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ABSTRACT: Recently, metal oxides with novel nanostructured architectures have been prepared by annealing the polyol-based
metal alkoxides for water treatment. However, these materials often exhibit relatively low adsorption capacities possibly
attributable to the decomposition of surface groups during the calcination process. In this work, we successfully synthesized a
novel nanostructured hollow iron−cerium alkoxide (NH-ICA) with a high surface area and abundant surface functional groups
through an ethylene glycol mediated solvothermal method. Cerium ion doping significantly influenced the morphologies,
microstructures and adsorption performance of NH-ICAs. Interestingly, the synthesized NH-ICAs showed significantly higher
affinity to As(III) than the iron alkoxide material without cerium doping. Moreover, a much higher adsorption capacity of the
NH-ICAs for As(III) than As(V) was found. When the molar ratio of Fe to Ce was 5:1, the product with uniform nanostructured
hollow architectures exhibited the best adsorption capacities for both As(V) and As(III) (206.6 and 266.0 mg g−1, respectively).
The mechanistic study revealed that As(V) adsorption involved ion-exchange between the As(V) species and three types of
negatively charged groups, including surface hydroxyl groups, CO3

2− and unidentate carbonate-like species. For As(III)
adsorption, surface complexing was proposed. A broad adaptation pH range for both As(V) and As(III) adsorbed by the resulting
product indicates its promising application perspective for decontamination of arsenic-polluted water.
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1. INTRODUCTION

Natural groundwater contaminated by arsenic has been an area
of great concern throughout the world because of the
hypertoxicity and serious side effects of arsenic. Therefore,
efficient removal of arsenic from water has garnered significant
attention in water treatment. World-wide researchers have
exploited a large number of adsorbents to remove arsenic
pollutants from water systems.1−3 As is well-known, one of the
most important requirements for an excellent adsorbent is a
large interface for pollutants. Thus, the development of
nanomaterials has attracted increasing attention because of
their large surface area, abundant surface active sites, facile mass
transportation, and many other interesting functions.4−7 Iron
hydroxide/oxide-based adsorbents have been the most popular

candidates for arsenic removal, in view of their natural
abundance, low-cost, eco-friendliness, and especially strong
affinity to arsenic.8−11 Currently, it has been reported that iron-
containing nanomaterials (ICMs) with various novel morphol-
ogies and microstructures exhibit enhanced arsenic uptake
properties compared with their bulk counterparts.12 Recently,
metal oxides with novel structures have been prepared by the
calcination of polyols-based metal alkoxides.5,13−15 For
example, Zhong et al. synthesized flowerlike iron oxides using
FeCl3·6H2O and urea by an ethylene glycol (EG)-mediated
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process.13 The iron oxides were obtained through the
calcination of the precursor and subsequently used for
wastewater treatment, and the maximum adsorption capacity
of this material was 5.31 mg g−1 for arsenate. However, the
arsenic adsorption abilities of these materials are still relatively
low, which may be due to the decomposition of active groups
on their surfaces by calcination. Moreover, tedious synthesis
pathways and sometimes expensive chemicals were usually
employed, which might limit their further practical use.
Therefore, developing a facile method for synthesizing efficient
ICMs for arsenic removal is highly desirable.
Furthermore, adsorption mechanisms for arsenic are very

important for the rational structural design and fabrication of
excellent adsorbents. Generally, the adsorption between
adsorbents and arsenic are believed to be attributable to
electrostatic attraction, surface complexation and/or ion-
exchange with active functional groups on the surface of
adsorbents. Heretofore, hydroxyl groups are widely considered
as the surface active groups.16,11,17−19 Thus, the adsorption
efficiency of arsenic remarkably depended on the pH value of
the solutions, resulting from the species transformation of
arsenic at different pH as well as the protonation at a low pH
value and the deprotonation at a higher pH value of surface
hydroxyl groups. Recently, some groups developed surface-
activated groups, such as carbonate, to improve arsenic uptake
capacities.20,21 In fact, it is scarcely possible to control the
acidity or alkalinity of natural water systems. Thus, it is very
important to develop an adsorbent with high arsenic removal
efficiency under a broad pH range.

In this work, our objective was to synthesize an efficient
ICMs material for arsenic removal with a simple method and a
superior arsenic uptake capacity. Therefore, a novel nano-
structured hollow iron−cerium alkoxide (NH-ICA) was
synthesized using a solvothermal method mediated with EG.
The obtained NH-ICAs were used as the adsorbents to remove
As(V) and As(III) from water, and exhibited remarkable
advantages with a superior arsenic adsorption capacity for
arsenic and good adaptability under a broad pH range. The
results showed that Ce doping in varying proportions could
significantly change the morphology and the structure of iron
alkoxide (IA). Plausible ion-exchange mechanisms were
proposed for As(V) and As(III) adsorption, which are
supported by Fourier transform infrared spectroscopy
(FTIR), X-ray photoelectron spectroscopy (XPS), and other
experimental results.

2. EXPERIMENTAL SECTION
2.1. Chemicals. The source and purity of the chemicals, the

preparation of As(V) stock solution and working solutions, and the
preparation of As(III) solutions were described in our previous work.6

All the reagents were used without further purification.
2.2. Synthesis of Iron Alkoxide (IA). In a typical procedure, 1.1 g

(4.08 mmol) FeCl3·6H2O, 2.2 g (36.6 mmol) urea and 6 g (18.6
mmol) tetrabutylammonium bromide (TBAB) were dissolved in 180
mL EG in a 250 mL three-necked flask. The obtained red solution was
magnetically stirred and heated to 180 °C by an automatic
temperature control heating device. After refluxing for about 50 min
minutes, the reaction mixture was naturally cooled to room
temperature. The yellow-green precipitate was collected by

Figure 1. (a) SEM and (b) TEM images of IA; (c) XRD patterns and (d) FTIR spectra of IA, NH-ICA08, NH-ICAO5, NH-ICA03, and NH-ICA01.
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centrifugation and washed with ethanol several times, and finally dried
at 80 °C overnight. The final solid was the iron alkoxide and named as
IA.
2.3. Synthesis of NH-ICAs. All other synthesis conditions and

procedures were similar to the preparation of IA with the exception of
the metal salt precursors. Two salts including FeCl3·6H2O and CeCl3·
7H2O with different molar ratios of 8:1, 5:1, 3:1 and 1:1, were used as
the metal salt precursors. The total mole of the precursors was
constant at 4.08 mmol. The obtained nanostructured hollow iron−
cerium alkoxides materials were termed as NH-ICA08, NH-ICA05,
NH-ICA03, and NH-ICA01, respectively, corresponding to the molar
ratio.
2.4. Characterization. The synthesized products were charac-

terized by field-emission scanning electron microscopy (SEM),
transmission electron microscopy (TEM), X-ray diffraction (XRD),
Fourier transform infrared absorption spectrometer (FTIR), thermog-
ravimetric analysis (TGA), and X-ray photoelectron spectroscopy
(XPS). All these apparatus models, manufacturers and test conditions
were the same as those reported in our previous work.6 Nitrogen
adsorption/desorption isotherms were collected using an Autosorb-iQ
of Quantachrome at 77 K, with degassing at 373 K prior to the
measurements. Brumauer-Emmett-Teller (BET) method was utilized
to calculate the specific surface areas. The cumulative pore volume and
pore size distribution curves were estimated using nonlocal density
functional theory (NLDFT) kernel. The residual arsenic in solutions
was determined by an inductively coupled plasma optical emission
spectrometry (ICP-OES, Agilent 720 ES, USA).
2.5. Adsorption Experiments. All the adsorption experiments

were carried out in well-capped 150 mL flasks, containing 50 mL of
solution with required arsenic concentrations. The flasks were then
vibrated in a thermostatic shaker with the speed of 150 rpm·min−1 at
298 K. After a specified duration, the adsorbents were separated using
a 0.45 μm filter membrane. Adsorption isotherms and kinetics were
studied at pH 6 for As(V) and As(III). For the adsorption isotherm
study, 10 mg adsorbents were added to 50 mL solution with arsenic
concentrations ranging from 1 to 100 mg L−1 under stirring for 24 h,
respectively. For the kinetic study, samples were collected at different
intervals in arsenic solutions with the initial concentration of 20 mg
L−1. For the pH effect experiments, the initial pH values (pHi) of the
solutions range from 2 to 10 and the initial arsenic concentration of
arsenic solution was 20 mg L−1. The competitive experiments were
carried out in 20 mg L−1 (0.267 mmol L−1) arsenic solution at pH 6,
containing 1.33 mmol L−1 of F−, NO3

−, SO4
2−, CO3

2−, SiO3
2−, and

PO4
3−. The adsorbents loading with arsenic were obtained by

filtration, subsequently washed with deionized water, and finally
dried in a vacuum oven at 80 °C. All the experiments were repeated
twice to ensure the reliability of experimental results in the present
study.

3. RESULTS AND DISCUSSION

3.1. Characterizations. The morphology of IA observed by
SEM and TEM are shown in Figure 1. The SEM image reveals
that the typical product consists of 3D lamellar architectures
with irregular distribution in sizes (Figure 1a). The entire
structure of the architecture is built from several thin
nanopetals with a smooth surface, which is consistent with
the result of TEM imaging (Figure 1b). These nanopetals are
only several nanometers thick and 2−4 μm wide, and connect
to each other through the center to form the 3D structures.
The powder X-ray diffraction (XRD) pattern of IA (Figure 1c)
shows a very strong low-angle peak corresponding to interlayer
spacing lamellar structure which is the characteristic of stacked
metal−oxygen sheets separated by bonded alcoholate
anions.14,15 Although various organometallic precursors pro-
duced from these processes have been studied, detailed
information on their crystal structures remains unclear.22,23

Xia et al. proposed that this peak could be ascribed to the

formation of glycolate originated from the coordination and
alcoholysis of EG with metal ions.24,25 There are no other
obvious diffraction peaks, indicating the amorphous nature of
obtained samples.
In the FTIR spectra (Figure 1d), the absorption bands

centered at ∼3410 and ∼1600 cm−1 are attributed to the H−
O−H bond stretching vibrations. According to the reported
results, there were two types of carbonate groups produced by
the hydrolysis of urea: (i) the bands at 1377 cm−1 can be
assigned to CO3

2−;20 (ii) the bands at 1461 and 895 cm−1 are
associated with the vibrational mode of unidentate carbonate-
like species, which was produced by the complexion between
CO3

2− and iron/cerium ions.21,26−28 The intensive peak at
1077 and 615 cm−1 are attributed to the abundant surface
hydroxyl groups (M−OH) and M-O (M represents Fe and
Ce), respectively.16,29 TGA-DSC analysis revealed the oxidation
and decomposition behaviors of various composites in IA, as
shown in Figure S1 in the Supporting Information. After the
calcination in air, the weight content of iron oxide was 53.4%.
The wide weight loss of 38.84 below ∼200 °C resulted from
the decomposition of adsorbed water and abundant surface
hydroxyl groups, which was also consistent with the results of
FTIR spectra. The weight loss between ∼220 and ∼450 °C
could be related to the degradation of carbonate groups in IA.
The N2 adsorption/desorption isotherms and pore distribution
curves are demonstrated in Figure 2. The BET specific surface
area and the total pore volume were 30.57 m2 g−1 and 0.075 cc
g−1, respectively. Pore size analysis indicates a wide pore size

Figure 2. (a) N2 adsorption/desorption isotherms and (b) pore size
distribution curves of IA, NH-ICA08, NH-ICAO5, NH-ICA03, and
NH-ICA01.
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distribution of IA with an average pore size of 3.78 nm. The
surface area and other porosity parameters are presented in
Table 1.

To investigate the relative amount of mixed Ce on the
product morphology, we conducted a series of experiments by
varying the Ce content added in the reaction system while
keeping other conditions unchanged. Interestingly, it was found
that even a slight change in the Ce concentration can
significantly affect the morphologies and microstructures.
Images a and e in Figure 3 show the structure of NH-ICA08.
No obvious lamellar structure in NH-ICA08 can be observed.
The SEM image (Figure 3a) indicates the product is composed
of nanoparticles or microspheres. The TEM image (Figure 3e)
reveals the heterogeneous structure of NH-ICA08, with a small
quantity of hollow architecture was formed in some regions. If
the ratio of Fe to Ce ions decreased to 5:1, the resulting
product contained uniform particles with noticeable uniform
hollow structure (Figure 3b) confirmed by the TEM image.
Figure 3f shows that the particle size of NH-ICA05 was ∼120
nm and the walls thickness was 10 to 15 nm. When the initial
concentration of iron ions continuously decreased to 3:1, most
of the hollow structures remained with the appearance of some
solid particles (Figure 3c). As can be confirmed from the TEM
image (Figure 3g), novel heterogeneous structures were
observed; the hollow structures became less pronounced and
a small number of tiny nanoparticles are present inside or
outside of the hollow particles. Otherwise, the wall thickness of
NH-ICA03 also increased to 20−40 nm. Further increasing the
initial concentration of Ce ions (NH-ICA01), the hollow
interior completely disappeared and uniform solid nano-
particles formed with sizes of ∼100 nm (Figure 3d, h).
The formation process of 3D hierarchical structured IA is

conjectured to be consistent with previous reports of a two-
stage self-assembly process, which involves a fast nucleation of
amorphous primary particles followed by a slow aggregation
and crystallization of primary particles.13,30,31 However, many
other factors such as crystal-face attraction, electrostatic and
dipolar fields associated with the aggregate, van der Waals
forces, hydrophobic interactions, and hydrogen bonds, may
influence the self-assembly process.13,32,33 When cerium ions
were mixed, the morphologies and microstructures significantly
changed. The aforementioned observations indicate that the
formation of hollow interiors in as-prepared NH-ICAs depends
primarily on the initial concentration ratio of Fe to Ce ions in
the reaction system. The reason for the formation of hollow
architectures by Ce doping may be due to Ostwald ripening.34

The actual mechanism for the final nanostructured morphol-

ogies by assembling method is still a challenge in nanomaterial
research.
The XRD patterns of NH-ICAs were further investigated to

confirm the structure of the products, as shown in Figure 1c.
The results indicate that the increase of initial cerium ion
concentrations resulted in obviously weakened peaks at ∼10°,
indicating more Ce addition led to a less pronounced
hierarchical structure. When the initial concentration ratio of
Fe to Ce ions decreased to 5:1, the peak almost completely
disappeared, indicating the absence of a hierarchical structure in
NH-ICA05. XRD results are consistent with the SEM and TEM
analyses. FTIR spectra of NH-ICAs indicate that the Ce
addition could affect the number of surface functional groups
(Figure 1d). The bands at 895, 1077, and 1461 cm−1 slightly
changed, demonstrating the Ce ion doping would not have an
noticeable effect on the number of surface hydroxyl groups and
unidentate carbonate-like species. The intensity of the bonds at
1377 cm−1 is obviously enhanced, whereas the stretching
vibration at 615 cm−1 clearly weakened, which indicates that the
Ce ion doping resulted in more CO3

2− groups and less M-O in
the products. On the other hand, the specific surface area and
pore size distribution of as-synthesized NH-ICAs were studied,
as shown in Figure 2. It can be clearly found that the Ce doping
can significantly increase the specific surface area and total pore
volume of IA. The surface area significantly increased with the
increase of the relative Ce content until the ratio of Fe to Ce
ions reached 5:1 (217 m2 g−1), which is due to the distinctly
increasing volume of cumulative mesopores and micropores
resulting from the formation of uniform hollow architectures.
The continuous increase of Ce contents resulted in the surface
area decrease, attributing to the decrease in the volume of
cumulative mesopores caused by the gradual disappearance of
hollow interiors. The higher surface area and the smaller
average pore size of NH-ICA01 than those of NH-ICA03 are
due to more micropores present in NH-ICA01. These results
are quite consistent with the information obtained from SEM
and TEM images.

3.2. Arsenic Adsorption Property. On the basis of the
novel hollow structure, abundant surface functional groups,
large surface areas and high porosity, the prepared NH-ICAs
are promising as adsorbents for the decontamination of
pollutants in water systems. The adsorption capacity of as-
prepared IA and NH-ICAs was evaluated using the equilibrium
adsorption isotherms fitted by varying initial concentrations of
arsenic. Two classical equations, Langmuir and Freundlich
models, were used to fit the experimental data. The
mathematical expressions can be represented in a linear form
and have been described with great details in our previous
work.35

The amounts of adsorbed arsenic versus the corresponding
aqueous-phase equilibrium concentration have been plotted as
adsorption isotherms in Figure 4. The adsorption of As(V) by
IA and NH-ICAs fit the Langmuir model better, indicating the
adsorption process as a more likely monolayer adsorption
process on a homogeneous surface. On the contrary, the
adsorption of As(III) could be better fitted by the Freundlich
model, which suggests the adsorption process is a multilayer
adsorption process on a homogeneous surface.36 The difference
in sorption behaviors may be due to the different distribution of
As(V) and As(III) species under the experimental pH
conditions.35 As(V) existed mainly as H2AsO4

−/HAsO4
2−;

therefore, an electrostatic effect between As(V) species and
surface charged adsorbents occurred. However, As(III)

Table 1. Surface Area and Porosity Parameters of As-
Synthesized IA and NH-ICAs

samples

surface
area

m2 g−1

total pore
volume
(cc g−1)

average
pore size
(nm)

cumulative
mesopore
(cc g−1)

cumulative
micropore
(cc g−1)

IA 30.57 0.075 3.78 0.056 0
NH-
ICA08

170.2 0.234 5.28 0.168 0.042

NH-
ICA05

217.5 0.262 5.29 0.176 0.050

NH-
ICA03

124.7 0.188 3.97 0.136 0.045

NH-
ICA01

144.3 0.165 1.78 0.096 0.054
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predominantly existed as H3AsO3.
37 Little electrostatic

interaction existed between As(III) species and the adsorbents
so that the As(III) adsorption should continue to increase with
the increase of As(III) concentration.36,38 The maximum
adsorption capacities of IA for As(V) and As(III) were 160.2
and 58.79 mg g−1, respectively. The great difference in the
adsorption capacities between As(V) and As(III) by IA might
be due to their different adsorption mechanisms. It can be
clearly found from Figure 4 that the Ce doping can significantly
enhance the adsorption capacity for arsenic, especially for
As(III). The calculated isotherm parameters of the adsorbents
for arsenic are summarized in Table S1 in the Supporting
Information. The results show that NH-ICAs exhibited slightly
enhanced As(V) removal capacities while a significant enhance-
ment for As(III) adsorption was observed. NH-ICA05

exhibited the highest capacities for both As(V) and As(III)
(206.6 and 266.0 mg g−1, respectively). It may be associated
with the synergistic effect of its abundant surface functional
groups and the large number of uniform hollow architectures.
Additionally, the maximum As(V) and As(III) adsorption
capacities for NH-ICA08, NH-ICA03 and NH-ICA01 were
calculated to be 186.3 and 247.8 mg g−1, 197.2 and 256.7 mg
g−1, and 183.1 and 213.2 mg g−1, respectively. NH-ICAs
exhibited slightly enhanced As(V) adsorption, indicating the
As(V) adsorption does not depend on the structures of the
adsorbents but possibly depends on the surface functional
groups, which will be discussed subsequently. However, the
larger surface area and pore volume attributing to the formation
of the nanostructured hollow architectures might be respon-
sible for the great enhancement for As(III) adsorption. NH-

Figure 3. SEM images and TEM images of (a, e) NH-ICA08, (b, f) NH-ICA05, (c, g) NH-ICA03, and (d, h) NH-ICA01. The insets of e and g are
the different areas of as-prepared products.
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ICA03 possessed the lowest surface area; however, it exhibited
higher As(III) removal capacity than NH-ICA08 and NH-
ICA01. This reasonably suggests the higher BET surface area is
not the only criterion for the high As(III) adsorption capacities
by NH-ICAs, which are sometimes also influenced by the
surface properties.36 To evaluate the arsenic adsorption

performance of the nanostructured hollow NH-ICA05, the
adsorption capacity of NH-ICA05 was compared with other
reported metal oxide micro-/ nanostructures (Table 2). The
results indicated that the NH-ICA05 in this study exhibited a
higher adsorption capacity for arsenic than those in the
reported literatures.
The amount of arsenic removal by the NH-ICA05 as a

function of time was studied, as shown in Figure 5a. The whole

Figure 4. Adsorption isotherms of (a) As(V) fitted by the Langmuir
model and (b) As(III) by the Freundlich model, respectively, on IA
and NH-ICAs. The initial arsenic concentration ranged from 1 to 100
mg L−1. The dosage of adsorbents and the initial pH value were 0.2 g
L−1 and 6, respectively.

Table 2. Comparison of BET Surface Area and the Adsorption Capacity of Arsenic on NH-ICA05 with Other Reported
Materials

pH adsorption capacity (mg g−1)

adsorbents BET surface area (m2 g−1) As(V) As(III) As(V) As(III) ref

NH-ICA05 217.5 6 6 206.6 266.0 this study
Al(OH)CO3 484 7 170 20

Ni2CO3(OH)2 154.5 49.6 21

Porous Fe3O4 32.75 5 ± 0.2 5 ± 0.2 7.23 6.77 36

Flowerlike α-Fe2O3 40 4 5.31 13

3D CuO 119 5 ± 0.2 >12.9 5

hollow ceria 72 3 22.4 34

Fe−Mn binary oxide 265 5 ± 0.1 5 ± 0.1 69.75 132.75 39

iron(III)−copper(II) oxide 282 7.0 7.0 82.7 122.3 40

Fe(III)−Ce(IV) oxide 104 7 ± 0.1 7 ± 0.1 55.5 86.3 41

chestnut-like Fe2O3 143.12 4 137.5 42

γ-Fe2O3 CHNs 96.44 4 101.4 4

hollow nestlike α-Fe2O3 152.42 75.3 43

nano-Mg0.27Fe2.50O4 438.2 ∼7 ∼7 83.2 127.4 44

Figure 5. Arsenic adsorption on NH-ICA05 as a function of (a) time
fitted by pseudo-second-order model and (b) pH values. The initial
arsenic concentration and the dosage of adsorbents were 20 mg L−1

and 0.2 g L−1, respectively, for both As(V) and As(III) adsorption. The
initial pH of the solution for kinetic studies was 6 for As(V) and
As(III).
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adsorption process was time dependent. The sorption of As(V)
and As(III) was rapid in the first 30 min. Thereafter it
proceeded at a relatively slower rate and finally reached
equilibrium after ∼180 and ∼240 min, respectively, for As(V)
and As(III). The initial adsorption was rapid, which may be
attributable to the abundant active sites on the exterior surface.
Along with the increasing adsorption time, the adsorption rate
gradually reduced which may be due to (i) the accumulation of
adsorbed anions on the surface sites of the adsorbent; (ii) the
arsenic in the solution began to diffuse into the large amounts
of mesopores or micropores in the adsorbent, leading to an
increasing in the diffusion resistance. Moreover, NH-ICA05
exhibited the removal efficiencies of 97.6% and 92.7%,
respectively, for As(V) and As(III). The higher removal for
As(V) than for As(III) is due to their different adsorption
behaviors mentioned in the isotherm study. The above kinetic
experimental data were fitted to the pseudo-second-order
kinetic model, as presented in our previous work.35 The
estimated kinetic parameters are presented in Table S2 in the
Supporting Information. The result indicates the adsorption of
As(V) and As(III) can be well fitted by the pseudo-second-
order kinetic model, suggesting the prevailing mechanism of the
adsorption process was chemisorption. The higher k2 for As(V)
under the experimental conditions indicates the NH-ICA05
removes As(V) faster than As(III).
The removal efficiency of As(V) and As(III) by NH-ICA05

as a function of pH ranging from 2 to 10 is represented in
Figure 5b. The results reveal that both As(V) and As(III) can
be effectively removed by NH-ICA05 under a broad pH range
from 4 to 8. The low removal efficiencies of As(V)/As(III) at
pH below 4 may be due to some degree of the adsorbent
dissolution. This disadvantageous condition for As(V) removal
would be obvious at an alkaline condition due to the possible
competition between OH− and As(V) species. When the pH
value is above 9.2, H3AsO3 becomes highly ionized.37

Therefore, the decrease in As(III) removal at pH above 9
may be due to the occurrence of competitive adsorption
between As(V)/As(III) species and OH− anions. The As(III)
removal efficiency almost kept at a constant level at pH ranging
from 4 to 8, indicating surface charge did not have an significant
effect on As(III) removal under this pH range. The superior
adsorption capacities and the broad adaptation pH range for
both As(V) and As(III) removal indicate the synthesized NH-
ICA05 can be potentially used as an effective adsorbent for the
decontamination of arsenic from water.
Competition between anions in natural water, especially

oxyanions, and arsenic species for the available surface sites
often occurs because of their similar anionic nature with arsenic
anions. As shown in Figure 6, the coexisting NO3

−, SO4
2−,

CO3
2−, and F− caused little influence on arsenic adsorption by

NH-ICA05. As expected, the coexisting PO4
3− exhibited the

greatest influence on As(V) and As(III) adsorption capacities of
NH-ICA05 followed by SiO3

2−, which can be explained by the
similar tetrahedral structure of arsenate, phosphate, and silicate
resulting in their competitive adsorption.
3.3. Adsorption Mechanism. To clarify the adsorption

mechanism of As(V)/As(III) on NH-ICA05, we investigated
the surface functional groups after arsenic adsorption by FTIR
spectra, as shown in Figure 7. After As(V) adsorption, the
bands at 1450, 1377, and 1077 cm−1 clearly weakened, which
indicates the CO3

2−, unidentate carbonate-like species and
surface hydroxyl groups simultaneously take part in the ion-
exchange process with As(V) species. The peak at 615 cm−1

also weakened, which might result from the overlapping
adsorbed As(V) species. For As(III) adsorption, the intensity
of the stretching vibrations of CO3

2−, unidentate carbonate-like
species and surface hydroxyl groups slightly changed, which
implies that the ion-exchange process is not involved in the
As(III) adsorption by NH-ICA05. In addition, there appears a
new peak at about 830 and 790 cm−1 for NH-ICA05 after
As(V) and As(III) adsorption, respectively. These two peaks
both should be attributed to the stretching vibrations of As−
O.38,45

Surface states of NH-ICA05 before and after arsenic
adsorption were analyzed by XPS to obtain further insights
into the adsorption mechanism. The XPS survey spectra
revealed the existence of adsorbed arsenic species (Figure 8a).
As shown in Figure S2 in the Supporting Information, in NH-
ICA05, Fe existed as Fe(III) while Ce existed mostly as Ce(III)
with very little Ce(IV), and the valence state of Fe and Ce
changed little after adsorption for both As(V) and As(III). It
indicates that there is no redox reaction occurring during the
adsorption process. After As(V) adsorption, the As 3d peak
located at 45.1 eV (see Figure S3a in the Supporting
Information), corresponding to As(V)-O bonding, while after
As(III) adsorption, the As 3d peak appeared at 44.1 eV,
corresponding to As(III)-O bonding (see Figure S3b in the

Figure 6. Effect of coexisting anions on arsenic adsorption by NH-
ICA05.

Figure 7. FTIR spectra of (a) NH-ICA05-500, NH-ICA05, (b) As(V)-
loaded NH-ICA05, and (c) As(III)-loaded NH-ICA05.
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Supporting Information).46−48 The related atomic contents
before and after arsenic adsorption are listed in Table 3. After

As(V) adsorption, the C content obviously decreased by 8.08
atom %, which is smaller than the detected As content of 9.79
atom %. This further confirmed that the CO3

2− groups and
unidentate carbonate-like species were replaced by As(V)
species and surface hydroxyl groups might be simultaneously
involved in the ion-exchange process. Differently, the C content
slightly changed after As(III) adsorption, confirming that the
CO3

2− groups and unidentate carbonate-like species did not
participate in the As(III) adsorption on NH-ICA05. Both the
Fe and the Ce contents decreased after As(V)/As(III)
adsorption, implying both Fe and Ce atoms were overlaid by
the adsorbed As(V)/As(III) species. The atomic ratio of O
increased after adsorption from 44.15% to 51.10% and 44.93%,
respectively, for As(V) and As(III), which may be attributable
to the introduction of As(V)/As(III) species on the surface.

The O 1s spectra of NH-ICA05 before and after arsenic
adsorption are illustrated inFigure S4 in the Supporting
Information. It can be clearly found that the O 1s spectra are
quite different after arsenic adsorption, indicating that the
oxygen constituents of NH-ICA05 significantly changed after
adsorption. The O 1s narrow scans can be deconvoluted into
three overlapped peaks corresponding to oxide oxygen (M-O),
hydroxyl groups (OH−) and CO3

2−/carbonate-like species. The
binding energy of O 1s and their variations before and after
arsenic adsorption are presented in Table S3 in the Supporting
Information. The M-O content increased after As(V)/As(III)
adsorption, which is possibly due to (i) the formation of M−O
on the surface after the reaction between adsorbents and
adsorbates; (ii) the As−O in the As(V)/As(III) species. The
OH− group, which was proven to play an important role in
As(V) adsorption by FTIR analysis, decreased from 54.23% to
40.18% in terms of the total oxygen.49 The total content of
CO3

2− and carbonate-like species also decreased from 23.59%
to 17.69%. On the contrary, the intensity of OH- and CO3

2−/
carbonate-like species peaks changed slightly after As(III)
adsorption. The C 1s spectra before and after arsenic
adsorption are presented in Figure 8. The peak at about
288.5 eV can be assigned to CO3

2−/carbonate-like spe-
cies.20,21,26 The result demonstrated again that the content of
CO3

2−/carbonate-like species decreased after As(V) adsorption
while it did not obviously change after As(III) adsorption (see
Table S4 in the Supporting Information). In addition, the pHzpc
analysis showed that the pHzpc decreased from 7.51 to 6.27 and

Figure 8. (a) Full-range XPS spectra of NH-ICA05 before and after arsenic adsorption, (b) C 1s spectra of NH-ICA05, (c) As(V)-loaded NH-
ICA05, and (d) As(III)-loaded NH-ICA05.

Table 3. Surface Elemental Composition of NH-ICA05
Before and After Arsenic Adsorption

samples
C (at
%)

O (at
%)

Ce (at
%)

Fe (at
%)

As (at
%)

NH-ICA05 32.95 44.15 4.22 18.68 0
As(V)-loaded NH-
ICA05

24.87 51.10 3.53 10.71 9.79

As(III)-loaded NH-
ICA05

32.39 44.93 2.10 9.16 11.43
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5.68 (see Figure S5 in the Supporting Information),
respectively, after As(V) and As(III) adsorption, indicating
the possible formation of the negatively charged inner-sphere
complexes.45

Based on the above analysis, we can speculate a new As(V)
adsorption mechanism involving ion-exchange between As(V)
species and three types of negatively charged groups, including
surface hydroxyl groups, CO3

2− and unidentate carbonate-like
species. Thus, the only slightly enhanced As(V) adsorption
capacities by NH-ICAs result from their similar surface
properties compared with IA. For As(III) adsorption, a
significant increase in the adsorption capacity is predominantly
attributed to the nanostructured hollow architectures of the
adsorbents, which result in a large specific surface area and a
porous microstructure. The main mechanism of As(III)
adsorption by NH-ICA05 was possibly through surface
complexing between As(III) species and surface hydroxyl
groups and might even carbonate groups.

4. CONCLUSIONS
In summary, 3D hierarchical structured iron alkoxides have
been synthesized by an EG mediated solvothermal method.
Cerium ion doping had a significant effect on the morphology
and microstructure of iron alkoxides, resulting in the significant
increase in the surface area and pore volume. The relative
amount of cerium ions could obviously influence the
“hollowness” of the iron−cerium alkoxides. When the ratio of
Fe to Ce ions was 5:1 (NH-ICA05), the product with the
highest surface area and pore volume of 271.5 m2 g−1 and 0.262
cc g−1 contains uniform particles with noticeable uniform
nanostructured hollow architectures. The obtained iron−
cerium alkoxides exhibit a slightly enhanced As(V) adsorption
capacity compared with iron alkoxides, whereas significant
enhancement for As(III) adsorption was observed. The NH-
ICA05 showed the best adsorption performance with the
maximum capacities of 206.6 and 266.0 mg g−1 for As(V) and
As(III), respectively, which may be attributable to the
synergistic effect of its abundant surface functional groups
and the large number of uniform hollow architectures. We
speculate a new mechanism for As(V) adsorption involving ion-
exchange between As(V) species and surface functional groups.
However, for As(III) adsorption, surface complexing is
proposed. The nanostructured hollow iron−cerium alkoxide
with superior adsorption capacities and broad adaptation pH
ranges for both As(V) and As(III) removal indicates a great
potential of this novel material as an effective adsorbent for the
decontamination of arsenic from water.
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