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ABSTRACT

In the work, magnetically separable adsorbent, named chitosan (CTS)/halloysite nanotubes
(HNT)HNT-Fe3O4 microspheres are prepared by emulsion cross-linking method and charac-
terized by Fourier transform infrared spectroscopic analysis, vibrating sample magnetome-
ter, X-ray powder diffraction, scanning electron microscope, and transmission electron
microscopy. The microspheres are applied as adsorbents for the removal of tetracycline
(TC) from aqueous solution. The effects of the initial concentration of TCs solution (C0), tem-
perature, initial pH value (pH0) of TC solution, and the adsorption dose on the adsorption
capacity of the microspheres are investigated. The optimum pH value for TC adsorption is
found at pH 5.0, and the adsorption capacity increased with the increase in adsorption tem-
perature. The adsorption kinetics is better described by the pseudo-second-order equation,
and their adsorption isotherms are better fitted to the Langmuir equation. CTS/HNT-Fe3O4

microspheres could be easily separated from the aqueous solution in a magnetic field. The
adsorption–desorption experiments implied that CTS/HNT-Fe3O4 microspheres can be used
as promising adsorbents for the removal of TC from wastewater HNT.
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1. Introduction

In the past decades, antibiotics have been widely
used for treating humans and animals, and as growth
promoters in livestock and aquaculture operations [1].
Tetracycline (TC, C22H24N2O8) exhibits broad-spec-
trum antimicrobial activity against a variety of bacteria
and it is the second most widely used antibiotics in
the world [2]. However, these pharmaceuticals are

very difficult to be metabolized completely and their
residues left in the environment can induce the devel-
opment of antibiotic-resistant pathogens and pose
adverse health effects to humans [3–5]. Therefore, it is
of great necessity to develop efficient and inexpensive
treatment methods for the removal of such
compounds from the environment [6].

Various techniques such as ozonation [7], photo-
Fenton process [8], photoelectrocatalytic degradation
[9,10], and adsorption [11–16] have been employed for
the removal of tetracycline from water. Among these*Corresponding author.
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methods, adsorption is considered as one of the most
effective methods due to its simple operation, high
treatment efficiency, and low value [17]. Biomass
adsorbents have caused a growing concern in view of
sustainable development and environmental protec-
tion, and biomass adsorbents have advantages with
extensive sources, low price, renewable property, and
biodegradable property. Chitosan (CTS), one of the
high performance natural polysaccharide material
composed of randomly distributed β-(1-4)-linked
D-glucosamine and N-acetyl-D-glucosamine [18], is a
biodegradable and biocompatible polymer which can
be obtained by alkaline deacetylation of chitin. The
chitin is the main component of the exoskeleton of
crustaceans and the second most abundant biopoly-
mer in nature. CTS can remove various contaminants
from wastewater because of its hydroxyl and amino
groups. However, drawbacks such as poor mechanical
strength, low specific gravity, easy agglomeration or
gel formation, and insufficient solubility in dilute
acids largely limit its widespread applications for
environmental pollutant removal [19,20]. Mechanical
strength, chemical stability, hydrophilicity, and bio-
compatibility of CTS can be improved by modification.
To improve the chemical stability, many cross-linking
agents such as glutaraldehyde, glyoxal, and epichloro-
hydrin were used [21,22].

Incorporation of nanosized inorganic materials
such as hydroxyapatite, nanoclay, carbon nanotubes,
titanium dioxide, and graphene into CTS can improve
the mechanical properties of CTS [23]. Halloysite
nanotube (HNT) is an environmentally friendly and
abundant in nature as a raw material that can be
mined from the corresponding deposit as a raw min-
eral [24]. Since HNT possess some excellent character-
istics, such as large surface area, good mechanical and
thermal properties, large pore volume, and adequate
hydroxyl groups [25], HNT have been used as the
removal of environmental pollutant [26], and HNT
can improve adsorption and oil entrapment capacity
[27,28]. HNT are one-dimensional nanoparticles with
hollow nanotubular structure which can be employed
for preparing the CTS microspheres. These HNT nano-
tubes showed the potential to improve the mechanical
properties and thermal stability of HNT of the CTS
microspheres [29]. Recently, magnetic separation tech-
nology (MST) is gaining growing attention [30,31].
With the aid of magnetic force, magnetic microspheres
can be separated from the water efficiently regardless
of their size. Magnetite (Fe3O4) has been widely used
as magnetic material because of its merits of high dis-
persion stability, excellent biocompatibility, high mag-
netic susceptibility, and chemical stability [32]. The
combination of MST and adsorption process has been

widely developed [33]. However, the preparation of
CTS/HNT-Fe3O4 microspheres and the removal of the
TC by the adsorbent have never been reported.

In this study, firstly, iron oxide nanoparticles were
synthesized on the surface of HNT to prepare the
magnetic HNT-Fe3O4; secondly, CTS/HNT-Fe3O4

microspheres were prepared by emulsion cross-linking
method. The effects of various experimental condi-
tions, such as different dosage of CTS/HNT-Fe3O4

microspheres, initial pH value, initial concentration,
and adsorption temperature, were investigated. In
order to study the mechanism of the adsorption, the
collected experiment data was fitted to kinetic and
equilibrium models.

2. Experiments

2.1. Materials

The HNT were obtained from Henan province,
China; TC was purchased from Shanghai Shunbo
Biological Engineering Co., Ltd.; iron (III) chloride
hexahydrate (FeCl3·6H2O), iron (II) chloride tetrahy-
drate (FeCl2·4H2O), glutaraldehyde, ammonia water,
petroleum ether, isopropanol, ethanol, CTS (80.0–
95.0% acetylation degree), liquid paraffin, and span-80
were obtained from Sinopharm Chemical Reagent Co.,
Ltd. (Shanghai, China). All are analytical grade
reagents. Deionized ultrapure water was purified with
a Purelab ultra (Organo, Tokyo, Japan).

Stock solutions (1,000 mg L−1) were prepared by
dissolving TC in deionized water. One molar solutions
of HCl and NaOH were used for pH adjustments.

2.2. Preparation of HNT-Fe3O4 and CTS/HNT-Fe3O4

microspheres

2.2.1. Preparation of HNT-Fe3O4

HNT-Fe3O4 material was prepared via improved
co-precipitation technique [34,35]. The HNT-Fe3O4

were prepared from a suspension of 1-g HNT in a
180-mL solution of 4.72-g FeCl3·6H2O and 2.1-g
FeCl2·4H2O at 60˚C under N2, NH3·H2O solution was
added dropwise to prepare iron oxides. The pH of the
final mixtures was controlled in the range of 9–11. The
mixtures were aged at 70˚C for 4 h and then washed
three times with distilled water. The obtained com-
pounds were dried in a vacuum oven, at 60˚C.

2.2.2. Preparati on of CTS/HNT-Fe3O4 microspheres

In 25-mL 2% (v/v) acetic acid solution, 0.5 g CTS
was dissolved. Then, 0.25-g HNT-Fe3O4 was dispersed
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into the CTS solution under mechanical stirring for
2 h at 1,500 rpm, 100-mL paraffin and 4-mL emulsifier
(Span-80) were poured into the prepared CTS disper-
sion solution under mechanical stirring at 40˚C. After
stirring for 1 h, 2-mL glutaraldehyde (25%, v/v) was
slowly dropped into the reaction system and stirred in
a water bath at 60˚C for another 1 h, and then, the
prepared product was centrifuged and washed with
petroleum ether, ethanol, and distilled water for three
times, respectively. Finally, the product was dried in a
vacuum oven at 60˚C.

2.3. Characterization

Fourier transform infrared (FT-IR) spectra were
recorded on a Nicolet Nexus 470 FT-IR (America
thermo-electricity Company) with 2 cm−1 resolution in
the range 400–4,000 cm−1, using KBr pellets. UV–vis
absorption spectra were obtained using a Specord
2450 spectrometer (Shimazu, Japan). The measure-
ments of magnetic particles were carried out using a
vibrating sample magnetometer (VSM, HH-15, China)
under a magnetic field up to 10 kOe. X-ray diffraction
(XRD) technique was used to characterize the crystal
structure of prepared microspheres. In this work, XRD
patterns were obtained with a D/max-RA X-ray dif-
fractometer (Rigaku, Japan) equipped with Ni-filtrated
Cu Ka radiation (40 kV, 200 mA). The 2θ scanning
angle range was 10–70˚ with a step of 0.02˚/0.2 s. The
SEM images were examined with S-4800 scanning
electron microscopy (HITACHI, Japan). TEM micro-
graphs were taken with a JEOL-JEM-2010 (JEOL,
Japan) operated at 200 kV.

2.4. TC removal experiments

Adsorption experiments were carried out using
CTS/HNT-Fe3O4 microspheres as adsorbent on a tem-
perature-controlled incubator shaker set at 100 rpm
maintained at 25˚C for 80 min. A known amount of
adsorbent was thoroughly mixed with 20 mL of
respective TC solutions, whose concentration and pH0

were previously known, pH of the reaction mixture
was initially adjusted using either hydrochloric acid or
sodium hydroxide (1 M). After the adsorption, the
CTS/HNT-Fe3O4 microspheres were separated rapidly
from the solutions using a magnet, supernatants were
analyzed for TC concentration using UV–vis spectro-
photometer at 275.6 nm. The adsorption of TC on
CTS/HNT-Fe3O4 microspheres was performed for dif-
ferent intervals (0–80 min), initial pH (1.0–7.0), initial
TC concentrations (20–180 mg L−1), adsorbent dose
(10.0–50.0 mg), and adsorption temperature (298,

308 K) in 20-mL aqueous solution. The equilibrium
adsorption amounts of TC were calculated according
to the following equation:

Qe ¼ C0 � Ceð ÞV
m

(1)

where Qe (mg g−1) is the amount of TC adsorbed at
equilibrium, C0 and Ce (mg L−1) are the concentrations
of TC at initial and equilibrium, respectively. V is the
volume of TC solution, and m is the weight of the
CTS/HNT-Fe3O4 microspheres.

Studies on the adsorption kinetics were identical
with equilibrium tests, the initial concentration was
set as 100 mg L−1, and the adsorbents were separated
at predetermined time intervals. The amount of TC
adsorbed (Qt, mg g−1) was calculated according to the
following equation:

Qt ¼ C0 � Ctð ÞV
m

(2)

where Ct (mg L−1) is the concentration of TC solution
at any time t.

3. Results and discussion

3.1. FT-IR

Fig. 1 exhibits the FT-IR spectra of HNT-Fe3O4 and
CTS/HNT-Fe3O4 microspheres. The double peaks at
3,692 and 3,620 cm−1, respectively, were due to the
stretching vibrations of hydroxyl groups at the surface

Fig. 1. The FT-IR spectra of HNT-Fe3O4 and CTS/HNTs-
Fe3O4 microspheres.
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of CTS/HNT-Fe3O4 microspheres and HNT [36]. The
peak at 1,030 cm−1 was assigned to Si–O groups in
HNT. The deformation of Si–O–Si, deformation of
Al–O–Si, and O–H deformation of inner hydroxyl
groups exhibited the peaks at 468, 543, and 911 cm−1,
respectively [37]. HNTHNTAnd, the band of Al–O–Si
of HNT at 543 cm−1 and characteristic peak of the
Fe3O4, at around 580 cm−1 [38] could be overlapped in
CTS/HNT-Fe3O4 microspheres and HNT-Fe3O4. All
the above characteristic peaks of HNT and Fe3O4

appeared in FT-IR spectra of HNT-Fe3O4 and CTS/
HNT-Fe3O4 microspheres, it demonstrated that HNT
and Fe3O4 exist in the HNT-Fe3O4 and CTS/HNT-
Fe3O4 microspheres [35]. In the FT-IR spectrum of CTS
[39,40], there are two characteristic peaks at 1,545 and
1,405 cm−1, which correspond to the deformation
vibration of the protonated amine group (�NHþ

3 ) and
hydroxyl group, respectively. The two peaks for the
CTS/HNT-Fe3O4 microspheres slightly shift to higher
frequencies (i.e. the absorbance band of NH2 vibration
moves from 1,545 to 1,568 cm−1 for the micros-
pheresHNT) due to the electrostatic interactions and
H-bonding interaction between HNT and CTS. The
broad peaks around 3,208 cm−1, which are attributed
to the overlapped N–H band and O–H band vibration
of the CTS [41], also moves to higher frequencies
(around 3,309 cm−1) in the microspheres. These
changes in FT-IR spectrum show the interactions
between HNT and CTS via the electrostatic interaction
and hydrogen bonding.

3.2. SEM and particle distribution curve

As shown in Fig. 2, the morphologies of HNT-
Fe3O4 and CTS/HNT-Fe3O4 microspheres were
obtained by scanning electron microscope (SEM). In
Fig. 2(A) and (B), HNT-Fe3O4 was attached with clus-
ters of Fe3O4. HNT. The attachment could be related
to the structures of HNT, such as the large surface
area, large pore volume, and adequate hydroxyl
groups [25]. Fig. 2(C) and (D) presents SEM micro-
graphs of CTS/HNT-Fe3O4 microspheres. The surface
of microsphere is uneven, it can be seen that parts of
the HNT-Fe3O4 are likely to absorb on the surface of
the CTS/HNT-Fe3O4 microspheres. However, it is dif-
ficult to accurately calculate the amount of HNT-Fe3O4

on the surface and inside the microspheres. Fig. 3
exhibits SEM particle distribution curve of the
CTS/HNT-Fe3O4 microspheres, it can be seen that
particle size of the microspheres is mainly distributed
between 4 and 8 μm, the average particle size of the

microspheres was 5.7 μm. It shows that the prepared
microspheres have consistent size.

3.3. TEM

Fig. 4 presents TEM micrographs of HNT and
HNT-Fe3O4. HNT (Fig. 4(A)) showed the nanotubes
with the smooth surface, open ends, and hollow cavity
of about 20 nm in diameter [35]. In Fig. 4(B–D), clus-
ters of Fe3O4 gathered at the surface of HNT-Fe3O4.
And, few Fe3O4 nanoparticles were found to adhere
on the wall of the hollow cavities of HNT. HNT have
large surface area, large pore volume, and adequate
hydroxyl groups, which can be used as adsorbent for
TC. It can be seen that the obtained HNT and HNT-
Fe3O4 in this work have better dispersion when com-
pared to previous work by TEM micrographs [35].

3.4. XRD

The power XRD patterns of the HNT-Fe3O4 and
CTS/HNT-Fe3O4 microspheres are shown in Fig. 5.
The powder XRD patterns of HNT-Fe3O4 and CTS/
HNT-Fe3O4 microspheres displayed distinct peaks at
2θ values of about 30.09, 35.44, 43.08, 53.44, 56.97, and
62.55, as marked in Fig. 5. These peak positions and
relative peak intensities corresponded to the character-
istic peaks of Fe3O4 [42]. It illustrated therefore that
HNT-Fe3O4 were successfully introduced to the
HNT-Fe3O4 and CTS/HNT-Fe3O4 microspheres. In
Fig. 5, the peaks for HNT are not detected, This is
mainly because, content of HNT is lower and
characteristic peaks of HNT have been diluted in the
HNT-Fe3O4 and CTS/HNT-Fe3O4 microspheres.

3.5. Magnetic properties

Magnetization properties of CTS/HNT-Fe3O4

microspheres were studied by VSM, as shown in
Fig. 6, the curves were symmetrical and passed
through the origin with no hysteresis, suggesting that
it is typical characteristic of super paramagnetic parti-
cles [43]. HNT Magnetization increased with an
increase in the magnetic field. The saturation magneti-
zation values of CTS/HNT-Fe3O4 microspheres was
6.80 emu g−1, measured at 298 K, HNT. The obtained
Ms value of CTS/HNT-Fe3O4 microspheres in this
work was low when compared to the prepared HNT-
Fe3O4 in previous works [35], where the Ms values of
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HNT-Fe3O4 was 27.91 emu g−1, CTS/HNT-Fe3O4

microspheres can still be separated from the water
with the help of an external magnet.

3.6. Adsorption of the TC

3.6.1. Effect of adsorbent dose and initial concentration
of TC on TC adsorption

The effect of adsorbent dose and initial concentra-
tion on the adsorption capacity of CTS/HNT-Fe3O4

microspheres are studied in Fig. 7. It is observed that
the adsorption capacity of microspheres increased
with an increase in the dose of CTS/HNT-Fe3O4

microspheres from 10.0 to 50.0 mg, at the same
initial concentration. And, the adsorption capacity of
microspheres increased with an increase in initial
concentration at the same dose of CTS/HNT-Fe3O4

microspheres, this is because the higher initial concen-
tration enhance the mass transfer driving force of the
adsorbate in solid–liquid phase, and then, increase the
adsorption capacity. In the dose of CTS/HNT-Fe3O4

microspheres increased from 20.0 to 50.0 mg at the ini-
tial concentration of 100 mg L−1, the adsorption capac-
ity of CTS/HNT-Fe3O4 microspheres only increased
from 19.6 to 23 mg g−1; it is due to the concentration
gradient between adsorbent and adsorbate. The fact
suggests that the economy absorbent dose is at
20.0 mg for the removal of TC in this system.

Fig. 2. The SEM images of HNT-Fe3O4 (A) and (B) and CTS/HNTs-Fe3O4 microspheres (C) and (D).

Fig. 3. The SEM particle distribution curve of CTS/HNTs-
Fe3O4 microspheres.
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Fig. 4. The TEM images of HNT (A) and HNTs-Fe3O4 (B–D).

Fig. 5. Powder XRD patterns of HNT-Fe3O4 and CTS/
HNTs-Fe3O4 microspheres.

Fig. 6. Magnetic hysteresis loops of CTS/HNTs-Fe3O4

microspheres.
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3.6.2. Effect of initial pH on TC adsorption

The effect of initial pH on the adsorption capacity
of CTS/HNT-Fe3O4 microspheres are shown in Fig. 8.
It was evident that the adsorption capacity was highly
pH dependent and the maximum adsorption was
found at pH 5.0. The initial pH of the TC solution was
an important factor which influenced the adsorption
process and the adsorption capacity, it is because pH
of the solution can change the surface charge of the
adsorbent, the degree of ionization of the adsorbate
molecule, and extent of dissociation of functional
groups on the active sites of the adsorbent [43].

The pKa1, pKa2, pKa3 values of TC were 3.30, 7.70,
and 9.70, respectively. When pH of the TC solution
was between pKa1 and pKa2, TC was an amphoteric
ion, CTS/HNT-Fe3O4 microspheres had the bigger
adsorption capacity. When the solution pH was less
than pKa1 or greater than pKa3, TC had positive and
negative charges, the pKa of chitosan is around 6.20,
below pH 5 almost 90% of active sites were proton-
ated, the acting force of microspheres and TC
decreased obviously. Therefore, the adsorption capac-
ity of the microspheres decreased. Other experiments
in this paper were carried out at pH 5.0.

3.6.3. Effect of initial concentration of TC and contact
time on TC adsorption

The effect of initial concentration of TC and contact
time on the adsorption capacity of TC are shown in
Fig. 9. When the initial TC concentration increased
from 50 to 100 mg L−1, the adsorption capacity of the
microspheres increased from 13.31 to 19.61 mg g−1.
The initial TC concentration was an important factor
to influence the adsorption capacity of the micro-
spheres, it is because the higher initial concentration
adds contact opportunity of TC and the microspheres,
enhance adsorption speed and capacity. Other experi-
ments in this paper were carried out at the initial TC
concentration of 100 mg L−1.

As can be clearly seen from Fig. 9, the adsorption
capacity of the microspheres increased rapidly with
the increase of contact time from 0 to 10 min and more
than 70% of equilibrium adsorption capacity for TC
occurred within 20 min. After 80 min, the adsorption

Fig. 7. Effect of adsorbent dose on and initial concentration
of TCs on TCs adsorption (V: 20 mL; initial pH: 5.0;
temperature: 298 K).

Fig. 8. Effect of initial pH on TCs adsorption (V: 20 mL;
initial concentration: 100 mg L−1; temperature: 298 K;
absorbent dose: 20.0 mg).

Fig. 9. Effect of initial concentration of TCs and contact
time on TCs adsorption (V: 20 mL; pH: 5.0; temperature:
298 K; absorbent dose: 20.0 mg).
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capacity become constant and the adsorption reached
equilibrium. In the initial 10 min, the adsorption
capacity of the microspheres increased rapidly was
attributed to availability of more adsorption sites.
After 10 min, available adsorption sites gradually
decreased, adsorption speed of the microspheres
became slow. Therefore, for other experiments in this
study, 80 min was selected as the contact time.

3.6.4. Effect of temperature on TC adsorption

To study the effect of temperature on the TC
adsorption, experiments were conducted by varying
adsorption temperature (298, 303, and 308 K). As can be
clearly seen from Fig. 10, the equilibrium adsorption
capacity of the microspheres increased with the rise of
temperature from 298 to 308 K, the adsorption capacity
of the microspheres were 21.90, 23.60, and 26.76 mg g−1,
respectively, indicated that the adsorption of micro-
spheres was favored at higher temperature and it was
controlled by an endothermic process. Based on the
above results, it implied that chemical adsorption
mechanism may play a vital role in this system [32].

3.6.5. Adsorption kinetic studies

In order to analyze the controlling mechanism of
adsorption process of the CTS/HNT-Fe3O4 micro-
spheres for TC, the pseudo-first-rate equation and the
pseudo-second-rate equation are cited to evaluate the
experimental data obtained from batch TC removal
experiments [44].

ln Qe �Qtð Þ ¼ lnQe � k1t (3)

t

Qt
¼ 1

K2Q2
e

þ t

Qe
(4)

where Qe (mg g−1) and Qt (mg g−1) are the amounts of
TC adsorbed on the adsorbent at equilibrium and time
t, respectively, k1 (min−1) is the rate constant of
pseudo-first-order kinetic equation, which was calcu-
lated from the plot of ln (Qe−Qt) vs. t, and k2
(g mg−1 min−1) is the rate constant of pseudo-second-
order kinetic equation, which could be obtained from
the plot of t/Qt vs. t.

On the basis of the second-order model, the initial
adsorption rate (h, mg g−1 min−1) and half-equilibrium
time (t1/2, min) are summarized in Table 1 and can be
represented by Xu et al. [45].

h ¼ K2Q
2
e (5)

t1=2 ¼ 1

K2Qe
(6)

The adsorption rate constants and linear regression
values of the two rate equations are summarized in
Table 1. Fig. 11 displays the fitting curves of the
microspheres by pseudo-first-order and the pseudo-
second-order kinetic equation. It can be observed that
the pseudo-first-order model exhibited poor fitting
with low regression coefficients value (R2) and vari-
ance between the experimental and theoretical values.
The results indicated that the pseudo-first-order
kinetic model was not suitable to describe the adsorp-
tion process, while the pseudo-second-order model
exhibited favorable fitting between experimental and
calculated values of Qe (with R2 > 0.99), which was
assumed that the adsorption of TC followed
pseudo-second-order kinetics and chemical process
could be the rate-limiting step in the adsorption
process for TC [46].

3.6.6. Adsorption isotherm study

The binding properties of the CTS/HNT-Fe3O4

microspheres for TC were studied by the equilibrium
adsorption experiments. And, the equilibrium data fit-
ting to the Langmuir and Freundlich isotherm models
are shown in Fig. 12. The Langmuir isotherm presup-
poses that the adsorption behavior is based on mono-
layer adsorption, and the assumption of a structurally
homogeneous adsorbent where all sorption sites are

Fig. 10. Effect of temperature on TCs adsorption (V:
20 mL; initial concentration: 100 mg L−1; pH 5.0; absorbent
dose: 20.0 mg).
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identical and energetically equivalent. The Freundlich
isotherm was an empirical equation which assumed a
heterogeneous surface energy [47]. The nonlinear form
of the Langmuir and Freundlich isotherm models

were expressed by the following equations, respec-
tively [48].

Qe ¼ KLQmCe

1þ KLCe
(7)

Qe ¼ KFCe
1
n (8)

where Qe (mg g−1) is the equilibrium adsorption
capacity, Ce (mg L−1) is equilibrium concentration of
adsorbate at equilibrium, and Qm (mg g−1) is the maxi-
mum adsorption capacity of the adsorbent. KL (Lmg−1)
is the Langmuir adsorption constant, KF (mg g−1) and n
are the Freundlich adsorption equilibrium constants.

The affinity between adsorbate and adsorbent can
be predicted using the Langmuir parameter KL from
the dimensionless separation factor RL,

RL ¼ 1

1þ C0KL
(9)

where C0 is the initial TC concentration, and KL is the
Langmuir isotherm constant. The adsorption process
as a function of RL may be described as follows: when
RL is greater than one, then, the adsorption reaction is
unfavorable, and it is linear, when RL is equal to one.
When RL is between zero and one, the reaction is
favorable, while the reaction is supposed to be irre-
versible, when RL is equal to zero. All the calculated
values of the adsorption experiment are listed in
Table 2.

As can be seen from Fig. 12, the adsorption capacity
increased with the increasing concentration of TC, and
the maximum adsorption capacity was 26.68 mg g−1 at
298 K for the CTS/HNT-Fe3O4 microspheres. It can be
seen that the linear coefficients of determination (R2)
for the Freundlich isotherm model were lower than R2

values for the Langmuir isotherm model in Table 2, the
Qm values for the adsorption of TC calculated from the
Langmuir model were in close proximity to the
experimental data. Obviously, the Langmuir model
was much better to describe the adsorption of TC onto
the CTS/HNT-Fe3O4 microspheres than the Freundlich

Table 1
Kinetic constants for the pseudo-first-order equation and pseudo-second-order equation

T (K)
C0

(mg/L)
Qe,exp
(mg/g)

Pseudo-first-order equation Pseudo-second-order equation

Qe,c

(mg/g)
k1

(Lmin) R2
Qe,c

(mg/g)
k2

(g/mgmin) R2
h
(mg/g min)

t1/2
(min)

298 100 19.98 11.21 0.0035 0.97 20.00 0.0094 0.99 3.76 5.32

Fig. 11. The adsorption kinetic models of TCs onto the
CTS/HNTs-Fe3O4 microspheres.

Fig. 12. The adsorption isotherms of TCs onto the CTS/
HNTs-Fe3O4 microspheres.
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model indicating the surface of the microspheres was
homogeneous and a monolayer of TC covered the
surface after adsorption [49].

3.6.7. Desorption studies

When considering the cost of the adsorbent, it was
necessary to consider the efficiency as well as the
preservation of adsorption capacity of the micro-
spheres. In order to evaluate the efficiency and the
preservation of adsorption capacity of the micro-
spheres, the consecutive adsorption–desorption pro-
cess was performed for three times. The concentration
of 0.01 M of NaOH solution was used as the desorp-
tion agent. Fig. 13 shows the relationship between the
time for reuse and the desorption efficiency of CTS/
HNT-Fe3O4 microspheres for TC. It can be seen that
the desorption efficiency of microspheres for TC are
95.41, 92.35, and 90.48%, after the consecutive three-
time adsorption–desorption processes. This indicated
that CTS/HNT-Fe3O4 microspheres had a good reus-
ability in the practical application.

4. Conclusions

A magnetically separable adsorbent, named CTS/
HNT-Fe3O4 microspheres was prepared by emulsion
cross-linking method. The microspheres were applied
as adsorbents for the removal of TC from aqueous
solution. The adsorption capacity of CTS/HNT-Fe3O4

microspheres increased with an increase in the initial
concentration, adsorption temperature, and adsorbent
dose. The optimum pH value for TC adsorption is at
pH 5.0. The adsorption kinetics was better described
by the pseudo-second-order equation, and their
adsorption isotherms were better fitted to the Lang-
muir equation. The reusability of CTS/HNT-Fe3O4

microspheres showed no obvious deterioration at least
three repeated cycles in performance. The micro-
spheres had the good adsorption capacity and regen-
eration property and could be easily and rapidly
separated from solution phase with the aid of mag-
netic force and, which could be possibly applied in
wastewater removal, biological molecule separation,
and drug extraction.
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