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(TCN)
nanocomposites are synthesized by the phase inversion procedure via the assistance of carbon dioxide
(COy). The viscosity of CS/formic acid solution is reduced with the incorporation of CO, owing to the
formation of carbamic acid. However, the incorporation of TCN promotes the viscosity of CS solution
due to the interaction between TCN and carbamic acid. The morphology of CS/TCN nanocomposites is
studied by scanning electron microscopy (SEM), where the surface of the membrane is dense and non-

The chitosan (CS)/bis(2-hydroxyethyl)methyl tallow ammonium modified montmorillonite

porous. The microstructure of the synthesized CS/TCN composite is further investigated by attenuated
total reflectance Fourier transform infrared (ATR-FTIR) spectra, X-ray diffraction (XRD), differential
scanning calorimetry (DSC), and transmission electron microscopy (TEM). It is found that the
incorporation of TCN without the presence of CO, disturbs the crystallization of CS. Interestingly, the
melting enthalpy of the CS/TCN composite is notably increased with the introduction of CO,,
demonstrating that the interaction between the TCN and carbamic acid enhances the formation of CS
crystals. XRD and TEM results show that this interaction is able to promote the homogeneous

Received 15th January 2022 T . . . ) . .
Accepted Sth March 2022 distribution of TCN in the nanoscale with the non-exfoliated form, enhancing the mechanical properties
of the synthesized nanocomposites. In particular, the synthesized CS/TCN nanocomposites with the

DOI: 10.1035/d2ra00296e assistance of CO, present exceptional mechanical properties, where the tensile strength (65.82 MPa) and
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1. Introduction

Chitosan (CS), is a polysaccharide derived from N-deacetylation
of chitin, and is the most abundant natural polymer besides
cellulose (see the schematic structure in Fig. 1a)."* CS exhibits
versatile usage because of its biodegradability, chelating prop-
erties, film-forming characteristics, antibacterial ability and so
on.** Inorganic fillers, such as carbon nanotubes, polyhedral
oligomeric silsesquioxane, SiO,, etc., are applied to synthesize
CS composite materials to improve the chemical and physical
properties of CS.”*

Montmorillonite (MMT) is widely studied in polymer
composites owing to its tremendous surface area, cation
exchange capacity and excellent adsorption ability. Fig. 1b
shows the unit layer of methyl tallow ammonium modified
montmorillonite (TCN), which consists of two tetrahedral silica
sheets and one octahedral aluminum or magnesium sheet. The
unit layer shows a net negative charge due to the imperfection
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Young's modulus (3512.48 MPa) are twice as high as that of the CO, free system.

of the crystal lattice and isomorphic substitution, which is
counterbalanced by bis(2-hydroxyethyl)methyl tallow ammo-
nium cations in the space of the interlayer. TCN also contains
—-OH groups at the edge of octahedral sheets. The polycationic
property of chitosan with abundant -OH and -NH, groups (i.e.,
Fig. 1a) is conducive to the dispersion of TCN through inter-
molecular force like hydrogen bonding.>'* Shehap et al™
prepared high doping CS/MMT nanocomposites for iron
removing in water. The intercalation and electrostatic interac-
tion between CS and MMT reinforced the iron removing effi-
ciency of the nanocomposites. Wang et al.**> synthesized novel
MMT/CS hydrogels via self-assemble of exfoliated MMT nano-
sheets and CS chains. The hydrogels obtained controllable
porous structure and high specific surface area, which allowed
their application in sewage treatments, drug carriers and cata-
lyzers. Similarly, the self-assembly procedure was conducted by
the hydrogen bonds and electrostatic interaction between
electropositive CS and electronegative MMT. Ahmad et al.*®
composited MMT/graphene oxide (GO)/CS composite films by
a simple solution evaporation method. The MMT/GO/CS films
exhibited better thermal stability and mechanical properties.
However, the incorporation of plasticizer and freeze-drying
process complicated the synthesis procedure.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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DD:degree of deacetylation

Fig. 1 Structure schematic of (a) chitosan and (b) TCN.

Carbon dioxide (CO,) is a greenhouse gas which troubles the
global climate and human safety for a long time. The emission
of CO, is generated by industrial processes such as fuel burning
and chemical production, which is inevitable in social progress,
putting the sustainable and efficacious utilization of CO, at
a premium."* Baldino et al.'® investigated supercritical CO,
assisted phase in producing nanocomposites
membranes which conduces in membrane performances. Car-
dea et al.V’ composited nanostructured PVDF-HFP membranes
loaded with catalyst obtained by supercritical CO, assisted
technique and shows a very uniform distribution of catalyst.
However, this technique requires high pressure and needs
a large energy consumption. Therefore, we attempt to introduce
CO, into solution directly based on the reaction between amino
group and CO,."*?° Mezzetta et al.® synthesized the cross-
linked CS by exploiting CO,, since the reaction between CO,
and amino group destructed the hydrogen bonding. Shi-
moyama et al.>> developed a new dye adsorption technique by
CO,-activated CS, in which the formation of carbamate
contributed to the higher dye adsorption capacity and the
exceptional removal efficiency.

This work endows a new attempt in the synthesis of CS/bis(2-
hydroxyethyl)methyl tallow ammonium modified MMT (TCN)
composites through the CO, assisted phase inversion. We aim
to provide a facial and green method to enhance the mechanical
performance of CS/TCN composites. The CO, is introduced into
the solution to occupy the amino groups of CS chains during the
dissolution of CS powder. After the occupation, the exposure of
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-OH and the deprotonated -NH, advances the interaction
between the TCN and CS chains. Moreover, we find that the
tensile strength and Young's modulus of the CS/TCN compos-
ites display a significant improvement owning to the improved
distribution of TCN.

2. Experimental
2.1 Materials

Chitosan (CS) was purchased from Sinopharm Chemical
Reagent Company with the degree of deacetylation > 85%. Bis(2-
hydroxyethy)methyl tallow ammonium modified MMT (TCN)
was purchased from hybrid plastics company. Formic acid
(99%) was purchased from J&K Scientific Ltd. The purity of CO,
was 99.9%, which was purchased from Fangxin Gas Company,
Ningbo.

2.2 Preparation of CS/TCN nanocomposites

0.45 g of CS was dissolved in 45 mL of formic acid under
magnetic stirring in a three-necked flask for 8 h. CO, was
introduced with the access time of 0, 15, 30, 45 min at the
beginning of dissolution, respectively. After the complete
dissolution of CS, 9 mg of TCN was then added to the CS-CO,
solution and stirred for 48 h under 600 rpm. After thoroughly
mixing, 10 mL of the mixture was transferred to a cell culture
dish and kept at 40 °C for 8 h on an electric heating plate
(Guohua, DB-4, China). The synthesis scheme is shown in Fig. 2.
Samples were placed in a fume hood overnight for volatilization

Casting

HCOOH «— stirring, 48h -

CS «—mw

Fig. 2 The synthesis scheme of CS/TCN composites.
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of formic acid. The composite film was teared off and soaked in
1% NaOH aqueous solution for 1.5 h and rinse with deionized
water until neutral to ensure the absence of formic acid. The
composite films were designated as CS-X-TCN, where X repre-
sented the access time of CO, (X = 0, 15, 30, 45 min, respec-
tively). Membranes were dried in a vacuum oven for 72 h and
preserved in a desiccator before using.

2.3 Characterization

Viscosity of CS and CS-TCN solutions were tested by Ubbelohde
viscometer in room temperature (25 °C). The results were
repeated 3 times and the average value was taken. The
conductivity of solution was examined by a conductivity meter
(METTLER TOLEDO, Switzerland) at room temperature with
a 710 electrode and calibrated with 12.88 mS cm ™" conductivity
standard. The data was repeated 3 times and the average was
taken. The morphology of the membranes was conducted with
a scanning electron microscope (SEM, Hitachi S-4800, Japan).
The cross section of the membranes was acquired by liquid
nitrogen quenching. X-ray diffraction (XRD) measurements
were conducted by a Bruker D8 ADVANCE diffract meter at 40
kv and 40 mA (A = 0.154 nm) under Cu Ko radiation. The step
side and scanning angle was 0.02° and 2°-30°, respectively. The
morphology and distribution of TCN nanofillers were charac-
terized by transmission electron microscope (TEM, JEM-1230,
Japan). Samples were slit by a frozen section at —120 °C and
70 nm of slice thickness before analysis. Melting point and
enthalpy of nanocomposites were detected by differential
scanning calorimetry (DSC, Netzsch, DSC 214, Germany) in
nitrogen atmosphere at 40 mL min '. The temperature
program was conducted as follows: the samples were heated
from 0 °C to 270 °C with the rate of 10 °C min ™", After keeping
isothermal for 3 min, the samples were cooled to 0 °C at
10 °C min~'. After waiting for another 3 min at 0 °C, the
samples were reheated to 270 °C at 10 °C min~". The heat fusion
during the second heating procedure was recorded. Attenuated
total reflectance Fourier transform infrared resonance (ATR-
FTIR) analysis was carried out using a Nicolet iS50 spectrom-
eter. The membranes were measured at a resolution of 4 cm ™"
with a range of 400-4000 cm ™" and each spectrum was collected
for thirty-two scans. Tensile strength was carried out by
universal testing machine (MTS, CMT-4204, United States)

View Article Online

Paper

equipped with a 100 N tension sensor at 25 °C. Membranes with
the width of 10 mm and gauge length of 40 mm were stretched
at a crosshead speed of 5 mm min~". The calculated result was
repeated 5 times and the average was taken.

3. Results and discussion

The dependence of CS and CS/TCN solution conductivities on
the CO, incorporation time is shown in Fig. 3, where a much
higher value is shown in the CO, modified system. It was
demonstrated that the dissolution of CS in formic acid was due
to the protonation of amino groups (-NH;"), which raised the
solution conductivity. The conductivity of CS/formic acid solu-
tion is reduced in the initial 15 min of CO, incorporation, which
is in evidence as the formation of carbamic acid (-NHCOOH) by
the reaction of CO, and -NH,.*"** The increased conductivity of
CS solution with the further extension of CO, incorporation
time may lead to the formation of ammonium carbamic salt
(-H;N":"OC(O)NH-) according to the interaction between
-NHCOOH and -NH;".**?%?* This was evidenced in our previous
work, where the in situ diffuse reflectance infrared Fourier
transform (DRIFT) experiment was utilized to detect and
demonstrate the reaction process of CO, and CS powder.** With
the addition of TCN, the conductivities of CS/TCN solutions are
decreased with respect to that of the CS solutions. Moreover, the
dependence of conductivities on the incorporation time of CO,
is similar in the CS and CS/TCN solutions. These indicate that
TCN can interact with CS through its -NH;" groups, thus reduce
the solution conductivity.

The viscosity of CS based solutions are further shown in
Fig. 3b. The viscosity of CS/formic acid solution is reduced in
the initial 15 min of CO, incorporation, which is owing to the
reduction of -NH;". This effect depresses the repulsion effect
caused by charged segments and facilitates the movements of
CS chains.*»* Further incorporation of CO, leads to the
formation of ammonium carbamic salts, which makes the
crosslinking of CS chains.**?*** Upon the incorporation of TCN,
the viscosity the CS/TCN solution without CO, is smaller than
that of the pure CS solution, owing to the interaction of TCN
and CS (i.e., -NH;") as proved above. Interestingly, with the
incorporation of CO,, the reduction amplitude of solution
viscosity becomes small, and the viscosity of TCN system is even
higher than that of TCN-free case after 10 min incorporation of

d b 100 C
2.304 ¢ —Oo—without TCN —C=without TCN
= —- with TCN —C- with TCN T
E ! = &
62254\ _ .- =
2 g =
>220{ X > - 8
2 e £ : - >
2 o 3 3 g %
3] - o ) @
S 2.15- . 2 1] 8
3 \ il v 1| g
X _ L ]
Q \’T _______ o . E
2.10+ e £ 0l
T T T v 60—y T T T T T v T
0 15 30 45 0 15 30 45 0 15 30 45

CQ, incorporation time (min)

CO, incorporation time (min)

CO, incorporation time (min}

Fig. 3 The properties of CS and CS/TCN solutions on the incorporation time of CO, (a) the conductivity of the CS and CS/TCN solutions; (b)
viscosity of the CS and CS/TCN solutions; (c) deviation of viscosity upon the incorporation of TCN with respect to the TCN-free system.
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CO,.** This indicates that TCN is tend to interact with other
groups of CS. The deviation of viscosity upon the incorporation
of TCN is calculated with respect to that of the TCN-free system
(see Fig. 3c). It is shown that the deviation of CS/TCN solutions
is exponentially increased with the increment of CO, incorpo-
ration time, which is attributed to the interaction between TCN
and -NHCOOH group (i.e., the reaction products of CO, and
CS). However, the -NHCOOH will react with -NH, of CS with
further incorporation of CO,. This will crosslink the CS chains
and limit the interaction between TCN and CS, where the
increase rate of viscosity deviation is gradually reduced. Thus, it
is demonstrated that the incorporation of CO, can promote the
interaction between TCN and CS through the newly formed
carbamic acid.

The surface morphology of CS/TCN membranes is investi-
gated by SEM (see Fig. 4a-d), in which the surface is smooth,
indicating the homogeneous distribution of TCN. In addition,
to observe the internal structure of composite films, the cross
section morphology was researched in Fig. 4e and f. It is found
that there is no agglomeration of filler in matrix. These results
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indicates that the composite membranes are dense and out of
porous.

The X-ray powder diffraction (XRD) patterns of TCN, pure CS
and CS/TCN composites synthesized at different CO, incorpo-
ration time are shown in Fig. 5a. The pure CS displays two
diffraction peaks at ~11° and ~21°, which can be ascribed to
the intermolecular and intramolecular hydrogen bonds,
respectively. The XRD pattern of TCN displays a strong char-
acteristic peak at 5°.>”?® There is no shift or disappearance of the
characteristic peak, which indicates the TCN is not exfoliated in
the CS matrix. To get exfoliated MMT sheets in TCN, the
pretreatment (e.g., ultrasonication, intercalation polymeriza-
tion, etc.) is essential,"*® which is not used in this experiment.
Interestingly, compared with the intensity of TCN characteristic
peak, the resonance of intermolecular bonding of CS is first
decreased and then increased with the incorporation of CO,,
reaching to the minimum at 30 min of CO, incorporation
(Fig. 5b). This demonstrates that the interaction between the
TCN and CS limits the formation of hydrogen bonding gener-
ated by the CS intermolecular chains.

Fig.4 SEM images of the CS/TCN composites: surface images: (a) CS-

0-TCN, (b) CS-15-TCN, (c) CS-30-TCN, (d) CS-45-TCN; cross section

images: (e) CS-0-TCN, (f) CS-15-TCN, (g) CS-30-TCN, (h) CS-45-TCN.
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The ATR-FTIR spectra of CS and CS/TCN membranes are
given in Fig. 6 to characterize the variation of molecular
structure and bonding environment. The bond around
3300 cm ™' corresponds to the N-H and O-H stretching
vibration. The peaks at 2917 cm ' and 2874 cm ' can be
described to C-H stretching vibration. The peaks at 1670 cm ™"
and 1587 cm ™! represents for C=0 stretching vibration and
N-H bending vibration, which derive from acetylated and
formylated amino groups of CS, respectively. The C-O-C
stretching vibration of the ring is detected at 1154 cm ™. The
peak at 1076 cm~ ' comes from secondary ~OH of CS.***? In
contrast to pure CS, the peak around 3300 cm ™' of CS-TCN is
declined, indicating the interaction between CS and TCN
reduces the hydrogen bonding of CS matrix. Moreover, the
intensity of hydrogen bonding has a further decrement with
the introducing of CO,, reaching the minimum at 30 min. The
dependence of hydrogen bonding on the CO, incorporation
time is related to the formation of carbamic acid that facilitate
the interaction between TCN and CS.'%2> However, the
formation of carbamic salt will hinder the reduction of
hydrogen bonding due to the crosslinked CS chains. As
a result, the resonance of 3300 cm ™' is enhanced backward at
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much longer time of CO, incorporation, where the least
intensity of hydrogen bonding is found in the CS-30-TCN.

The effects of TCN and CO, on the thermodynamics and
crystalline behavior of CS based membranes are shown in Fig. 7.
An endothermic peak around 130 °C was observed, presenting
the typical melting point of CS.**** With the addition of TCN,
the melting enthalpy of CS/TCN is reduced (from 217.6 to 140.4
J g, which indicates the incorporation of TCN destroys the
crystallization of CS. Interestingly, the melting enthalpy is
notably increased with the introduction of CO, at 15 min. This
indicates the enhanced crystalline behavior of CS/TCN owing to
the formation of carbamic acid. These results may be brought
by the better dispersion of TCN in CS matrix owing to the
interaction between the TCN and the carbamic acid.>” However,
this interaction is blocked with the further increment of CO,
incorporation time, since the formation of ammonium carba-
mic salt limits the interaction between CS and TCN.

The TCN distribution in the CS matrix is further evidenced by
the TEM images (see Fig. 8), where the TCN fillers are homoge-
neously distributed in the matrix with the non-exfoliated form.
This further evidence that the interlayer of TCN filler is not
exfoliated. The filler size in the CS-15-TCN is much less than that
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Fig.6 ATR-FTIR spectra of CS and CS/TCN composites, (a) full ATR-FTIR spectra; (b) the enlarged spectra with the region ranging from 3800 to

2500 cm ™. Pure CS was synthesized in the absence of CO,.

Q

——Pure CS
—— CS-0-TCN
=1 CS-15-TCN
E|— CS-30-TCN
= | — CS-45-TCN
E
2
°
T
®
Q
T

50 100 150 200

Temperature (C)

250

Fig. 7

8260 | RSC Adv, 2022, 12, 8256-8262

Melting Enthalpy (J/g)

280+

240+

N

(=

o
2

-

o

o
2

120

15 30 45
CO, incorporation time (min)

o
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Fig. 8 TEM of the CS/TCN composites: (a) CS-0-TCN, (b) CS-15-TCN,

of the CO,-free case owing to the incorporation CO,. This further
demonstrates that the improved interaction between CS and TCN
facilitates the homogeneous distribution of fillers. However, the
dispersion of TCN is deteriorated due to the crosslinking of CS
matrix, achieving the most uniformed distribution with the small
size of fillers in the CS-30-TCN."*?°

Fig. 9 shows the tensile strength (Fig. 9a) and Young's
modulus (Fig. 9b) of the composites. The mechanical properties

~
(31
2

—a—with TCN

{ Pure CS

Tensile Strength (MPa)
w o
i e
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(4]
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CO, incorporation time (min)
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(c) CS-30-TCN, (d) CS-45-TCN.

of CS (i.e., tensile strength of 50.62 MPa and Young's modulus
of 2306.30 MPa) are declined with the incorporation of TCN,
due to the uneven distribution of TCN and the reduced crys-
tallinity. It is observed that the CO, modified CS-TCN nano-
composites strengthen the mechanical properties. The
formation of carbamic acid facilitates the distribution of fillers
and improve the crystalline behavior of CS, causing an exalta-
tion of stress transfer property.”*** The maximum of tensile

—a—with TCN

3000+

2000+

1000+

45

o«

15
CO, incorporation time (min)

Fig. 9 Mechanical properties of pure CS and CS/TCN composites: (a) tensile strength; (b) Young's modulus.
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strength and Young's modulus are shown in CS-30-TCN, own-
ing to the balance between the contribution of filler dispersion
and crystalline enhancement.

4. Conclusions

In summary, it has been shown that the synthesis of CS/TCN
composites by the CO, assisted phase inversion process is an
efficient and convenient method in tailoring the filler distri-
bution. The incorporation of CO, leads to the formation of
carbamic acid along the CS chains, improving the interaction
between the TCN and CS. This effect facilitates the dispersion of
TCN and the crystalline behavior of CS domains. However, the
excessive incorporation of CO, leads to the worse distribution of
TCN due to the crosslinking of CS chains. Consequently, the CS-
30-TCN (i.e., with 30 min of CO, feeding) presents the better
distribution of TCN with the exceptional melting enthalpy of
CS, where the rigidity and strength of the CS/TCN composites
are enhanced. Looking forward, it is anticipated that the CO,
assisted phase inversion procedure will also prove valuable in
the synthesis of other CS derivative composites, which provides
a green and facile method for the utilization of CO,.
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