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ABSTRACT: Special challenges and opportunities are present
with organic—inorganic composite films with respect to potential
applications. The quaternized hemicelluloses (QH) were prepared
by etherification of hemicelluloses with ETA under alkaline
conditions. The structure of QH was determined by FT-IR and 'H
NMR. The biocomposite films were prepared based on QH and
montmorillonite (MMT) by a vacuum-filtrated technique.
Positively charged QH was paired with exfoliated anionic MMT
clay nanoplatelets via electrostatic reaction during the paper-
making process. Different ratios of hemicelluloses to clay for the
preparation of films were employed. The morphology and
structure of the films were characterized by SEM, AFM, FT-IR,
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and XRD. The thermal properties of the films were explored by thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC), which suggested that the thermal properties were improved by the addition of clay nanoplatelets, whereas the
optical transparency of the film decreased with the increment of clay contents. The proper proportion of QH and MMT among
the three films was 1:1 based on the results of the thermal and UV—vis transparency properties of films. All of these results
suggested that the composite films could be used in areas of application in the coating and packaging fields.
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B INTRODUCTION

With the increasing awareness of limited fossil fuels, sustainable
sources of materials are urgently needed to supply the needs of
society." Nowadays, much attention has been paid to
biodegradable materials substituting for nonbiodegradable
materials, especially in the application of food packing.>™*
Among these materials, hemicelluloses, accounting for 20—35%
of of lignocellulosic biomass, are the alkali-soluble materials in
the plant cell walls, which have been used commercially for
production of furfural, xylitol, and wet end additives in paper
making.® In recent years, increasing interest in hemicelluloses
has been rekindled due to their potential film-forming,
biodegradable, and biocompatible abilities.’

Hemicelluloses can be chemically modified and then
transformed into types of functional polymers and useful
materials, such as cationic and anionic hemicelluloses, acylated
hemicelluloses, and tablet binders.”~® The solubility and yields
of hemicelluloses were enhanced by the quaternization
reaction.'"> The quaternized hemicelluloses create various
opportunities for obtaining previously unperceived hemi-
cellulose derivatives and functional materials."> Some work
has been done on hemicellulose-based films, but many
problems still exist. Therefore, high value-added utilization of
hemicelluloses for packaging and biomedicine are still
promising for sustainable industries.

Hybrid nanostructures composed of inorganic nanoplatelets
and biomolecules have attracted great interest for applications
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in nanobiotechnology.'* The silicate platelets have nanoscale
dimensions and possess special properties, such as high intrinsic
platelet modulus, strength and ion exchange capability, and
large aspect ratio and surface area, as well as high chemical and
mechanical stabilities. In addition, the nanoscale silicates could
strongly affect the structure and molecular mobility of polymer
matrices themselves.”” Recently, Horrocks and Bourbigot
reported that montmorillonite (MMT) clay content (2—5 wt
%) in the polymeric materials can strongly reduce their
flammability and increase the thermal stability of the

. 11617
materials. ™

MMT is made up aluminum silicate layers, and
the layers are arranged into stacks in a parallel fashion with
regular spacing among them.'® MMT has very good capability
for exfoliating and dispersing in polymer matrices, so it can be
employed as a reinforcing agent.'~>* Therefore, MMT can be
used as a filler in many functional polymers, improving the
elastic, hydrophobic, and thermoplastic properties of the
materials.”*** For example, the bioinspired layered composites
could be prepared by MMT and other polymers (such as
cellulose/poly(vinyl alcohol), poly(N-isopropylacrylamide),
and graphene oxide), and the composites display impressive
strength, which is ordinarily attributed to a compact layered
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structure, hl%h filler content, and strong inorganic—organic
interface.”

Electrostatic self-assembly is the most used construction
mechanism of materials for developing strong, long-range,
electrostatic interactions between oppositely charged polyelec-
trolytes.””*® The films, deposited under ambient conditions
from water, can be made to exhibit antimicrobial, > gas
barrier,33_35 electrically conductive,*®>” flame retardant,>® and
sensing® properties by simply exposmg a substrate to the
mixtures of an opposite charge.*’ Building up the films of
polyelectrolyte multilayers through the alternative adsorption of
cationic and anionic polyelectrolyte layers is a promising new
technique.*' The electrostatic attraction between oppositely
charged polymers is the best known driving force for the
formation of multilayered thin films.**

In this study, the quaternized hemicelluloses were prepared
by the etherification of hemicelluloses and quaternary
ammonium salt reagents under alkaline conditions. The
structure of modified hemicelluloses was characterized by FT-
IR and '"H NMR. A green concept for biopolymer—clay
composite films based on QH and MMT nanoplatelets was
developed. The strategy was to improve thermal and UV—vis
light transparency properties of hemicellulose-based films under
moist conditions and rely on nanoelectrostatic interactions.
Various films with different proportions of polymer and clay
nanoplatelets were investigated by AFM, SEM, FT-IR, XRD,
DSC, and optical transparency. This work presents a novel way
for assembling this type of film prepared to make hemicellulose
substrate flame resistant.

B MATERIALS AND METHODS

Materials. Hemicelluloses were exacted by 5% NaOH at 50 °C for
5 h from bamboo (Phyllostachys pubescens) holocellulose with a solid
to liquid ratio of 1:25 (g mL™"). The holocellulose was obtained by
delignification of the dewaxed bamboo (40—60 mesh) with 6%
NaClO, in acidic solution (pH 3.6—3.8) at 75 °C for 2 h. The
constituents and molecular weights of the hemicelluloses were
determined according to the previous methods.*® The sugar
constituent of the hemicelluloses was 83.6% xylose, 6.8% glucuronic
acid, 5.1% arabinose, 4.2% glucose, and 0.4% galactose (relatively
molar percent). The molecular weights of hemicelluloses were
obtained by gel permeation chromatography and showed that the
average molecular weight (M,,) of native hemicelluloses was 13 420 g
mol™". The clay was a montmorillonite (Zhejiang Feng Hong New
Material Co., Ltd.). Filter membrane was purchased from Jinteng,
Tianjin, China (polyvinylidene fluoride microfiltration membrane, 0.45
um average pore diameter). 2,3-Epoxypropyltrimethylammonium
chloride (ETA) was purchased from Sigma-Aldrich Co., U.S.A. The
reagents were analytical reagents.

Preparation of Quaternized Hemicelluloses. The whole
reaction process was performed in water media as described in detail
by Ren et al.** The mixture was stirred at 60 °C, and the total reaction
period was 4 h. Upon completion of the reaction, the mixture was
cooled to ambient temperature. The reaction mixture was then filtered
and washed with ethanol thoroughly. Finally, the sample was obtained
by drying in a vacuum oven at 40 °C for 24 h. Degree of
quaternization (DQ) was 0.45 by a titration method.**

Exfoliation of MMT. A total of 1 wt % MTM (Alfa-Aesar
Company) solution was prepared by stirring at 1000 rpm for 30 min
and then exfoliating by an ultrasonic processor from Scientz-II D
(Ningbo Scientz Biotechnology Co., Ltd). This process was repeated
three times, followed by centrifugation of the solution at 3800 rpm for
10 min. The obtained MMT suspension was used for composite
preparation.

Preparation of Composite Films. A MMT nanoplatlets solution
was mixed with a QH solution of various proportions. The mixed
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solution was stirred for 12 h and then was vacuum-filtrated with the
filter membrane for 20 min. The wet films were carefully peeled off
from the membrane after the filtration. Finally, the composite films
were dried at ambient temperature. The obtained films with different
proportions of QH and MMT were coded as shown in Table 1.

Table 1. Films with Different Proportions in Volumes of QH
and MMT

sample codes V(QH):V(MMT)*

F11 1:1
F12 1:2
F21 2:1

“Concentrations of QH and MMT were both 2%.

Characterization of Quaternized Hemicelluloses. The FT-IR
analysis of QH was recorded on a Thermo Scientific Nicolet iN 10 FT-
IR microscope (Thermo Nicolet Corporation, Madison, WI),*
the solution-state 'H NMR spectrum of the sample was recorded using
a lfguker MSL300 spectrometer (300 MHz) as described by Peng et
al.

Film Characterization. The surfaces of films were detected by
AFM (Nanoscope III, Veeco) as described elsewhere.*” SEMs of films
were performed with a Hitachi S-3400N II (Hitachi, Japan) instrument
as described in a previous study.*® The crystallinities of the films were
measured by a XRD-6000 instrument (Shimadzu, Japan) scanned from
2° to 45° (26) with a speed of 5° min~'as described earlier.** The
thermal properties of film samples recorded by a DTG-60 (Shimadzu,
Japan) were described in more detail elsewhere,* and the films were
heated from 40 to 650 °C at a rate of 20 °C min™". The DSCs of the
films were recorded by a DSC-60 (Shimadzu, Japan) as the method of
TGA and were measured at a heating scan rate of 10 °C min™"' from
the temperature range of 40 to 300 °C. The UV—vis absorption
spectra of the samples were determined by an ultraviolet—visible
spectrophotometer (Tech comp, UV 2300) in the range of 200—800
nm. The films were pasted on the surface of a quartz pool before UV—
vis measurements.

Bl RESULTS AND DISCUSSION

Structural Analysis of Quaternized Hemicelluloses.
The FT-IR spectra of hemicelluloses and quaternized hemi-
celluloses are illustrated in Figure 1. The absorptions at 3411,

/ﬂ /

\ J* =

3000

,<,

HSL{A 171

1384

1600 /\//\

1415

Transmittance (%)

1043

1480

1043

4000 1) 2000 1000

Wavenumber (cm’

Figure 1. FT-IR spectra of hemicelluloses and modified hemi-
celluloses.

2909, 1600, 1043, and 896 cm™ are shown in the hemicellulose
spectrum. The peaks at about 3411 and 2909 cm™' are
indicative of the stretching of the OH groups and C—H
vibration band, respectively. The signal at 1600 cm™ is
originated from —COO— of the hemicelluloses (uromc acid
and uronic carboxylate).*® The signal at 1043 cm™" is due to the
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Scheme 1. Mechanism for Producing the Quaternized Hemicelluloses
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C—O0 bond stretching frequencies. A sharp band at 896 cm™ is
attributed to fS-glycosidic linkages between the sugar units.>!
Compared with the spectrum of hemicelluloses, a new band
appearing at 1480 cm™' in the spectrum of quaternized
hemicelluloses is assigned to the —CHj groups and methylene
bending mode of the quaternized substituent.>> The signal at
1043 cm™" became broader in the spectrum of the quaternized
hemicelluloses compared to that of the peak intensity of native
hemicelluloses. These results suggested that the quaternized
hemicelluloses were prepared successfully by etherification of
hemicelluloses and ETA, introducing the cationic quaternary
salt groups into the hemicellulose macromolecules (Scheme 1).

The '"H NMR spectra of the native hemicelluloses and
quaternized hemicelluloses are illustrated in Figure 2. In the
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Figure 2. 'H NMR spectrum of hemicelluloses and modified

hemicelluloses.

spectrum of native hemicelluloses, the peaks from 3.1 to 4.5
ppm are attributed to the protons of anhydroxylose units in the
hemicelluloses.** An intense signal at 4.7 ppm is assigned to the

D,0. In the spectrum of modified hemicelluloses, the new
signals at 4.3 and 4.5 ppm are ascribed to the protons of CH,
and CH, in the quaternary ammonium salt groups.”® Two
peaks at 4.2 ppm, which are attributed to the protons of OH at
the C-2 and C-3 positions of the anhydroxylose units, have
disappeared. This implied that the substitution of quaternary
salt groups occurred at the C-2 and C-3 positions of the
anhydroxylose units in the hemicelluloses. These results
indicated that the quaternary salt groups were introduced
into the hemicellulose macromolecules successfully, which
corresponded to the results in FT-IR. When the hemicelluloses
have been modified with ETA, which possesses the cationic
property, the obtained QH can be used in the preparation of
films with anionic MMT by electrostatic interaction.

Morphology of Films. The images of the surface and cross
section of the composite film are present in Figure 3. As shown
in Figure 3a, the surface of the film is smooth and
homogeneous, which indicates that the pattern of the
composite film was improved by the introduction of clay
nanoplatelets during the electrostatic interaction. In the
microstructure of the cross section in Figure 3b, a highly
aligned structure indicates that every platelet is laid down on
the filter membrane and presented flat. The loading and
exfoliation of the clay are formed only by self-assembling during
the electrostatic interaction process. MMT clay nanoplatelets
were exfoliated to become a negatively charged surface when
immersed in water. The aqueous QH has a positive charge. The
electrostatic attraction between oppositely charged polymers is
the best known driving force for the formation of multilayered
thin films (Scheme 2). The nanoplatelet layered structure is
formed by the paper-making process, which is very suitable for
large-scale manufacturing. The electrostatic and hydrogen-
bonding interactions are the primary driving forces for the
formation of film multilayers.

5.00kV 7.2mm x3.00k SE

Figure 3. SEM images of the surface (a) and cross section (b) of the composite film.
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Scheme 2. Formation Process of Multilayered Thin Films from QH and MMT
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The phase surface images and roughness analyses of Fl11,
F12, and F21 are presented in Figure 4. The AFM phase surface
images (Figure 4ace) suggested that the composite films
exhibited a relatively complanate surface with few small-size
granules, and this phenomenon was in agreement with the SEM
images of the films. The MMT platelet was tightly connected
with the QH macromolecular chains, forming a rough surface.
The roughness values were calculated using 3 ym X 3 ym areas.
The roughness of F11, F12, and F21 were 485, 525, and 536
nm, respectively (Figure 4b,d,f), which suggested that the
nanoscale film layers were obtained, and the hemicelluloses
have been intercalated into the MMT nanoplatelets. The
smallest roughness value of F11 among the three films
indicated that MMT is deposited densely and formed the
complanate surface of the film when the mixture proportion of
QH and MMT was 1:1. During the electrostatic interaction
process, multilayer films were formed with positively and
negatively charged layers by alternating sequential deposition.

Structure of Composite Films. The interaction between
QH and MMT was characterized by FT-IR spectroscopy. The
FT-IR spectra of QH, MMT, and the nanocomposite films are
shown in Figure S. The signals presented at 1606, 1480, 1043,
974, and 906 cm™ are the characteristic peaks of QH. The
bands at 3623 and 1023 cm™" are ascribed to the stretching of
Al-OH and Si—O-Si in the MMT spectrum, respectively.>*
The signal at 843 cm ™' is attributed to the Al-O—C vibrational
band of MMT.> In the spectrum of the film, the frequency of
the vibrational band at 3623 cm™' is assigned to the AI-OH
stretching band of MMT, and the peak at 3349 cm™!
corresponded to the hydrogen-bonding of QH. A signal at
843 cm™ originated from the vibration of MMT, indicating
that the AlI-QH bonds were formed through the OH group of
the QH interacting with Al on the MMT surface.>® Although
this peak is weak, it is still representative of the occurrence of
the molecular interaction between QH and MMT. This result
suggested that no chemical reaction happened between MMT
and QH and that QH was intercalated into the MMT
nanoplatelets.

1814

X-ray diffraction analysis was carried out to determine the
dispersion of the MMT layers in the matrix of the
hemicelluloses. The XRD patterns of MMT, QH, and the
QH—-MMT composite film are shown in Figure 6a. It is well
known that pristine MMT exhibited an amorphous X-ray
diffraction pattern over Bragg angles of 3—9°, as reported in the
literature.””® A characteristic peak of MMT was detected at
7.4° in the XRD pattern of MMT (Figure 6a). In the pattern of
hemicelluloses, only one broad peak is shown at 21.6°. The
diffraction peaks were shifted to 18.7° and 24.3° in the
diffraction of the composite film, indicating that the intercalated
hybrid structures were produced by electrostatic reaction. The
diffraction peaks of the film were shifted to higher angles, which
was due to a change in the crystal plane.*”® In other words, the
deviation of angles was related to the decrease in the constant
and volume of the crystal lattice, and then the crystal plane was
changed. It was mainly due to the fact that QH was intercalated
into the MMT nanoplatelets, and the new crystal plane was
formed during this process.

The effects of the polymer content on the peak intensities are
shown in Figure 6b. The characteristic peaks of the composite
films with different polymer proportions exhibited different
intensities from the three patterns. As the amount of QH in the
matrix of the film composites was increased, the intensities of
the peaks become low. The diffraction intensity of the films was
reduced by adding the noncrystalline QH, and the lowest
intensity of the two characteristic peaks was present at the XRD
pattern of F21 with the highest content of the QH among the
three composite films. Therefore, the proper proportions of
QH and MMT were the most important factors in the
preparation of films.

Thermal Properties of Films. To investigate the thermal
properties of the composite films, the TGAs of MMT, QH, and
the composite films were studied. The TGA curves of MMT,
QH, and the composite films are illustrated in Figure 7. The
weight loss below 100 °C was mainly due to the moisture
release of the samples. From the TGA curve of MMT, there is
still 91.45% residue mass of MMT when the temperature
reached 650 °C, which indicated that MMT has a relative high

dx.doi.org/10.1021/5c500124j | ACS Sustainable Chem. Eng. 2014, 2, 1811-1818
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Figure 4. AFM phase surface image (a,c,e) and roughness analysis (b,d,f) of F11, F12, and F21.
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Figure S. FT-IR spectra of QH, MMT, and the composite film.

thermal stability. This could contribute to the flame retardant
property of the composite film for the package applications.
Obviously, the thermal stabilities of the three films were higher
than those of QH, which was due to the addition of MMT.
Meanwhile, the thermal stabilities of these films increased with
the increment of MMT content in the order of F12 > F11 >
F21. In addition, DSC was carried out to determine the thermal

1815

characteristic of the three film samples. The DSC curves of the
composite films with different proportions of QH and MMT
are investigated in Figure 8. The endothermic peaks of the
three composite films were all around 270 °C, which suggested
that the composite film possessed a high thermal stability. This
peak has been mainly corresponded to the melting of the
crystalline MMT during retrogradation. The melting temper-
ature of the films increased from 262.8 to 272.1 °C when the
MMT contents increased from 2:1 to 1:2 in the proportion of
QH and MMT. The changes in this peak indicated that the
MMT contents form the crystal domains and decrease the
movement of the hemicellulose chains. The glass transition in
the three curves was not present, which suggested that QH was
fully intercalated into the MMT nanoplatelets, and this favored
a well-ordered arrangement of QH and MMT. A photograph of
the film after combustion is shown in Figure 8a. The shape of
the film was unchanged after the combustion, indicating that
the composite film possessed good thermal stability with the
MMT as the platelet.

UV-Vis Transparency of Films. The UV—vis spectra of
the three film samples are shown in Figure 9. The

dx.doi.org/10.1021/5c500124j | ACS Sustainable Chem. Eng. 2014, 2, 1811-1818
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Figure 9. UV-—vis spectra of composite films with different
proportions of QH and MMT.
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transparencies of all composite films increase from the UV light
to visible light. The three films exhibit transmittance in the UV
and visible ranges, which are a favorable effect for food
protection. When the proportion of QH and MMT was 1:1, the
UV and visible light transparency of the film was the highest. It
was confirmed that the proper proportion of QH and MMT
among the three samples was 1:1, which corresponded to the
result of DSC. Compared to F12 and F21, the transparency of
F21 was higher than that of F12 at the UV range and lower
than that of F12 above 500 nm. The exact reason for this
phenomenon is not completely known, but the results indicate
that the transparencies of F12 and F 21 are lower than that of
F11.

B CONCLUSIONS

Cationic hemicelluloses were prepared successfully by quater-
nization with ETA and hemicelluloses. The analyses of FT-IR
and "H NMR indicated that the cationic quaternary salt groups
were introduced into the hemicellulose macromolecules. Flat,
heat-resisting, hemicellulose-based hybrid films were prepared
with montmorillonite platelets as the inorganic phase by a
water-based paper-making procedure. The nanoscale film layers
were obtained, and the film surface was smooth and
homogeneous. The thermal properties of the composite films
were improved by the addition of clay nanoplatelets, and the
transparency of F11 (the proportion of QH and MMT was 1:1)
was higher than that of the others. It was found that the QH
intercalated into the MMT nanoplatelets by electrostatic and
hydrogen-bonding interactions, and the proper proportion of
QH and MMT among the composite films was 1:1. These
results suggested that nanocomposite films are of great interest
for use as a flame retardant in packaging applications.
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