate with AsO4

3� and AsO3
3� to

produce stable complex products, thereby achieving the
purpose of removing arsenic. Nevertheless, electro-adsorption
and ion exchange reactions may occur at the same time. The
ionic liquid supported on the surface of the adsorbent consists
of anions and cations. The cations electrostatically adsorb the
AsO4

3� and AsO3
3� anions in the aqueous solution, which

simultaneously displace the ionic liquid anions.
4.2 NZVI removal of arsenic

Fig. 8 presents the relationship between the zeta potential and
pH. The gure shows that the zeta potential of H/Fe is 7.03, and
suggests that when the pH value is below 7.03, the surface is
positively charged, which promotes electrostatic adsorption.
That is, H/Fe has the best adsorption performance for arsenic
under weakly acidic conditions (its large specic surface area
and abundant pore structure are also benecial for adsorbing
arsenic in water).
Table 3 H/Fe adsorption isotherm parameters

Sample

Langmuir parameters Freundlich parameters

Qm (mg g�1) b (mg L�1) R2 Kf (mg g�1) n R2

HSb–Fe 12.81 0.298 0.9016 24.23 0.781 0.9818

6582 | RSC Adv., 2021, 11, 6577–6585
When the pH value is below 7, the H+ in solution is condu-
cive to the production of more Fe2+ on the surface of the
adsorbent. This Fe2+ can be rapidly oxidized to Fe3+, and the
arsenate precipitate is formed by the redox reaction and the
arsenate ion to improve the arsenic removal effect. Further-
more, As(III) exists as arsenic acid, and H2AsO3

� appears only
aer the pH exceeds 7. However, the formation of ferrous
arsenate is very difficult, so only the formation of ferric arsenate
is observed:

Fe3+ + AsO4
3� ¼ FeAsO4Y (3)

When pH exceeds 7, the following reaction between AsO4
3�

and Fe(OH)3 in solution would proceed:

Fe(OH)3 + AsO4
3� ¼ FeAsO4Y + 3OH� (4)

In addition, Fe(OH)3 coprecipitates with As(V) to remove part
of As(V). However, when the pH is too low or too high, the
solubility of FeAsO4 increases, thereby releasing arsenic, which
leads to an increase in the concentration of iron and arsenic
ions in the solution system and reduces the arsenic removal
efficiency.

The adsorption stability of arsenic adsorbed on the surface
of NZVI is mainly caused by precipitation and adsorption. The
adsorption includes non-specic adsorption (physical adsorp-
tion) and specic adsorption (chemical adsorption). Further-
more, the pH can affect not only the surface charge of the
particles, but also the formation of ferric hydroxide colloids,
which in turn affects both non-specic and specic adsorption.
Oxygen oxidizes the arsenic ions in the solid phase into arsenate
ions, which react with the loaded ferric ions. Ferric hydroxide
generated ferric arsenate, adsorbed arsenate, arsenate, etc.,
replace the ferric hydroxide surface polynuclear complex ion
–OH and –OH2-based ligands generated by the coordination of
the amorphous state ferric arsenate precipitate.
5. Conclusion

The application of H/Fe for the adsorption of arsenic from
polluted water has been assessed experimentally, and the
results indicate that a rapid adsorption process and a slow
© 2021 The Author(s). Published by the Royal Society of Chemistry
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adsorption process occur. This may suggest two stages, namely,
electrostatic attraction and surface complexation or ion
exchange between the adsorbate and adsorbent.48,49 Various
operating parameters, including the reaction temperature,
reaction time, solution pH and dosage of the adsorbent have
been systematically evaluated. It was found that when arsenic is
adsorbed at low pH, the surface of the adsorbent is positively
charged, which generates electrostatic attraction with negatively
charged arsenic anions such as H2AsO3

�, HAsO4
2� and AsO4

3�

in the solution, thus causing a strong arsenic removal effect. A
signicant decrease of As(V) adsorption occurs when the pH is
increased because the positive charge on the surface of H/Fe
decreases and the interaction between H/Fe and As(V)
becomes smaller and repulsive. However, As(III) will cause the
H/Fe surface to be more complicated in neutral solution,
leading to an increase in adsorption. The immobilization of the
ionic liquid, which has the characteristics of high viscosity,
hydrogen bonding ability, and charge, on the nano-iron
remarkably improved its removal efficiency. The cations in the
ionic liquid adsorb on the surface and inside of the nano-iron to
form amonolayer. In addition, as the solid-state ratio increases,
the cations in the ionic liquid form a bilayer on thematerial due
to the micelles, which can reverse the charge of the material.
Therefore, it is positively charged, which is favourable for the
adsorption of arsenic. The imidazole structure and various
functional groups of the ionic liquid can also coordinate with
the arsenic-containing ions. As a result, the removal efficiency
of arsenic by H/Fe becomes high, mainly due to the chemical
adsorption of a multi-molecular layer.

Additionally, the ionic liquid causes a signicant increase in
the effective adsorption sites of the nano-iron. The arsenic in
the wastewater combines with the effective adsorption sites on
H/Fe and is xed on the surface of the adsorbent material,
leading to promising adsorption efficiency. The zeta potential of
H/Fe is 7.03. Thus, when pH is below 7.03, the positively
charged surface promotes electrostatic adsorption. As a result,
H/Fe has the best arsenic adsorption performance under weakly
acidic conditions and there are more iron ions at lower pH,
resulting in more iron arsenate precipitation.
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