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a b s t r a c t
This study evaluated the effectiveness of a readily prepared zirconia nanoparticle in removing arsenite
(As(III)) from aqueous solution. It was demonstrated, without pre-oxidation of arsenite, the sorbent was
highly effective for As(III) removal with a maximum adsorption capacity of 1.85 mmol-As/g. The sorbent
had a high adsorption capacity toward As(III) at pH 5–10, and the optimal pH was around 8. The kinetics
studies showed that most of the arsenite uptake occurred rapidly in the ﬁrst 10 h, and the adsorption
equilibrium was obtained within 48 h. The pseudo-second order model described the kinetics data well,
and intraparticle diffusion model implied that two rate-limiting steps were involved in the sorption
process. The adsorption isotherm data were well described by the Langmuir model. The adsorption was
independent on ionic strength, implying As(III) may form inner-sphere complexes on the sorbent. The
presence of humic acid or typical anions (e.g., ﬂuoride, silicate, phosphate, and sulfate) did not greatly pose
negative effects on the As(III) adsorption. However, the uptake of As(III) was hindered by the existence
of bicarbonate. FTIR and XPS spectroscopic analyses suggested that hydroxyl and sulfate groups were
involved in the As(III) uptake. Finally, an adsorption mechanism was proposed for better understanding
on the adsorption of As(III).
© 2011 Elsevier B.V. All rights reserved.

1. Introduction
The arsenic contamination in water and its toxicity to human
health have been well documented [1,2]. Consumption of either
arsenic contaminated water or agricultural products irrigated by
arsenic polluted water can cause serious human health problems
[3–5]. A maximum contaminant level of 10 g/L arsenic in drinking water has been adopted by the European Commission and the
United States [6]. The stricter standard has initiated a series of
R&D activities in order to obtain cost-effective arsenic treatment
technologies.
Arsenic is ubiquitous in the environment, and the most common arsenic species in the water are inorganic arsenate (As(V)) and
arsenite (As(III)), with arsenate prevailing in oxic waters and arsenite predominating in anaerobic waters [7–9]. It has been reported
that arsenite can account for up to 67–99% of total arsenic species in
ground water, which is a major source of drinking water throughout
the world [7,10]. Compared with arsenate, arsenite is more toxic,
mobile and difﬁcult to be removed from waters [4,7].
Conventional arsenic removal technologies include coagulation [11], electro-coagulation [4,12], membrane ﬁltration [13], and
adsorption [6,14,15], etc. Due to the fact that arsenite exists in
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an uncharged form of H3 AsO3 at the typical pH of water, the
removal of As(III) is more difﬁcult than that of As(V). To achieve
higher As(III) removal efﬁciency, treatment processes generally
include a pre-oxidation of arsenite to arsenate. Many oxidation technologies, including the injection of oxygen and/or ozone
[10], Fenton process [16], biological oxidation [17], photocatalytic
oxidation [18], the addition of conventional oxidants [19], and
electro-oxidation [20], have been widely studied for the oxidation
of As(III). Speciﬁcally, Kim and Nriagu reported the oxidation of
arsenite in groundwater using ozone and oxygen [10]. They found
that the half-lives of As(III) in experimental solutions saturated
with ozone, pure oxygen and air were about 4 min, 2–5 days and
4–9 days, respectively. It was observed by Hug and Leupin [16],
in a time scale of hours, As(III) was not oxidized by O2 or H2 O2 ,
however, As(III) could be completely oxidized in the presence of
Fe(II) and H2 O2 . Photocatalytic oxidation of arsenite and simultaneous removal of the generated arsenate from aqueous solution
were reported by Zhang and Itoh [18]. It was found that, under UVlight irradiation, arsenite was ﬁrstly oxidized to arsenate and then
was removed by the adsorbent. Sorlini and Gialdini reported that
potassium permanganate and hypochlorite performed well for the
oxidation of arsenite [19].
However, each of the abovementioned technologies faces one or
more of the following limitations: (a) addition of oxidants or catalysts is needed for the oxidation; (b) extra energy input is needed
in the photocatalytic or electro-oxidation process; (c) separation of
the added catalyst may be required; or (d) some oxidants may lead
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2. Material and methods
2.1. Material

Sulfate releas (mmol/g)

to the formation of toxic disinfection byproducts. Furthermore, the
oxidized As(V) may be reduced to As(III) that becomes more mobile
under certain conditions [21].
Recent progress in nanotechnology has led to a growing
interest in the application of nanoscale adsorbents for arsenite
removal. Pena et al. evaluated the effectiveness of titanium dioxide
nanocrystalline in removing of arsenate and arsenite [22]. Their
results demonstrated that nanocrystalline titanium dioxide was
an effective adsorbent for As(V) and As(III) removal. Nanoscale
zero-valent iron was synthesized and tested for As(III) removing
by Kanel et al. [23]. It was found that the nanoscale zero-valent
iron could be a suitable adsorbent for in situ and ex situ arsenite removal from groundwater. A hydrous nanostructure bimetal
iron(III)–titanium(IV) oxides was fabricated and assessed for As(III)
and As(V) removal from aqueous solution by Gupta and Ghosh [24],
which demonstrated higher adsorption capacity for As(III) than
As(V). Iron-doped activated carbon micro and nanoparticles were
synthesized and tested for the removal of arsenic from contaminated water [25]. It had demonstrated that the methodology for the
preparation of the nanoparticle was simple and up-scalable, and the
developed adsorbent was efﬁcient for arsenite removal. Manganese
associated nanoparticles agglomerate of iron oxide was prepared
and investigated for the adsorption of As(III) by Gupta et al. [26]. The
optimum pH observed was 3.0–7.0 for the As(III) removal. Prasad
et al. reported that a nano-sized iron oxides obtained from a cold
rolling mill was cost-effective for the arsenite removal [27].
There is an increasing interest in the study of zirconium based
sorbents for removal of As(V) from water solution, and the studies demonstrated zirconium based sorbents were effective for the
adsorption of As(V) [6,28–30]. However, less studies on the As(III)
adsorption have been reported. The aims of this study were devoted
to develop and evaluate a promising zirconia nanoparticle sorbent
for effective removal of As(III) without pre-oxidation.
In this study, to evaluate the As(III) adsorption behaviors on
the zirconia nanoparticle, adsorption kinetics, isotherm, effect of
pH, inﬂuence of natural organic matter (NOM) and coexisting
anion were systematically studied. Furthermore, Fourier transform
infrared spectroscopy (FTIR) and X-ray photoelectron spectroscopy
(XPS) analyses were used to better understanding the adsorption
mechanism.
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All chemicals were of analytical grade, which were purchased
from Sigma–Aldrich and used as received without further puriﬁcation.
The zirconia nanoparticle was synthesized following the below
procedure [31]. First, a measured amount of zirconium oxychloride was dissolved in ultrapure water. After that, an acid was added
under stirring, and zirconia nanoparticles were formed. The stirring
continued for 2 h, and then the particles were washed with ultrapure water. Finally, the particles were harvested and dried for the
subsequent experiments. Our previous study demonstrated that
the size of zirconia nanoparticle was mainly between 60 and 90 nm.
2.2. Adsorption experiments
In the pH and ionic strength effect experiments, the arsenite
solutions with different pH and background ionic strengths were
prepared in glass bottles. HNO3 or NaOH was used to adjust the pH
of the solutions. Sodium perchlorate of 0, 0.005, or 0.05 M was used
as ionic strength background. The sorbent was added into the As(III)
solution, and then the mixtures were shaken at room temperature

Fig. 1. Effect of pH and ionic strength on As(III) uptake: (a) experimental observation
for arsenic uptake (pH was controlled); (b) As(III) species distribution as a function
of pH by MINEQL; (c) change in pH and release of sulfate during As(III) uptake as
a function of initial pH (pH was not controlled). Experimental conditions: sorbent
dosage = 0.5 g/L, initial As(III) concentration = 1.0 mmol/L, T = 25 ± 1 ◦ C.

(T = 25 ± 1 ◦ C) for 48 h. During the adsorption, the pH of the solution
was maintained by adding HNO3 or NaOH. At the end of the experiment, the samples were taken and ﬁltered with 0.45 m ﬁlter.
The ﬁltrate was then analyzed for residual arsenic and zirconium
concentrations by inductively coupled plasma-optical emission
spectrometer (ICP-OES, Thermo iCAP 6300). Furthermore, one more
set of pH effect experiment was conducted, in which the solution pH was not maintained during the adsorption. The initial and
equilibrium pHs of the solution were determined. The sulfur concentration at the end of the adsorption was also measured. The
other procedure was the same as above.
In the kinetics experiment, 0.2 g sorbent was added into 1000 mL
solution with an initial arsenite concentration of 0.5 mmol/L and pH
of 8–9. The mixed solution was gently stirred. The samples were
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collected at different time intervals, and analyzed for arsenic and
sulfur concentrations by the ICP-OES. The equilibrium time for the
adsorption was determined by the kinetics experiment.
In the adsorption isotherm experiment, 50 mL solutions with
different arsenite concentration were prepared. The solution pH
was adjusted to be 8–9. The sorbent with a mass of 0.025 g was
added into each of the arsenite solution; the mixtures were shaken
at room temperature for 48 h. Other procedures were the same as
the pH effect experiments.
In the humic acid and coexisting anions effect experiments,
50 mL arsenite solutions with different concentration of humic acid
or coexisting anion were prepared. The solution pH was adjusted to
be 8–9. Twenty-ﬁve milligram of the sorbent was added into each
of the arsenic solution; the mixtures were shaken at the room temperature for 48 h. Other procedures were the same as the pH effect
experiments.
2.3. Spectroscopic analysis
Fourier transform infrared sand X-ray photoelectron spectroscopy were used to explore the interaction between As(III) and
the sorbent. FTIR spectra of virgin and As-loaded sorbent were
acquired with a Shimadzu FTIR spectrometer (IRPrestige-21) and
a horizontal attenuated total reﬂectance (ATR) attachment (Pike)
using a ZnSe reﬂection element. The background was automatically
subtracted from the sample spectra. The spectra were collected
within the wavenumber ranging from 650 to 4000 cm−1 . The spectra were recorded at a resolution of 4 cm−1 by co-adding 32 scans
and plotted in the same scale on the transmittance axis. Moreover,
the surfaces of virgin and As-loaded sorbent were analyzed using
X-ray photoelectron spectroscopy (Kratos XPS system – Axis His165 Ultra, Shimadzu), with a monochromatized Al K␣ X-ray source
(1486.6 eV). For wide scan XPS spectra, an energy range from 0 to
1100 eV was used with pass energy of 80 eV and step size of 1 eV.
The high resolution scans were conducted according to the peak
being examined with pass energy of 40 eV and step size of 0.05 eV.
To compensate for charging effect, C 1s signal of an adventitious
carbon was used as reference at a binding energy (BE) of 284.5 eV.
The XPS results were collected in binding energy form and ﬁt using
a nonlinear least-square curve ﬁtting program (XPSPEAK41 Software). For the element of oxygen, the spectra were deconvolved
with the subtraction of a linear background. The peak’s full-widthat-half-maximum (FWHM) was ﬁxed during the ﬁtting.
3. Results and discussion
3.1. Effect of pH and ionic strength
The distribution of arsenite species in solution and the surface properties of sorbent are generally highly pH-dependant. It
is expected that the uptake of arsenite by the sorbent is associated
with the solution pH. To evaluate the inﬂuence of pH on the arsenite
uptake, several experiments were performed at different pH ranging from 2 to 11, and the obtained results are shown in Fig. 1a. It was
found that the adsorption of As(III) by the sorbent was signiﬁcantly
affected by the solution pH. As the solution pH was raised from 2,
the adsorption of arsenite increased. A maximum adsorption capacity was reached at an equilibrium solution pH of around 8. As the
pH was further increased, the uptake of As(III) decreased. Similar
trends have been found for arsenite adsorption onto an activated
alumina grain by Lin and Wu [14].
The pH-dependent adsorption behavior may associate with the
species distribution of arsenite and the surface properties of the
sorbent. The sorbent has a point of zero charge pH (pHPZC ) of 2.85,
which means the sorbent is positively charged as solution pH is
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lower than 2.85 and is negatively charged when solution pH is
higher than 2.85 [31]. Hence, in most of the experimental pH range,
the sorbent is negatively charged.
The acid–base dissociation constant (pKa ) values of arsenite are
9.22, 12.13 and 13.46, respectively [32]. Based on the pKa values, the
fractional distribution of As(III) species as a function of pH was calculated using MINEQL+ 4.5 [33], and the results were illustrated in
Fig. 1b. The As(III) species can be in the forms of H3 AsO3 , H2 AsO3 − ,
HAsO3 2− , and AsO3 3− , which is dependent on the solution pH. From
pH 2 to 8, the neutral H3 AsO3 is the dominant species in the aqueous solution. The electrostatic attraction between the negatively
charged sorbent and the neutral As(III) species can be neglected.
This indicates that the adsorption of As(III) onto the adsorbent is
not due to the electrostatic interaction, and the uptake of As(III)
onto the sorbent may be a chemisorption. According to Fig. 1b,
the amount of negatively charged As(III) species is increased as
the solution pH is higher than 8. There is a electrostatic repulsive between the electronegative As(III) species and the negatively
charged sorbent. Therefore, the uptake of As(III) decreases as the
solution pH is higher than 8.
In addition, another pH effect experiment was carried out, in
which the solution pH was not maintained during the adsorption
process. The initial pH versus ﬁnal pH and the sulfate releasing as
a function of initial pH are shown in Fig. 1c. It is demonstrated that
the ﬁnal pH is signiﬁcantly lower than that of the initial pH, and
the amount of sulfate released into the solution notably increases
with an increasing solution pH. These results imply that hydrogen
together with sulfate ions (in the form of bisulphate) are released
into the solution during the adsorption process, which might be
responsible for that the uptake of As(III) increases with an increasing pH from 2 to 8. The increasing pH facilitates the releasing of H+
during the adsorption process.
In the pH effect experiments, the Zr concentration in the solution
was measured after As(III) adsorption. It was observed that the level
of Zr was below the detection limit of ICP-OES. This indicates that
no zirconium is released from the sorbent in the experimental pH
range.
Due to the existence of various ions in the natural waters,
the background ionic strengths of the waters are different. It is
important to evaluate the effect of background ionic strength on
the adsorption of As(III) by the sorbent. On the other hand, ionic
strength dependence studies on adsorption of adsorbates at the sorbent/aqueous interfaces can be a useful method for distinguishing
between inner- and outer-sphere surface complexes [34].
According to the bonding afﬁnity of ions for active sites on the
sorbent surface, the adsorption can be classiﬁed into outer-sphere
ion-pair complexes (weakly bonding) and inner-sphere surface
coordination complexes (strongly bonding). In the inner-sphere
complex adsorption, the strongly bonding anions are relatively
unaffected or responded to higher ionic strength with greater
adsorption. However, in the outer-sphere complex adsorption, the
adsorption is suppressed by competition with background electrolyte and the adsorption can markedly be reduced by increasing
the background ionic strength, since electrolyte may form outersphere complexes through electrostatic forces [5,34].
It is found in Fig. 1a that the increase in ionic strength from 0
to 0.05 M does not affect the adsorption of As(III) onto the sorbent.
This suggests that the adsorption of As(III) onto the sorbent may be
governed by inner-sphere complex adsorption mechanism.
3.2. Kinetics studies
The adsorption kinetics describes the rate of adsorbate uptake
on the sorbent, which controls the adsorption equilibrium time.
The kinetics parameters give important information for designing
and modeling the adsorption process. The adsorption kinetics data
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a

pseudo-second order model ﬁtting curves are shown in Fig. 2a. The
rate constants, calculated qe and correlation coefﬁcients obtained
from the nonlinear curve ﬁtting are summarized in Table 1. Fig. 2a
shows that the pseudo-second order model ﬁts the experimental
data better than the pseudo-ﬁrst order model. The pseudo-ﬁrst
order model ﬁts the experimental data well in the initial rapid
adsorption stage, and thereafter the ﬁtting curve deviates from
the experimental data. Whereas, the pseudo-second order model
curve ﬁts the experimental data well for the entire adsorption process. As shown in Table 1, the r2 value for pseudo-second order
model is higher than that of pseudo-ﬁrst order model, demonstrating that the pseudo-second order model can be applied to describe
the adsorption process. This indicates that the adsorption process
might be chemisorptions.
In the adsorption kinetics study, the amount of sulfate released
into the solution as a function of contact time was determined,
and the results were illustrated in the inserted graph of Fig. 2a.
It is found that the amount of sulfate released from the sorbent
increases with an increasing contact time, suggesting the adsorption of As(III) leads to the releasing of sulfate from the sorbent. The
amount of sulfate released is found to be around 3.0 mmol/g under
adsorption equilibrium condition, which is around 2 times of the
amount of As(III) adsorbed onto the sorbent.
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3.2.2. Intraparticle diffusion model
The prediction of the rate-limiting step is important for designing an appropriate adsorption process. For a solid–liquid adsorption
process, the adsorbate transfer is usually characterized by either
external mass transfer (boundary layer diffusion), or intraparticle
diffusion or both. The adsorption process can be divided into three
consecutive steps as follows:
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Fig. 2. Kinetics study of As(III) adsorption: (a) Experimental data and modeling
result by pseudo-ﬁrst order and pseudo-second order kinetics models (inset graph:
release of sulfate); (b) Intraparticle diffusion plot. Experimental conditions: sorbent
dosage = 0.2 g/L, initial As(III) concentration = 0.5 mmol-As/L, pH = 8–9, T = 25 ± 1 ◦ C.

were analyzed using different kinetics models including pseudoﬁrst order model, pseudo-second order model and internal mass
transfer model.
3.2.1. Pseudo-ﬁrst order and pseudo-second order models
The expression of Lagergren pseudo-ﬁrst order kinetics model
is given by the following equation [35]:
qt = qe (1 − e

−k1 t

)

(1)

(h−1 )

where k1
is the ﬁrst order rate constant, qe (mmol/g) and
qt (mmol/g) are the amounts of adsorbate adsorbed at equilibrium
and at any time, respectively. The value of qe and k1 can be obtained
from the nonlinear curve ﬁtting of experimental data qt versus t.
The adsorption kinetics data were also analyzed by pseudosecond order model given by Ho and McKay [35] as follows:
qt =

k2 q2e t
1 + qe t

(2)

where k2 ((g/mmol)/h) is the rate constant of the pseudo-second
order model. The nonlinear curve ﬁtting of experimental data qt
against t can give the values of k2 and qe .
It can be found that most of the uptake of As(III) rapidly takes
place in the ﬁrst 10 h, followed by a relatively slow process. The
adsorption can obtain pseudo steady state equilibrium within
48 h. The experimental data together with pseudo-ﬁrst order and

• Adsorbates are transported from bulk solution through liquid ﬁlm
to the adsorbent exterior surface (boundary layer diffusion), and
instantaneous adsorption on the exterior surface.
• Diffusion of adsorbates into the pores of the sorbent (intraparticle
diffusion).
• Uptake of adsorbates on the interior surface of the pores and
capillary spaces of the sorbent.
The slowest step determines the rate-controlling parameter in
the adsorption process. The intraparticle diffusion model proposed
by Weber and Morris [36] is the most commonly used model to
identify the mechanism involved in the sorption process. The intraparticle diffusion model can be expressed by Eq. (3).
qt = kid t 1/2 + ˛

(3)

where kid ((mmol/g)/h1/2 )) is the intraparticle diffusion rate constant, ˛ (mmol/g) is a constant in the intraparticle diffusion model
which reﬂects the signiﬁcance of boundary layer or external mass
transfer effect.
Previous studies [37–40] demonstrated: (1) if the plot of qt
against t0.5 gives a straight line, the adsorption process is only
controlled by intraparticle diffusion; and (2) if the plot shows multilinearity, two or more steps are involved in the sorption process.
The plot of qt of uptake of As(III) on the sorbent versus t1/2 is illustrated in Fig. 2b. It was observed that the adsorption process tends
to be divided into two phases: an initial smooth curve followed
by a linear portion. The initial portion of the plot indicates the
adsorption process is governed by boundary layer effect, whereas
the second linear portion is controlled by intraparticle diffusion.
The intraparticle diffusion rate constant kid can be obtained from
the slope of the linear portion. The intercept of the plot reﬂects the
effect of the boundary layer. The larger the intercept, the greater
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Table 1
Kinetics and isotherm model constants of As(III) uptake on the sorbent.
Kinetics

k1 (1/h)
qe,cal (mmol/g)
r2
k2 ((g/mmol)/h)
qe,cal (mmol/g)
r2
kid ((mmol/g)/h1/2 )
˛ (mmol/g)
r2

Pseudo-ﬁrst order
model
Pseudo-second order
model
Intraparticle diffusion
model

Isotherm

qm (mmol/g)
KL (L/mmol)
r2
KF (mmol(1−1/n) L1/n /g)
1/n
r2

Langmuir

Freundlich

the contribution of the boundary layer effect on the rate-limiting
step. The values of kid and ˛ are summarized in Table 1.
3.3. Isotherm studies
The adsorption isotherm provides the most important piece of
information in understanding an adsorption process. To understand the adsorption equilibrium, two most commonly used
isotherm models, Langmuir and Freundlich, were employed to simulate the adsorption isotherms [41,42].
The linearized Langmuir and Freundlich isotherm are given by
Eqs. (4) and (5), respectively.

lg qe = lg KF +

(4)
1
(lg ce )
n

(5)

where ce (mmol/L) is the equilibrium concentration of the adsorbate in solution, qe (mmol/g) is the amount of the adsorbate
adsorbed at the adsorbent, qm (mmol/g) is the maximum amount
of the adsorbate adsorbed at the adsorbent at equilibrium time,
KL (L/mmol) is a constant related to the heat of adsorption, KF
(mmol(1−1/n) L1/n /g) is related to the adsorption capacity of the
adsorbent, and 1/n is a constant known as the heterogeneity factor
that is related to the surface heterogeneity [39].
The calculated Langmuir and Freundlich isotherm constants and
their corresponding linear regression correlation coefﬁcient values
are given in Table 1. Hence, the predicted Langmuir and Freundlich
isotherm equations for As(III) adsorption onto the sorbent are given
by Eqs. (6) and (7), which are useful for design of the adsorption
process.
qe =

55.67ce
1 + 30.09ce

qe = 2.00ce0.21

3.4. Effect of natural organic matter and coexisting anions
Natural organic matters widely exist in the surface and ground
waters. As the natural organic matters may have a high tendency to
be adsorbed on the sorbent, which subsequently change the surface
properties of the adsorbent and block the adsorption passages or
active sites. Hence, in a natural aquatic environment, the adsorption behavior of adsorbate on sorbent may be greatly affected by
the existence of NOM. Moreover, arsenite in contaminated ground
water is usually accompanied with different anions (e.g. carbonate, ﬂuoride, silicate, phosphate and sulfate), which may lead to
compete with As(III) for the available active sites on the adsorbent.
To obtain a better understanding on application of the sorbent for
arsenite removal from natural aquatic environment, it is crucial to
study the potential inﬂuences of NOM and coexisting anions on the
arsenite adsorption.
The effect of NOM, represented by humic acid (HA), on the
adsorption was investigated in this study. The obtained results
demonstrate that the presence of 0–10 mg/L HA does not notably
inﬂuence the adsorption of As(III) (ﬁgure not shown here),

2.0

(6)
(7)

The experimental data on adsorption isotherm together with the
predicted Langmuir and Freundlich simulation curves are shown in
Fig. 3. It was found that the maximum adsorption capacity of zirconia nanoparticle for As(III) was 1.85 mmol/g. A comparison of the
maximum adsorption capacity for As(III) of the zirconia nanoparticle with some reported nanostructure adsorbents was summarized
in Table 2. The qm value shows that the maximum adsorption
capacity of the sorbent is higher than most reported sorbents. The
sorption equilibrium data ﬁt Langmuir and Freundlich equations
both well with a squared correlation coefﬁcient value of 0.99 and
0.98, respectively. From Fig. 3, it is observed that the equilibrium
data can be better described by Freundlich model at lower solute
equilibrium concentrations, whereas the Langmuir model ﬁt the
equilibrium data better at higher concentrations.

1.85
30.1
0.99
2.00
0.21
0.98

Temperature may play an important role in the adsorption
process. To investigate the effect of temperature on the As(III)
adsorption by the sorbent, the isotherm studies were carried out
at another three temperatures (35, 45 and 55 ◦ C). The obtained
results showed that the temperature did insigniﬁcant inﬂuence on
the adsorption isotherm (ﬁgure not shown here), implying that the
zirconia sorbent can be used for arsenite removal at a wide range
of temperature.

1.6

q e (mmol/g)

1
ce
ce
=
+
qe
KL qm
qm

0.13
1.40
0.993
0.07
1.77
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Experimental data
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Fig. 3. Adsorption isotherm of As(III) on the sorbent. Experimental conditions: sorbent dosage = 0.5 g/L, pH = 8–9, and T = 25 ± 1 ◦ C.
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Table 2
Comparison of maximum adsorption capacity for As(III) of zirconia nanoparticle with some reported nanostructure adsorbents.
Adsorbent

qm (mmol/g)

pH

Ref.

Zirconia nanoparticle
Nanoscale zero-valent iron
Nanocrystalline titanium oxide
Nanostructure iron(III)–titanium(IV) oxide
Iron doped active carbon nanoparticle
Manganese associated hydrous iron(III) oxide
Nano-sized Fe2 O3

1.85
0.024
0.8
1.13
0.20
0.69
0.026

8.0–9.0
7.0
7.5
7.0
7.0
7.0 ± 0.1
6.5

Present work
[22]
[23]
[24]
[25]
[26]
[27]
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Fig. 5. FTIR spectra of virgin and As(III)-loaded sorbent.
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FTIR and XPS analyses were employed to explore the interactions between As(III) and the sorbent, and the obtained results were
shown in Figs. 5 and 6.
FTIR spectrum of virgin sorbent shown in Fig. 5 demonstrates a
broad and strong absorption band in the range of 3000–3600 cm−1
(centered at 3300 cm−1 ), which is responsible for the O–H stretching vibration, indicating the presence of hydroxyl group and small
amount of water molecular on the surface of the sorbent. The peak
at 1630 cm−1 could be assigned to the deformation vibration of
water molecules (H–O–H bending), suggesting the physical adsorption of water on the zirconia sorbent, which is consistent with the
band at 3400–3600 cm−1 . Peak at 1120 cm−1 can be assigned to
SO4 2− , which is in accordance with the chemical composition of
the sorbent.
Compared with the FTIR spectrum of virgin sorbent, a small new
band at the wavenumber of 816 cm−1 appears in the spectrum of
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suggesting that the sorbent can be efﬁciently used for As(III)
removal from natural waters containing NOM.
Typical anions, including bicarbonate, ﬂuoride, silicate, phosphate and sulfate were selected as competition anions, their effects
on the As(III) adsorption at pH 8–9 are investigated. The concentrations of the competition anions were prepared referred to their
actual concentration levels in natural water environment. The presence of bicarbonate obvious decreases the uptake of As(III) onto
the sorbent as shown in Fig. 4. The reduction of the amount of
As(III) adsorbed may be due to that the competitive adsorption
of bicarbonate onto the surface of sorbent. However, the adsorption of arsenite on the sorbent is not obviously inﬂuenced by the
existence of ﬂuoride (0–0.5 mmol/L), silicate (0–1.0 mmol/L), phosphate (0–0.5 mmol/L) and sulfate (0–1.0 mmol/L) (ﬁgure not shown
here).
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Fig. 4. Effect of bicarbonate on the adsorption of As(III). Experimental conditions:
initial As(III) concentration = 1.1 mmol-As/L, solution pH = 8–9, and contact time = 2
days.
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Fig. 6. O 1s core-level XPS spectrum of (a) virgin sorbent, (b) AS(III)-loaded sorbent.
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Fig. 7. Schematic diagram of adsorption mechanism of As(III) on the sorbent.

As(III)-loaded sorbent. It was reported that the absorption band
assigned to the stretching vibration of As–O bond was located in
the 750–950 cm−1 spectral range [43].
A broad absorption band near 816 cm−1 corresponding to asymmetrical stretch of As–OH was observed after the adsorption of
As(III) onto surfactant-mediated akaganeite by Deliyanni et al. [44].
Hence, the new band can be assigned to the stretching vibration of
As–O in arsenite, which demonstrates the loading of arsenite on
the sorbent. The intensity of absorption band around 1120 cm−1
decreases signiﬁcantly, indicating the obvious reduction of sulfate
in the sorbent which resulted from the release of sulfate into the
solution during the adsorption. The pH effect and kinetics study
also demonstrated that the sulfate ions were released into the solution during the adsorption. These results indicate that an anion
exchange mechanism is involved during the adsorption of As(III)
onto the sorbent. The spectrum also illustrates the absorption band
from 3400 to 3600 cm−1 becomes smaller and the center shifts from
3300 to 3230 cm−1 , indicating –OH on the surface of sorbent may
be involved in the As(III) adsorption.
The wide scan XPS spectra showed that the main elements
detected were O, S and Zr in the virgin sorbent, whereas the main
elements detected in the As-loaded sorbent were O, S, Zr and As (ﬁgure not shown here). Compared with virgin sorbent, the amount of
S decreased obviously. This results conﬁrm the uptake of As(III) on
the sorbent and the release of sulfate from the sorbent.
The O 1s core level XPS spectrum of the fresh sorbent can be
decomposed into two component peaks as illustrated in Fig. 6a. The
peaks with binding energy of 530.6 and 532.1 eV are assigned to the
O 1s in the forms of Zr–O and O–S, respectively. Compared with the
spectrum of virgin sorbent, the O 1s core level XPS spectrum of
As(III)-loaded sorbent can be deconvolved into three components
peaks with binding energy of 529.9, 530.9, and 531.8 eV, which
are assigned to the oxygen in the form of S–O, As–O and Zr–O,
respectively (Fig. 6b). This conﬁrms the loading of As(III) onto the
surface of the sorbent. It is also found that the intensity of oxygen
peaks in the form of S–O reduces signiﬁcantly after the adsorption,
which results from the release of sulfate into the solution during
the adsorption.
From the above experimental results and spectroscopic analysis,
a concept of mechanism for the uptake of As(III) by the sorbent
can be deduced (Fig. 7). The arsenite competes with sulfate for the
active adsorption sites on the zirconia, and the adsorption of As(III)
onto the sorbent leads to the release of HSO4 − from the zirconia.
The release of HSO4 − results in a decrease in solution pH and an
increase in the sulfate concentration. The adsorbed As(III) may form
bidentate inner-sphere complexes on the surface of the sorbent.

4. Conclusions
The zirconium nanoparticle was demonstrated to be effective
for As(III) removal without pre-oxidation. The As(III) adsorption
was highly pH-dependent, and the optimal pH was around 8. The
kinetics studies showed that most of the arsenite uptake rapidly

occurred in the ﬁrst 10 h, and the adsorption equilibrium was
obtained within 48 h. The adsorption kinetics was well described
by pseudo-second order model, and intraparticle diffusion model
analysis implied that two rate-limiting steps were involved. The
Langmuir model well described the isotherm data, and the maximum adsorption capacity was determined to be 1.85 mmol-As/g.
The increase of background ionic strength did not affect the
adsorption, which implied that the adsorbed As(III) may form
inner-sphere complexes on the sorbent. The presence of humic acid
or typical anions (e.g. ﬂuoride, silicate, phosphate, and sulfate) did
not pose signiﬁcantly negative effect on the adsorption. However,
the existence of bicarbonate decreased the uptake of As(III).
FTIR and XPS spectroscopic analyses suggested that hydroxyl
and sulfate groups were involved in the adsorption. Mechanisms
for the uptake of As(III) was deduced. The arsenite competed with
sulfate for the active adsorption sites on the zirconia, and the As(III)
uptake led to the release of HSO4 − from the zirconia resulting in
a decrease of pH. The adsorbed As(III) may form bidentate innersphere complexes on the surface of the sorbent.
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