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Abstract: A new magnetic mesoporous As(III) adsorbent of Fe3O4@SiO2@Ce-ZrO2 was prepared by solvothermal  
and sol−gel method. The core−shell adsorbent presented a high specific surface area (168.2 m2/g) and fast magnetic 
separation performance (5.37 A·m2/kg). Compared with Fe3O4@SiO2@ZrO2, the Ce-doped sample exhibited 12%−23% 
increase in As(III) uptake over pH 3−11, which was mainly attributed to the formation of bimetal M—O—As 
complexes. The coexisted 2

4SO −  and 3
4PO −  weakened As(III) adsorption, Ca2+ worked oppositely, but the impact of 

Cl− and 3NO−  was negligible. The As(III) maximum adsorption capacity was 24.52 mg/g at 313 K with an initial  
As(III) concentration of 5 mg/L at pH 7, and its kinetics was well fitted by the pseudo-second-order model. Moreover, 
the adsorbent exhibited remarkable recyclability. It is suggested that Fe3O4@SiO2@Ce−ZrO2 is a promising adsorbent 
for the advanced treatment of As(III) contaminated wastewater. 
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1 Introduction 
 

As(III) is 60 times more toxic than As(V) [1] 
and is ranked as a kind of Class 1 carcinogen 
reported by the World Health Organization [2]. 
When As(III) and its compounds are ingested, they 
can be accumulated in the human body, mainly  
hair, nails, bones, livers and kidneys [3]. As(III) in 
water bodies mainly comes from anthropogenic 
(e.g., metallurgy and mining, arsenic-containing 
pesticides, industrial wastewater) and natural 
sources (e.g., natural sediments) [4]. It was reported 
that the wastewater from the abandoned Onyeama 
Coal Mine contained 9.9−39.6 mg/L of As(III) [5]. 
Therefore, As(III) removal should be priority [6]. 
Common methods for heavy metal pollution  

control include coagulation and precipitation [7], 
electrochemistry [8], reverse osmosis [9], 
membrane separation [10], ion exchange [11], 
oxidation [12] and adsorption [13]. For instance, the 
lime powder is often used for arsenic precipitation. 
But its deficiency might not be overlooked, such as 
large amounts of hazardous precipitate wastes and 
undesirable As(III) residual concentration in the 
treated liquor [14]. 

Adsorbents with high specific surface areas 
can adsorb arsenic species through physical and 
chemical processes. The adsorption technology has 
great potential especially in low concentrations of 
As(III) removal [15] due to good treatment effect, 
simple device and convenient maintenance. 
However, traditional adsorbents are subject to 
limitations such as low adsorption capacity, a little 
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bit high loss rate and long contact time [16]. Thus, 
synthesis of multifunctional adsorbents has been a 
hot scientific issue for the arsenic removal. 

The core−shell nanosphere is a typical 
representative of such novel adsorbents. Magnetic 
cores such as Fe3O4 are used for magnetic 
separation to the alleviate adsorbent loss. As an 
ideal coating for the magnetic core, silicon dioxide 
(SiO2) can effectively prevent the magnetic 
particles from agglomeration thus to enhance their 
dispersion stabilities. Meanwhile, it is considered as 
the intermediate sphere with plenty of hydroxyl 
groups (—OH) to bind outer sites. Fe3O4@SiO2 was 
reported to be synthesized and loaded with hydrated 
lanthanum oxide layer for the phosphorous  
removal [17]. 

Metal oxides are certificated with stable As(III) 
adsorption performance. The chitosan coated 
Fe3O4@Zr(OH)4 was hydrothermally prepared [18]. 
It maintained 76.02% of the initial arsenite 
adsorption capacity even after 5 cycles. 
Furthermore, the doping of rare earth elements 
helps to improve arsenic removal of iron, titanium, 
aluminum and other oxides [19−21]. La-doped 
alumina had twice higher adsorption capacity than 
that of purely activated alumina based on the 
As−O−La bonding [20]. The arsenic uptake of 
Ce−Ti composite oxides was better than that of 
single TiO2 and CeO2 counterparts [21]. 

To achieve a high adsorption rate, mesoporous 
structures with the pore diameter ranging from 2 to 
50 nm have been introduced into the adsorbent 
preparation. Compared with the non-mesoporous 
sample, mesoporous Mg−Al LDH unfolded faster 
mass transfer and greater phthalate removal [22]. 
Rarely does the magnetic core−shell material have 
double mesoporous spheres [23]. In addition, meso- 
porous SiO2 sphere was testified to be more stable 
in the alkaline environment. It was found that the 
non-porous SiO2 was easily etched by 0.6 mol/L 
Na2CO3, while mesoporous SiO2 layer was     
well preserved due to the more stable Si—O 
network [24]. 

In this work, a newly multifunctional 
adsorbent of Ce-doped core−shell zirconia with a 
magnetic core and double mesoporous spheres was 
prepared based on solvothermal method followed 
by two steps of sol−gel coating. The physic- 
chemical and structural traits of Fe3O4@SiO2@ 
Ce-ZrO2 were characterized. The effects of initial 

pH values and coexistent ions on As(III) removal 
were subsequently investigated. The isothermal and 
kinetic adsorption properties of As(III) were 
discussed to explore the uptake mechanism. 
Moreover, its regeneration ability was evaluated. 
 
2 Experimental 
 
2.1 Materials and methods 
2.1.1 Synthesis of Fe3O4 

Fe3O4 powders were prepared by solvothermal 
method using polyvinyl pyrrolidone (PVP, AR), 
ferric chloride (FeCl3·6H2O, AR), sodium acetate 
(NaAc, AR) and ethylene glycol (EG, AR). In a 
typical run, 3 g PVP, 4.5 g FeCl3·6H2O and 6 g 
NaAc were mixed into 90 mL EG with 2 h stirring 
to form a kind of yellow viscous liquid. The 
mixture was poured into a stainless steel reactor 
lined with poly tetra fluoroethylene (PTFE) and 
heated at 200 °C for 8 h. When the reactor was 
cooled, the resulting solid was magnetically 
separated, and washed with ethanol and deionized 
water. Finally, it was dried under vacuum at 60 °C 
for 1 d to obtain Fe3O4 powder. 
2.1.2 Synthesis of Fe3O4@SiO2 and Fe3O4@ 

SiO2@Ce-ZrO2 

Ce-doped core−shell zirconia was prepared 
based on two-step sol−gel method using the 
synthesized Fe3O4 powders, PVP, tetraethyl 
orthosilicate (TEOS, AR), absolute ethanol (EtOH, 
AR), tetramethylammonium hydroxide (TMAOH, 
25 wt.%), zirconium butoxide (ZB, 80 wt.%) and 
cerium nitrate (Ce(NO3)3·6H2O, AR). 

In the first step of sol−gel coating, 1 g PVP 
was ultrasonically mixed in 20 mL deionized water 
for 10 min. Then, 0.1 g Fe3O4 particles were added 
and well dispersed for another 30 min. After that, 
100 mL EtOH, 10 mL deionized water and 2 mL 
TMAOH were added and mixed for 10 min. 
Meanwhile, 3 mL TEOS was dissolved in 20 mL 
EtOH for 10 min. The diluted TEOS was 
subsequently dropped into the above mixture. The 
new formed turbid liquid was ultrasonically stirred 
for 30 min and mechanically stirred for 3 h at room 
temperature. After reaction, the product of 
Fe3O4@SiO2 was magnetically separated, and 
washed with ethanol and deionized water. 

In the second step of sol−gel coating, the 
Fe3O4@SiO2 microparticles were flushed into a 
conical flask with 100 mL EtOH and 10 mL 
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deionized water, and scattered by ultrasound for 
30 min. With the addition of TMAOH (2 mL), the 
mixture was ultrasonically reacted with another 
10 min. Meanwhile, 2 mL ZB and a series of 
Ce(NO3)3·6H2O (Ce:Zr = 0%, 1%, 2%, 3%, 4%, 5% 
and 6%, in at.%) were also ultrasonically diluted in 
20 mL EtOH for 10 min. Then the latter solution 
was dropwise added into the former under 
ultrasonic shaking for 30 min. The final turbid 
liquid was mechanically stirred for 3 h at     
room temperature. Afterwards, the product of 
Fe3O4@SiO2@Ce-ZrO2 was magnetically separated, 
washed with ethanol and deionized water, and dried 
under vacuum at 60 °C for 1 d. 
 
2.2 Characterization 

The morphology of the core−shell material 
was characterized by the transmission electron 
microscope (TEM, Tecnai G2F20). Nitrogen 
adsorption−desorption analysis was performed at 
77 K (Micromeritics ASAP 2460) to determine the 
pore structural parameters. Element contents were 
collected with the energy dispersive spectroscopy 
(EDS, Quanta FEG 250). The zeta potentials of 
adsorbents were determined using the zeta potential 
analyzer (ZPA, Otsuka ELSZ−2000). The 
magnetization curves of synthesized particles were 
recorded by the vibrating sample magnetometer 
(VSM, Quanta PPMS−9). The As(III) valences 
were revealed using the X-ray photoelectron 
spectroscopy (XPS, Escalab 250Xi). The Fourier 
transform infrared spectra were obtained using KBr 
pellets (FTIR, Bruker Vertex 80V). 
 
2.3 As(III) adsorption tests 
2.3.1 Influence of Ce doping amount 

To compare As(III) adsorption capacities  
onto the undoped and Ce-doped samples, 10 mg 
Fe3O4@SiO2@ZrO2 and a sequence of Fe3O4@ 
SiO2@Ce-ZrO2 were separately mixed with 50 mL 
As(III) (NaAsO2, AR) solution under pH 7 and 
stirred at 200 r/min for 1 h. The resulting mixture 
was magnetically separated, then the supernate  
was filtered through the 0.45 μm membrane to 
avoid the disturbance of As(III) detection from 
possible particles, and the filtrate was analyzed  
via the arseno-antimono-molybdenum blue 
spectrophotometry. As expressed in Eq. (1), the 
As(III) loading capacities with different doping 
samples were then calculated by the change in 

concentration between the filtrate and the initial 
As(III) solution (5 mg/L).  

0( ) /t tQ C C V m= − ⋅                         (1) 
 
where Qt is the adsorption capacity at time t (mg/g), 
V is the volume of aqueous solution (L), m is the 
adsorbent dosage (g), C0 is the initial As(III) 
concentration (mg/L), and Ct is the As(III) 
concentration at time t (mg/L). 
2.3.2 Influence of initial pH 

The nitric acid (HNO3) and NaOH were used 
to adjust the initial pH values. In a typical run, 
10 mg Fe3O4@SiO2@Ce-ZrO2 (4 at.%) were mixed 
with 100 mL As(III) solution under stirring at 
200 r/min for 1 h. 
2.3.3 Influence of coexisting ions 

A procedure similar to which described above 
was followed, except that different amounts of 
metal salts (NaSO4, Na3PO4, NaCl, NaNO3 and 
CaCl2) were added respectively to form 0, 0.2, 2 
and 5 mmol/L of coexistent ion solutions under 
neutral conditions.  
 
2.4 Adsorption isotherm test 

10 mg Fe3O4@SiO2@Ce-ZrO2 and 100 mL 
As(III) solution (0.5, 1.0, 2.0, 5.0 and 10 mg/L) 
were placed in conical bottles and then stirred    
at 293, 303 and 313 K for 1 h under neutral 
conditions.  
 
2.5 Adsorption kinetics test 

10 mg Fe3O4@SiO2@Ce-ZrO2 and 100 mL 
As(III) solution (1.0, 2.0 and 5.0 mg/L) were placed 
in conical bottles and stirred at 293 K for 5, 10, 15, 
20, 30, 45, 60 and 90 min under neutral conditions.  
 
2.6 Influence of adsorbent dosage on low- 

concentration As(III) adsorption 
Different amounts of Fe3O4@SiO2@Ce-ZrO2 

(5, 10, 15, 20, 25 and 30 mg) were mixed into 
100 mL As(III) solution with the concentration of 
0.8 mg/L, and stirred at 293 K for 1 h under neutral 
conditions.  
 
2.7 Adsorbent regeneration test 

The As-loaded sample was used to verify the 
regeneration capacity. In a typical run, 0.05 g 
Fe3O4@SiO2@Ce-ZrO2 and 100 mL As(III) 
solution (5.0 mg/L) were placed in the conical 
bottle and stirred for 1 h at room temperature under 
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neutral conditions. The resulting mixture was 
magnetically separated, then the supernate was 
filtered through the 0.45 μm membrane, and the 
filtrate was analyzed via the arseno-antimono- 
molybdenum blue spectrophotometry. Then, the 
As-loaded adsorbent was placed in 100 mL 
0.1 mol/L NaOH, and stirred for 6 h to elute As(III) 
species at room temperature. After filtration, the 
adsorbent was washed and neutralized, and then 
was used again. Following another filtration, the 
regenerated sample was dried in a vacuum oven at 
60 °C before another cycle. 
 
3 Results and discussion 
 
3.1 Effect of Ce doping amount on As(III) 

adsorption 
The equilibrium As(III) adsorption capacities 

(Qe) onto samples with different Ce doping amounts 
(0−6 at.%) are compared in Fig. 1. Qe values 
increased first but then decreased with the rise of 
Ce doping amount. Moderate Ce doping 
undoubtedly improved more efficient As(III) 
removal, whereas too much Ce content was adverse 
to stably heterogenous Ce−ZrO2 framework, hence 
crippled As(III) adsorption. The sample with 4 at.% 
Ce doping had the highest As(III) removal. 
 

 
Fig. 1 Effect of Ce doping amount on As(III) adsorption 
 
3.2 Characterization of Fe3O4@SiO2@Ce-ZrO2 

Based on the preliminary tests, 4 at.% Ce 
doping was screened for the synthesis of 
Fe3O4@SiO2@Ce-ZrO2. The TEM image (Fig. 2(a)) 
presents an overall outline of the nanosphere with 
core−shell structure. Figure 2(b) displays the rough 
and uneven shell, thus provides ample contact sites 
for As(III) adsorption. 

 

 
Fig. 2 TEM images of overall outline (a) and partial 
enlargement (b) of Fe3O4@SiO2@Ce-ZrO2 
 

The mesoporous structures of prepared 
materials are verified by the N2 adsorption− 
desorption data (Fig. 3 and Table 1). The isotherms 
reveal hysteresis loops, which conforms to the 
type-IV curve, at the relative pressure of 0.4−0.9. 
And the core−shell nanosphere has higher specific 
surface area (168.2 m2/g) compared with the 
uncoated Fe3O4 core (38.23 m2/g). Moreover, the 
formation of mesopores is also proved by BJH 
adsorption apertures within the scope of 2−50 nm. 
All the mesoscopic characteristics support easier 
access to the high As(III) adsorption capacity of 
Fe3O4@SiO2@Ce-ZrO2. 

To ascertain the state of double shells and 
As(III) removal, the EDS results of Fe3O4@ 
SiO2@Ce-ZrO2 before and after adsorption are 
performed in Fig. 4. The existence of Si, Ce and Zr 
implies the successful Ce doping and shell coatings 
(Fig. 4(a)), and meanwhile, the As(III) appearance 
(Fig. 4(b)) indicates the visible As(III) adsorption 
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Fig. 3 Nitrogen adsorption−desorption isotherms and pore size distribution curves of Fe3O4 (a) and Fe3O4@SiO2@ 
Ce-ZrO2 (b) 
 
Table 1 Structural parameters of Fe3O4 and Fe3O4@SiO2@Ce-ZrO2 

Material Average pore diameter/nm Pore volume/(cm3·g−1) Specific surface area/(m2·g−1) 

Fe3O4 7.972 0.05038 38.23 

Fe3O4@SiO2@Ce-ZrO2 2.631 0.08788 168.2 

 

 

Fig. 4 EDS results of Fe3O4@SiO2@Ce-ZrO2 before (a) 
and after (b) As(III) adsorption 
 
onto the prepared core−shell nanosphere. In addition, 
the determined 3.43 at.% qualitatively reflected 
active compositions of the nanomaterial. And more 

precise Ce/Zr molar ratio of 4.09 at.% was tested 
via ICP method, which conformed to the 
corresponding synthetic ratio. 

Magnetic properties of synthetic samples are 
recorded by VSM (Fig. 5). With the increase of 
coating shells, the saturated magnetization 
significantly decreased from 39.80 A·m2/kg (naked 
Fe3O4) to 27.66 A·m2/kg (Fe3O4@SiO2, one coating 
shell), finally to 5.37 A·m2/kg (Fe3O4@SiO2@ 
Ce-ZrO2, two coating shells). Optical photos (Fig. 6) 
are well in accord with the VSM results. Burrs 
caused by the magnetic separation gradually decayed  
 

 
Fig. 5 Magnetization curves of Fe3O4 (a), Fe3O4@SiO2 
(b) and Fe3O4@SiO2@Ce-ZrO2 (c) 
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with the shell coating. Nevertheless, the sample of 
Fe3O4@SiO2@Ce-ZrO2 emerged the good 
performance of magnetic separation. 
 
3.3 Effect of initial pH on As(III) adsorption 

The initial pH has significant effects on the 
arsenite species, as well as on surface properties of 
the adsorbent. As shown in Fig. 7(a), As(III) 
adsorption of samples with and without Ce doping 
are comparatively evaluated in the pH range of 
3−11. The As(III) adsorbed amount firstly rose with 
the pH increase from 3 to 5, kept stably at the 
second stage (pH 5−9), and then decreased in the 
relatively strong alkaline condition (pH 9−11). Such 
status could be resulted from As(III) existence 
forms and the surface potential of nanospheres at 
different pH values. Nonionic H3AsO3, as the 
dominant As(III) species, exists when pH < 9.2 [25]. 
Further pH increase resulted in the rise of anionic 

2 3H AsO−  and 2
3HAsO − . In turn, the zeta potential 

changes of two adsorbents versus pH are depicted 
in Fig. 7(b). Both points of zero charge (PZC) 
emerged at pH 6−7, so the highest As(III) uptake 
was produced mainly from the formation of surface 
complexes between non-charged H3AsO3 and the 
nanospheres. No repulsive forces but positively 
charged outer shell easily retarded As(III) transfer 
at pH < pHPZC, which was reported to be 
unfavorable for As(III) adsorption [26]. On the 
contrary, As(III) adsorption was depressed 
especially when pH > 9.2 because the deprotonation 
of hydroxyl groups gradually strengthened the 
electrostatic repulsion between arsenite and 
adsorbent [27]. 

Despite the same trend of As(III) adsorption, 
Fe3O4@SiO2@Ce-ZrO2 exhibited 12%−23% 
greater As(III) uptake capacity than Fe3O4@ 
SiO2@ZrO2. They achieved the utmost As(III) 
equilibrium adsorption amount of 17.43 mg/g   
and 14.39 mg/g at pH 7, respectively. Figure 7(b)  

 

 
Fig. 6 Magnetic separation comparison among Fe3O4 (a), Fe3O4@SiO2 (b) and Fe3O4@SiO2@Ce-ZrO2 (c) 
 

 

Fig. 7 Effect of initial pH on As(III) adsorption by Fe3O4@SiO2@ZrO2 and Fe3O4@SiO2@Ce-ZrO2 (a), and zeta 
potential curves of two adsorbents (b) 
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reveals that the electrostatic force is weakened by 
Ce doping, and the Ce-doped sample is favorable 
for the arsenic complex promotion due to the 
appreciable As(III) affinity of CeO2 without 
oxidation [28]. In this work, the As(III) removal 
performance of Fe3O4@SiO2@Ce-ZrO2 was 
determined at pH 7, which was suitable for actual 
water and wastewater treatment [29]. 
 
3.4 Effect of coexistent ions on As(III) adsorption 

Five common coexistent ions of 2
4SO − , 3

4PO − , 
Cl−, 3NO−  and Ca2+ with different concentrations 
were selected to investigate the competitive effect 
on As(III) adsorption. As shown in Fig. 8, the 
existence of Cl− and 3NO−  has little negative 
influence on As(III) uptake, while the presence of 
Ca2+  displays a positive effect to some extent.  
The As(III) adsorbed amount increased by 8.1% 
when the initial Ca2+  concentration was up to 
5 mmol/L. Calcium oxides are generally used as 
co-precipitators for As(III) removal. The Ca2+ ions 
are deemed to stick around the adsorbent surface 
and strengthen its positive charges, which is 
beneficial to the negative arsenite adsorption. At the 
same time, Ca2+  ions helped to form multiple 
Ce−As−Ca−As and Zr−As−Ca−As complexes. 
Thus, As(III) adsorption could be facilitated by 
electrostatic attraction and surface complex 
formation [30]. It is recommended to use the 
adsorption process as advanced As(III) removal 
especially after the lime precipitation. The As(III) 
removal was noticeably interfered with 2

4SO − , since 
the sulfate (up to 480 mg/L) competitively 
occupied the surface active sites of adsorbents [31].  
 

 
Fig. 8 Effect of coexistent ion species and concentrations 
on As(III) adsorption by Fe3O4@SiO2@Ce-ZrO2 

The greatest drop of As(III) adsorption was resulted 
from the attendance of 3

4PO − , which had the similar 
structure to arsenic anion species and contended  
for binding sites on the Ce-doped zirconia shell. 
These results are consistent with previous reports 
about arsenic adsorption on different types of 
adsorbents [32]. 
 
3.5 As(III) adsorption isotherms of 

Fe3O4@SiO2@Ce-ZrO2 
Adsorption is usually set up after conventional 

processes such as precipitation and coagulation to 
ensure residual arsenic concentration to meet 
requisite discharge or utilization standards. Thus, 
the arsenic removal ability of adsorbents is more 
significant and practical at the low concentration. 
The batch experiment of As(III) adsorption onto 
Fe3O4@SiO2@Ce-ZrO2 was conducted in the initial 
concentration range of 0.5−10 mg/L at 293, 303 and 
313 K under neutral conditions. Three common 
isotherm models of Langmuir, Freundlich and 
Temkin were used to fit the As(III) adsorption data 
of the prepared adsorbent. 

The Langmuir model, given as Eq. (2), 
assumes that the adsorption takes place at specific 
homogeneous sites within the adsorbent and the 
maximum adsorption corresponds to a saturated 
monolayer of adsorbate matrixes on the adsorbent 
surface [33].  

m L e
e

L e1
Q K CQ

K C
=

+
                            (2) 

 
In addition, a dimensionless constant 

separation factor (RL) is used to determine the 
favorability of the adsorption process. RL values 
expressed as Eq. (3), indicate the type of Langmuir 
isotherm to be irreversible (RL=0), favorable 
(0<RL<1), linear (RL=1) or unfavorable (RL>1) [33].  

L
L 0

1
1

R
K C

=
+

                            (3) 
 
where Qe is the equilibrium loading capacity of 
adsorbent (mg/g), Ce and C0 are the equilibrium and 
initial concentrations of the adsorbate (mg/L), Qm is 
the maximum adsorption capacity corresponding to 
complete monolayer coverage (mg/g), and KL is the 
Langmuir adsorption equilibrium constant (L/mg). 

As an empirical isotherm, the Freundlich 
model is often used for nonideal and multilayer 
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adsorption that involves heterogeneous surface 
energy systems. It is defined as Eq. (4) [34]. 
 

1/
e F e

nQ K C=                              (4) 
 
where KF is the Freundlich adsorption coefficient 
(mg1+1/n·g−1·L−1/n), and n is the Freundlich constant. 

Generally, the adsorption capacity of an 
adsorbent for a given adsorbate augments with   
the increase of KF, and the n value implies      
the adsorption intensity and favorable adsorption 
(n>1). 

The Temkin model describes an energy 
relationship in which the adsorption heat decreases 
linearly with the adsorbed amount. It belongs to the 
heterogeneous multilayer adsorption, and the 
adsorption energy of active sites is uniformly 
distributed. It is defined as [35] 
 
Qe=Aln(BTCe)                            (5) 
 
where Ce is the remaining adsorbate concentration 
in adsorption equilibrium (mg/L), and A and ln BT 
are two constants. 

The measured As(III) adsorption data were 
fitted to three isotherms at three different 
temperatures in Fig. 9. The fitting parameters and 
correlation coefficients of isotherms are listed in 
Tables 2 and 3. 

As shown in Fig. 9 and Table 2, R2 values of 
three isotherm models increase as the following 
order: Temkin < Freundlich < Langmuir. The best 
fit of Langmuir model demonstrates that the 
mechanism of As(III) removal is mainly attributed 
to monolayer adsorption. On the other hand, high R2 
values (>0.85) of Freundlich and Temkin models 
cannot be ignored, so heterogeneous surface 
adsorptions coexist with homogeneous counterparts. 

All values of RL and n in Tables 2 and 3 
indicate that the synthetic core−shell sample is a 
favorable As(III) adsorbent from effluents. 
Furthermore, in the range of test temperature 
(293−313 K), Qe value was elevated with 
temperature rise, but it gradually slowed down and 
finally the adsorption tended to be saturated, which 
proved that such adsorption process was a 
spontaneously endothermic reaction. Meanwhile, 
the maximum As(III) adsorption capacity onto 
Fe3O4@SiO2@Ce-ZrO2 reached 24.52 mg/g 
(313 K). The synthesized Zr−Ce bimetal oxides on 

 

 

Fig. 9 Langmuir (a), Freundlich (b) and Temkin (c) 
isotherm fittings of As(III) adsorption onto 
Fe3O4@SiO2@Ce-ZrO2 

 
the outer sphere promotes the increase of surface 
hydroxyl species to form more arsenic complexes 
[36]. Its notable As(III) uptake performance at such 
low As(III) concentrations is comparable or even 
much higher than those reported adsorbents 
(Table 4). 
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Table 2 Langmuir, Freundlich and Temkin isotherm 
parameters and correlation coefficients of As(III) 
adsorption onto Fe3O4@SiO2@Ce-ZrO2 at 293, 303 and 
313 K 

Model 
Isotherm  
parameter 

293 K 303 K 313 K

Langmuir 

R2 0.9859 0.9775 0.9901

Qm/(mg·g−1) 17.96 19.81 24.52

KL/(L·mg−1) 0.8271 0.8488 0.6263

Freundlich 

R2 0.9775 0.9699 0.9851

n 1.993 1.982 2.401

KF/(mg1+1/n·g−1·L−1/n) 8.288 9.279 9.689

Temkin 

R2 0.8763 0.8637 0.9338

A 4.986 5.398 6.797

BT 5.136 5.440 4.315
 
Table 3 RL values of As(III) adsorption onto 
Fe3O4@SiO2@Ce-ZrO2 under different initial As(III) 
concentrations at 293, 303 and 313 K 

Initial As(III)  
concentration/(mg·L−1) 

RL 

293 K 303 K 313 K 

0.5 0.7047 0.7020 0.7615

1 0.5473 0.5409 0.6149

2 0.3768 0.3707 0.4439

5 0.1947 0.1907 0.2420

10 0.1079 0.1054 0.1377
 
3.6 As(III) adsorption kinetics of Fe3O4@SiO2@ 

Ce-ZrO2 
Many adsorption applications need rapid 

adsorption rate and short contact time. The As(III) 
adsorption kinetic data were fitted by pseudo-first- 

order and pseudo-second-order models (Eqs. (6) 
and (7)) [45]. 
 

e 1[1 exp( )]tQ Q k t= − −                       (6) 
 

2
2 e

2 e1t
k Q tQ

k Q t
=

+
                            (7) 

 
where t is the contact time (min), k1 is the rate 
constant of pseudo-first-order adsorption (min−1), 
and k2 is the rate constant of pseudo-second-order 
adsorption (g·mg−1·min−1). 

The fitting profiles of As(III) adsorption 
kinetics under neutral conditions are shown in 
Fig. 10. The tendency of adsorption data indicates 
that the As(III) adsorbed amounts are enlarged with 
increasing equilibrium concentration, which is 
consistent with the adsorption isotherm situations 
(Fig. 9). It is noted that the As(III) adsorption of 
Fe3O4@SiO2@Ce-ZrO2 reached the equilibrium 
state more rapidly, and required less time than that 
of previously reported adsorbents [2]. The As(III) 
uptake ascended dramatically and about 96.88% of 
the equilibrium adsorption capacity was achieved 
within 30 min, then the adsorption equilibrium was 
set up within 1 h. It can be ascribed to the existence 
of affluent adsorption sites and the accessible 
mesostructure for ion transfer. 

Results of experimental Qe (Qe,exp), calculated 
Qe (Qe,cal) and other kinetic parameters are 
summarized in Table 5. The pseudo-second-order 
model was fitted well based on the comparison of 
R2 values, and Qe,exp data are much closer to the 
Qe,cal of the pseudo-second-order model [46]. This 
demonstrates that the rate-limiting step of As(III) 
removal is mainly controlled by chemisorption 
mechanism. 

 
Table 4 As(III) adsorption comparison of various adsorbents at different As(III) concentrations 

Adsorbent Initial As(III)  
concentration/(mg·L−1) 

Adsorption 
capacity/(mg·g−1) pH Source 

Fe3O4@SiO2@Ce-ZrO2 5 24.52 7 This work 

Modified saxaul tree ash 25 25.60 7 [37] 

Aminated carbon nanotubes/polyaniline 4 19.10 6–8 [38] 

TiO2/chitosan/graphene oxide composite 50 10.98 7.2 [39] 

Hydrous iron-nickel-manganese trimetal oxide 10 18.65 7.2 [40] 

Biochar from bamboo waste modified with iron 50 22.32 7 [41] 

Commercial nanomagnetite 40 6.68 7 [42] 

Fe(III)−Si binary oxide 40 16.74 7.4 [43] 

Zn−Al−SO4 layered double hydroxide 10 13.20 7 [44] 
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3.7 Removal efficiency of low-concentration 
As(III) by Fe3O4@SiO2@Ce-ZrO2 
Since As(III) adsorption is widely used as a 

kind of advanced wastewater treatment, 
accompanied by cost considerations, a balance 
needs to be found between the removal efficiency 
and the adsorbent dosage. Based on the adsorption 
kinetic results, different doses of Fe3O4@SiO2- 
@Ce-ZrO2 were stirred with 0.8 mg/L of As(III) 
solution for 1 h to investigate the As(III) removal 
efficiencies at low concentrations. The Ce values in 
Fig. 11 decreased but removal efficiencies rose  
with the dosage increase. Over 99% of arsenite 
removal efficiency was observed with the dosage of 
0.20 g/L. The sample of Fe3O4@SiO2@Ce-ZrO2 
presents fine As(III) enrichment at the low 
concentrations. 

 
3.8 As(III) adsorption mechanism of 

Fe3O4@SiO2@Ce-ZrO2 
To further understand the mechanism of As(III) 

adsorption onto Fe3O4@SiO2@Ce-ZrO2, XPS 
results (Fig. 12) of the adsorbent were performed 
for the comparison of microcosmic changes before 
and after As(III) adsorption. The full-range XPS in 
Fig. 12(a) exhibited the involved elements of Fe, Si, 
Zr, Ce and O, and clear As 3d peak after adsorption 
was consistent with the EDS images (Fig. 4). Zr 3d 
and Ce 3d binding energies (Fig. 12(b)) were 
observed to slightly shift to higher zones, which 
indicated the coordination between As(III) and 
bimetal sites after adsorption [47]. O1s peaks 
located at 530−531 eV (Fig. 12(c)) were considered 
as hydroxyl groups on the outer sphere, and the   
—OH share decreased from 41.81% to 33.86% due 
to the As(III) replacement by ligand exchange and 
surface complexation. Simultaneously, a wide As 3d 
peak with binding energy of 44.5 eV (Fig. 12(d)) 
emerged and the increased proportion attributed to 
As(III)—O bonding. It is also proved that no 
oxidation reacted between As(III) and the 
adsorbent. 

 

 

Fig. 10 Pseudo-first-order (a) and pseudo-second-order (b) kinetic fittings of As(III) adsorption onto Fe3O4@ 
SiO2@Ce-ZrO2 
 
Table 5 Pseudo-first-order and pseudo-second-order kinetic parameters for As(III) removal with Fe3O4@SiO2@ 
Ce-ZrO2 

Initial As(III) 
concentration/ 

(mg·L−1) 

Experimental 
equilibrium adsorption 

amount 

 
Pseudo-first-order 

 kinetic model 
Pseudo-second-order 

 kinetic model 

Qe,exp/ 
(mg·g−1) 

 
R2 Qe,cal/ 

(mg·g−1) k1/min−1 R2 Qe,cal/ 
(mg·g−1) 

k2/ 
(g·mg−1·min−1)

1 7.748  0.8317 7.486 0.5433 0.9758 7.987 0.05538 

2 15.12  0.9384 14.77 0.1833 0.9664 17.1 0.00585 

5 17.7  0.8714 16.85 0.3037 0.9841 18.73 0.01033 
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Fig. 11 Effect of adsorbent dosage on As(III) adsorption 
with initial concentration of 0.8 mg/L 
 

In addition, FTIR spectra in the range of 
4000−500 cm−1 in Fig. 13 give a proof for the 
formation of M—O—As complex (M=Zr and Ce).  

The peak at 3480 cm−1 corresponds to — OH 
stretching vibrations of water molecules [48]. The 
feature items around 959 and 797 cm−1 resulted 
from Si—O moieties were barely changed, which 
illustrated that the inter silica sphere did not involve 
the As(III) adsorption reaction. It is found that band 
intensities located at 1637, 1552, 1339, 1492 and 
1215 cm−1, corresponding to the Zr — OH and    
Ce—OH bending vibrations, were weakened after 
arsenite adsorption, thus to reveal the pivotal role of 
M—OH groups in the process of As(III) ligand 
exchange and complexation [49]. Moreover, a new 
peak at 884 cm−1

 (As—O stretching mode) emerges 
in the As-loaded sample, and confirms As(III) 
adsorption onto the Ce-doped zirconia at the outer 
sphere. 

Based on the XPS and FTIR analyses, the 
As(III) adsorption mechanism is presented in 
Fig. 14. Hydroxyl groups are formed on the outer 
shells of wet nanospheres. Meanwhile, arsenic 

 

 
Fig. 12 XPS results of full-range (a), Zr 3d and Ce 3d (b), O 1s (c) and As 3d (d) of Fe3O4@SiO2@Ce-ZrO2 before and 
after As(III) adsorption 
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Fig. 13 FTIR spectra of Fe3O4@SiO2@Ce-ZrO2 before 
and after As(III) adsorption 
 

 
Fig. 14 Schematic diagram of As(III) adsorption 
mechanism by Fe3O4@SiO2@Ce-ZrO2 
 
species rapidly diffuse into the mesopores and 
ligand exchanges are engendered with M—OH 
groups. And then, M—O—As complexation leads 
to As(III) removal. 
 
3.9 Regeneration and reuse of Fe3O4@SiO2@ 

Ce-ZrO2 
To evaluate the regeneration performance of 

Fe3O4@SiO2@Ce-ZrO2, sequential adsorption− 
desorption tests were conducted over five cycles. 
According to the As(III) uptake mechanism of the 
above adsorbent, the adsorption−desorption 
operation depends on the pH change of the solution. 
It is reasonable that the As(III)-loaded sample could 
be recovered under basic condition [50]. The As(III) 
equilibrium adsorption amount (Qe) and removal 
efficiency values in every cycle are shown in 
Fig. 15, and 0.1 mol/L NaOH was proved to be 

feasible as the As(III) strippant. The As(III) 
adsorption capacity onto Fe3O4@SiO2@Ce-ZrO2 
could keep at a relatively high level (>92%) even 
after 5 cycles, which was beneficial from the 
significant structure properties such as the markedly 
magnetic separation due to Fe3O4 core and the 
stable protection of mesoporous SiO2 inter sphere, 
well connected mesopores channels and plenty of 
active adsorption sites on the outer sphere. It is 
indicated that the obtained adsorbent has the 
potential for practical wastewater treatment. 
 

 
Fig. 15 Adsorption−desorption cycles of Fe3O4@SiO2@ 
Ce-ZrO2 

 
4 Conclusions 
 

(1) A novel As(III) adsorbent (Fe3O4@SiO2@ 
Ce-ZrO2) with the core−shell nanostructure was 
prepared via the combination of solvothermal   
and sol−gel methods. It exhibited saturated 
magnetization of 5.37 A·m2/kg and mesoporous 
morphology with the specific surface area of 
168.2 m2/g. 

(2) With the formation of bimetal M—O—As 
complexes on the outer sphere, Fe3O4@SiO2@ 
Ce-ZrO2 achieved 12%−23% larger As(III) uptake 
than the counterpart of Fe3O4@SiO2@ZrO2 in the 
pH range of 3−11. Its maximum As(III) adsorption 
capacity reached 24.52 mg/g at 313 K with an 
initial As(III) concentration of 5 mg/L under pH 7. 
Coexisted Cl− and 3NO−  (except 2

4SO − and 3
4PO − ) 

ions had ignorable influence on the As(III) removal, 
while the presence of Ca2+ even gave the positive 
effect. 

(3) The nanosphere of Fe3O4@SiO2@Ce-ZrO2 
has great virtues including visibly magnetic 
separation, rapid mass transfer, amply functional 
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groups and stable regeneration ability. So, it is 
suitable for advanced purification of arsenic 
wastewater. 
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摘  要：采用溶剂热法和溶胶–凝胶法制备磁性介孔 As(III)吸附剂 Fe3O4@SiO2@Ce-ZrO2。该核壳结构材料具有高

比表面积(168.2 m2/g)和快速磁分离性能(5.37 A·m2/kg)。与 Fe3O4@SiO2@ZrO2相比，Ce 掺杂样品的 As(III)平衡吸

附量提高 12%−23%(pH 3−11)，这主要归因于双金属 M—O—As 配合物的形成。共存的 2
4SO − 和 3

4PO − 会削弱 As(III)

的吸附，Ca2+对除 As(III)有积极作用，而 Cl−和 3NO− 的影响很小。在初始 As(III)浓度 5 mg/L、313 K 和 pH 中性

条件下，As(III)最大吸附容量可达 24.52 mg/g。准二级模型对 As(III)吸附动力学数据的拟合效果良好。此外，吸

附剂再生性好。研究结果表明，Fe3O4@SiO2@Ce-ZrO2适于含 As(III)废水的深度处理，具有良好的应用前景。 
关键词：核壳结构；磁性；铈掺杂；氧化锆；As(III)吸附 
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