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Rare-earth elements (REE), including La, are critical raw materials in many technological advancements.

Collection of physically adsorbed REEs on clay minerals can be realized first by ion-exchange leaching,

followed by adsorption enrichment. Ever increasing demand and limited resources of REEs have fueled

the development of nanostructured adsorbents. In this paper, multi-walled carbon nanotubes (MWCNTs)

were purified using concentrated H2SO4 and HNO3, then coupled with magnetic Fe3O4 nanoparticles to

make low concentration La ion extraction from water possible. The MWCNT@Fe3O4 composites were

further crosslinked with 0.1 wt% epichlorohydrin and functionalized with 0.5 wt% carbon disulfide to

achieve a La3+ adsorption capacity of 23.23 mg g�1. We fully probed the morphology, crystallinity,

chemical composition, and magnetic properties of the as-prepared adsorbent by scanning/transmission

electron microscopy, X-ray diffractometry, X-ray photoelectron spectroscopy, vibrating-sample

magnetometry, and thermal gravimetry. These results indicated that the MWCNT@Fe3O4 nanohybrid

may be a promising candidate for recovering La ions from aqueous solutions.
Introduction

The rare earth elements (REE) comprise a group of een
lanthanides of the periodic table (IIIB metals) plus scandium
and yttrium. The unique chemical, electrical, magnetic, optical,
and luminescent properties of REE render them essential
components to high-tech and green-energy products, such as
nuclear medicines, lasers, electronic displays, high strength
alloys, radar, and vehicle catalytic converters.1 The extraction of
REE from commercially signicant bastnäsite ores involves
large up-front capital investments, high energy costs and envi-
ronmental risks.2 An alternative source to obtain REE is from
weathered crust elution-deposited rare earth ores, also known
as ion-adsorption clays.3 The clay deposits contain 0.05 to
0.2 wt% rare earths, out of which 60–90% occur as physically
adsorbed species recoverable by simple ion-exchange leaching
with concentrated monovalent cations.4 The free rare earth ions
(RE3+) are then precipitated with oxalic acid and converted to RE
oxides via 900 �C calcination. However, when RE3+
i University of Science and Technology,

School of Mines: Minerals, Energy and

A, Australian. E-mail: lihong.liu@curtin.

neering, Jiangxi University of Science and

08@sina.com

Engineering, Jiaxing University, China

tion (ESI) available. See DOI:

the Royal Society of Chemistry
concentrations are low, the use of adsorbents for ion pre-
concentrating is necessary.5 Indeed, adsorption is the most
explored method due to its simplicity and wide-ranging avail-
ability for low concentration REE recovery from electronics
waste, brines, and various industrial wastes.

Biosorption based on a variety of biomaterials such as algae,
fungi, bacteria, etc., have been proposed for the recovery of
RE3+, but more efforts are needed to solve the problematic
nature of biomass regeneration. Recently, bulky zeolite, clay,
active carbon, and nanomaterials (NMs) have received
increasing attention. Numerous non-magnetic SiO2, TiO2 and
carbon based NMs have been reported for this type of applica-
tion.6 In particular, the large surface areas, high porosity,
hollow and layered structures have made multi-walled carbon
nanotubes (MWCNTs) an ideal adsorption material. On the one
hand, the high adsorption capacity of MWCNTs stems from the
large specic surface area, hence having more active or binding
sites. On the other hand, the sorption of RE3+ is primarily
controlled by electrostatic forces, which are associated with
negatively charged surface function groups.7 OxidizedMWCNTs
and graphene oxides have emerged as excellent metal ion
adsorbents due to possessing many oxygen donor groups (e.g.
hydroxyl, carbonyl and carboxyl) on their surfaces.8,9

The sorption performance of MWCNTs relies on their
homogeneous dispersion. It is a challenge to remove the sus-
pended MWCNTs from the aquatic phase. Experiments have
been conducted to explore the use of magnetism as an effective
means of separating the spent adsorbents. Magnetite (Fe3O4)
and maghemite (g-Fe2O3) are commonly incorporated with
RSC Adv., 2021, 11, 4751–4759 | 4751
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MWCNTs for adsorption removal of Cr6+, Pb2+, Mn2+, Cu2+ and
organic cationic dyes.10–13 However, few studies on the interac-
tion between RE3+ and magnetic MWCNTs has been reported
which serves as the primary motivation of this work.

The overall objective of this research is to modify MWCNT to
become a magnetically retrievable adsorbent that can efficiently
recover REEs. Firstly, an attempt has been made to purify and
oxidize MWCNT to overcome the hydrophobicity issue by the
introduction of hydroxyl and carboxyl groups. Polyvinyl alcohol
was employed to assemble MWCNT@Fe3O4. Upon the surface
treatment, epichlorohydrin (ECH) was used to cross-link the
CNTs through reaction with –OH. There are sparse studies
regarding the use of magnetic MWCNTs–ECH hybrids for the
removal of La3+. It was expected that the 3D structure formation
can enhance the mechanical strength of the adsorbent in harsh
acid solution. Functionalized CNTs-based nanomaterials have
exhibited an enhanced performance for energy-related oxygen
evolution reaction and water oxidation.14–16 In this study,
MWCNT@Fe3O4 with CS2 was constructed based on the innate
affinity of S2� for metal ions.17 The ability of the as-prepared
adsorbent to recover La3+ was evaluated under a range of ECH
and CS2 weight ratios. Effective La

3+ sorption was accomplished
with 0.1 wt% ECH and 0.5 wt% carbon disulde.
Experimental section
Materials and chemicals

Pristine multi-walled carbon nanotubes (MWCNTs) and Fe3O4

nanoparticles were purchased from Shenzhen Nanoport Co.,
Ltd. and Aladdin, respectively. Concentrated sulfuric acid/nitric
acid and absolute ethyl alcohol were purchased from Xilong
Science Co., Ltd. Polyvinyl alcohol (PVA-1788) and epichloro-
hydrin (ECH) were obtained from Shanghai McLean Biochem-
ical Co. Ltd. Analytical grade sodium hydroxide and carbon
disulde were procured from Sinopharm Chemical Reagent
Co., Ltd. All the products were used as received.
Table 1 Levels and factors affecting the La3+ adsorption

ECH concentration
(A, wt%)

CS2 concentration
(B, wt%)

Level 1 0.1 0.1
Level 2 1.0 0.5
Level 3 5.0 1.0
Modication and functionalization of multi-walled carbon
nanotubes

To remove carbonaceous and metallic impurities, at room
temperature, 6 g of MWCNTs were ultrasonically treated in
a mixture of 180 mL concentrated sulphuric acid (98%) and
60 mL concentrated nitric acid (70%) for 35 min followed by
reuxing under 500 rpm magnetic stirring at 80 �C for 3 h. The
suspension was settled for 12 h then diluted with 1.92 L DI
water. Aer 10 h settlement, the supernatant uid was decanted
off and the precipitate was washed with DI water for several
times to reach neutral pH. Aer ethanol washing 4 more times,
the product was vacuum dried at 80 �C for 12 h.

The magnetic Fe3O4 NPs were embedded within MWCNT
bundles that were crosslinked by ECH. Briey, 1 g of puried
MWCNT in 30 mL absolute ethanol was ultrasonically treated
for 1 h. At the same time, 1 g of PVA in 30 mL ultrapure water
was magnetically stirred at 500 rpm for 1 h at room temperature
then mixed with the MWCNT suspension slowly. Aer that, 1 g
of Fe3O4 powder was added and the mixture was magnetically
4752 | RSC Adv., 2021, 11, 4751–4759
stirred for 3 h to obtain a homogenous suspension. 0.1 M NaOH
(6 mL) was slowly injected into the mixture to ionize the
MWCNT hydroxyl groups. Aer 12 h settlement, the precipitate
was washed with ultrapure water till reaching neutral pH. To
crosslink the MWCNT thus embedding Fe3O4 NPs within the
MWCNT matrix, 100 mL ECH with various concentrations were
mixed with the assembled MWCNT@Fe3O4 composites and
then stirred for 4 h at room temperature. Aer decantation, the
precipitate was washed with ultrapure water then dried in
�0.1 MPa at 70 �C for 12 h.

To functionalize MWCNT@Fe3O4 with S motif, 100 mL CS2
with different concentrations were mixed with 1 g
MWCNT@Fe3O4 in water. Aer 12 h stirring at 400 rpm, the
precipitate was collected by decantation and washed with
ultrapure water several times then dried in �0.1 MPa at 70 �C
for 12 h.
Orthogonal array (OA) design for optimizing concentrations of
ECH and CS2

In this study, ECH and CS2 concentrations were two identied
factors to have large effects on the adsorption capacity of
MWCNT@Fe3O4. We rst determined ECH concentration
(factor A, from 0.05 to 10%) inuence by xing CS2 concentra-
tion at 0.5%. Secondly, we evaluated CS2 concentration (factor
B, from 0.1 to 2%) inuence by xing ECH concentration at
0.1%. Based on these preliminary results, in order to realize
prompt evaluation of optimal concentrations of ECH and CS2
for the maximum La3+ adsorption, a Taguchi OA9 (32) matrix,
which is an orthogonal array of two factors and 3 levels, was
then employed to design experimental conditions as shown in
Table 1.

Nine trials were conducted as per the level combinations.
Optimal conditions were obtained aer the experiments and
data analysis, including range analysis and analysis of variance.
Materials characterizations

The morphology of the prepared samples was observed by
scanning electron microscopy (SEM, Quanta FEG 250). The
crystal structure of the composites was characterized by powder
X-ray diffraction (XRD, X'Pert Pro MPD) using Cu-Ka radiation
(l ¼ 0.15404 nm). The data was collected under a continuous
scan mode between 10 and 90� with a step size of 0.02� and
a scan rate of 2� min�1. The current and voltage were set at 30
mA and 40 kV, respectively. The Brunauer–Emmett–Teller (BET)
specic surface areas of as-prepared samples were measured by
N2 adsorption–desorption isotherm with a Quantachrome
NOVA touch LX4 apparatus (Quantachrome Autosorb-IQ, USA).
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthesis of sulfur functionalized magnetic multi-walled carbon nanotubes.
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The chemical compositions and bonds were studied by X-ray
photoelectron spectroscopy (XPS, ESCALAB 250Xi K-alpha,
Thermo Fisher Scientic) with Al Ka X-ray at 15 kV and
150 W. Fourier transform infrared (FTIR) spectra were
measured by using a VERTEX70 spectrometer. Thermogravi-
metric analysis (TGA; Mettler-Toledo) was performed using
a simultaneous differential thermal analysis (DTA). A heating
rate of 5 �C min�1 was used from room temperature to 900 �C
under atmospheric air. Vibrating sample magnetometer (VSM)
(Model: Lake shore 7400, United States) was employed to study
the hysteresis loops and the magnetic properties of the
magnetite nanocomposites.
La3+ adsorption and reusability tests

The batch adsorption of La3+ was evaluated by continuously
stirring the samples (200 mg modied MWCNT@Fe3O4 with
50 mL of 100 mg L�1 La(NO3)3 solution) at 150 rpm in a ther-
mostatic shaker, at 25� 2 �C for 12 h. The initial pH was 5. Aer
the completion of adsorption, the solutions were centrifuged,
and the residual concentration of La3+ in the supernatant was
detected on a Perkin Optima 8300 inductively coupled plasma-
optical emission spectrometry (ICP-OES).

To investigate the reusability, sequential adsorption–
desorption experiments in batch mode were carried out for
three cycles. The adsorbents loaded with La3+ were placed in
2 mol L�1 H2SO4 and vibrated for 60 min. The La3+ concentra-
tion in the aqueous phase and stripping acid were determined
using ICP-OES.
© 2021 The Author(s). Published by the Royal Society of Chemistry
Results and discussion

As depicted in Scheme 1, rstly, MWCNTs were puried by
concentrated HNO3/H2SO4. MWCNT@Fe3O4 composites were
then prepared via surface deposition and epichlorohydrin
(ECH) cross-linking process. Finally, CS2 molecules were intro-
duced to add S motif for enhanced metal ion adsorption. We
systemically investigated the inuence of ECH and CS2
concentrations in the following sections.
Effect of epichlorohydrin (ECH) concentration on La3+

sorption

Epichlorohydrin (ECH) reacts with –OH groups on the surface of
carbon nanotubes to form a three-dimensional network
through ether bonds.18 It is well documented such chemical
crosslink can enhance the mechanical strength and maintain
the adsorption performance in harsh acidic solution. Fig. 1
shows the effect of ECH concentration on the extent of sorption
of La3+. An increase in the cross-linker concentration from 0.05
to 1% led to an improved La3+ uptake, which may be correlated
to the extra pores formed among MWCNT bundles. However,
the uptake of La3+ declined when ECH concentration increased
from 5 to 8%, implying that steric effects likely play a role due to
excessive cross-linking. When 10% ECH was used, La3+

adsorption increased a bit but still lower than the 1% ECH
cross-linked MWCNT@Fe3O4. This may occur due to self-
crosslinking of the hydroxyl group of ECH at the C2 position
and/or hydrolysis of ECH under alkaline condition.19
RSC Adv., 2021, 11, 4751–4759 | 4753
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Fig. 1 La(III) adsorbed by functionalized MWCNT@Fe3O4 with variable
epichlorohydrin (ECH) concentrations, [CS2] ¼ 0.5 wt%.

Table 2 Orthogonal test results and range analysis of data

Serial
number

ECH, wt% CS2, wt%
Removal
rate%

Adsorption
capacity
(mg g�1)A factor B factor

1 0.10% 0.10% 56.82 11.36
2 0.10% 0.50% 65.98 13.20
3 0.10% 1.00% 63.79 12.76
4 1.00% 0.10% 58.43 11.686
5 1.00% 0.50% 62.265 12.453
6 1.00% 1.00% 57.91 11.58
7 5.00% 0.10% 62.14 12.43
8 5.00% 0.50% 60.27 12.06
9 5.00% 1.00% 66.13 13.225
K1 186.59 177.39
K2 178.605 188.515
K3 188.54 187.83
K1 62.20 59.13

K2 59.54 62.84

K3 62.85 62.61
R 3.31 3.71

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
Ja

nu
ar

y 
20

21
. D

ow
nl

oa
de

d 
on

 1
/1

2/
20

26
 7

:2
4:

32
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Effect of CS2 concentration on La3+ sorption

Sulfur-doped carbon materials have been extensively explored
in metal adsorption due to the so acid–so base interactions
between metal ions and sulfur functionalities. For example,
Saha has investigated aqueous phase adsorption of Hg, Pb, Cd,
and Ni ions by sulfur-functionalized ordered mesoporous
carbons.20 Besides physisorption in the pores of the parent
carbon, sulfur is hypothesized to increase surface polarity and
enhance negative charge on the sorbent materials to attract the
metal cations.

Effect of CS2 concentration on La3+ adsorption by modied
MWCNTs was investigated at xed ECH concentration of
0.1 wt% (Fig. 2). Sorption of La3+ increased with increase in CS2
concentration from 0.1 wt% to 0.5 wt%, as more thiol groups for
S–La3+ complex were formed on carbon surface aer reaction
with OH groups (Scheme 1). When the concentration of CS2
reached to 1.0 wt%, OH groups were already consumed and
most of CS2 molecules were physically tangled with MWCNTs,
Fig. 2 La(III) adsorbed by functionalized MWCNT@Fe3O4 with variable
CS2 concentrations, [ECH] ¼ 0.1 wt%.

4754 | RSC Adv., 2021, 11, 4751–4759
therefore reducing the adsorption effect. The nal composite
functionalized with 0.5 wt% CS2 exhibited ideal La3+ adsorption
at 23.23 mg g�1.
Optimization of ECH and CS2 concentrations by Taguchi
approach

According to the OA9 matrix, nine experiments were performed,
and their adsorption results were shown in Table 2.

For range analysis, we rst calculated Kji and Kji. Kji is the
sum of the evaluation indexes of all levels (i, i ¼ 1, 2, 3) in each
factor (j, j¼ A, B). Kji is the mean value of Kji. For example, K1A ¼
56.82 + 65.98 + 63.79 ¼ 186.59. K1A ¼ K1A

3
¼ 62:2. For each

factor j, a higher Kji means the level i has a larger effect on La3+

sorption. Rj is dened as the range between the maximum and
minimum value of Kji and is used for deciding the impact of the
factors.21 It can be seen that RA(3.31) < RB(3.71), therefore the
concentration of CS2 is the main inuencing factor. The highest
adsorption of La3+ for each level was determined as A3B2. In
Fig. 2, when [CS2] ¼ 0.5 wt%, the La3+ adsorption amount of
0.1% ECH modied composite was much higher than that of
5% ECH modied one. A1B2 was thus selected as the optimal
combination and La3+ removal rate and adsorption capacity
were 65.98% and 13.20 mg g�1, respectively.

In order to comprehensively evaluate the differences among
the mean values and to obtain the magnitudes of the factor
affecting the index, the analysis of variance (ANOVA) of La3+

removal was investigated and the calculated results are pre-
sented in Table 3. The sum of square deviation was calculated
by the follow expression:

SSi ¼ 3((M1i � M)2 + (M2i � M)2 + (M3i � M)2)

(i ¼ A, B)
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Analysis of variance (ANOVA) of La3+ removal in OA9 matrix (A is wt% of ECH, B is wt% of CS2)

Sum of square
deviation

Degrees of
freedom

Mean
square F value

F, threshold
value (0.1)

F, threshold
value (0.05)

F, threshold
value (0.01)

La3+

adsorption
A 18.47 2 9.24 0.75 4.32 6.94 18.00
B 25.91 2 12.96 1.06 4.32 6.94 18.00
Error 67.55 6 11.26 — — — —
Sum 93.47 8 — — — — —
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The number of levels (3) subtracted 1 gave the degree of
freedom 2 (DOF).22 Sum of square deviation divided by DOF
produced mean square (Mi). F value is dened as the ratio of the
sum of the square of each factor's mean deviations to that of the
experimental error. The signicance of each factor is judged
according to the F-distribution critical value table. F0.01< Fa
indicates that the inuence of this factor is highly signicant;
F0.05 < Fa < F0.01, F0.1 < Fa < F0.05, and Fa < F0.1 means the factor
has signicant, certain effect and no signicant effect, respec-
tively. As can be seen from the Table 3, both the ECH and CS2
concentrations have no signicant effect on the La3+ adsorption
capacity. Further improvement in accuracy indicates that the F
value of the CS2 concentration has increased, but the effect is
Fig. 3 SEM images of the original MWCNTs (a), the purified MWCNTs
(b), Fe3O4 nanoparticles (c), and CS2 functionalized MWCNT@Fe3O4

(d). XRD patterns of the purified MWCNTs, Fe3O4 nanoparticles, and
CS2 functionalized MWCNT@Fe3O4 (e).

© 2021 The Author(s). Published by the Royal Society of Chemistry
still not signicant. On the other hand, the CS2 concentration
has certain effect on the adsorption performance, which is
consistent with the results in Table 2.
Morphologies, structures, and textural properties of samples

The morphologies of original MWCNTs, puried MWCNTs,
Fe3O4 nanocrystals and the nal Fe3O4@MWCNTs composites
were observed by SEM (Fig. 3a–d). Relatively long and tangled
MWCNTs became short and well dispersed aer acid treatment.
The coarsened tube walls suggest more adsorption sites are
available. Fe3O4 cubic shaped magnetic nanoparticles with size
around 3 nm were attached and embedded in the
nanocomposites.

Fig. 3e shows the X-ray diffraction patterns of the puried
multi-walled carbon nanotubes, Fe3O4 nanoparticles and the
CS2 functionalized MWCNT@Fe3O4 nanocomposites. For
MWCNs, a strong graphite (002) characteristic diffraction peak
corresponding to a d-spacing between graphene sheets of 3.42–
3.46 Å was observed at around 25.84�. The weak (100) peak at 2q
z 42.68� related to the in-plane graphitic structure of
MWCNs.23 These results indicate that the structure of the
MWCNTs was intact aer pretreatment by concentrated acids.
For Fe3O4, six major diffraction peaks at 2q ¼ 18.32�, 31.49�,
35.34�, 44.76�, 58.13�, and 64.24� (marked by their indices d(1 1
1), d(2 2 0), d(3 1 1), d(4 0 0), d(5 1 1) and d(4 4 0)) could be
indexed to the pure cubic spinel phase of Fe3O4 (JCPDF card no.
19-0629).24 Both characteristic peaks of MWCNT and main
peaks of Fe3O4 were present, suggesting the successful
embedding of Fe3O4 into MWCNT bundles.
Thermogravimetric analysis

The thermogravimetric (TG) curves recorded for pristine
MWCNTs, oxidized MWCNTs, and MWCNTs@Fe3O4 hybrid are
shown in Fig. 4. The curves were measured from room
temperature to 900 �C in air at heating rate of 5 �C min�1. All
samples showed <1% weight loss when the temperature was
lower than 150 �C, attributing to the evolution of physically
adsorbed water molecules.25 For pristine MWCNT, differential
weight loss curves showed three peaks T1,max at 178.8 �C, T2,max

at 477.4 �C and T3,max of 868.6 �C. The DTG peak at 477.4 �C is
attributed to the oxidation of disordered or amorphous
carbons. At temperatures higher than 500 �C, the observed
decomposition corresponds to the thermal oxidation of the
remaining disordered carbon.26 Aer acid treatment, the
sample continuously lost 12.08% weight, due to the elimination
RSC Adv., 2021, 11, 4751–4759 | 4755
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Fig. 4 TGA curves of the pristine MWCNTs (a), acid treated MWCNTs
(b) and CS2 functionalized MWCNTs@Fe3O4 (c).
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of carboxylic and hydroxyl functional groups that attached to
the MWCNT walls.27,28 The thermal degradation of the nal
hybrid is a four-stage process. There is a 6.03 wt% loss at the
second stage �200–300 �C and a 7.17 wt% loss at the fourth
stage �800–900 �C. The former was attributed to the oxidation
of the PVA and ECH while the later accounted for the degra-
dation of CS2 and Fe3O4.29
Fig. 5 N2 adsorption–desorption isotherms of CS2 functionalized
MWCNT@Fe3O4.
BET analysis

To give further insight into the textural properties of the func-
tionalized MWCNT@Fe3O4, the BET surface area and pore
4756 | RSC Adv., 2021, 11, 4751–4759
volume were calculated using the Barrett–Joyner–Halenda (BJH)
method as 77.39 m2 g�1 and 0.1554 cm3 g�1, respectively. The
specic surface area is in the lower part of reported carbon
nanotube materials, which could be explained by three factors:
(1) functional groups block pore entrances; (2) bundling of
nanotubes via ECH, (3) MWCNTs were partially covered with
Fe3O4 NPs.30,31 Moreover, the N2 absorption/desorption curve at
77 K in Fig. 5 reveals a typical IV isotherm with a large H3

hysteresis loop.32 The hysteresis phenomenon is usually asso-
ciated with capillary condensation in mesoporous structures.33

Thus, slit-shaped pores are expected in these samples. The pore
size distribution has a relatively wide range of 3.3 to 7.2 nm,
corresponding well with the hysteresis observation.
Fourier transform infrared (FT-IR) analysis

FT-IR characterization was performed to identify the surface
functional groups. The pristine MWCNTs exhibited two major
peaks at 880 and 1454 cm�1, which could be associated with the
amorphous carbon and E1u (1590 cm�1) IR-active modes of
graphitic C]C, respectively.34,35 As a result of acid purication,
the intensity of 880 cm�1 band is signicantly decreased.
Meanwhile, the –OH band at 3444 cm�1 and the carboxyl band
© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra09902c


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
Ja

nu
ar

y 
20

21
. D

ow
nl

oa
de

d 
on

 1
/1

2/
20

26
 7

:2
4:

32
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
at 1717 cm�1 conrm the presence of hydrophilic moieties at
the carbon tube surface.36 These polar functional groups not
only provide numerous ion sorption sites, but also improve the
dispersity of MWCNTs in aqueous solution. The characteristic
peak of pure Fe3O4 NPs was observed at 588 cm�1. Aer mixing
with MWCNTs and crosslinking by ECH, the upshied
adsorption band at 590 cm�1 corresponds to the stretching
vibration of Fe–O–Fe was revealed, conrming that Fe3O4 NPs
were loaded onto the surface of MWCNTs through ECH coor-
dination.37 The successful CS2 functionalization of
MWCNT@Fe3O4 is ascertained by two peaks located at
699 cm�1 and 1106 cm�1, corresponding to the C–S and C]S
vibrations,38 respectively (Fig. 6).
Surface study by X-ray photoelectron spectroscopy

To aid the interpretation, the nanocomposites were investigated
by X-ray photoelectron spectroscopy (XPS) to characterize the
nature of the ECH crosslinked MWCNTs and to verify the CS2
functionalization on the composition of Fe3O4@MWCNT. The
survey XPS spectra (Fig. 7a) show S, C, O, and Fe at the surface.
The high resolution C 1s spectrum (Fig. 7b) shows two carbon
peaks at 284.8 and 286.1 eV, respectively, indicating the pres-
ence of C]C and C]O.39 The O 1s spectrum of the thiol-
modied magnetic carbon nanotubes can be successfully t
to three main peaks (Fig. 7c), which are located at the binding
energies of 530.2, 532.2, and 533.5 eV, corresponding to C–O, C–
OH and C]O–OH in the carboxyl group.40 The introduction of
these oxygen-containing functional groups on the surface of the
carbon nanotubes is expected to improve the dispensability.
The Fe 2p core level spectrum (Fig. 7d) shows two binding
energies at 711.3 and 724.7 eV, which can be assigned to Fe 2p3/2
and Fe 2p1/2 components. These values correlate well with those
of bulk Fe3O4.41,42 Fig. 7e exhibits two S 2p peaks at 164.8 eV and
Fig. 6 Fourier transform infrared (FT-IR) spectra of various samples.

Fig. 7 XPS spectra of various samples. The survey XPS spectra (a), the
high resolution C 1s spectrum (b), the high resolution O 1s spectrum
(c), the Fe 2p core level spectrum (d), the high resolution S 2p
spectrum (e).

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 4751–4759 | 4757
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168.5 eV, corresponding to the C–S and S]O bonds, further
conrming the presence of thiol groups on the surface of
composites.43,44

Previous studies have conrmed that the pore size distri-
bution and surface functional groups are important factors that
determine the REE adsorption performance of nano-carbons. In
this study, as revealed by the BET, FTIR and XPS characteriza-
tions, the mesoporous structure and the presence of carboxyl
and S groups contributed to the La3+ adsorption.
VSM analysis

Magnetization curves of MWCNT@Fe3O4 before and aer CS2
modication are presented in Fig. 8. CS2 modication
decreased both the saturation magnetization (Ms) from 21.37 to
17.22 and the remanence (Mr) from 3.34 to 2.55 emu g�1. The
coercivity was decreased from 114.42 to 111.36 Oe. The
magnetic separation feasibility of nal MWCNT@Fe3O4 was
tested by placing a magnet near a test tube containing the
nanohybrids. As shown in the inset, the samples can easily be
Fig. 8 Magnetizations versus applied magnetic field for the magnetic
carbon nanotubes. Curves were recorded at 298 K. The insets are
photographs of magnetic carbon nanotubes in the presence (right
image) and in the absence (left image) of a magnet.

4758 | RSC Adv., 2021, 11, 4751–4759
dispersed in water and an external magnet can attract them for
later removal. The data illustrates that the magnetite nano-
particles, tethered on the surface of the MWCNTs give the
adsorbent a magnetic response.

The sequential adsorption–desorption cycles showed that
MWCNT@Fe3O4 had acceptable reusability. As shown in Table
S1,† aer two acid elution processes, the adsorption capacity of
La3+ dropped slightly from 23.23 to 19.32 mg g�1. The adsor-
bents maintained similar XRD patterns. FTIR spectra indicated
the existence of carboxyl, Fe–O–Fe, C–S and C]S groups. The
decrease of adsorption efficiency can be mainly attributed to
a progressive saturation of the adsorbent active sites by La3+ as
well as negative impact on material integrity due to extreme pH
levels.

Conclusions

In this study, uniform Fe3O4 nanoparticles were embedded into
multi-wall carbon nanotube (MWCNT) bundles via a facile
epichlorohydrin (ECH) cross-linking process. The nano-
composites were further functionalized by CS2 as a reusable
magnetic adsorbent for enhanced rare earth La3+ adsorption in
aqueous media. The maximum adsorption capacity was found
to vary with ECH and CS2 concentrations. The best concentra-
tion combination for favourable La3+ adsorption was deter-
mined by orthogonal array analysis and experimental results.
Different characteristics of the nal absorbent are explored
through FESEM, XRD, TGA, BET, FTIR, XPS, and VSMmethods.
This retrievable nano adsorbent has exhibited suitable effi-
ciency in La3+ recovery and made the process highly valuable
from environmental perspective.
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G. Trykowski and J. Judek, J. Alloys Compd., 2010, 501, 77–84.

37 M. Moazzen, A. M. Khaneghah, N. Shariatifar, M. Ahmadloo,
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