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ABSTRACT: To use resources rationally, the recovery and recycling of rare earth
(RE) from industrial sewage have attracted a lot of attention. Herein, a polymer
adsorbent CMC/PAM/Fe3O4 (CPF) was synthesized from renewable carbox-
ymethyl cellulose (CMC), polyacrylamide (PAM), and Fe3O4 by the template of
La3+ using ion imprinting technology. The CPF was characterized with X-ray
diffraction (XRD), IR, X-ray photoelectron spectroscopy (XPS), and scanning
electron microscope (SEM), and results show that PAM and CMC can crosslink
with each other and form copolymers with Fe3O4 particles dispersing in it. The
adsorption properties for the template ions La3+ were fully studied. It is found that
CPF exhibited good adsorption performance with an adsorption capacity of 34.6 mg·
g−1. Cycling experiments show that CPF still has high efficiency even after 5 cycles.
Meanwhile, the desorption rate can reach more than 98%. The low wastage and high
adsorption/desorption efficiency would enable CPF to be a good candidate
adsorbent for removal/recovery of La3+ from industrial sewage.

1. INTRODUCTION
Due to their unique and interesting physical and chemical
properties, rare earths (REs) have been widely applied in
electronic renewable energy, metallurgy, military as well as
agriculture.1,2 The mining, separation, and processing of REs
always bring environmental problems. Once RE-contaminated
effluent is discharged, it threatens the ecological environment.
A large number of studies have reported that REs can
accumulate in the bones, liver, and lungs in the human body,
which can have detrimental effects on human health.3

Lanthanum is one of the frequently used REs for making
superalloys, catalysts, special glass, and piezoelectric ceramics.4

Although it has a large range of applications in industrial fields,
the challenges associated with the recovery and recycling of
lanthanum still remain unresolved.5 Many methods have been
reported for separating lanthanum from industrial effluents,6

such as solvent extraction,7 ion exchange,8 fractional
precipitation methods,9,10 electrokinetic treatment,11 and
adsorption.12−16 However, high efficiency, low cost, and
environmentally friendly methods are still required.
Ion imprinting technology (IIT) is a new separation method

developed from molecular imprinting technology (MIT) in
recent years.17 Using this method, target ions are set as the
template, and they combine with adsorbents via electrostatic
attraction or coordination. After detaching the template ions,
the adsorbent would keep the active site, which makes
readsorbing target ions feasible. Thus, IIT shows advantages

of high selectivity toward the target ions. According to this,
many adsorbents are prepared by IIT to deal with a variety of
pollutants, especially pollution of metal ions. Among them,
polymers are widely adopted as adsorbents due to their ease of
forming covalent/coordinate bonds with the target ions.
However, most polymers are products of the petrochemical
industry, which is nonrenewable and also results in CO2
emission during processing. There is still a need to search
for environmentally friendly polymers that can serve as
candidate adsorbents for IIT.
As an abundant, degradable, and renewable polymer,

carboxymethyl cellulose (CMC) has gained a lot of attention
recently.18−24 Due to the numerous −COOH and −OH
groups in CMC,18 CMC has more diverse chemical properties
compared to cellulose. For example, Yang25 and co-workers
prepared novel millimeter-scale hollow CMC-Al/PEI micro-
spheres by using polyethylenimine (PEI) and glutaraldehyde
(GA)-modified CMC-Al, which shows good adsorption
performance to methyl blue. In our previous study,26 we
found that CMC is a good biopolymer adsorbent for ITT and
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the prepared CMC/Fe3O4 shows good adsorption perform-
ance to La3+. However, CMC is a water-soluble material, and it
would result in a wastage problem during application in water,
which would make CMC less efficient during the recycle and
reuse process as an adsorbent.
In order to solve this problem, the copolymer CMC/

polyacrylamide (PAM) was prepared with magnetic Fe3O4 in
this work. The prepared CMC/PAM/Fe3O4 (CPFs) not only
shows high adsorption capacity to La(III) but also shows a
high efficiency of recovery and reutilization. Meanwhile, due to

its easy separation and environment-friendly properties, the
composite material provides the possibility of broadening the
applicability of natural polymer materials for the removal/
recovery of REs from industrial sewage.

2. RESULTS AND DISCUSSION
2.1. Characterization of CPF. The Fourier transform

infrared (FTIR) spectra of CMC, PAM, and CPF are shown in
Figure 1a. From the FTIR spectrum of PAM, one can see that
peaks at 3319 and 3186 cm−1 are associated with N−H

Figure 1. (a) FTIR spectra of PAM, CMC, and CPF-0.2, (b) X-ray diffraction (XRD) patterns of CPF-0.2 and Fe3O4.

Figure 2. XPS spectra of CPF-0.2: (a) C 1s, (b) N 1s, (c) O 1s, and (d) Fe 2p.
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vibrations and peaks at 1662 and 1396 cm−1 are associated
with C�O and C−N stretching vibrations.27,28 To CMC,
there are three adsorption bands: the first band at 3200−3400
cm−1 is the O−H vibration; the second band is the C�O
vibration at 1600 cm−1, which has a red-shift due to the strong
coupling effect; and the third band located at 1100 cm−1 is the
C−O−C vibration.29 Since there are plenty of C−O−C groups
in the CMC, this band is relatively stronger. Following the
crosslinking of CMC and PAM to form the composite of CPF,
the IR spectrum shows functional groups of both CMC and
PAM: the peaks at 3658 and 3344 cm−1 are attributed to the
N−H and O−H stretching vibrations and the peaks at 1716
and 1655 cm−1 are attributed to the vibration of C�O. The
peak at 1059 cm−1 originates from the −C−O unit of the CPF.
Compared to the CMC, this vibration has a shift of about 40
cm−1 to low frequency, which may be caused by the
crosslinking with the large molecule of PAM.
X-ray diffraction (XRD) was used to characterize the

structures of samples, as shown in Figure 1b. Diffraction
peaks are found at 2θ of 30.32, 35.62, 43.24, 53.44, 57.06, and
62.8° in both CPF-0.2 and Fe3O4; they are (220), (311),
(400), (422), (333), and (440) planes of the inverse spinel
structure of Fe3O4 (PDF# 74-0748). Meanwhile, a broad peak
at 20−25° belongs to the crosslinked CMC/PAM, indicating
the amorphous nature of the CMC/PAM polymers. These
results indicated that Fe3O4 was successfully combined with
CMC/PAM in the composite.
X-ray photoelectron spectroscopy (XPS) was applied to

analyze the component of CPF. Figure 2a shows the XPS
spectrum of C 1s, which can be fitted into three peaks. Those
peaks are the binding energies of C−C (284.7 eV), C−O−C
(286.1 eV), and C�O (288.7 eV) of CMC/PAM polymers.30

The spectrum of N 1s (Figure 2b) can be fitted into peaks at
398.4 and 399.9 eV, which are attributed to −NH2 and O�C-
NH2.

31 In Figure 2c of the O 1s spectrum, the peak at 530.1 eV
is the lattice oxygen of Fe−O in Fe3O4,

3232 while the peaks at
531.6/533.0 eV are the binding energies of C�O/C−O in the
composite.33 In Figure 2d, Fe 2p is known to consist of 2p1/2
and 2p3/2 lines for Fe2+ and Fe3+ at 725.7 and 712.2 eV,34−36

indicating the existence of Fe3O4 in the composite. The
analysis of XPS provides evidence that the composite has the
components of Fe3O4, CMC, and PAM, and the magnetic
copolymer adsorbent has been successfully prepared.
To study the construction of the composite, a scanning

electron microscope (SEM) was used to observe the
morphology of the samples. As shown in Figure 3a, the
prepared Fe3O4 particles show uniform sizes of about 200−350
nm, and these particles are significantly agglomerated together.
Regarding CPF-0.2, Fe3O4 are found well-dispersed in CMC/
PAM polymers (Figure 3b). Good dispersivity of the Fe3O4
particles endowed the composite with an excellent magnetic
property, which would reduce the mass loss of the adsorbent
during separation and improve the recycling efficiency.
The effect of different dosages of PAM was also studied, and

the SEM results are shown in Figure 3. When 0.05 g of PAM
was added, the agglomeration phenomenon of the Fe3O4
particles was found in CPF-0.05 (Figure 4a). Meanwhile, the
composite shows a morphology characterized by large particles
that heap up together. On increasing the content of PAM
(Figure 4b−d), the composites display a construction
resembling an assembly similar to CPF-0.2, which further
indicated that the PAM can crosslink the CMC and form the
copolymer. Moreover, the surfaces of these composites

gradually become smooth, which means that the crosslinking
degree becomes higher when more PAM is used. This effect
also results in Fe3O4 particles being buried inside the polymers,
making the whole composite look like an assembly. EDS was
applied to CPF-0.2, and the mapping images are shown in
Figure 3c. It can be seen that the four elements of C, N, O, and
Fe are evenly distributed on the surface of the sample. This
shows that Fe3O4, PAM, and CMC are connected to each
other evenly. According to EDS, the contents of C, N, O, and
Fe are 57.7, 6.8, 23.6, and 11.9% by weight, respectively, as
shown in Table 1. It can be calculated that the content of
Fe3O4 is about 16.4% in the composite.
2.2. Adsorption Performance. The adsorption perform-

ance of prepared CPFs was evaluated by 50 mg·L−1 La3+ and is
shown in Figure 5. From Figure 5a, one can see that the

Figure 3. SEM images of Fe3O4 (a), CPF-0.2 (b), and energy-
dispersive spectrometry (EDS) mapping images of CPF-0.2 (c).

Figure 4. SEM images of CPF-n, (a) n = 0.05, (b) 0.5, (c) 0.8, and
(d) 1.0.
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adsorption capacities of CPFs are around 34−35 mg·g−1,
which means that the adsorption behavior of CPFs was not
influenced by the dosage of PAM. This result means that PAM
itself has little effect on the adsorption. To consider the cost
performance, CPF-0.2 is chosen as the optimal condition as
the copolymer adsorbent.
Since the pH of the solution would have a great impact on

adsorption performance, the adsorption experiments at differ-
ent pH values were carried out, and the results are shown in
Figure 5b. From Figure 5b, we found that CPF-0.2 has poor
performance in low-pH solutions. The reason for this is
interference by H+ in the solution. Although the active sites in
CPF were imprinted by La3+, H+ was still competitive to
occupy the active sites in the low-pH condition. This result
also suggests that La3+ can be eluted and recovered in an acid
solution. When increasing the pH value to 4−7, the removal
capacity reaches 34.3 mg·g−1, indicating the good adsorption
performance of CPF in weak-acid and neutral conditions. On
continuous increase of the pH to 8, the adsorption capacity
reaches 47.1 mg·g−1. The increase of adsorption capacity under
this condition was caused by the deposition of La3+ in alkaline
conditions, which enhanced the removal process. Thus, the
prepared CPF can be applied in a wide pH range.
2.3. Adsorption Isotherm Studies. The adsorption

isotherm of CPF is presented in Figure 6a. It shows that qe
increased quickly with increasing concentrations of La3+. The
saturated adsorption capacity (34.3 mg·g−1) was reached when
the concentration reached 50 mg·L−1. Generally, the variation
of qe could be ascribed to the transfer among adsorption
sites.37 There were different types of adsorption sites in ion-
imprinted CPFs, such as complete imprinted cavities (CICs),
imprinting cavities with some defects (ICDs), and free active
loci (FAL) existing in the network. Different adsorption sites
result in different adsorption abilities, which compete with
each other.17 The adsorption would first react at the most

active sites of CIC and terminate at the weakest sites in FAL.
In conditions of a low concentration of La3+, the adsorption
was mainly realized by CIC because of the high affinity
between CIC and La3+. With the increase in concentration, the
adsorption gradually transferred to ICD and FAL, which
caused the increased degree of qe until all active sites were
occupied.
Theoretically, when adsorption of La3+ happened at low

concentrations, all target ions were adsorbed according to the
value of qmax. However, the qe at low concentrations did not
reach saturation adsorption in the actual experiments. This is
because concentration is a significant driving force that can
help overcome the mass transfer resistance between the
aqueous phase and the solid adsorbent. At low concentrations,
the driving force is too weak to make La3+ overcome the
resistance of mass transfer and reach the adsorbent site.
To fully understand the adsorption process of La(III), the

Langmuir (Figure 6b) and Freundlich (Figure 6c) models were
applied to fit the isotherm, and the fitted parameters are shown
in Table 1. The correlation coefficients (R2) are 0.999
(Langmuir model) and 0.970 (Freundlich model). This result
indicated that the adsorption process is monolayer and
chemical adsorption. The qmax value calculated by the
Langmuir model is 34.6 mg·g−1, which is close to the
experimental data.
2.4. Adsorption Kinetics of CPF. Figure 7a shows the

adsorption kinetic plot of CPF-0.2. It can be seen that the
adsorption efficiency of CPF-0.2 is fast within 1 h and reaches
equilibrium at about 3 h. The high La(III) adsorption rate of
the adsorbent can be attributed to the abundant adsorption
sites in CPF, which are uniformly distributed in the composite.
The adsorption processes were evaluated by the pseudo-

first-order and pseudo-second-order (Figure 7b,c) models.
Between the two models, the pseudo-second-order kinetic
model produced the best fit (Table 2), which suggests that the
adsorption is mainly dominated by chemical adsorption. This
result is consistent with previous descriptions.
To study the applicability of this CPF material for other REs,

the adsorption of CPF-0.2 on Ce3+, Pr3+, Nd3+, and Eu3+ ions
was carried out, and the results are shown in Figure 7d. It can
be seen that the adsorption capacities for these four ions are
close to each other, and they all fall in the range between 38.4
and 41.1 mg·g−1. This is because these rare earth elements

Table 1. Parameters Fitted by Langmuir and Freundlich
Models for the Adsorption of La(III)

Langmuir model Freundlich model

Qmax
(mg·g−1) R2

KL
(L·mg−1) R2 1/n

KF
(mg·g−1·L1/n·mg−1/n)

34.6 0.999 0.2 0.970 0.2 13.6

Figure 5. (a) Adsorption capacities of CPFs. (b) pH effect on the adsorption capacities. The adsorption experiment was carried out with 0.1 g of
adsorbent dosage in 200 mL of 50 mg·L−1 La(III) at a temperature of 25 °C for 420 min.
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have similar charges and properties, which make CPF have a
similar adsorption performance to them.
A simulation experiment as the on-spot application was

carried out. Ions of Cd2+, Ca2+, Mg2+, K+, and Na+ were used as
interfering ions. The concentration of each ion is about 50 mg·
L−1. The results are listed in Figure 7e. It can be seen that
monovalent K+ and Na+ have no impact on the adsorption of
La3+. However, divalent cations have some impact on the

uptake process. Heavy metal ions of Cd2+ were adsorbed with
the capacity of 0.6 mg·g−1, and the uptake capacity for Mg2+ is
2.6 mg·g−1. Despite the presence of competition from divalent
cations, the adsorption capacity of La3+ still remains at 26.3
mg·g−1, which is about 78% of that obtained in the absence of
interfering ions. To test the effect of anions on La3+ adsorption,
the adsorption experiment with anions of NO3

−, Cl−, and
SO4

2− was also carried out with a mixture, in which the
concentration of each anion was 250 mg·L−1. The capacity of
La3+ was calculated to be 34.1 mg·g−1, which is very close to
that without anions. This result shows that anions have a slight
impact on La3+ adsorption.
PAM in the composite is used to enhance the crosslink of

CMC and then avoid mass loss during application. To prove
this, cycling experiments were carried out. After each cycle, the
recovered samples were dried and weighed. The masses are
listed in Figure 7f. It can be seen from the figure that the mass

Figure 6. (a) Equilibrium adsorption isotherms of CPF-0.2, (b) adsorption curve fitted by the Langmuir model, and (c) adsorption curve fitted by
the Freundlich model.

Figure 7. (a) Adsorption kinetic curve of CPF-0.2, (b) fitted plot by the pseudo-first-order kinetic model, and (c) fitted plot by the pseudo-second-
order kinetic model. (d) Adsorption kinetics of Ce3+, Pr3+, Nd3+, and Eu3+, (e) adsorption capacities of La3+ with interfering ions, and (f) mass
quality of CMC/Fe3O4 and CMC/PAM/Fe3O4 (CPF) during the cycling experiments.

Table 2. Kinetic Constants and Parameters Calculated by
the Pseudo-First-Order and Pseudo-Second-Order Kinetic
Models

Pseudo-first-order kinetics Pseudo-second-order kinetics

qe,calcd
(mg·g−1) k1 (min−1) R2

qe,calcd
(mg·g−1)

k2
(g·mg−1·min−1) R2

30.9 3.0 × 10−2 0.996 32.3 2.0 × 10−3 0.999
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of the ternary system almost did not change in the first 3 cycles
and then remained 99% after running for 5 cycles. Regarding
CMC/Fe3O4, it would retain 95% weight compared to the
original one. This result can prove that the addition of PAM in
the composite could reduce the loss of adsorbent and make it
more efficient and stable.
2.5. Adsorption Mechanism and Reusability of CPF.

To further study the adsorption mechanism, XRD and XPS
were applied to analyze the CPF after the uptake of La(III)
(named CPF-La), and the results are shown in Figure 8. From

Figure 8, we can see that the XRD plot of CPF-La has the same
pattern as CPF. The sharp diffraction peaks of Fe3O4 indicated
that the uptake of La3+ did not change its CPF structure. The
XPS of CPF-La is also presented in Figure 8b−d. From the
curves, we can see that La, C, Fe, N, and O are present in CPF-
La. In the La 3d spectrum, the peaks located at 837.2 and
853.8 eV can be assigned to La 3d5/2 and 3d3/2,

3838 indicating
that La3+ has been adsorbed on CPF. Meanwhile, the O 1s
spectrum shows a little difference compared to that of CPF:
the binding energies of both C−O and C�O shifted to a high

Figure 8. (a) XRD patterns of CPF-0.2 after adsorption; XPS spectra of CPF-0.2 after adsorption: (b) full spectra, (c) La 3d, (d) O 1s, and (e)
adsorption mechanism of CPFs.

Figure 9. (a) Five cycles of adsorption and desorption of La(III) by CPF-0.2. (b) SEM image of CPF-0.2 after adsorption. (c) Adsorption and
desorption efficiencies of CPF with different dosages of PAM. (d) FTIR spectrum of CPF-0.2 after adsorption.
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energy by 0.3 eV. This phenomenon may be caused by the
adsorption of La3+, which changes the chemical environment
of oxygen of the −COO− group during the adsorption process.
It can be deduced that La3+ adsorbed on the CMC by the
functional group of COO− via electrostatic attraction and
formed weak chemical binding. PAM works as a crosslinking
agent, which assists in connecting CMC together and gains a
high degree of polymerization. A high degree of polymerization
would prevent CMC from getting dissolved in water and
reduce wastage during application. This also improves the
recycling efficiency of CPF. The mechanism scheme is shown
in Figure 8e.
According to the advantage of CPF prepared by the IIT

method, the reusability for adsorption/desorption was fully
studied. It could be observed from Figure 9a that the
adsorption capacity of the adsorbent to La3+ could reach
33.1 mg·g−1 even after 5 cycles of adsorption. Moreover, the
desorption efficiencies for each cycle are more than 98%.
The effect of PAM dosages on the desorption performance

of CPF was also studied. After adsorption, the adsorbents were
recovered by a magnet and put into dilute nitric acid for 5 h for
desorption. The quantities of adsorbed and desorbed La3+ were
determined, and the results are shown in Figure 9b. It can be
seen that all CPFs have good desorption performance with
over 99% desorption efficiency regardless of the dosage of
PAM.
The SEM of the recovered CPF also gives almost the same

morphology as the fresh CPF, as can be seen in Figure 9c.
These results provide evidence that environmental-friendly
CPF has good recycling performance when used for removing
and recovering La3+ from water.39

3. CONCLUSIONS
In this work, magnetic ion-imprinted CPFs were prepared by
CMC, PAM, and Fe3O4, which can be employed to remove
and recover La(III) from industrial sewage. The results of
FTIR, XRD, and SEM indicate that Fe3O4 particles successfully
combine with polymers, which enables adsorbents to have a
good magnetic property. The prepared CPF shows good
adsorption properties to La(III), and the maximum adsorption
capacity reaches 34.6 mg·g−1, as calculated by the Langmuir
model. The mechanism study shows that the functional group
of COO− plays an important role in the removal of La(III).
Meanwhile, PAM in the composite works as a crosslinking
agent, which prevents the CMC from dissolving in water and
promotes the efficiency of regeneration. Five recycling
experiments also showed that CPF has good reusability and
stability. Due to the simple and environmentally friendly
adsorption process, CPF would be a promising candidate for
La(III) removal/recovery from industrial sewage.

4. EXPERIMENTAL SECTION
4.1. Materials. Carboxymethyl cellulose sodium (CMC,

CP) and glutaraldehyde (GA, 50%, CP) were bought from
Fuchen Chemical Reagent Co., Ltd. (Tianjin, China).
Polyacrylamide (PAM, AR) and lanthanum nitrate hexahy-
drate (La(NO3)3·6H2O, 98%, AR) were purchased from
FengChuan Chemical Reagent Co., Ltd. (Tianjin, China).
Ammonium persulfate (APS, AR) was purchased from J&K
Scientific Ltd. (Beijing, China). Nitric acid (HNO3, AR) was
purchased from Beijing Chemical Works. Absolute ethanol
(AR) and ethylene glycol (EG, AR) were purchased from Fuyu

Fine Chemical Co., Ltd. (Tianjin, China). Ferric chloride
(FeCl3·6H2O, AR) and sodium acetate anhydrous (AR) were
purchased from Tianli Chemical Reagent Co., Ltd. (Tianjin,
China). Trisodium citrate dihydrate (AR) was purchased from
Xinbote Chemical Co, Ltd. (Tianjin, China). All of the
materials were used without further purification.
4.2. Synthesis of Fe3O4 Particles. The Fe3O4 particles

were synthesized by a solvothermal method used in a previous
work with some revisions.40 5.0 g of FeCl3·6H2O, 2.0 g of
trisodium citrate dihydrate, and 10.0 g of sodium acetate
anhydrous were dissolved in 150 mL of EG. The mixture was
stirred for 5 h to obtain a brown solution and then transferred
into three 100 mL Teflon-lined stainless-steel autoclaves and
heated at 200 °C for 10 h. After cooling to room temperature,
a black granular product was separated by a magnet and
washed with deionized water and absolute ethanol. Finally,
Fe3O4 was obtained after being dried in a vacuum drying
chamber at 45 °C for 24 h.
4.3. Synthesis of CMC/PAM. The free-radical polymer-

ization method was used to synthesize CMC/PAM.41 1.0 g of
CMC and 0.2 g of PAM were separately dissolved in 50 mL of
deionized water with stirring. Then, the CMC solution was
heated to 60 °C, and APS was added into it to generate free
radicals. After 30 min of heating, the PAM solution was poured
into the CMC solution for polymerization reaction for 24 h.
Then, the CMC/PAM polymer colloid solution was obtained.
4.4. Preparation of Ion-Imprinted CPFs. 0.1 g of Fe3O4

particles (0.1 g) was dispersed in 10 mL of deionized water via
ultrasonication. The turbid mixture was then added into 100
mL of a CMC/PAM colloid polymer solution while stirring.
After 30 min, 20 mL of 5 g·L−1 La(NO3)3·6H2O and 2 mL of
GA were added into the colloid polymer solution. After 1 h
stirring, the final mixture was transferred into three Petri dishes
and heated at 80 °C for 4 h and 140 °C for 2 h. After drying,
the product was fully ground and washed with dilute nitric acid
(1:100, volume ratio), absolute ethanol, and deionized water.
The ion-imprinted CPF was finally obtained after drying at 70
°C.
To investigate the effect of PAM content, different mass

ratios (PAM: CMC = 0.05, 0.5, 0.8, 1.0) were applied to the
prepared CPF. In brief, the final samples were labeled as CPF-
n, n = 0.05, 0.2, 0.5, 0.8, and 1.0.
4.5. Batch Adsorption Experiment. 4.5.1. Adsorption

Experiment. The adsorption experiments were carried out as
follows: 100 mg of sample was added to 200 mL of solution of
50 mg·L−1 La3+ at 25 °C for 10 h at 120 rpm stirring. Dilute
HNO3 and NaOH were used to regulate the pH of the La3+
solutions. During the specified intervals, the solution was
sampled, and the concentration of La3+ was tested by an
inductively coupled plasma mass spectrometer (ICP-MS).
The adsorption capacities were calculated using eq 1. The

adsorption kinetics were described using the pseudo-first-order
and pseudo-second-order models, corresponding to eqs 2 and
3, respectively. The adsorption isotherm was usually expressed
with the Langmuir or Freundlich model, having eqs 4 and 5,
respectively.42−45

q
c c

m
Vt

e
0= ×

(1)

Here, qe (mg·g−1) denotes the adsorption capacity in
equilibrium, c0 and ct are the initial and final concentrations
(mg·L−1), respectively, and m (g) and V (L) represent the
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mass of the adsorbent and the volume of the solution,
respectively.

q q e(1 )t
k t

e
1= (2)

t
q k q
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t 2 e
2

e

= +
(3)

Here, qt (mg·g−1) and qe (mg·g−1) are the adsorption amount
versus time t (min) and at equilibrium; k1 (min−1) and k2 (g·
mg−1·min−1) represent the rate constants of the pseudo-first-
order and pseudo-second-order models, respectively.
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q K
n

cln ln
1

lne F e= +
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Here, ce (mg·L−1) is the equilibrium concentration and qe (mg·
g−1) is the adsorption amount at equilibrium. qmax (mg·g−1) is
the maximum adsorption amount, and KL (L·mg−1) is a
Langmuir constant related to the binding energy of the
adsorption system. 1/n is an empirical parameter in the
Freundlich model. KF (mg·g−1·L1/n·mg−1/n) and n are related
to the Freundlich adsorption constant and the adsorption
intensity, respectively.
4.5.2. Ion Interference Experiments. Ions of Cd2+, Ca2+,

Mg2+, K+, and Na+ have been used as interfering cations, and
the concentration of each cation is 50 mg L−1 in solution. After
6 h adsorption, the samples were taken and the capacities of
each interfering cation were tested. Similarly, Cl−, NO3

−, and
SO4

2− were used as interfering anions with a concentration of
250 mg L−1 for each anion, and the effect of anions on La3+
adsorption was also tested with ICP-MAS.
4.5.3. Desorption Experiments. After adsorption, the

recovered sample was named CPF-La. The desorption
experiments were carried out as follows: CPF-La was dispersed
in 200 mL of HNO3 (1:100, volume ratio) in an incubator-
shaker at 25 °C for 10 h. After being separated by a magnet,
the solution was sampled, and the concentration of La(III) was
tested by ICP-MS. The desorption capacities were calculated
using eq 6. Regenerated CPF was washed with deionized water
three times and dried before the next cycle of adsorption.

q
c
m

Vt
t= ×

(6)

Here, qt (mg·g−1) denotes the desorption capacity in
equilibrium, ct is the final concentration (mg·L−1), and m (g)
and V (L) represent the mass of CPF-La and the volume of the
HNO3 solution, respectively.
4.6. Characterizations. The crystal phase of the

composites and Fe3O4 was analyzed by X-ray diffraction
(XRD6100, Shimadzu Corporation) with Cu Kα radiation
(wavelength of 1.5418 Å). The morphology was characterized
by a scanning electron microscope (SEM). The chemical
compositions of samples were measured by X-ray photo-
electron spectroscopy (XPS). Infrared spectra were obtained
with an FTIR spectrometer (PerkinElmer Instruments Co.,
Ltd.). The content of La(III) was determined by an inductively
coupled plasma mass spectrometer (ICP-MS, PerkinElmer,
model Elan9000).
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