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agnetic porous NiFe2O4/SiO2

composite xerogels for potential application in
adsorption of Ce(IV) ions from aqueous solution

Huiqin Fu,a Xingeng Ding,*ab Chunrong Ren,a Wenqi Li,a Huating Wua and Hui Yangab

In this work, a novel magnetic porous adsorbent was prepared via a sol–gel method for the removal of Ce(IV)

from aqueous solution. The NiFe2O4/SiO2 composite xerogels were characterized using SEM, BET, FT-IR, XPS,

TEM, VSM and XRD. In addition, the effects of initial concentration, amounts of adsorbents, contact time,

solution pH and temperature on the adsorption of Ce(IV) were investigated via batch adsorption studies. The

results verify the formation of hierarchically porous structures with a specific surface area of 1085.3 m2 g�1.

The adsorption capacity for Ce(IV) at 25 �C is 114.56 mg g�1 (91.65%), the adsorption of Ce(IV) onto the

composite xerogels was better described by the pseudo-second-order kinetic model, and the data fit well

with the Langmuir isotherm model. Thermodynamic parameters such as standard enthalpy (DH0), standard

entropy (DS0) and standard free energy (DG0) indicated that the adsorption of Ce(IV) onto composite xerogels

was spontaneous and endothermic within the temperature range of 278–338 K. Moreover, the adsorbents

showed good performance and recycling ability and could be separated by applying a magnetic field.
1 Introduction

A large amount of spent fuel has been produced during the
development and utilization of nuclear energy; the high-level
liquid waste (HLLW) in this spent fuel contains diverse radio-
nuclides with strong radioactivity and toxicity, such as Pu, Np,
Tc, Sr and Cs. 239-Pu in the HLLW is one of the typical key
species which has a long life (T1/2 ¼ 241 000 years), high toxicity
(the maximum tolerance in human body is 0.65 � 10�6 g).1

Therefore, full, permanent isolation is needed, and how to carry
on the safety disposal of high-level radioactive waste has
become a worldwide problem.

Some techniques such as solvent extraction,2,3 membrane
separation,4,5 adsorption,6–10 and ion exchange11–13 have been re-
ported for the separation of radionuclides. In contrast to other
methods, adsorption has shown great promise for selective
separation of Pu fromHLLW, and nding an effective material to
dispose of radioactive waste has become the research focus.
There are varieties of adsorbents such as active carbon,14–16

carbon nano-tubes,17–19 zeolites,20–22 molecular sieves,23–25 ion-
exchange membranes,26–28 and bio-adsorbents.29 Among all of
these kinds of materials, silica xerogels with high specic surface
area (500–1500 m2 g�1), pore volume (0.03–0.35 g cm�3), high
porosity (80–99%) and plenty of silanol groups (Si–OH) distrib-
uted on the surface could be promising materials to use as
effective adsorbents for radionuclides.30,31
ineering, Zhejiang University, 38 Zheda

, China. E-mail: msedxg@zju.edu.cn

tems Institute, Hangzhou 310027, China

hemistry 2017
In spite of the excellent performance of silica xerogels when
used as adsorbents, there are also some drawbacks. First, the
powdered silica xerogels with low density and light weight are
hard to settle down, which brings difficulty of recycling and
limits their applications as effective adsorbents.32 Second, the
block ones show large mass transfer resistance that hinder the
adsorbates from diffusing into adsorbents. In recent years, many
researchers have synthesized magnetic composite silica xerogels
and successfully solve these problems due to their unique
advantage of easy separation under external magnetic eld.33–36

Based on the above research, a novel composite porous xerogel
via a simple sol–gel method has been fabricated. Combined with
in situ synthesis of NiFe2O4 nanoparticles in SiO2 matrix, the
magnetic NiFe2O4 nanoparticles facilitate the rapid separation of
the adsorbent from aqueous solution by applying amagnetic eld,
and the hierarchical porous structures of SiO2 enhance the
adsorption capacity by reducing the mass transfer resistance.37,38

Furthermore, the effects of parameters like temperature, reaction
time, pH and initial concentration on the adsorption behavior of
the composite magnetic xerogels were systematically studied,
adsorption isotherms and kinetics models were investigated to
explore the possible adsorption mechanism. Ce is used as the
substitute for Pu and minor actinides, due to their similar charge,
size and chemical property.39
2 Experiment
2.1 Reagents

The used chemicals in the experiments including nickel nitrate
hexahydrate (Ni(NO3)2$6H2O), iron nitrate nonahydrate
RSC Adv., 2017, 7, 16513–16523 | 16513
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(Fe(NO3)3$9H2O), glycolic acid, aqueous solution of ammonia
(25–28%), nitric acid aqueous solution (HNO3, 0.1 mol L�1) as
catalyst and regeneration solution, tetraethoxysilane (TEOS),
ethanol (C2H5OH) and deionized water. The solution of Ce(IV)
ions used was prepared using deionized water, with ceric
ammonium nitrate ((NH4)2Ce(NO3)6) as the source of Ce(IV).
Analytical grade nitric acid (HNO3, 0.1 mol L�1) and sodium
hydroxide (NaOH, 0.1 mol L�1) were used to adjust pH of the
aqueous phases. All reagents were of analytical grade and were
used without further purication.
2.2 Preparation of NiFe2O4/SiO2 composite xerogels

Certain amount of analytical grade PEG was dissolved in
deionized water, then add 0.1 mol L�1 HNO3 until PEG
completely dissolved and the solution was mixed with TEOS,
aer hydrolysis and condensation reaction of TEOS under
stirring for 1 hour, the sol was formed.

Meanwhile, stoichiometric amounts of Ni(NO3)2$6H2O and
Fe(NO3)3$9H2O were mixed in deionized water, the amounts of
metal salts were taken according to the formula NiFe2O4. Aer
that, appropriate amount of glycolic acid was added into the
above prepared solution, the molar ratio of glycolic acid and
metal ion was 2.5 : 1. At last, aqueous solution of ammonia was
slowly added to the solution while stirring until the pH was
between 7.5 and 8.5. The resultant solution was evaporated at
75 �C to remove redundant water. Aer evaporation for four
hours, the sol was evaporated once again at 85 �C with stirring
to gelatin.

Aer that, prepared metal ion gel was added into the SiO2 sol
to get composite gel. Keep the composite gel aging under 40 �C
for 1 day and the gel was solvent exchanged with anhydrous
ethanol for 3 days before dried under 40 �C. At last, the dry gel
was heat treated under 450 �C to obtain the magnetic composite
xerogels.
2.3 Characterization

The micrograph and EDS elemental map was recorded by the
scanning electron microscopy (SU-70) with an accelerating
voltage of 3.0 kV. Fourier transform infrared spectra (FT-IR) were
recorded in KBr pellets with a Nicolet 5700 spectrometer. X-ray
photoelectron spectra (XPS) was performed using an electron
spectrometer (ESCALAB-250Xi) with a monochromatized Al Ka
radiation (hn¼ 1486.6 eV). The transmission electronmicroscopy
(TEM) and high-resolution TEM (HRTEM) images for the micro-
particles were obtained on Tecnai G2 F20 S-Twin. The X-ray
diffraction (XRD) patterns of composite xerogels were obtained
using a D-max RA diffractometer with Cu Ka radiation. The
Brunauer–Emmet–Teller surface area (BET) was analyzed in an
Autosorb-1-C nitrogen adsorption and desorption analyzer.
Magnetization curves weremeasured by using a vibrating sample
magnetometer (VSM 7407) at room temperature. The concen-
tration of Ce(IV) ion was measured via Lambda 20 Spectropho-
tometer by obtaining the absorption spectra from 200 to 500 nm
and inductively coupled plasma mass spectrometry (ICP-MS
XSERIES).
16514 | RSC Adv., 2017, 7, 16513–16523
2.4 Adsorption/desorption experiments

Batch adsorption experiments were carried out in a constant
temperature shaker (SHA-C), 200 rpm. Aqueous solutions of
Ce(IV) was prepared by dissolving (NH4)2Ce(NO3)6 in distilled
water. Appropriate temperature (25–55 �C), Ce(IV) concentration
(20–140 mg L�1, 25–200 ppb), adsorption time (0–80 h), pH (2–
9) and adsorbent dosage (0.4–3 g L�1) were chosen to study the
adsorption capacity. The pH of the solution was adjusted with
HNO3 or NaOH solution to the desired values. For kinetic
studies, the experiments were conducted by taking samples at
desired time intervals with 100 mg L�1 Ce(IV) solution at
different temperatures. For adsorption isotherm study, experi-
ments were conducted with adsorbents dosage of 0.8 g L�1

under different initial concentration of Ce(IV). For thermody-
namic study, adsorption experiments were carried out with the
initial Ce(IV) concentration of 100 mg L�1 at different temper-
atures. The absorbance of standard Ce(IV) solutions with
different concentration was examined to obtain the standard
curve of Ce(IV) solution. And the concentration of the Ce(IV)
solutions was calculated according to the standard curve.

The adsorption capacity and removal efficiency of the
magnetic porous composite xerogels for Ce(IV) can be calculated
from eqn (1) and (2), respectively:40

q ¼ ðC0 � CÞV
m

(1)

Removal efficiencyð%Þ ¼ C0 � C

C0

� 100 (2)

where q is adsorption capacity (mg g�1); C0 and C are the
concentration of Ce(IV) solution at original and a certain time
(mg L�1), respectively; m is the weight of the adsorbents (g); V is
the volume of the solution (mL).

To evaluate the reversibility of Ce(IV) adsorption onto
composite xerogels, 0.04 g composite xerogels were added into
50 mL of regeneration solution (0.1 mol L�1 HNO3). Desorption
experiments were conducted at 35 �C and 200 rpm for 12 h to
ensure the achievement of desorption equilibrium. Aer that,
the composite xerogels were washed with distilled water for
about 3 times until the pH reached neutral. Then dry the
composite xerogels before next round of adsorption experiment.
The adsorption/desorption process was repeated for 4 times.
3 Results and discussion
3.1 Structure and morphology of magnetic porous NiFe2O4/
SiO2 composite xerogels

Fig. 1(a) shows the SEM image of magnetic porous NiFe2O4/SiO2

composite xerogels with heat treated at 450 �C. The composite
xerogels were composed of particles aggregated into a three-
dimensional cross-linked skeleton, aggregation of nanoparticles
formed the mesoporous structure, and the three dimensional
connected skeleton formed the double continuous pore structure
with a pore size of about 1 mm. Brunauer–Emmett–Teller (BET)
measurements were performed to inspect the specic surface, and
nonlocal density functional theory (NLDFT) model was used to
study the pore size distribution of the sample. Fig. 1(b) shows the
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 (a) SEM image and (b) N2 adsorption–desorption isotherm and pore size distribution of NiFe2O4/SiO2 composite xerogels with heat
treatment at 450 �C.
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nitrogen adsorption–desorption isotherm of heat-treated silica
xerogels and the pore size distribution curve calculated from the
isotherm. BET analysis indicates that the specic surface area of
the sample is 1085.3 m2 g�1, the NLDFT pore size distribution
curve shows that most pores in this sample are sized at about
25.84 nm, and the isotherm exhibits a type IV adsorption–
desorption curve, the hysteresis loop of the isotherm in Fig. 2(b)
belongs to type H2 attributes to mesopores due to the aggregation
of nanoparticles with ill-dened shape and pore size distribu-
tion.41,42 And the adsorption curve shows the trend of going up at
high relative pressure (P/P0 > 0.9), conrms the existence of mac-
ropore structures. The above results suggest that there are both
double continuous macropores (�1 mm) and mesopores (�25.84
nm) in the skeleton, verify the formation of hierarchically porous
structures, which contribute to the high specic surface area,
facilitate the diffusion of Ce(IV) and improve the adsorption ability
of the sample.

The FT-IR spectrum of NiFe2O4, SiO2 and NiFe2O4/SiO2

composite xerogels are displayed in Fig. 2. FT-IR spectra of
NiFe2O4 show two absorption bands at �400 and �600 cm�1,
which correspond to the octahedral and tetrahedral sites of
Fig. 2 FT-IR spectra of NiFe2O4 (a), SiO2 (b), NiFe2O4/SiO2 composite
xerogels (c).

This journal is © The Royal Society of Chemistry 2017
positive ions (Fe3+, Ni2+) for spinel-type structure.42 For the pure
SiO2, the adsorption peaks at 467, 807, 1090, and 956 cm�1

correspond to the symmetric and anti-symmetric stretching
vibration of the Si–O–Si bond and the bending vibration of Si–
OH bond, respectively. The bands at �2918 and 1640, 3400
cm�1 represent the C–H stretching vibration (due to the
residual organic matter such as PEG in the pore structure) and
hydroxyl group vibration. Furthermore, for the spectra of
NiFe2O4/SiO2 composite xerogels, C–H band disappears due to
heating decomposition under 450 �C, the intensity of the Si–OH
adsorption peak at 956 cm�1 decreases aer the formation of
NiFe2O4/SiO2 composite xerogels, and the absorption band at
�580 cm�1 increases compared with that of SiO2, which
conrms that the Si–OH groups react with Fe–OH groups
because of –OH condensation.33

The existing interactions of SiO2 and NiFe2O4 can be further
conrmed by high-resolution XPS analysis. As shown in
Fig. 3(a), the determined binding energies of Fe 2p1/2 and Fe
2p3/2 are 724.2 and 711.1 eV, respectively, which indicates the
inverse cubic spinel phase of NiFe2O4, while the observed XPS
peaks originated from Fe 2p atomic orbit decrease a lot in
NiFe2O4/SiO2 composite xerogels since the NiFe2O4 spinels were
embedded in silica skeleton. As shown in Fig. 3(b), the Si 2p
peaks at 103.1 and 103.6 eV are typically assigned to the O–Si–O
and S–OH groups in SiO2. Aer the formation of the NiFe2O4/
SiO2 composite xerogels, the peak originating from the Si–OH
group is weakened, and the peak attributes to the Si–O–Fe
group appears, the peak attributed to the Si–OH group shis to
a lower banding energy direction because of –OH condensation
and the pull electronic effect of Fe atoms. Which indicates that
the Fe–OH groups of NiFe2O4 precursor gels interacted with Si–
OH groups within SiO2 to form Fe–O–Si covalent bonds in their
interface. For Fig. 3(c), the O 1s peaks centered at 533.3, 532.7
and 531.3 eV are assigned to the Si–OH, Si–O–Si, and Fe–O
groups, respectively, the formation of Fe–O–Si covalent bonds
decreased the O 1s peak that corresponds to Si–OH. The Fe–O–
Si covalent bonds between SiO2 and NiFe2O4 spinels increase
the intensity of skeleton, and ensure the stability of composite
xerogels in the recycling process.

XRD pattern of magnetic porous NiFe2O4/SiO2 composite
xerogels is shown in Fig. 4(a), which conrms the formation of
RSC Adv., 2017, 7, 16513–16523 | 16515
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Fig. 3 High-resolution XPS of NiFe2O4, SiO2, NiFe2O4/SiO2 composite xerogels in the Fe 2p (a), Si 2p, (b), O 1s and (c), binding energy regions.

Fig. 4 (a) X-ray diffraction pattern of composite xerogels with heat treatment at 450 �C; (b and c) TEM images and (d and e) HRTEM images of
composite xerogels with heat treatment at 450 �C.
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NiFe2O4 with heat treatment at 450 �C for 2 hours. As illustrated
in the image, all the diffraction peaks can be indexed to be the
spinel phase NiFe2O4

43 and no peaks corresponding to the SiO2

phase are detected, indicated that the silicon oxide is amor-
phous. The porous nature of sample can be further conrmed
by the TEM image. As is shown in Fig. 4(b), the matrix is formed
with mesoporous SiO2, with a pore size of about a few nano-
meters. It can be seen in Fig. 4(b) that the NiFe2O4 nanoparticles
are uniformly distributed in the SiO2 matrix, and with a particle
size of about 10 nm. Fig. 4(c) is a typical HRTEM image of
sample, showing a crystalline particle of about 10 nm in
diameter embedded in the amorphous SiO2. And Fig. 4(e) is the
local amplication picture with clear lattice fringe, the lattice
spacing is determined to be 2.53 Å which corresponds to the
lattice distance of the (311) plane.

A representative SEM image of composite xerogels and EDS
mapping images corresponding to the elemental distribution of
Si, O, Fe and Ni are shown in Fig. 5. All the elements of Si, O, Fe
16516 | RSC Adv., 2017, 7, 16513–16523
and Ni are detected and mapping images show that content of
Si and O are relatively high, which form the SiO2 skeleton of
composite xerogels, and Fe, Ni evenly disperse in the mapping
area. It can be concluded that the NiFe2O4 particles distribute
uniformly in silica matrix.

The room-temperature magnetization curve recorded with
the magnetic eld sweeping from �20 000 to 20 000 G. Fig. 6(a)
shows that the saturation magnetization value of composite
xerogels is 1.06 A m2 kg, which can be adjusted by controlling
the synthesis parameters. It can be seen in Fig. 6(b) that the as-
prepared composite xerogels can be separated from water by
application of an external magnetic eld in about 2 minutes.
3.2 Formation mechanism of NiFe2O4/SiO2 composite
xerogels

The formation mechanism of NiFe2O4/SiO2 composite xerogels
is shown in Scheme 1. According to the above analyses, the
This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ra27219c


Fig. 5 SEM and corresponding EDS mapping results of composite
xerogels.

Fig. 6 Magnetic properties of composite xerogels: (a) room temperat
external magnetic field.

Scheme 1 Formation mechanism of NiFe2O4/SiO2 composite xerogels.

This journal is © The Royal Society of Chemistry 2017
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preparation process can be described as follow: rst, the gly-
colic acid reacts with Ni2+, Fe3+ ions to form the precursor gel
through hydrolysis and condensation (Scheme 1b). Then the
precursor gel is mixed with the silica sol (Scheme 1a) hydrolyzed
from TEOS (Scheme 1c), and the gelation happens aer stirring
the mixture (Scheme 1d), the Si–OH reacts with Fe–OH to form
Si–O–Fe due to –OH condensation during this period. Aer that,
the pore structure is formed aer water (product of condensa-
tion reaction) in the skeleton being evaporated through drying.
Finally, the spinel structure of magnetic nanoparticles formed
in the silica skeleton aer heat treatment.
3.3 Effect factors of Ce(IV) adsorption

3.3.1 Effect of composite magnetic xerogels dosage. Effect
of adsorbent dosage for the removal of Ce(IV) from water is
shown in Fig. 7. Experimental results indicate that the removal
percentage of Ce(IV) increases from 39.10% to 86.03% when the
adsorbent dosage rises from 0.02 g to 0.15 g in 50 mL of Ce(IV)
solution, which attributes to the increasing of active sites on the
surface of adsorbents, so that Ce(IV) ions can easily penetrate
into the adsorption sites. In contrast to the adsorption effi-
ciency, adsorption capacity decreases signicantly with
increasing the adsorbent dosage, which is due to the active
adsorption sites on the surface of adsorbents cannot be used
efficiently and leads to the waste of adsorbents.

3.3.2 Effect of initial concentration. To investigate the
effect of initial Ce(IV) concentration on the adsorption process,
experiments were conducted with adsorbent dosage of 0.04 g
ure magnetization curve, and (b) separation from solution under an

RSC Adv., 2017, 7, 16513–16523 | 16517
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and contact time of 72 h, the results are presented in Fig. 8(a). It
is clear that the adsorption capacity increases when the initial
concentration rises from 20 to 140 mg L�1, and the adsorption
capacity slightly decreases when the initial Ce(IV) concentration
is over 140 mg L�1. While the removal efficiency decreases with
the increasing of initial Ce(IV) concentration, this may due to the
active adsorption sites approach saturation at higher Ce(IV)
concentration.

The concentration of radionuclide in HLLW sometimes is
actually very low, usually about one to several hundred ppb,
it's necessary to investigate the Ce(IV) adsorption of
composite xerogels under very low concentration. Experi-
ments were conducted with adsorbent dosage of 0.001 g and
contact time of 72 h, the initial concentration of Ce(IV) ranges
from 25 to 200 ppb, the concentration of Ce(IV) ion was
measured via inductively coupled plasma mass spectrometry
(ICP). Results are shown in Fig. 8(b), the adsorption capacity
of Ce(IV) onto composite xerogels increases as the initial
concentration increases from 25–200 ppb, the removal effi-
ciency rises as the concentration of Ce(IV) increases, and then
falls down aer reaching the peak (90.12%, 100 ppb), which
indicates that the composite xerogels show the best adsorp-
tion performance when the initial concentration of Ce(IV) is
100 ppb.
Fig. 7 Effect of composite magnetic xerogels dosage on the equi-
librium adsorption efficiency.

Fig. 8 Effect of initial concentration on removal efficiency and adsorpti

16518 | RSC Adv., 2017, 7, 16513–16523
3.3.3 Effect of pH. The initial pH of the solution is an
important factor which greatly affects the adsorption capacity of
adsorbents.44 In this work, HNO3 (0.1 mol L�1) and NaOH
(0.1 mol L�1) were used to adjust the pH of Ce(IV) solution. The
inuence of pH on the adsorption capacity of composite xero-
gels is shown in Fig. 9, which demonstrates that the adsorption
capacity of composite xerogels is strongly affected by pH values.
The adsorption curve of Ce(IV) onto composite xerogels can be
divided into two regions. In the rst region (pH ¼ 2–7), the
adsorption capacity of Ce(IV) increases when the pH increases,
in the second region (pH ¼ 7–9), the adsorption capacity
decreases sharply along with the increasing of pH. This is due to
the surface of composite xerogels and the Ce(IV) ions are positive
charged when the pH is low, so that an electrostatic repulsion
force exists between the Ce(IV) and composite xerogels under
this situation, which prevents the Ce(IV) from contacting with
adsorbent.45 And large amounts of H+ in solution may
contribute to the competitive adsorption against Ce(IV).46 This
can be improved by increasing the pH of solution to make
composite xerogels less positive charged and decrease the
amounts of H+, which will facilitate the adsorption of Ce(IV)
onto composite xerogels. The adsorption capacity of composite
xerogels reaches maximum under neutral condition. Keeping
on capacity of Ce(IV).

Fig. 9 Effect of solution pH on the adsorption capacity of composite
xerogels.

This journal is © The Royal Society of Chemistry 2017
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increase the pH until the solution alkaline, the surface of
composite xerogels and Ce(IV) are both negative charged,47 thus,
an electrostatic repulsion appears again to stop composite
xerogels from adsorbing Ce(IV).
3.4 Adsorption kinetics

Adsorption kinetic study is important in the treatment of HLLW
as it provides valuable information on the mechanism of
adsorption reactions.48 As shown in Fig. 10(a), the maximum
adsorption capacity (adsorption efficiency) of composite xero-
gels for Ce(IV) reaches 114.56 mg g�1 (91.65%), the Ce(IV) uptake
increases rapidly in the rst 20 hours, and almost 73.6% of
Ce(IV) can be removed. Then the adsorption curve reaches
equilibrium stage. The faster initial adsorption rate due to the
existence of active sites available for Ce(IV) ions binding. The
adsorption rate slows down with the increasing of contact time,
this is because of the vacant active sites are occupied and
formation of repulsive forces between Ce(IV) ions in the liquid
phase and the adsorbent surface.49

Pseudo-rst-order and pseudo-second-order are used to the
experimental data to investigate the controlling mechanism of
Ce(IV) adsorption onto composite xerogels, and the linear form
of their rate equations are represented as follows:50

Pseudo-rst-order:

ln(qe � q) ¼ �k1t + ln Ce (3)

Pseudo-second-order:
Fig. 10 (a) Adsorption of Ce(IV) onto composite xerogels as a function
adsorption of Ce(IV) onto composite xerogels by using the pseudo-first-o
composite xerogels by using the pseudo-second-order kinetic model; (d

This journal is © The Royal Society of Chemistry 2017
t

qt
¼ 1

k2qe2
þ t

qe
(4)

where qe (mg g�1) and qt (mg g�1) are the metal ion uptake per
unit weight of adsorbent (mg g�1) at equilibrium and metal
ion uptake per unit weight of adsorbent (mg g�1) at time t
(hour), respectively. k1 (hour) and k2 (g per mg per hour) are
the rate constant of pseudo rst order and second order
respectively. The obtained value of slope and intercept were
utilized for determination of k1, and k2.

Fig. 10(b) shows the plot of log(qe � qt) versus t, the
correlation coefficient, calculated by pseudo-rst-order
model is relatively poor (R2 ¼ 0.976), and Fig. 8(c) shows
the plot of t/qt versus t at 25 �C, the obtained value for the
correlation coefficient (R2) is 0.997, which indicates that
adsorption kinetics of Ce(IV) agrees with the pseudo second-
order equation. The pseudo-second-order kinetic model is
generally applied to heterogeneous systems,51 and the
adsorption is attributed to chemical adsorption involving
valence forces through the sharing or exchange of electrons
between the adsorbent (mainly Si–OH groups on the surface
of adsorbent) and the adsorbate (Ce(IV) ions). The equation
for the ion exchange reaction was considered might be
expressed as:52

^Si–OH + Ce(H2O)y
4+ #

^Si–O–Ce(H2O)(y�n)
(4�q)+ + qH+ + nH2O (5)
of time. T ¼ 298.15 K, pH ¼ 6.0; (b) plot of log(qe � qt) versus t for
rder kinetic model; (c) plot of t/qt versus t for adsorption of Ce(IV) onto
) plot of qt versus t

1/2 for adsorption of Ce(IV) onto composite xerogels.
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To explore the adsorption diffusion mechanism, the
adsorption process is analyzed using the intra-particle diffusion
model:53

qt ¼ kit
1/2 + C (6)

where ki is the intra-particle diffusion rate constant and C is
a constant. As shown in Fig. 10(d), the whole adsorption process
is composed of two stages, the initial linear portion is a surface
diffusion adsorption stage, and the second corresponds to an
intra-particle diffusion of Ce(IV) through the pore of adsorbent,
none of these two stages pass through the origin, which indi-
cates that both surface diffusion adsorption and intra-particle
diffusion involved in the adsorption process, and the whole
diffusion rate is controlled with intra-particle diffusion which is
slower than that of surface diffusion.

3.5 Adsorption isotherms

Isotherms studies can provide deep information on how the
adsorbents interact with adsorbates. In this work, Langmuir
and Freundlich adsorption isotherms are used to linear tting
with the experimental data. These two isotherms can be
expressed respectively as:54

Langmuir adsorption isotherm:

Ce

qe
¼ Ce

qm
þ 1

qmKL

(7)

Freundlich adsorption isotherm:

ln qe ¼ ln KF þ 1

n
ln Ce (8)
Fig. 11 (a) Adsorption isotherm of Ce(IV) on composite xerogels at diff
composite xerogels at different temperatures; (c) linear plots of Freundl

16520 | RSC Adv., 2017, 7, 16513–16523
where qmax (mg g�1) is the maximal metal adsorption capacity,
KL (L mg�1) is the Langmuir constant relating to the energy of
adsorption, KF and n are Freundlich constants relating to the
adsorption amount and adsorption intensity of the adsorbent,
respectively. Ce is the residual equilibrium concentration (mg
L�1), and qe denotes the metal ion uptake per unit weight of
adsorbent (mg g�1) at equilibrium.

The adsorption of Ce(IV) was conducted at different initial
concentrations ranging from 80–200 mg L�1. Fig. 11(a) shows
the relationship of the equilibrium adsorption capacity of
composite xerogels and the equilibrium concentration of Ce(IV)
at different temperatures. The adsorption capacity increases
with the increasing of temperatures, which indicates that the
adsorption of Ce(IV) onto composite xerogels is an endothermic
process. The experimental datas are modeled according to
Langmuir and Freundlich isotherms, and the evaluated values
are given in Table 1. It is clear that Langmuir isotherm describes
better with a higher correlation coefficient (R2 ¼ 0.9993–0.9997)
in comparison with that of Freundlich (R2 ¼ 0.5015–0.9804).
The Langmuir isotherm is oen applicable to a homogeneous
adsorption surface with all the adsorption sites having equal
adsorbate affinity, while Freundlich isotherm assumed that the
concentration of adsorbate on the adsorbent surface increases
as the adsorbate concentration increases.55 The match of the
Langmuir isotherm equation for adsorption data indicates that
the binding sites on the whole surface of composite xerogels are
uniform, and Ce(IV) ions were adsorbed by forming a monolayer
coverage of the aerogel skeleton.

Furthermore, a dimensionless constant called separation
factor (RL, also called equilibrium parameter) is commonly used
erent temperatures; (b) linear plots of Langmuir model of Ce(IV) on
ich model of Ce(IV) on composite xerogels at different temperatures.

This journal is © The Royal Society of Chemistry 2017
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Table 1 Isotherm parameters of absorbing Ce(IV) onto composite
xerogels at different temperatures

T (K)

Freundlich Langmuir

KF (L g�1) 1/n R2 qmax (mg g�1) KL (L mg�1) R2

298 104.4428 23.9464 0.5015 124.5330 3.1004 0.9999
308 112.4951 27.2777 0.9804 132.9787 1.4082 0.9997
318 118.7060 35.1741 0.9485 134.4086 3.0000 0.9999
328 123.2839 38.0662 0.9462 139.6648 1.6460 0.9993
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to predict whether an adsorption system is favorable or
unfavorable:56

RL ¼ 1

1þ KLC0

(9)

The value of RL indicates the adsorption process to irre-
versible (RL ¼ 0), favorable (0 < RL < 1), linear (RL ¼ 1) or
unfavorable (RL > 1). The RL is found to be in the range from 0–
0.01, implies that the composite xerogels are quite a favorable
absorbent for Ce(IV) ions.

In order to evaluate the potential improvements on the
adsorption of Ce(IV), the comparison in maximum capacity of
the Ce(IV) between the as-synthesized NiFe2O4/SiO2 magnetic
porous composite xerogels and other reported adsorbents is
shown in Table 2. The adsorption capacity for the Ce(IV) calcu-
lated by the Langmuir equation is up to 132.98 mg g�1 at 308 K.
Compared with other adsorbent, it is clearly shown that the
composite xerogels used in this work had a moderate adsorp-
tion capacity for the removal of Ce(IV), and there are no inves-
tigations on the adsorption of Ce(IV) radionuclides by magnetic
adsorbents we can nd. For the silica and silica based adsor-
bents,52,57 the adsorption can be attributed to the Si–OH groups
on the surface of adsorbents, which is the similar way as the
composite xerogels in this work, while the adsorption capacity
of NiFe2O4/SiO2 composite xerogels is lower than the above two
Table 2 Comparison of adsorption capacity (mg g�1) for Ce(IV) onto
NiFe2O4/SiO2 magnetic porous composite xerogels with other
absorbents

Adsorbent sample
Adsorption capacity
(mg g�1) Reference

SiO2/TiO2 composite aerogels 233.04 57
SiO2 206.61 52
Montmorillonite 210 58
PPy and PAn coated sawdust 112 59
Monosodium glutamate
functionalized chitosan beads

343 60

N-Methylimidazolium
functionalized anion
exchange resin

75.6 61

Surfactant-impregnated
activated carbon

9.66 62

NiFe2O4/SiO2 magnetic
porous composite xerogels

114.56 Present
study

This journal is © The Royal Society of Chemistry 2017
kinds of adsorbents, this may due to the heat treatment process
to form the magnetic NiFe2O4 spinels, which caused the
decrease of Si–OH groups. For montmorillonite,58 the adsorp-
tion capacity is up to 210 mg g�1, the high adsorption capacity
may be attributed to the strong ion exchange ability of mont-
morillonite. There are also functionalized adsorbents have been
reported,59–62 the adsorption capacity of monosodium gluta-
mate functionalized chitosan beads is signicantly larger than
the corresponding value of composite xerogels this work,
mainly due to the large amount of –NH2 and –OH groups gra
on the surface. While the adsorption capacities of N-methyl-
imidazolium functionalized anion exchange resin and
Surfactant-impregnated activated carbon are smaller than the
corresponding value of composite xerogels in this work, this
may because of the different experimental conditions.
3.6 Adsorption thermodynamics

To examine the effect of temperature, adsorption experiments
were carried out for the initial concentration of 100 mg L�1 at
different temperatures. The values of DH0 (enthalpy changes)
and DS0 (entropy changes) can be calculated from the slope and
intercept of the plot of ln Kd vs. 1/T (Fig. 12) by using the
following equation:63

ln KD ¼ DS0

R
� DH0

RT
(10)

where KD (¼qe/Ce) is the equilibrium adsorption constant at
various temperatures (L g�1), DH0 and DS0 are the changes in
the standard enthalpy (kJ mol�1) and the standard entropy (kJ
mol�1 K) of adsorption, respectively, R is the perfect gas
constant (8.314 kJ mol�1 K) and T is the absolute temperature
(K).

The standard Gibbs free energies DG0 was calculated using

DG0 ¼ DH0 � TDS0 (11)

the calculated values for DG0, DH0 and DS0 are listed in Table 3.
The value of Gibbs free energy change (DG0) for the Ce(IV)
Fig. 12 Plot of ln KD versus 1/T for the adsorption of Ce(IV) onto
composite magnetic xerogels.

RSC Adv., 2017, 7, 16513–16523 | 16521
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Table 3 Thermodynamic parameters calculated from the adsorption
data of Ce(IV) onto composite magnetic xerogels

DH0

(kJ mol�1)
DS0

(J mol�1 K�1)

DG0 (kJ mol�1)

298 K 308 K 318 K 328 K

64.99 237.20 �5.64 �8.01 �10.38 �12.75

Fig. 13 Recycling experiments of removal of Ce(IV) from water over
magnetic NiFe2O4/SiO2 composite xerogels.
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adsorption is negative, which demonstrates that the adsorption
process is spontaneous. Furthermore, the decrease in the value
of DG0 with increasing temperature indicates that the adsorp-
tion is more favorable at high temperatures.
3.7 Regeneration and cycle analysis

Desorption is another important process due to its economical
and practical application value. In this work, regeneration of the
adsorbents was investigated by using 0.1 mol L�1 HNO3. Aer
desorption, the adsorbents were treated with deionized water to
wash away the residual HNO3 and explored for Ce(IV) adsorption
in the succeeding cycles. As shown in Fig. 13, the adsorption
capacity of the composite magnetic xerogels decreases gradually
with the increasing number of cycles, and only decreased 13.7%
aer successive adsorption–desorption cycles. The result shows
that the adsorbent exhibits a considerable high stability and
maintain a similar level of adsorption capacity aer four times
of adsorption cycles, which suggests that the magnetic
composite xerogels may be a promising adsorbent for the
adsorption of Ce(IV) using magnetic separation.
4 Conclusion

A novel magnetic separable porous NiFe2O4/SiO2 composite
xerogel adsorbent has been prepared via a sol–gel method for
the removal of Ce(IV) from aqueous solution. The hierarchically
porous structures with a specic surface area of 1085.25 m2 g�1
16522 | RSC Adv., 2017, 7, 16513–16523
improve the adsorption ability by facilitating the diffusion of
Ce(IV). Combined with in situ synthesis of NiFe2O4 nanoparticles
in the SiO2 matrix, the magnetic NiFe2O4 nanoparticles facili-
tate the rapid separation of the adsorbent from waste water by
applying a magnetic eld. The effects of initial concentration,
amounts of adsorbents, contact time, solution pH and
temperature on the adsorption process of Ce(IV) were studied.
The adsorption kinetics were better described by a pseudo-
second-order kinetic model, and the absorption capacity of
the absorbent for Ce(IV) was tted well with the Langmuir
model. Thermodynamic parameters obtained from the
absorption process revealed that adsorption process was found
to be endothermic. The values of DH0 (64.99 kJ mol�1), DS0

(237.20 J mol�1 K�1) and DG0 (�5.64 to �12.75 kJ mol�1) show
that the adsorption of Ce(IV) on magnetic porous NiFe2O4/SiO2

composite xerogels was spontaneous in nature within the
experiment temperatures. Moreover, the magnetic composite
xerogels can be recycled about four times with feasible
adsorption capacities, and could be used as a highly effective
adsorbent to remove Ce(IV).
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