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ABSTRACT: Here, we provide an effective method to fabricate magnetic ZnO clay nanocomposite hydrogel via the
photopolymerization. The inorganic components endow the hydrogel with high mechanical strength, while the organic
copolymers exhibit good adsorption capacity and separation selectivity to La (III) ions. An optimized hydrogel has the maximum
compressive stress of 316.60 ± 15.83 kPa, which still exhibits 138.98 ± 7.32 kPa compressive strength after swelling. The
maximum adsorption capacity of La ion is 58.8 mg/g. The adsorption matches the pseudo-second-order kinetics model. La (III)
ions can be effectively separated from the mixtures of La/Ni, La/Co, La/Cu, and La/Nd in a broad pH range (2.0 to 8.0). After
six adsorption−desorption cycles, the hydrogel can maintain its adsorption capacity. This work not only provides a new approach
to the synthesis of tough hydrogels under irradiation, but also opens up enormous opportunities to make full use of magnetic
nanocomposite hydrogels in environmental fields.
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1. INTRODUCTION

Rare earth related materials are receiving considerable
attentions and increasingly demanded in hi-tech industries
because of their novel properties. Recently, they have been
found wide applications in batteries, electronics, and chemical
engineering.1 Among them, lanthanum is practically used as
metal, catalytic, and fluorescent materials.2,3 The wide use of
rare earth elements, whether free or complex, would finally lead
to environmental problems in future. Therefore, an economical
technique should be explored to recover the rare earth ions.4,5

The traditional approaches for the removing of lanthanides
include ion-exchange, extraction, precipitation, reverse osmosis,
and adsorption.6−8 The adsorption is a promising technique
because of the facile and economical operation. Such materials
for the adsorption of lanthanide ions have biosor-
bents,9−13carbon materials,14,15 silica materials,16 other in-
organic materials,17−22 and polymer materials.23−25 Hydrogels
with three-dimensional hydrophilic networks have emerged as
effective adsorbent because of its water-rich porous struc-
ture26,27 and the functional polymer matrix with the amino,
carboxyl, acylamino and sulfonic groups attached.28−31

However, most hydrogels suffer from a lack of mechanical
strength, which usually makes them brittle and limits their
further industrial applications. The typical tough hydrogels
include the nanocomposite gels, the double-network gels,

microsphere gels, and the ring-slide gels.32−42 Among them,
clay based nanocomposite hydrogel has received special
attention because of its excellent mechanical strength.43

Recently, our group developed a photopolymerized method
for the preparation of tough clay-based nanocomposite
hydrogels, where TiO2 nanoparticle was employed as a
photoinitiator to produce free radicals for polymerization.44−46

Herein, the magnetic nanoparticles were introduced into the
tough hydrogel networks since it is well-known that magnetic
adsorbent can be quickly and conveniently separated from the
solution via an external magnetic field. It was revealed that the
separation speed of adsorbent from adsorbate could be
significantly enhanced with the help of magnetic field. ZnO
nanoparticle, another inorganic semiconductor material, was
used as a photoinitiator because of its suitable bandgap and
photocatalytic performance similar to those of TiO2 nano-
particle. Clay nanosheets were employed as cross-linkers and
nanofillers to enhance mechanical strength of hydrogels. The
selected monomers are N, N-dimethylacrylamide (DMAA) and
2-methylpropanesulfonic acid sodium (AMPSNa). A small
amount of AMPSNa could improve the adsorption capacity
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greatly. We anticipated exploring a universal method to prepare
magnetic tough hydrogel for the application in the environ-
mental field. Apart from the removal of metal ions, this water-
rich material can also be employed for the removal of organic
pollutant, particulate matter, cells, microbiological and viruses.
It is expected that this work can not only provide a new facile
approach to the synthesis of tough hydrogels under UV
irradiation, but also open up enormous opportunities for
environmental applications.

2. EXPERIMENTAL SECTION
2.1. Materials. DMAA (purity ≥99.0%) was purchased from TCI

(Shanghai). AMPS (purity≥ 98%) was bought from Alfar Aesar. Clay
n a n o s h e e t ( C l a y - N S w i t h m o l e c u l a r f o r m u l a :
Mg5.34Li0.66Si8O20(OH)4) was obtained from Rockwood Ltd. The
dispersion of ZnO nanoparticles with about 10−30 nm size was got
from Yicheng Ruijing (Beijing). Analytical grade reagents such as
LaCl3, Co(NO3)2·6H2O, Ni(NO3)2·6H2O, CuSO4·5H2O, and NdCl3
were obtained from Sinopharm (Shanghai). All the chemicals were
used as received. Magnetic Fe3O4 nanoparticles with 200 ± 50 nm size
were synthesized according to our earlier work.16

2.2. Preparation of Magnetic Nanocomposite Hydrogel. In
our experiment, hydrogel was prepared from a homogeneous
precursor aqueous solution composed of ZnO nanoparticles, Fe3O4
magnetic nanoparticles, Clay-NS, DMAA, and AMPSNa. The weakly
basic environment (pH 9.0) is beneficial to the irradiation of ZnO
nanoparticles and the production of OH radicals. It was confirmed that
the OH radicals and holes were two initiating species for the formation
of DMAA radicals and further propagating radicals.44 Figure 1A shows
that the magnetic nanocomposite hydrogel could be produced after 2
h UV light (middle-pressure mercury lamp, 100 mW·cm−2). As a
typical example, 5.0% Clay-NS, 5.0% monomers (4.55% DMAA with
0.45% AMPSNa), 0.8% ZnO, and 0.06% Fe3O4 nanoparticles were
employed to produce a magnetic ZnO clay nanocomposite hydrogel
with considerable mechanical strength and magnetic properties. The
total mass of precursor aqueous solution was 5.0 g. The as-obtained
hydrogel samples were supercritically dried for SEM characterization

and freeze-dried overnight for other experiments in view of the
expensive operation cost of supercritical drying.

2.3. Characterizations. The morphology and microstructure of
the supercritically dried hydrogels were characterized by a field
emission SEM (Hitachi S 4800). A laser diffraction particle size
analyzer (Eyetech-combo) was employed to measure the size and
specific area of the freeze-dried hydrogel powder. A zeta potential
instrument (zetasizer Nano Z) was used for determining the surface
charge of hydrogel with various pH. The XRD patterns were obtained
on a diffractometer (Philips APD-10) with Cu Kα radiation from 20°
to 70°. Phase identification was confirmed by the JCPDS PDF
database. The magnetization curve was measured by a vibrating sample
magnetometer (Lakeshore 7400). FI-IR spectra was measured in a
Fourier-transform infrared spectrometer (Nicolet Avatar 360) from
4000 to 400 cm−1. A cylindrical gel sample with 25.0 ± 0.1 mm
diameter and 13.2 ± 0.1 mm thickness was prepared before the
mechanical analysis. A tensile-compressive tester (FR-108B) was
employed to record the compressive stress−strain curves with 1.0 mm·
min−1rate. The compressive strength and Young’s modulus of
hydrogels were calculated by 95% compression and the ratio from
5% to 15%, respectively. All the data were obtained from three
independent measurements.

2.4. Swelling Studies. For the swelling studies, the hydrogel discs
should be dried at 100 °C. The swelling ratio of hydrogels was
investigated by gravimetric method. The dry hydrogel discs were
swollen in excessive water for 30 h at room temperature. The wet gels
were taken from water and dried by tissue paper to get the accurate
weight. The saturated swelling ratio (SR) was obtained by eq 1

=
−

S
W W

WR
S d

d (1)

where WS and Wd denotes the saturated and dried weights,
respectively. The data were averaged from five independent measure-
ments.

2.5. Adsorption Experiments. The adsorptions were performed
in a batch of models at room temperature. Typically, for pH effect on
the adsorption, 30 mg hybrid hydrogel powders were immersed into
30 mL aqueous solution for 2 h. The concentration of metal ions

Figure 1. (A) Schematic preparation of magnetic nanocomposite hydrogel via ZnO-initiated polymerization. (B) Photograph of a self-standing
hydrogel. (C) SEM image of a magnetic nanocomposite hydrogel after supercritical drying. (D) The EPR spectrum of the precursor comprising ZnO
and DMAA under UV irradiation.
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including La3+, Nd3+, Cu2+, Co2+, and Ni2+, was fixed at 0.3 mmol/L.
The initial pH value ranged from 1.5 to 7.0. No buffer solution was
used since the ionic strength would suppress the swelling of hydrogel.
For La (III) adsorption isotherm experiment, 30 mg adsorbent was
poured into a solution with the volume of 30 mL. The concentration
of La (III) ion was from 0.03 to 1.6 mmol/L (4.0−220.0 mg/L) with
pH 5.0. After 2 h adsorption, the hydrogel powders were directly
separated from the solution by the magnet. The residue metal ion was
measured by a UV−vis spectrophotometer. Arsenazo (III) was used to
measure La3+ and Nd3+,47,48 4-(2-pyridylazo)resorcinol for Co2+ and
Ni2+,49,50 and sodium diethyldithiocarbamate for Cu2+,51 respectively.
The data were averaged from three independent measurements. The
amount of metal ion within the adsorbent was calculated from eq 2:

=
−

q
C C V

m
( )

e
ini e

(2)

where qe is the adsorbed amount of La (III)(mg/g), Cini and Ce are the
starting and residue amount of La (III) (mg/L), respectively, V (L) is
the solution volume, and m (g) is the weight of the hydrogel powder.
The uptake percentage (%), distribution ratio (D), and separation

factor (S) were calculated by the following equations, eqs 3−5:
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=S D D/1 2 (5)

For the interference experiment, the two-component system was
composed of La3+ with K+, Na+, Ba2+, Cd2+, Co2+, Mn2+, Zn2+, Ce3+,
respectively. The concentrations of La3+ ions was 3.0 mg/L, alkaline
ions of 300 mg/L and the other metal ions of 30 mg/L. After the
competitive adsorption, the residual La (III) ions in solution were
analyzed via the ICP-OES. For the regeneration experiment, HCl
aqueous solution (5.0 mL, 2.0 mol/L) was used as a desorption agent
to regenerate the hybrid hydrogel after 2 h shaking. Then, the reused
hydrogel powders were washed by sodium acetate buffer and distilled
water repeatedly for three times. The data were averaged from three
independent measurements.

3. RESULTS AND DISCUSSION
3.1. Synthesis, Mechanism, and Characterization.

Figures 1B exhibits the appearance of a bulk hydrogel. The
brown-black hydrogel is smooth and elastic and can be
deformed into any shape. The water content within the hybrid
hydrogel was estimated to be more than 89%. The SEM images
in Figure 1C indicate that the supercritical dried hydrogel has

porous structure with several tens nanometers size. Such
loosely porous structure of the dried hydrogel is beneficial to
the continuous application and the possible rapid adsorption
kinetics.
The polymerization mechanism can be described as follows.

At first, the ZnO nanoparticles produce photogenerated
electrons and holes under UV irradiation. Such photogenerated
holes with high oxidability can react with OH− to produce OH
radicals. The holes can attack the noncovalently adsorbed
monomers to obtain the surface carbon radicals that directly
initiate the polymerization at the nanoparticle surfaces. Both
the active OH radicals and surface monomer radicals can
initiate the polymerization around the ZnO nanoparticles. In
order to confirm the polymerization mechanism, electron spin
resonance (EPR) analysis was performed for the ZnO
nanoparticles dispersion mixed with or without monomer. As
expected, a set of peaks with a 1:2:2:1 ratio in the EPR
spectrum revealed the existence of OH radical, similarly to the
earlier work.44 The signals of the propagating carbon radical
with a 1:1:1 ratio confirmed the occurrence of polymerization
in the presence of monomers (Figure 1D).
Figure 2 exhibits the XRD patterns (Figure 2A) and

saturation magnetization curve (Figure 2B) of the magnetic
nanocomposite hydrogel. The characteristic peaks of single
Fe3O4 (2θ = 30.1, 37.1, 43.1, 53.4, 57.0, and 62.6) and the
characteristic peaks of single ZnO (2θ = 31.5, 34.2, 36.0, 47.3,
56.4, 62.7, 66.2, 67.7, and 68.9) are both found in the XRD
patterns of the hybrid hydrogel, which indicate the remained
crystalline phases of Fe3O4 and ZnO nanoparticles. The
magnetic property of the hybrid hydrogel was investigated for
the feasibility of magnetic separation and regeneration of this
adsorbent. The magnetic nanocomposite hydrogel has
magnetic saturation value (Ms = 0.51 emu/g), coercivity (Hc
= 72.55 Oe), and remanence (Mr = 0.05 emu/g), respectively
(Figure 2B). The weak magnetic property for the magnetic
nanocomposite hydrogel is mainly due to the low concentration
of Fe3O4 (0.06 wt %). From a practical viewpoint, a material
with a magnetic saturation value at least 30 emu/g (for μm-mm
sized particle) is considered to be appropriate for magnetic
separation in practice. However, for our hydrogel system, when
the concentration of magnetic nanoparticle was more than
0.06%, the hydrogel could not be formed under irradiation
because of the strong light absorption ability of dark Fe3O4.
Moreover, excessive magnetic particles would cause a low

Figure 2. (A) XRD patterns of ZnO nanoparticles, magnetic Fe3O4 nanoparticles, and freeze-dried magnetic nanocomposite hydrogel. (B) Room
temperature hysteresis loops of freeze-dried magnetic nanocomposite hydrogel powder. Left inset shows that the hydrogel powders dispersed in
liquid can be magnetically collected by an external magnet. Right inset displays that the hybrid hydrogel powders can be redispersed into the solution
readily.
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adsorbed amount of La (III) ions by hydrogel powder.10 Figure
S1 (Supporting Information, SI) shows the average diameter
and the specific area of our hydrogel particles were about 261
μm and 89.51 m2/kg, respectively. The large size and high
density make them separable by centrifugation or direct
precipitation readily. The magnetic nanoparticles were
employed to accelerate the gravity separation. As shown in

Figure 2B left inset, the magnetic hydrogel powders could be
collected quickly with a magnet. Furthermore, the magnetic
nanoparticles were immobilized into the three-dimensional
hydrogel network to effectively prevent the aggregation of
magnetic particles. The final magnetic hydrogel powders could
be redispersed in solution even though they had a certain

Table 1. Mechanical Properties of the Magnetic ZnO Nanocomposite Hydrogels with Different Compositions

sample DMAA/AMPSNa (wt %) clay (wt %) ZnO (wt %) Fe3O4 (wt %) gelation Young’s modulus (kPa) compressive stress (kPa)

1-1 5/0 5 0.2 0 P.G.a

1-2 5/0 5 0.4 0 C.G.b 5.62 ± 0.28 242.05 ± 12.10
1-3 5/0 5 0.6 0 C.G.b 10.01 ± 0.50 274.24 ± 13.71
1-4 5/0 5 0.8 0 C.G.b 13.55 ± 0.68 319.51 ± 15.98
1-5 5/0 5 1.0 0 C.G.b 11.28 ± 0.56 285.43 ± 14.27
2-1 5/0 5 0.8 0.02 C.G.b 14.19 ± 0.71 285.29 ± 14.26
2-2 5/0 5 0.8 0.04 C.G.b 12.28 ± 0.61 296.83 ± 14.84
2-3 5/0 5 0.8 0.06 C.G.b 15.71 ± 0.79 299.52 ± 14.98
2-4 5/0 5 0.8 0.08 P.G.a

3-1 4.55/0.45 2 0.8 0.06 C.G.b

3-2 4.55/0.45 3 0.8 0.06 C.G.b 5.05 ± 0.25 144.31 ± 7.22
3-3 4.55/0.45 4 0.8 0.06 C.G.b 6.83 ± 0.34 247.85 ± 12.39
3-4 4.55/0.45 5 0.8 0.06 C.G.b 17.45 ± 0.87 316.60 ± 15.83
3-4 4.55/0.45 5 0.8 0.06 C.G.b 12.18 ± 0.56 198.45 ± 9.31d

3-4 4.55/0.45 5 0.8 0.06 C.G.b 15.20 ± 0.25 138.98 ± 7.32e

3-5 4.55/0.45 6 0.8 0.06 S.A.c

4-1 4.44/0.56 5 0.8 0.06 P.G.a

4-2 4.38/0.62 5 0.8 0.06 P.G.a

4-3 2.50/2.50 5 0.8 0.06 P.G.a

aP.G.: Partly gelation. bC.G.: Completely gelation. cS.A.: Clay self- aggregate. dSwollen hydrogel in 0.02% NaCl solution. eSwollen hydrogel in
H2SO4 solution with pH 5.0

Figure 3. (A) Compressive test of the magnetic nanocomposite hydrogels with various clay amount. (B) Compressive test with various ZnO
amount. (C) Compressive test with various Fe3O4 amount. (D) Swelling properties of the magnetic nanocomposite hydrogel.
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remanent magnetization. The redispersion of the magnetic
hydrogel powders is shown in the right inset of Figure 2B.
3.2. Mechanical Strength and Swelling Behavior. The

magnetic nanocomposite hydrogel exhibits good mechanical
performance. The compressive stress of hydrogel is highly
dependent on the concentrations of all the components. The
total concentration of organic monomer was selected to be
5.0% according to the earlier work.31Among the inorganic
components, Clay-NS plays the most significant role in
improving the mechanical strength. As shown in Table 1 and
Figure 3A, both the Young’s modulus and compressive stress
enhance with an improvement of the concentration of Clay-NS
from 2.0% to 5.0%. The value of compressive stress at strain of

95% increases from 144.31 ± 7.22 to 316.60 ± 15.83 kPa, while
the value of Young’s Modulus increases from 5.05 ± 0.25 to
17.45 ± 0.87 kPa correspondingly at the composition of 4.55%
DMAA, 0.45% AMPSNa, 0.8% ZnO, and 0.06% Fe3O4. The
Clay-NS could probably act as a cross-linking agent during
hydrogelation so as to obviously enhance the mechanical
strength. As the Clay-NS is negatively charged, the polymer
chains formed from DMAA and AMPSNA could preferentially
adsorb onto the surface and edge of Clay-NS before irradiation.
Therefore, the optimal concentration of Clay-NS was 5.0%,
which is also the maximum concentration of clay nanosheets
that can be dispersed in water.

Figure 4. (A) Time-dependent capture and (B) adsorption kinetics via the pseudo-second-order model. The initial La (III) ion concentration is 42
mg/L(0.3 mmol/L) at an initial pH 5.0, and the sample dose is 30.0 mg per 30.0 mL. (C) The influence of La (III) ion concentration on the
adsorption and (D) representative Langmuir isotherm, the initial ion concentration is 4.0−222.0 mg/L(0.03−1.60 mmol/L), pH of 5.0 and the
sample dose is 30.0 mg per 30.0 mL. (E) pH effect on the adsorption with and without AMPSNa as a monomer, the initial ion concentration is 42.0
mg/L (0.3 mmol/L) and the sample dose is 30.0 mg per 30.0 mL. (F) Zeta potentials of hydrogel powders at various pH values.
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Similarly, the concentration of ZnO also has an influence on
the compressive stress and Young’s modulus of hybrid
hydrogels, which is shown in Table 1 and Figure 3B. With
the concentration of ZnO increasing from 0.4% to 1.0%, the
value of compressive stress increased from 242.05 ± 12.10 to
319.51 ± 15.98 kPa, and then decreased to 285.43 ± 14.27 kPa.
The values of Young’s modulus increased from 5.62 ± 0.28 to
13.55 ± 0.68 kPa, then decreased to 11.28 ± 0.56 kPa,
correspondingly. It is easy to understand that the mechanical
strength increases with increasing concentration of ZnO as
inorganic nanofiller. However, the excessive ZnO nanoparticles
would lead to a heterogeneous hydrogel network. Conse-
quently, the mechanical strength of hydrogel was reduced. The
selected concentration of ZnO was 0.8%.
The concentration of Fe3O4 nanoparticle also has an

influence on the mechanical strength, as shown in Table 1
and Figure 3C. As the concentration of Fe3O4 increased from
0.02% to 0.06%, the value of compressive stress was slightly
enhanced from 285.29 ± 14.26 to 299.52 ± 14.98 kPa. The
value of Young’s modulus slowly increased from 14.19 ± 0.71
to 15.71 ± 0.79 kPa, correspondingly. When the concentration
of Fe3O4 nanoparticle increased to 0.08%, the hydrogelation
could not perform completely because Fe3O4 nanoparticle has a
strong light absorption capacity. As the result, the photoelectric
conversion efficiency of ZnO nanoparticles would be reduced
greatly. Therefore, it was arbitrarily considered that the suitable
concentration of Fe3O4 nanoparticle was 0.06%.
Figure 3D presents the swelling behavior of magnetic

nanocomposite hydrogel in different media. It could be found
that the swelling capacity in 0.02% NaCl solution was less than
those in H2SO4 solution with pH 5.0, as well as in neutral
water. The maximum equilibrium swelling ratio was 44 g/g in
distilled water, 41 g/g in H2SO4 solution, and 17 g/g in 0.02%
NaCl solution, respectively. The swollen hydrogel could reach
approximately 42 times its dry weight and 1.7 times its original
diameter (see Figure S2 in the Supporting Information). As
listed in Table 1, the swollen hydrogel still has the maximum
compressive strength of 139.98 ± 7.32 kPa (see Figure S3 in
the Supporting Information). The excellent mechanical
performance of hydrogel can resist the sewage erosion during
wastewater treatment. It is obvious that the salt can reduce the
swollen of hydrogel. Therefore, no additional electrolytes were
used in the following adsorption experiments.
3.3. La (III) Adsorption and Hydrogels Recyclability.

Figure 4A provides the time-dependent adsorbed curve of La
(III) ions by the magnetic hydrogel powders. The adsorption
proceed was quick and nearly reach equilibrium after 80 min.
Therefore, a 120 min contact time was selected to reach
adsorption equilibrium in the following experiments. Usually,
the equilibrium time depends on the size, specific area, pore
structure and surface charge of adsorbent. Short equilibrium
time can be obtained by using the adsorbent with small size,
large specific area, uniform pore structure and suitable surface
charge. As far as hydrogel is concerned, it has a hydrophilic
polymeric network, which will swell during adsorption. To
describe the experimental results, different kinetic models were
selected via linear or nonlinear regression. The pseudo-second-
order equation can match the data (Figure 4B) with a high
correlation coefficient (R2 = 0.9995) and a close qe value. The
value of rate constant k2 was calculated to be 3.08 × 10−3 g·
mg−1·min−1. The differential eq 6 is written as follows:

= +t
q k q

t
q

1

t e2 e
2

(6)

In which qt and k2 denotes the adsorbed amount of La (III)
ions onto the hydrogel at different times (min) and rate
constant, respectively. By fitting the t/qt against t plot, the
values of slope of 1/qe and intercept 1/k2 qe

2 can be calculated
from the linear part of a straight line.
Figure 4C shows the concentration effect on the final

adsorption. With increasing La (III) ion concentrations, the
adsorption capacity increased progressively, and finally reached
a saturation status. Various absorbed models were employed to
match the La (III) ion adsorption within our hydrogel. For
Langmuir isotherm, eq 7 is expressed as

= +
C
q

C
q bq

1e

e

e

max max (7)

where qmax is the maximum adsorption capacity of metal ion.
The parameter b is related to the affinity of the absorbent and
absorbate. The value of qmax and b can be calculated from the
fitted line of Ce/qe versus Ce. According to the isotherm
equation, the values of the maximum adsorption capacity and
correlation coefficient were 58.8 mg/g and 0.9966 (Figure 4D),
respectively. For the Freundlich isotherm, the correlation
coefficient (R2 = 0.7202, see Figure S4 in the Supporting
Information) was lower than that of Langmuir isotherm. The
Langmuir model indicates a monolayer absorbed manner of the
La (III) ions on the hydrogels powder via the functional
groups.
In our earlier work, magnetic alginate gels were applied for

the remove of La (III) ions. The maximum 123.5 mg/g
adsorbed amount was due to the stronger affinity of carboxyl
groups in alginate to La (III) ions. However, the disadvantages
of such alginate gel beads were weak mechanical strength, long
equilibrium time, and easy breakage after three reuses.
Furthermore, compared other adsorbents reported in the
earlier work16 with our hydrogel, we found that the biosorbents
and carbon-based materials exhibited satisfactory adsorption
capacity. Nevertheless, more equilibrium time is required with a
lack of the information on the regeneration and reuse. Silica
nanocomposite and polymer materials displayed a comparable
adsorption capacity and equilibrium time to our hydrogel. For
bentonite and other inorganic materials, whether natural or
modified, they suffered from the shortcomings in both
adsorption capacity and regeneration cycle. Besides, our
hydrogel has the advantages of facile preparation, tough
mechanical property and easy functionalization over other
adsorbents.
To evaluate the role of AMPSNa on the La (III) adsorption

into the magnetic ZnO nanocomposite hydrogel, we conducted
experiments to study the pH effect on La (III) adsorption in
the range from 1.5 to 7.0. Other experimental parameters
including La (III) ion concentration, adsorbent dose, adsorbate
volume, contacting time and temperature are the same for the
hydrogel with and without AMPSNa. It was evident that the
adsorption was significantly affected by the initial pH for the
systems. As shown in Figure 4E, the maximum adsorption
capacity was achieved at initial pH 5.0. Lanthanum salts are not
so well-known. The La (III) ions can coordinate with hydroxide
at 1:1, 1:2, 1:3 and 5:9 ratios. Different speciation carries
different charges with different ionic radii, which makes the
adsorption become complicated. Hence, a speciation graph and
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consideration about the species found in specific conditions
(concentration and pH) should be provided. The speciation
diagram is reasonable for a broad concentration range of La
(III) ions. According to the speciation diagram in the earlier
work,12 the predominant lanthanum species is La5(OH)9

6+ ions
at equilibrium pH less than 4.0, La3+ ions at equilibrium pH
from 6.0 to 8.0, La(OH)2+at pH 12.0, and La(OH)2+ at
equilibrium pH from 12.0 to 14.0, respectively. It is considered
that La3+ ions are the most suitable species for the adsorption
investigation in view of its smaller diameter and more charges
than other species. Moreover, to further explore the adsorption
mechanism, zeta potential of hydrogel powder in the pH range
from 2.0 to 8.0 were investigated as shown in Figure 4F. With
increasing pH, the value of zeta potential decreased slowly from
pH 2.0 to 5.0. Then, the value remained little change from pH
5.0 to 8.0. It is clear that the hydrogel powders could carry
more negative charges at a higher pH value. The high pH was
beneficial to the La (III) adsorption by the hydrogel powders.
Therefore, the initial pH 5.0 was selected in the subsequent
experiments.
For the hybrid hydrogel in a weak acidic solutions (pH value

less than 4.0), whether with or without AMPSNa, exhibits low
adsorption capacity of La (III), which might be attributed to
the competitive adsorption between H+ and La5(OH)9

6+. It is
obvious that those adsorbates with small ionic radii and high
concentration are adsorbed preferentially. With increasing pH
values, La3+ ions became the main species, the concentration of
H+ decreased slowly and the surface charge of hybrid hydrogel
become more negative. Consequently, the La (III) uptake
increased gradually due to its high positive charge densities.
The adsorption capacity of hydrogel with AMPSNa was higher
than that of without AMPSNa. The sulfonic acid groups in
AMPSNa should be the main reason, which has been proved by
FTIR in Figure 5A. A typical absorption peak at 3690 cm−1 was
attributed to the OH groups.52 Other characteristic peaks at
995, 995 and 441 cm−1 suggested the existed bending of
Al2OH, Si−O−Al, and Si−O−Si, respectively.53Absorption
peaks at 1640 and 1547 cm−1 were assigned to the CO
group and NH2 groups in the DMAA and AMPSNa units,
respectively.54 The peaks at 1049 and 1162 cm−1 were the
stretching vibrations of SO bonds. The absorption peak at
651 cm−1 was attributed to the sulfonate groups in the polymer
matrix.55 After coordination with metal ions, the absorption
peaks of CO, NH2, and sulfonate groups at 1640, 1547, and
651 cm−1 shifted to 1587, 1504 and 664 cm−1, respectively.
Furthermore, the absorption peaks at 1049 and 1162 cm−1

correlating to the SO groups disappeared. On the basis of

these results, it was confirmed that amide and sulfonic acid
groups contributed to the La (III) adsorption.
To analyze the separation selectivity, the Cu2+, Co2+, Ni2+,

and Nd3+ were chosen for the adsorbed experiment with the
same concentration at various pH. Figure 5B and Table 2

suggest the order of adsorption capacity is La3+> Co2+ > Nd3+ >
Cu2+ > Ni2+. By comparing the values of separation coefficient,
S, it can be known that La3+ ions could be effectively separated
from the mixtures of La/Ni, La/Nd, and La/Cu systems over
the entire pH range. The separation La (III) ions from the
mixture of La/Co can be realized at the pH less than 5.0.
The effect of foreign ions on adsorption was also investigated

by the interfering testing of La (III) from the large amount of
another ion onto the absorbent. The adsorption was performed
in a two-component system (Table 3). No obvious change
(removal of La3+ decreased from 99.2% to 98.4%) in the
adsorption efficiency of La (III) could be found when 100-fold
of K+ or Na+ was added. A slight reduction (removal of La3+

decreased from 99.2% to 92.8%) could be seen in the presence
of 10-fold of Ba2+, Cd2+, Co2+ or Mn2+. The ionic strength is the

Figure 5. (A) FTIR of the pure hydrogel and the adsorbed one. (B) Separation selectivity of hydrogel with various metal ions.

Table 2. Separation Coefficient Values of La/Co, La/Ni, La/
Cu, and La/Nd at Different pH Values

pH SLa/Co SLa/Ni SLa/Cu SLa/Nd

2.0 4.07 23.56 3.48 2.10
3.0 4.39 30.77 5.57 4.45
4.0 5.50 23.72 5.10 3.99
5.0 1.02 26.23 2.86 3.28
6.0 0.90 23.07 3.03 1.42
7.0 1.92 16.16 2.55 1.45

Table 3. Effect of Interfering Ions on the Adsorption of La
(III)

ions compound
concentration

ratio
removal of
La3+ (%)

removal of
interfering ions (%)

La3+ LaCl3 99.2
K+ KCl 100:1 98.4 2.1
Na+ NaCl 100:1 98.5 2.2
Ba2+ BaCl2 10:1 95.0 0
Cd2+ CdCl2 10:1 94.9 2.0
Co2+ CoCl2 10:1 94.6 5.7
Mn2+ MnCl2 10:1 92.8 1.4
Zn2+ Zn(NO3)2 10:1 89.7 0.4
Ce3+ Ce(NO3)3 10:1 87.8 11.4
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main reason for the small change in the adsorption efficiency.
While the Zn2+ and Ce3+ have negative effect on the adsorbed
amount. The removal of La (III) decreased from 99.2% to
87.8%, which might be due to the similar hydrated ionic radius
of La3+ (1.15 Å) to Ce3+ ion (1.10 Å). Moreover, the anion ions
had little effect on the adsorption of La (III) ions, indicating an
excellent selectivity of hybrid hydrogels toward La (III) ion.
Reusing of hydrogel is important in the industrial

applications due to the economic feasibility and resources
conservations. To evaluate the reusability of the magnetic ZnO
nanocomposite hydrogel, six adsorption−desorption cycles
were measured for La (III) ion. The 5.0 mL of 2.0 M HCl
was used as a stripping reagent. The elution ratio (%) was equal
to the formula: Desorbed amount of La (III) ion/adsorbed
amount of La (III) ion ×100, which are shown in Figure 6. In

each adsorption−desorption cycle, almost 100% uptake and
elution could be achieved at the initial concentration of La (III)
of 35 mg/L and pH 5.0. Such measurement could be repeated
at least six times. Except for a tiny loss of iron ion in the
solution, no other change in mechanical and magnetic
properties could be observed. These results indicate that our
hydrogel holds great potential for practical applications.

4. CONCLUSIONS
In summary, a magnetic nanocomposite hydrogel was
fabricated by a facile ZnO-initiated polymerization under UV
irradiation. This approach is simple, effective and easy to
operate in large scale. The as-prepared hydrogel exhibits high
adsorption capacity (58.8 mg/g) and good selectivity toward La
(III) ion. La (III) ions can be effectively separated from the
mixtures of La/Co, La/Ni, La/Cu and La/Nd, systems in the
pH range from 2.0 to 8.0. Because of its magnetic responsive
behavior, the hydrogel can be readily collected from the
adsorption media by an external magnet after adsorbing toxic
metal ions. This magnetic nanocomposite hydrogel is also
economically feasible as they can be reused for at least six cycles
without obvious reduction in adsorption and desorption
efficiencies. Moreover, the magnetic nanocomposite hydrogel
would be particularly suitable for the photocatalytic degradation
of organic pollutants, the treatment of toxic metal ions, and the
recovery of valuables. It holds great promise as a potential
multifunctional platform for environmental applications.
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