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Abstract Chitosan was intercalated into a layer of mont-
morillonite to obtain a chitosan/montmorillonite nanocom-
posite. The chitosan/montmorillonite nanocomposite resin
was prepared via inverse suspension method. Finally, a
novel quaternized chitosan/montmorillonite nanocomposite
resin was fabricated using the nanocomposite resin as raw
material and 2,3-epoxypropyltrimethyl ammonium chloride
as quaternized ammonium modifier. The structure and the
morphology of chitosan/montmorillonite nanocomposite
and quaternized chitosan/montmorillonite nanocomposite
resin were characterized by X-ray diffractometry, transmis-
sion electron microscopy, Fourier transform-infrared spec-
troscopy, scanning electron microscopy and confocal laser-
scanning microscopy. The results show that the quaternized
chitosan/montmorillonite nanocomposite resin possessed
smooth surface, regularly spherical shape, dense structure
and good dispersibility in water, with average diameter of
14—113 pm. The low swelling behavior of quaternized
chitosan/montmorillonite nanocomposite resin was help-
ful to its use in column packing. The adsorption results on
methyl orange revealed that the quaternized chitosan/mont-
morillonite nanocomposite resin exhibited stronger adsorp-
tion capacity in comparison with quaternized chitosan
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resin without montmorillonite, and the adsorption capac-
ity increased along with the increasing amount of mont-
morillonite. The maximum adsorption capacity of quater-
nized chitosan/montmorillonite nanocomposite resin was
478.5 mg g~! and the adsorption behavior could be well
described by the Langmuir and Freundlich adsorption iso-
therm model. Therefore, this study may provide a consid-
erable and prospective material in the field of wastewater
treatment.
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Introduction

Chitosan, a deacetylated derivative of chitin, is the sec-
ond largest renewable resource in nature. Chitosan shows
strong adsorption capacity for the existence of amino
and hydroxyl groups, which enable it to remove impuri-
ties effectively. Moreover, because of its biodegradability,
chitosan and chitosan-based nanocomposites are popular
and widely used in film fabrication [1], biomedical appli-
cations [2, 3], water treatment [4] and many other fields
[5-7]. However, when used in column packing, chitosan in
the form of flake or powder is prone to bring about column
pressure, which results in lowering of the operational effi-
ciency [8] and dissolution in acid solution. Therefore, chi-
tosan resin is attracting more attention because of its good
usage as absorbent. In order to improve its selectivity and
capacities, Qin et al. introduced quaternary ammonium
groups on the chitosan resin, which showed good adsorp-
tion capacity in a wider pH range [9]. However, compared
to other strong absorbents, the removal capacity of quater-
nized chitosan resin is not satisfactory.
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For this point, layered silicates such as montmorillonite
(MMT) and rectorite have achieved special attention, as
they are the most commonly used adsorbents in the removal
of organic pigments and dyes due to their high surface area
and high cation exchange capacity [10, 11]. Many studies
have revealed that MMT can improve the physicochemi-
cal characteristics of chitosan or chitosan derivatives [12,
13]. In our previous study [14], it was indicated that the
preparation of quaternized chitosan/organo montmorillon-
ite (QCS/OMMT) nanocomposites was rapid by intercalat-
ing quaternized chitosan into the interlayer of OMMT. The
results showed that an optimum flocculability concentration
of QCS/OMMT nanocomposites was only 0.005 mg L~
which was much lower than that of quaternized chitosan
(15 mg L~1). Moreover, the QCS/OMMT nanocomposites
showed a stronger antimicrobial activity than quaternized
chitosan because of fine dispersion and interaction between
quaternized chitosan and OMMT [15]. Moreover, com-
pared to pure quaternized chitosan nanoparticles, montmo-
rillonite loaded on quaternized chitosan enhanced the drug
encapsulation efficiency of the nanoparticles and slowed the
drug release from the nanocomposites [16]. However, until
now, there is hardly a report about the improved adsorption
behavior of quaternized chitosan after the addition of MMT,
a resin-based quaternized chitosan/MMT nanocomposite,
which is still not exclusively studied.

In this paper, firstly, chitosan was intercalated into the
interlayer of MMT under microwave irradiation and the
obtained chitosan/MMT nanocomposite was prepared as
a resin via inverse suspension method. Then, a novel quat-
ernized chitosan/MMT nanocomposite resin (QCMR) was
prepared under the reaction between chitosan/MMT nano-
composite resin and 2,3-epoxypropyltrimethyl ammonium
chloride. The structure and the morphology of the nanocom-
posite and the resin were characterized. Moreover, the adsorp-
tion behavior of QCMR for methyl orange was discussed.

Experimental
Materials and equipment

Chitosan was purchased from Jinan Haidebei Marine Bio-
engineering Co., Ltd. (Shandong, China). The weight aver-
age molecular weight (Mw) of chitosan was 3.0 x 10°
and the degree of deacetylation was 80 %. 2,3-Epoxy-
propyltrimethyl ammonium chloride was purchased
from Dongying Guofeng Fine Chemical Co., Ltd. (Shan-
dong, China). Sodium-based montmorillonite (MMT)
was purchased from Chengdu XiYa Chemical Technol-
ogy Co., Ltd. (Chengdu), with cation exchange capacity
of 87 mmol/100 g. All other chemicals were of analytical
grade.
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An XH-100A microwave synthesis system was pur-
chased from Beijing XiangHu Sci.-Tech. Dept. Co., Ltd.
(Beijing, China). The microwave power ranged from 100 to
1000 W and the highest reaction temperature was 300 °C.

Preparation
Preparation of chitosan/MMT nanocomposite

Chitosan/MMT nanocomposites were prepared via the
intercalation of chitosan into MMT. 1 % (w/v) MMT
suspension and 1 % (w/v) chitosan solution were pre-
pared in water, respectively. The chitosan solution was
dropped slowly into the MMT suspension and reacted
under microwave irradiation (800 W, 80 °C) for 70 min.
Finally, chitosan/MMT nanocomposite was obtained after
freeze-drying at —40 °C. The obtained chitosan/MMT
nanocomposites with different weight ratios of chitosan to
MMT (12:1, 20:1 and 50:1) were labeled as CM1, CM2
and CM3, respectively.

Preparation of chitosan and chitosan/MMT nanocomposite
resins

Chitosan resins were prepared as follows: 3 g chitosan was
dissolved into 2 % acetic acid to obtain a 5 % solution, and
then 0.1 g PEG2000, 50 mL paraffin oil and 0.3 mL Tween
80 were added as oil phase dispersion media. After the
mixture was stirred at room temperature for 1 h, 40 % (v/v)
formaldehyde solution was added. The mixture was con-
tinuously stirred for 2 h before pouring into 10 % NaOH/
ethanol (1:1, v/v) solution, and then the mixture was fil-
tered and washed with petroleum ether and ethanol sequen-
tially. The obtained resins were suspended in 0.067 M
NaOH solution. After adding epichlorohydrin as crosslink-
ing reagent, the resin suspension was heated at 45 °C for
3 h, followed by filtering and washing. The new products
were dispersed in 0.5 M HCl in order to remove protecting
groups. After 12 h, the products were filtered, washed, and
then soaked in 5 % NaOH solution for 5 h. Finally, after fil-
tering and washing with water and ethanol sequentially, the
chitosan resins were obtained and marked as CSR.

The preparing method of three chitosan/MMT nanocom-
posite resins was similar to that of chitosan resins, using
chitosan/MMT nanocomposite as raw material, and the
products were designated as CMR1, CMR2 and CMR3,
respectively.

Preparation of quaternized chitosan resins and quaternized
chitosan/MMT nanocomposite resins

Quaternized chitosan resins were also prepared based
on chitosan resin via quaternizing reaction. The above
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Scheme 1 Preparation process of QCS/MMT nanocomposite resin

chitosan resin was dispersed in deionized water, and stirred
at 60 °C for 24 h after adding 1 mol of 2,3-epoxypropyl-
trimethyl ammonium chloride. Quaternized chitosan res-
ins were obtained after washing by deionized water and
marked as QCSR.

The preparing method of three quaternized chitosan/
MMT nanocomposite resins was similar to that of quater-
nized chitosan resins, using three kinds of chitosan/MMT
nanocomposite as raw materials, followed by crosslinking
and quaternizing processes. The products were designated
as QCMR1, QCMR2 and QCMR3, respectively. A sche-
matic preparation process of QCMR is shown in Scheme 1.

Characterization

The d-spacing and the structure of chitosan/MMT nano-
composite were investigated by using a D8 advanced X-ray
diffractometer (Bruker, Germany) with a CuKa radiation
(A = 0.15418 nm) at 40 kV and 50 mA. The relative inten-
sity was recorded in the scattering range of 1°—10° and
5°-90° (26) at a scanning rate of 1° and 4° min~!, respec-
tively. The d-spacing was calculated by using Bragg’s
equation as Eq. (1).

nl = 2dsin6 (1)

where n is an integer (n = 1); X is the wavelength of inci-
dent wave (A = 0.15418); d is the spacing between the
planes in the atomic lattice and 0 is the angle between the
incident ray and the scattering planes.

A JEM-2010HR transmission electron microscope
(TEM) (JEOL, Japan) was used to investigate the micro-
structural morphology of chitosan/MMT nanocomposites
at an accelerating voltage of 200 kV. TEM samples were
prepared by cutting from the epoxy block with the embed-
ded nanocomposites sheet at room temperature using a
Leica UCL/FC6 (Leica, Australia). A few drops of sus-
pended layered silicates were placed on copper mesh grids,
and then dried in an oven at 50 °C for 10 min.

FTIR spectra were measured by a Nicolet FT-IR 5700
spectrophotometer (Madison, America) by a KBr pellets
method. The spectra were collected for each measurement
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over the spectral range 4000—400 cm™' with a resolution of
4cm,

The surface morphology of the resins was obtained by
a S-3700 N scanning electron microscope (SEM) (Hitachi,
Japan). The samples were mounted on metal grids using
double-sided adhesive tape, and coated with gold under
vacuum.

The morphology of the resins was also observed by a
confocal laser-scanning microscope (CLSM, Leica TCS-
SP5, Germany). The resins were dyed with fluorescein
isothiocyanate (FITC), dispersed in deionized water and
treated by ultrasound for 1 min. Afterwards, the resin sus-
pension was dropped onto the glass slide, observed and
photographed using argon exciter at wavelength of 488 nm.

The swelling behavior of the resins

Quaternized chitosan resin and QCMR samples with the
same quality were soaked in solutions of different pH val-
ues (2, 5,7, 10 and 12) for 3 h, the surface water of the res-
ins was absorbed by filter paper after filtration, and the wet
resins were weighed. The swelling degree (Sw) was calcu-
lated according to Eq. (2).

Sw — (Wy — Wo) 2)

Wo

where W, and W,, represent the weight of wet resin and dry
resin, respectively.

The adsorption behavior of the resins

The influences of adsorbent dosage and initial concen-
tration of the dye solution on adsorption of anionic dye
methyl orange were investigated, respectively. At 25 °C,
30 mL of methyl orange solution was placed in a 100 mL
conical beaker in dark. After adding the resins, the coni-
cal beaker was continuously oscillated in the thermostatic
water bath oscillator. At proper time intervals, 1 mL of
each sample was withdrawn from the solution and imme-
diately back after measuring the absorbency at 464 nm by a
UV-Vis spectrophotometer. Each experiment was repeated
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three times and the mean values were reported. Both vola-
tilization and photochemical decomposition of the methyl
orange were negligible during adsorption experiments [17].
The adsorption amount (g,) was calculated according to

Eq. 3).

(C, —C)V

q= " 3)

where C, is the initial concentration of methyl orange
(mg L™h; C, is the concentration of the supernatant in cer-
tain time; W is the weight of the resin; V is the volume of
methyl orange.

Results and discussion

Structure and morphology of chitosan/MMT
nanocomposite

Figure la shows the XRD patterns of chitosan, MMT and
chitosan/MMT nanocomposites from 1° to 10°, and the given
interlayer distances were calculated by the Bragg’s equation.
From the figure, original MMT showed d,,, basal spacing of
1.42 nm. After intercalation with chitosan, the interlayer dis-
tance of MMT was enlarged to 1.48—1.55 nm. Moreover, the
dyy, spacing of the nanocomposites was negatively propor-
tional to the amount of MMT. The result indicates that chi-
tosan chain was intercalated into the interlayer of MMT [18].

From the XRD patterns from 5° to 45° in Fig. 1b, it is clear
that the crystallinity of chitosan was gradually destroyed as
the content of MMT increased. Nevertheless, the diffraction
peaks of the crystal did not shift, indicating that the structure
of chitosan was not changed. The previous study found that
the high crystallinity of materials was mainly due to a large
number of intermolecular hydrogen bonds [19]. So in view to
the degradation of the crystallinity, it can be deduced that the
hydrogen-bonds interaction within chitosan was destroyed
tremendously after its intercalation into MMT layer, but the
structure of chitosan was not changed.

The TEM images in Fig. 2 detail the microstructure of
chitosan/MMT nanocomposite, which are the direct infor-
mation of the intercalation. The dark lines correspond to
clay layers, while the bright area represents the intercalated
chitosan matrix. As shown in Fig. 2, the characteristic lay-
ered structure of MMT can be seen clearly, which remained
well-ordered after the intercalation of chitosan. From the
lower magnification image in Fig. 2a, there was no obvious
aggregation of clays, demonstrating that the layered clays
were dispersed well in the chitosan matrix. From the mag-
nified area in Fig. 2b, the obvious enlarged d|y,, spacing can
be observed, where the detailed interlayer distance could
be measured. The mean value of layer spacing analyzed
by TEM was about 1.5 nm, which is in agreement with

£3.
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Fig. 1 XRD patterns of MMT and chitosan/MMT nanocomposites: a
The small-angle and b The wide-angle

the result from the XRD and further confirms the enlarged
basal spacing of MMT after intercalation of chitosan.

Structure and morphology of the resins

The structure of dry resin was analyzed by FIIR spectra as
shown in Fig. 3. In the spectra of quaternized chitosan res-
ins, the band at 1590 cm~! belonging to NH, groups in chi-
tosan resins has disappeared, a new methyl absorption band
belonged to quaternary ammonium groups has emerged at
1483 cm~! [20]. The result indicates that the quaternized
modification on chitosan resins has happened. Moreover,
compared with quaternized chitosan resin, the spectrum of
QCMRI1 shows adsorption band of montmorillonite, they
were Si-O-Si and Al-O-Si bending vibration bands at 527
and 472 cm™!, respectively [21]. It indicates that MMT was
included in the resins.
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Fig. 2 TEM images of chi-
tosan/MMT nanocomposite
(CM1)
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Fig. 3 FTIR spectra of CSR, QCSR, QCMR1 and MMT

The morphology of dry resins is shown in Fig. 4. It can
be observed from Fig. 4a that the resins were regularly
spherical with sizes between 14—113 pwm. From Fig. 4b,
the resins had smooth surface and dense structure. A more
microscopic structure can be seen from Fig. 4c that there
were more voids in the interior of the resins. Therefore, the
prepared QCMR1 had porous structure and a large specific
surface area, and these characteristics would benefit the
adsorption of dyes or something else [22]. Figure 4d shows
the CLSM micrograph of QCMRI in water, which proves
that the resins had better shape and dispersibility in water.

Swelling behavior of the nanocomposite resin
The acidity or alkalinity of solution has an effect on

swelling behavior of the resin. As shown in Fig. 5, swell-
ing degree of several kinds of resin is decreased with the

increase of pH values because of the presence of quater-
nized groups [23]. Similar to other positively charged
ammonium groups, the quaternized groups exist in the form
of salts in acidity, which results in the repulsion between
charges and so the molecules are stretched [24]. In addi-
tion, it is noteworthy that the swelling degree of QCMRI1
was lower than that of quaternized chitosan resin. It shows
that the swelling degree of the resin is reduced with the
addition of montmorillonite, and this swelling behavior is
more conducive to column packing [25].

Influence of adsorbent dose on methyl orange
adsorption

The effect of dosage of different absorbents (0.01, 0.02 and
0.04 g) on methyl orange (600 mg L~') adsorption amount
is illustrated in Fig. 6. The figure shows that unit adsorption
amount is increased with the increased amount of adsor-
bent. When the adsorbent dosage of quaternized chitosan
resin was 0.04 g, the equilibrium adsorption capacity was
167.3 mg g~'. Compared with quaternized chitosan resin,
QCMR has a higher equilibrium adsorption capacity. When
the mass ratios of quaternized chitosan to MMT were 50:1,
20:1 and 12:1, the equilibrium adsorption capacities of
0.04 g adsorbents were 203.3, 209.3, 215.2 mg g~ !, respec-
tively. It reveals that the adsorption effect of composite
adsorbent with MMT is significantly better than that of the
pure adsorbent without MMT. And QCMRI is the opti-
mum one. Since MMT is well known as strong adsorbent
[26], the adsorption capacity of the resins becomes stronger
when MMT amount is increased.

Influence of initial methyl orange concentration
on adsorption capacity

At 30 °C, the adsorption isotherm of QCMRI1 on the
adsorption of methyl orange (200 to 1000 mg L~') was
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Fig. 4 SEM images (a, b, ¢)
and CLSM micrograph (d) of
QCMRI1
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Fig. 5 Swelling degree of QCSR and QCMRI1 with the increase of
pH values

examined as shown in Fig. 7a. As can be seen from the
diagram, the adsorption capacity is gradually increased
with the increasing initial concentration of methyl orange.
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Within the range of definite concentration, isothermal
adsorption model may be obtained by fitting these experi-
mental data under the experimental temperature.

Langmuir adsorption isotherm assumes monolayer
adsorption of adsorbate over a homogeneous adsorbent sur-
face with finite number of identical sites, which are ener-
getically equivalent with negligible interaction between the
adsorbed molecules [27]. The Langmuir adsorption iso-
therm in the linear form is expressed by Eq. (4).

Ce Ce 1
— = 4+ —
O Om mQn
Freundlich adsorption isotherm assumes multilayer
adsorption and it is applicable to adsorption on hetero-

geneous surfaces with interaction between the adsorbed
molecules [27]. The Freundlich isotherm is expressed by

Eq. (5).

“

1
InNQe = —InCe +1Ink 5)
n

where k is the Freundlich adsorption constant which
roughly indicates the adsorption capacity of the adsorbent
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Fig. 6 Influence of the resin 250
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and n is the Freundlich exponent which is related to adsorp-
tion intensity.

The experiment data were simulated by Langmuir
and Freundlich equation and the results are shown in
Fig. 7b and c, respectively. From the graphs, it is evident
that the adsorption behavior of nanocomposite resin for
methyl orange could be fitted by two kinds of isothermal

adsorption correspondingly, which had a high correla-
tion coefficient (R* > 0.99) under the range of certain con-
centration. In addition, Langmuir isotherm was better to
describe the adsorption behavior of the resins. The results
indicate that the nanocomposite resin on the adsorption
behavior of methyl orange might be a monolayer adsorp-
tion reaction within the range of certain concentration, and
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Fig. 7 a Effect of initial methyl orange concentration on adsorption
capacity; b Langmuir isotherm model; ¢ Freundlich isotherm model
of adsorption of methyl orange

the isothermal adsorption process can be well described
by Langmuir and Freundlich isotherm [28]. The theo-
retical maximum adsorption capacity of QCMR was
478.5 mg g~!. A comparison of adsorption capacities
among QCMRI1 and other adsorbents is listed in Table 1.
When compared with other kinds of absorbents, the

@ Springer

Table 1 Adsorption capacities of different adsorbents for removal of
methyl orange

Adsorbents O (Mg g7 References

Chitosan 34.8 [30]

Organo montmorillonite 47.8 [31]

y-Fe,O;/MWCNTs/chitosan 66.1 [32]

Acid-modified carbon-coated monolith  147.1 [33]

Mesoporous magnetic Co-NPs/carbon ~ 380.0 [34]
nanocomposites

Chitosan/Al,Os/magnetite nanoparticles 416.0 [35]
composite

QCS/MMT nanocomposite resin 478.5 This study

Graphene oxide-doped chitosan mono-  567.1 [29]

liths

adsorption capacity of QCMR is lower than that of gra-
phene oxide-doped chitosan monoliths [29]. However, as
a low-cost adsorbent, QCMR has higher methyl orange
removal ability than chitosan [30], organo montmorillonite
[31], y-Fe,O/MWCNTs/chitosan [32], acid-modified car-
bon-coated monolith [33], mesoporous magnetic Co-NPs/
carbon nanocomposites [34], and chitosan/Al,O5;/magnetite
nanoparticles composite [35], reflecting its potential appli-
cation in adsorption of organic contaminants.

Conclusions

Novel quaternized chitosan/montmorillonite nanocompos-
ite resin was successfully prepared. The resins showed a
regularly spherical shape, dense structure and good dis-
persibility in water. Furthermore, since the quaternary
ammonium salt encouraged the molecules to stretch, the
swelling degree of several different resins decreased
with the increase of pH values, and the swelling degree
of the resin was lower with the addition of MMT, which
is more suitable for the resin to pack column. Compared
with quaternized chitosan resin, the adsorption capac-
ity of QCMR enhances obviously, thanks to the addition
of MMT. Within the range of experimental concentration,
QCMR on the adsorption behavior of methyl orange can
be well described by Langmuir and Freundlich adsorp-
tion isotherm models. Therefore, this study may provide a
considerable and prospective material in the field of water
treatment.
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