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The  range  of applicable  initial  concentration  is wide.
The  removal  efficiencies  of adsorption  are  rarely  high.
It is easy  to  separate  adsorbate  from  adsorbent.
The  composite  is more  effective  for  As(III)  than  As(V).
The  residual  concentration  was  undetected  when  the  initial  concentration  of  As(III)  was  1 ppm.
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a  b  s  t  r  a  c  t

Nanoscale  zero valent  iron  (NZVI)  has  high  adsorption  capacity  of  As(III)  and  As(V),  but  it is  limited  in
practical  use  due  to its small  particle  size  and  aggregation  effect.  Reduce  graphite  oxide  (RGO)  has  been
used  as  a support  because  of its high  surface  area. In  order  to utilize  the  advantage  of  NZVI  and  RGO  as
well  as to  avoid  the  disadvantage  of  NZVI,  we  loaded  NZVI  onto  RGO  via  chemical  reactions  in this  study.
The  adsorption  capacity  of  As(III)  and  As(V),  as  determined  from  the  Langmuir  adsorption  isotherms  in

−1 −1
eywords:
rsenic removal
educed graphite oxide
anoscale zero valent iron
haracteration

batch  experiments,  was  35.83 mg g and  29.04  mg g , respectively.  And  the  adsorption  kinetics  fitted
well  with  pseudo-second-order  model.  The  residual  concentration  was  found  to  meet  the  standard  of
WHO after  the  samples  were  treated  with  0.4  g  L−1 NZVI–RGO  when  the  initial  concentration  of As(III)
and  As(V)  were  below  8 ppm and  3  ppm.  Especially,  when  the initial  concentration  of  As(III)  was  below
3  ppm,  the  residual  concentration  was within  1 ppb;  whereas,  the  residual  concentration  was  undetected
when  the  initial  concentration  of As(III)  was  1 ppm.
. Introduction

Water contamination from arsenic has been reported all over
he world, and it has led to massive epidemics of arsenic poi-
oning in Bangladesh, West Bengal, India and other countries in
outh and Southeast Asia [1–4]. Arsenic is a ubiquitous, toxic and
arcinogenic chemical element. And according to some reports,
ong terms exposure to drinking water containing arsenic causes
ncreased occurrences of skin, lung, bladder, and kidney cancers

nd may  even result in premature death [5]. Therefore, the World
ealth Organization (WHO) and some countries (such as the United
tates and China) had lowered the guideline for drinking water
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quality from 50 �g L−1 to 10 �g L−1 [6–8]. Arsenic in water pri-
marily derived from natural (dissolution and wreathing of arsenic
minerals, biological activities) and anthropogenic (industrial waste,
mining, agricultural, etc.) sources [9–11]. In addition, the forms
of arsenic in water are inorganic and organic, and the inorganic
forms are more toxic than the organic counterparts [12]. Addition-
ally As(III) is more toxic and difficult to be removed from water
than As(V) [13,14].

As arsenic contamination is a widespread problem, many meth-
ods have been developed to remove arsenic such as adsorption
[7,15–18], ion exchange [19], reverse osmosis [20,21], coagula-
tion (coprecipitation) [22,23] and bioremediation [24,25]. Of these,
adsorption is considered as a front line of defense. Nowadays a vari-
ety of absorbents have been reported for arsenic water removal,

including biological materials, mineral oxides, activated carbons,
and polymer resins [26–28]. Many reports indicate that nanoscale
zero valent iron (NZVI) can remove a number of environmental
contaminants such as lorinated solvents, organochlorine pesticides,

dx.doi.org/10.1016/j.jhazmat.2014.01.009
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olychlorinated biphenyls, organic dyes, and inorganic pollutants,
etracycline [29–34]. And NZVI has been considered as a promis-
ng material to remove arsenic contaminants because of its large
ctive surface area and high arsenic adsorption capacity [35,36].
owever it cannot be applied in continuous flow systems due to

ts small particles size and the aggregation effect. Consequently, it
s necessary to load NZVI onto an appropriate support such as the
ctivated carbon [7]. Recently, reduced graphite oxide (RGO) has
eceived intensive attentions due to its exceptional electron trans-
ort and mechanical properties, and high surface area [37]. And
he synthesis of most RGO-based multifunctional hybrid materials
tems from chemically oxidized graphene oxide (GO) [38]. More-
ver GO can be readily made from low-cost natural graphite in large
cale. Therefore, hybrid multifunctional materials based on RGO are
uch more applicable than those based on pure nanomaterials. In

act, ferric hydroxide and iron oxide have been loaded to RGO or
O [39–42]. In addition, RGO is an efficient adsorbent [43,44]. Con-
equently, in the present study we would evaluate the use of RGO
s a support to load NZVI for the removal of arsenic in water.

The objectives of this work are: (1) to prepare NZVI–RGO com-
osites and analyze its characteristics; (2) to study the adsorption

sotherms, the kinetics and the effect of initial concentration, pH,
emperature and contact time; (3) to interpret the possible adsorp-
ion mechanism.

. Experimental

.1. Materials

All chemicals and reagents are of analyticcal grade except
ydrochloric acid (HCl) which is of guaranteed reagent (GR) grade.
n As(III) stock solution (1000 mg  L−1) was prepared by dissolv-

ng As2O3 in minimal amount of concentrated NaOH, and the pH
as adjusted to 3.0 with concentrated HCl. The solution was  then
iluted to100 mL  with de-ionized water. An As(V) stock solution
1000 mg  L−1) was prepared by using Na2HAsO4·7H2O in purified
ater.

.2. Preparation of GO

GO was synthesized from natural graphite (Qingdao Nanshu
uiying Graphite Co. Ltd., China) via the Hummers method [45]. In
ypical reaction, graphite (5.0 g) and NaNO3 (2.5 g) were added to
20 mL  of concentrated H2SO4 (98%). And the mixture was  mechan-

cally stirred in an ice bath for 30 min. Then, KMnO4 (15.0 g) was
lowly added to the suspension and the temperature was kept
elow 5 ◦C for 90 min. Then the mixture was removed from the

ce bath and stirred at 25–30 ◦C for 30 min. As the reaction pro-
ressed, the mixture gradually became pasty and the color turned
nto brown. Then 230 mL  of de-ionized water was slowly added
o the mixture and the temperature was increased to 98 ◦C. After
tirring for 30 min, 30 mL  of 30% H2O2 was added to the mixture,
hen the color of the mixture changed from brown into bright yel-
ow. The mixture was filtered and washed with 5% HCl solution and
e-ionized water several times. GO was vacuum-dried at 60 ◦C and
btained as brown solid.

.3. Preparation of NZVI–RGO

To prepare NZVI-RGO hybrids, 0.5 g of GO was exfoliated into
50 mL  of de-ionized water for 2 h. Then the solution was trans-
erred to a three-neck flask and purged with N2 for 30 min  in order

o remove dissolved oxygen. And 50 mL  of an aqueous solution of
.5 g FeSO4·7H2O in water was injected into the GO suspension
lowly. The mixture was stirred constantly. After that, a NaBH4
6.0 g) aqueous solution was added to the mixture and stirred at
aterials 268 (2014) 124– 131 125

80 ◦C for 4 h. The reaction processed under the protection of N2. The
products were collected by vacuum filtration and washed several
times with de-ionized water and ethanol. The resulting black solids
were vacuum-dried at 60 ◦C. Finally, the obtained materials were
stored in a N2-purged desiccator. Ferrous iron (Fe2+) was reduced
according to the following reaction [46]:

Fe(H2O)6
2+ + 2 BH4

− → Fe0↓ + 2 B(OH)3 + 7 H2↑ (1)

2.4. Characterization

2.4.1. XRD
X-ray diffraction patterns were collected using a Bruke D8-

advance X-ray diffractometer at 40 kV and 40 mA. A Cu K� radiation
source was used. All patterns were obtained from 2� = 5◦ to 80◦ and
the scanning rate was  set at 0.020◦/step and 17.7 s/step.

2.4.2. XPS
Surface composition to a depth of <5 nm of the nanoparticles

was analyzed with a Thermo Scientific (USA) ESCALAB 250 X-ray
Photoelectron Spectroscopy. All samples were dried in vacuum at
room temperature and then sealed under nitrogen to avoid sample
oxidation before analysis.

2.4.3. BET
RGO and NZVI–RGO were pre-dried at 60 ◦C in a vacuum desicca-

tor. The samples were degassed for 6 h at 100 ◦C under vacuum. The
surface area of RGO and NZVI–RGO particles was  determined from
the corresponding N2 adsorption/desorption isotherms obtained
at 77 K with an automatic instrument (ASAP2020, Micromeritics,
USA).

2.4.4. TEM
TEM images were obtained using a PHILIPS (Nederland) TECNAI

10 transmission electron microscope (TEM) operated at acceler-
ating voltage 100 kV. The GO, RGO and Fe–RGO samples were
dispersed by ultrasonication before test.

2.5. Adsorption experiments

The adsorption experiments for As(III) and As(V) were per-
formed in triplicate in a mechanical shaker at the speed of 150 rpm.
Adsorption isotherms were obtained by adding 10 mg  of NZVI–RGO
to 25 ml  of As(III) and As(V) mixture solutions with a concentra-
tion range of 1–15 ppm for 4 h at pH 7.0 (±0.25) and 25 (±0.5) ◦C.
Adsorption kinetics were studied by batch experiments with 10 mg
of NZVI–RGO were thoroughly mixed with 25 mL  7 mg  L−1 As(III)
and As(V) solutions for a predetermined time intervals (5, 15, 30, 60,
90, 120 min) at 25 (±0.5) ◦C and pH 7.0 (±0.25). The influence of pH
on adsorption was conducted within a pH range of 2.00 to 12.00 by
agitating adsorbent (10 mg)  with As(III) and As(V) (25 ml,  7 ppm) for
120 min  at 25 (±0.5) ◦C and 150 rpm. The pH was adjusted by adding
aqueous solutions of 0.1 M HCl (GR) or 0.1 M NaOH and measured
by the pH electrode. The influence of temperature on adsorption
was studied by shaking 25 ml  of 7 ppm solutions of As(III) and As(V)
with 10 mg  NZVI–RGO at different temperatures (15, 25, 30, 35, 45
and 55 ◦C), pH 7.0 (±0.25) and 150 rpm for 120 min.

The suspensions were filtered through a 0.45 �m membrane fil-
ter and the concentration of arsenic was quantified. The initial and
residual concentrations of arsenic were determined with an 830
atomic fluorescence spectrophotometer (AFS). The specific amount

of arsenic adsorbed was calculated from the following equation:

qe = V (Co − Ce)
m

(1)
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ig. 1. (a) X-ray diffraction analysis of graphite (b) X-ray diffraction analysis of GO.
c)  X-ray diffraction analysis of NZVI–RGO.

here Co is the initial concentration (mg  L−1), Ce is the equilib-
ium concentration (mg  L−1), qe is the amount of As adsorbed on
ZVI–RGO at equilibrium (mg  g−1), V is the solution volume (L),
nd m is the mass of the adsorbent (g).

.6. As analysis

An 830 atomic fluorescence spectrophotometer (Beijing Jitian
nstrument Company, China) was used for the determination of the
rsenic concentration. It was coupled with a hollow double cath-
de arsenic lamp. To detect As(III) selectively, the working solution
as prepared with a mixture of 2% NaBH4 and 0.5% NaOH as the

educing solution and 5% HCl (GR) as the carrier solution. The total
amp current and auxiliary lamp current for arsenic analysis were
et at 60 and 30 mA,  respectively. The height of the atomizer was
xed at 11 mm and the voltage of the instrument was 270 V. Argon
99.999%) was used as the carrier gas and shielding gas and the
ow rate was set to 300 mL  min−1 and 700 mL  min−1, respectively.
he speed of the pump was 100 rar min−1. Under this condition,
nly As(III) was converted to AsH3 and detected by the AFS instru-
ent. The correlation coefficient of the standard curve (n = 5) was

reater than 0.998. And the detection limit of the instrument was
.01 �g L−1.

. Results and discussion

.1. Characterizations of adsorbents

Fig. 1 shows the XRD patterns of graphite, GO and NZVI–RGO.
raphite (Fig. 1a) exhibits a sharp peak at 26.64◦ corresponding

o an interlayer distance of 0.334 nm.  After oxidation, this peak
eakened and there is a new peak at 10.36◦, corresponding to an

nterlayer spacing of 0.853 nm,  which is ascribed to the presence of
bundant oxygen containing functional groups on the surfaces of
he GO sheets [47]. From Fig. 1c, the peak of GO disappeared and
here was a weak and broad peak at 44.63◦, which suggested that
he GO was reduced by the sodium borohydride and zero-valent of
ron (Fe0) was loaded to the RGO sheets [31,34,48]. And the results

ere further supported by the XPS measurements.
The wide XPS spectra before (NZVI–RGO) and after reaction with

s(III) and As(V) show photo electron lines at a binding energy

f about 284.82, 530.59, 711.3, 192.25 and 45.4 eV, which may
e attributed to C 1s, O 1s, Fe 2p, B 1s and As 3d, respectively
Fig. 2a). Deconvolution of the C 1s peak (Fig. 2b1 and b2) of GO
nd NZVI–RGO shows three peaks at about 284.8, 286.05, and 287.8
aterials 268 (2014) 124– 131

and 289.0 eV, corresponding to C–C, C–O, C=O and O–C=O groups
[49,50], respectively. From the (Fig. 2 b1and b2), we  can know the C
1s spectra of NZVI–RGO show mainly the C–C and C–O, which sug-
gests that the GO can be reduced by sodium borohydride effectively.
In the spectrum of Fe 2p (Fig. 2c), the peaks at Fe 2p3/2 and Fe 2p1/2
are located at 710.68 and 724.57 eV for �-Fe2O3 [51,52]. In addi-
tion, the satellite peak at 719.81 eV is characteristic of �-Fe2O3 [52].
Furthermore, a feature peak of Fe(0) [31] can be found at around
706.69 eV, suggesting that Fe0 does exist on the RGO surface. The
results suggest that the forms of Fe on the composite surface are
�-Fe2O3 and Fe(0). After the reaction, the peak of Fe(0) could not be
found and the peak intensity for Fe(III) and Fe(II) increased, show-
ing that Fe0 had been oxidized on the surface of NZVI–RGO. Fig. 2a
shows a full survey of the surface composition before and after
the reaction with As(III) and As(V), and the samples after reaction
showed a peak at 45.45 eV which is the feature peak of arsenic and
indicates that the arsenic was absorbed by the NZVI–RGO. Fig. 2d
shows the XPS spectra of the sample treated with As(III) and As(V).
The As(III) treated sample shows two peaks at 44.25 and 41.5 eV,
corresponding to As(III) and As(0), respectively. And the XPS spec-
tra of the sample treated with As(V) shows only one peak at 45.5 eV,
corresponding to the characteristic peak of the As(V). The result is
similar to that reported by Bang et al. [53].

According to the method of the supplementary material [54],
the structure of the RGO was  significantly altered after loading
nano zero-valent iron (66.45%). The surface area of the RGO and
NZVI–RGO were measured by a BET analyzer, and the surface area
of the samples was  calculated to be 147.58 and 100.65 m2 g−1. The
surface area of NZVI–RGO decreased with the NZVI loaded onto
RGO. The result is similar to reports of some literatures [39,55].

Fig. 3 shows the TEM images of GO (a) and NZVI–RGO (b1 and b2)
composites samples. From Fig. 3a, the graphene sheets were found
obviously and folding nature can be observed clearly. In Fig. 3b1
and b2, NZVI can be observed obviously which suggested that they
are loaded to the GO sheet and the particle size is about 40 nm.  It is
dispersed homogeneously and predominantly than pure NZVI [29]
but there is still agglomeration. It is well known that the NZVI will
be agglomerated seriously and appeared as bulkier acerate or den-
dritic flocs without any dispersing agent [29]. These observations
suggest that the RGO has the effect of a dispersing agent.

3.2. Adsorption isotherm study

Adsorption isotherms can explain the relationship between
adsorbate and adsorbent and provide the parameter for designing a
desired adsorption method. The Langmuir [56] and Freundlich [57]
isotherm models are applied to simulate As(III)and As(V) adsorp-
tion on NZVI–RGO. The Langmuir model can be expressed as:

Ce

qe
= Ce

qm
+ 1

klqm
(2)

The Freundlich isotherm model can be expressed by the follow-
ing formula:

qe = kf
n
√

Ce (3)

or:

lgqe = 1
n

lgCe + lgkf (4)

where qm (mg  g−1) represents the maximum adsorption capacity
and kl (L mg−1) is the Langmuir constant, which represents the
affinity between the solute and adsorbent. The Freundlich con-

stant (kf) is the parameter, and (1/n) is the adsorption intensity
(1 < n < 10).

The results of adsorption isotherms are listed in Fig. 4 and the
relative parameters calculated from the two  models are listed in
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ig. 2. XPS response of (a) full survey of before and after reaction with As(III) and A
nd  after reaction; (d) As 3d core levels of after reaction with As(III) and As(V).
able 1. The higher correlation coefficient of the Langmuir model
ndicates that the adsorption data are better fitted by the Lang-

uir model (R2 > 0.995) than the Ferundlich model (R2 > 0.87). This
eans, that the adsorption involved the formation of a monolayer

able 1
angmuir and Freundlich adsorption isotherm parameters for As(III) and As(V)
dsorption on NZVI–RGO at pH 7.0(±0.25) and 25(±0.5) ◦C.

As(III) As(V)

Langmuir
qm(mg  g−1) 35.83 29.04
kl(L mg−1) 132.9 19.33
R2 0.9988 0.9955

Freundlich
n  5.230 2.730
kf 38.67 35.56
R2 0.9208 0.8753
 (b) C 1s core levels of RGO (b1) and NZVI–RGO (b2); (c) Fe 2p core levels of before

on a homogeneous surface. Moreover the Freundlich constant for n
was found higher than 2.70, indicating the adsorption of arsenic on
NZVI–RGO was  a favorable process. It can be found from Table 1 that
the maximum adsorption capacities obtained for NZVI–RGO with
As(III) and As(V) was 35.83 mg  g−1 and 29.04 mg  g−1, which is much
higher than that of Fe3O4–RGO–MnO2 composites, Fe3O4–RGO
[39,55] and NZVI/AC [7]. Furthermore, from Fig. 5 it can be seen
that the residual total concentration of As(III) met  the standard
for drinking water (10 ppb) when the initial As(III) concentration
was less than 8 mg  L−1 and the initial As(V) concentration was  less
than 3 mg  L−1 and the samples were treated by NZVI–RGO com-
posites with a dosage at 0.4 g L−1. In addition, the residual total

concentration was not detectable by the instrument when the ini-
tial concentration of As(III) was  only 1 ppm. Compared with other
adsorbents in Table 2, the adsorption capacity of NZVI–RGO is a
new composite material which is more effective and evident than
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Fig. 3. (a) TEM image of the synthesized GO; (b
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ig. 4. Adsorption isotherm parameters for As(III) and As(V) adsorption on
ZVI–RGO at pH 7.0 (±0.25) and 25 (±0.5) ◦C.

hose reported in the literature. The dose of NZVI–RGO is only
.4 g L−1, and it is less than some materials, such as the NZVI–AC

7] (1.0 g L−1), NZVI [36] (1.0 g L−1), and the others [54,58–61]. And
he range of initial concentration is rarely broad. As the adsorbent
xhibited strong affinity to As(III) and As(V) and it is friendly to
he environment and non-poisonous to human being, it served as a

ig. 5. The contrast of equilibrium concentration and the standard of WHO  with
ifferent initial concentration.
1 and b2) TEM images of the NZVI–RGO.

more efficient adsorbent in drinking water treatment in the future.
But the reusability and the mechanism have to be studied in the
future.

3.3. Adsorption kinetics

In ordered to describe the adsorption rate, the pseudo-first-
order kinetics model [62] and the pseudo-second-order kinetics
model [63] were employed in this study. The linearized-integral
forms are as follows, respectively:

lg(qe − qt) = lg qe − k1t

2.303
, (5)

t

qt
= 1

2
k2q2

e + t

qe
(6)

V0 = k2q2
e

where qe (mg  g−1) and qt (mg  g−1) are the adsorption capac-
ity at equilibrium time and at time t (min), k1 (min−1) and k2
(g mg−1 min−1) are the pseudo-first-order adsorption rate con-
stant and the pseudo-second-order adsorption rate constant,
respectively, and V0 (mg  g−1 min−1) is the pseudo-second-order
adsorption initial rate (at t = 0 min). Therefore, the V0 and qe val-
ues of kinetic tests can be determined experimentally by plotting
the t/qt versus t.

The fitting results of the adsorption kinetics are listed in Fig. 6
and Table 3. From Fig. 6a, the equilibrium time was  found within 30
and 60 min  and thus we  selected 60 min as the optimum equilib-
rium time which is shorter than that with carbon-based adsorbents.
In addition, the adsorption process was  rapid within the first 30 min
for both As(III) and As(V), then slowly down, suggesting that the
adsorption process involved two stages, namely, surfaces adsorp-
tion and inter adsorption in layer graphene between adsorbate and
adsorbent. Moreover it can be seen from the calculated (cal) param-
eters that the pseudo-second-order kinetic model is a better fit to
the experimental (exp) data than the pseudo-first-order kinetic
model, and the coefficients of determination R2 is higher than
the pseudo-first-order kinetic model. Consequently, the results
of adsorption kinetics indicate that As(III) and As(V) uptake on
NZVI–RGO is followed the pseudo-second-order kinetic model. It

is different from some reports about the adsorption of the As(III)
and As(V) on NZVI [36,64] and the NZVI/AC [7] which they are fit-
ted to a pseudo-first-order reaction kinetics and the Boyd model.
But it is similar to the adsorbent which are the RGO  as the support
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Fig. 6. Adsorption kinetic parameters for As(III) and As(V) on NZVI–RGO at pH 7.0 (±0.25) and 25(±0.5) ◦C. (As(III) and As(V) initial concentration with 7 mg/L) (a) the
concentration of arsenic at some interval time; (b) the pseudo-first-order kinetics model data for As(III) and As(V), respectively; (c) the pseudo-second-order kinetics model
data  for As(III) and As(V), respectively.

Table 2
Comparison As(III) and As(V) adsorption capacity (qm , mg  g−1) with some adsorbent materials in the references.

Adsorbent pH Concentration range (ppm) Adsorption capacity (mg  g−1) Reference

As(III) As(V)

NZVI–RGO nanoparticles 7 1–10 35.83 29.04 This paper
NZVI-actived carbon nanoparticles 7 2 18.2 12.0 [7]
NZVI nanoparticles 7 3.5 – [36]
Iron-containing ordered mesoporous carbon 6.5 1–24 9.3 7.0 [61]

 

[
a
[
a
l
t
T
s
a

T
P

Fe3O4–RGO nanoparticles 7 3–7 

Fe3O4–RGO–MnO2 nanoparticles 7 0.01–10
Magnetite nanoparticles 2 2 

39,55]. Now the transformations and translocation of arsenic at
nd within the nanoparticles are not are not clearly Ramos et al.
65] reported that reduction As(III) or As(V) species to elemental
rsenic by nZVI was an important mechanism for arsenic immobi-
ization. And Yan et al. [59] observed that As(III) species undergo

wo stages of transformation upon adsorption at the nZVI surface.
he first stage is breaking of As–O bonds at nZVI surface, and the
econd stage involves further reduction and diffusion of arsenic
cross the thin oxide layer enclosing the nanoparticles. Therefore,

able 3
arameters of the pseudo first-order and second-order kinetic models for the adsorption

Exp Pseudo-first-order 

qe ,exp k1 qe , cal1 R2

As(III) 17.498 0.951 0.638 0.672 

As(V)  17.150 0.986 1.022 0.839 
13.1 10.2 [39]
14.04 12.22 [55]
3.7 3.7 [70]

especially our material is nZVI–RGO and it is more complex than
nZVI, so now we  are contributing to research the mechanism.

3.4. Effect of temperature
From Fig. 7, it can be seen that the removal increased when
the temperature was increased from 15 to 25 ◦C. Similar results
were reported previously [66]. However the removal of arsenic
decreased when the temperature was increased further, the

 of As(III) and As(V) on the NZVI–RGO, respectively.

Pseudo-second-order

k2 qe , cal2 V0 R2

7.5 × 10−5 17.535 0.02312 0.999
1.44 × 10−4 17.001 0.04174 0.999



130 C. Wang et al. / Journal of Hazardous M

F
n
r

l
t
3
S
t
t
3

3

i
w
i
s
p
a
1
d
a
H
M
f
s
a

F
a

ig. 7. Effect of temperature for As(III) and As(V) adsorption on NZVI–RGO
anocomposites at pH 7.0 (±0.25), initial As(III) and As(V) concentration is 7 mg/L,
espectively.

iterature of Partey et al. [67] has the similar results. Therefore,
he temperature of the maximum arsenic ions adsorption is about
0 ◦C. Unfortunately, we cannot found the reason for this result.
ome reports said that the mobility of ions will increase when the
emperature increased. And the surface complexation and the elec-
rostatic interactions may  decrease when the temperature is above
0 ◦C.

.5. Effect of pH

The effect of pH on the adsorption ratio of As(V) and As(III) is
llustrated in Fig. 8. The adsorption capacity of NZVI–RGO is optimal

hen the pH ranges from 4 to 10. As we all know the species of ions
n an aqueous solution is mainly determined by the pH and the dis-
ociation constants. The dissociation constants of aqueous As(V) are
Ka1 = 2.1, pKa2 = 6.7, pKa3 = 11.2, consequently the As(V) is present
s H2AsO4

−, HAsO4
2− and AsO4

3− when pH is changed from 2 to
2 and all of them are negative anions [28,68]. In comparison, the
issociation constants of aqueous As(III) are pKa1 = 9.1, pKa2 = 12.1
nd pKa3 = 13.4, and the species of As(III) mainly includes neutral
3AsO3 (pH < 9.1) and anionic H2AsO3

− (9.1 < pH < 12.1) [28,68].
oreover, the pH point of zero charge (pHPZC) is an important
actor, and the pHPZC of NZVI–RGO is 7.5. It is well known that a
olid surface is positively charged when the pH is below the pHPZC,
nd negatively charged when the pH is above the pHPZC. Therefore,

ig. 8. Effect of pH for As(III) and As(V) adsorption on NZVI-RGO nanocomposites
t  25 (±0.5) ◦C, initial As(III) and As(V) concentration is 7 mg/L, respectively.
aterials 268 (2014) 124– 131

from Fig. 8 when the pH is below pHPZC, the surface of the compos-
ite adsorbent is positively charged, it attracts large of the anionsic
As(V) at low pH. With the increase of pH, the adsorbent became less
positively charged, and the adsorption of As(V) decreased signifi-
cantly. That is, the method of absorption with As(V) is controlled by
the electrostatic interactions. Similar results were also obtained by
Zhu et al. [7,28,39,55]. In contrast, at pH < 9.1, As(III) is primarily in
the form of neutral H3AsO3, and the increase in the adsorption of
As(III) in alkaline solutions, which suggests that the electrostatic
factors do not control the adsorption onto NZVI–RGO. Accord-
ing some previous research [36,69], the As(III) adsorption reaction
forms on ZVI corrosion reaction forms is complexes. The increase
of adsorption with As(III) suggests that the method is controlled
by surface complexation, there are some previous literatures have
similar results [7,36,39].

Therefore, the mechanisms of adsorption with As(V) and
As(III) are different, the adsorption of As(III) is divided into two
processes, surface complexation(pH < 9.1) and electrostatic inter-
actions (pH > 9.1). The similar results could be obtained by the
literatures of Chandra and Zhu et al. [7,39].

4. Conclusions

The present study suggests that the NZVI–RGO hybrids are
promising and effective composite for the removal of As(III) and
As(V) in wastewater. The adsorption capacity varies with different
conditions. The optimal temperature is about 30 ◦C. pH is another
significant factor affecting the removal efficiency of As(III) and
As(V) by NZVI–RGO. The optimal pH for the removal of As(V) is
about 2, however the optimal pH for the removal of As(III) ranges
from 4 to 10. The adsorption capacity of As(III) and As(V) from
the Langmuir adsorption isotherms in batch experiments were
35.83 mg g−1 and 29.04 mg  g−1, respectively. The residual concen-
tration after the samples were treated by 0.4 g L−1 met  the standard
of WHO  concentration when the initial concentration of As(V) and
As(III) were 8 ppm and 3 ppm, respectively. Especially, the resid-
ual concentration is below 1 ppb when the initial concentration
of As(III) is below 3 ppm, and the residual concentration was not
detectable by the instrument when the initial concentration of
As(III) below 1 ppm.
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