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This study presents an effective and convenient approach to prepare blend films with enhanced mechanical and thermodynamic
properties by incorporation of carboxymethyl cellulose (CMC) into quaternized hemicelluloses (QH). The structures and
properties of films were analyzed by Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), scanning electron
microscopy (SEM), and tensile testing, respectively. From the SEM pictures, tight, homogeneous, and smooth surfaces of films
were obtained. In addition, the transparencies of the blend films were increased with the increasing of CMC content. The results
of mechanical properties indicated that the blend film prepared from QH and CMC (1 : 2m/m) had a tensile strength of
65.2MPa. It suggested that the addition of CMC was contributed to mechanical properties by strong electrostatic interactions
and the enhanced hydrogen bondings with QH. These results provide insights into the understanding of the structural
relationships of bioblend films in coating and packaging application.

1. Introduction

Sustainable sources of materials are pressing needed to supply
the demands of society in the future with the increasing
awareness of the limited fossil fuels [1–3]. To resolve this
problem, more attentions have been focused on biomass
materials. Biomass materials are regarded as promising mate-
rials that can be replaced synthetic polymer based on petro-
leum [4]. Biomass is the most abundant lignocellulose that
consists mainly of cellulose, hemicelluloses, and lignin [5].
In those materials, cellulose and hemicelluloses have been
widely applied due to their biocompatibility, biodegradability,
potential film forming, and nonpoisonous content [6–8].

The molecular structure of cellulose endowed its fantastic
characteristic: hydrophilicity, chirality, degradability, and
broad chemical variability initiated by the high reactivity of
the OH groups [9]. As a functional biopolymer, various
derivatives of cellulose have been synthesized and used in
many practical applications. Among the derivatives, carbox-
ymethyl cellulose shows amphiphilic characteristics due to
it contains a hydrophobic polysaccharide backbone and
many hydrophilic carboxyl groups [10]. It is important that

anionic polysaccharide has been widely used as a highly effec-
tive additive to improve product and processing properties in
many fields, such as cosmetics, foodstuffs, and pharmaceuti-
cals [11]. Therefore, the films prepared from CMC have a
widespread application in the future.

Hemicelluloses are generally defined as the noncellulose
polysaccharides in plant cell wall and represent about
20%–40% of the biomass, which consists of pentoses, hex-
oses, and sugar acid [12]. Unlike cellulose, hemicelluloses
are generally identified as noncrystalline and branched poly-
mer of low molecular weight with a degree of polymerization
of 80–200 in their nature state [13]. The previous researches
have shown that hemicellulose-based films have good gas
barrier properties and excellent oxygen barrier properties
[14, 15]. However, there are some problems that need to be
urgently overcome, such as being hydrophilic, poor thermal
stability, and flexibility [16]. In order to improve hemicellu-
lose utilization ratio and broaden its application, chemical
modification is necessary [17, 18]. It is reported that hemicel-
luloses can be chemically modified and then transformed
into types of functional polymers, such as cationic hemicellu-
loses [19–21], carboxymethyl hemicelluloses [22–24], and
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oleoylated hemicelluloses [25, 26]. In the modified polymers,
quaternization of hemicelluloses will increase their solubility
and being cationic and ampholytic because of the cationic
groups and hydroxyl radical [27]. Therefore, quaternized
hemicelluloses can be used for the preparation of film.

To take full advantages of the CMC and QH, blending is
an effective pathway for fabricating films. The two biopoly-
mers can endow blend films’ new properties and broaden
their applications by conventional processing techniques
[28, 29]. In our previous study, blend films were prepared
successfully by this method [30], and the blend films exhib-
ited high transmittance and good barrier properties. How-
ever, the mechanical property of film was not good enough
for packing use, and the thermodynamics property of the
film had not been detected. In this study, a suite of novel
blend films was prepared from two biopolymers (QH and
CMC) according to a predetermined ratio. The structure of
the film was investigated by FTIR and XRD analyses, and
the SEM technologies were used to detect the morphology
of the blend films. The mechanical properties and light
transmissions of films were analyzed by dynamic mechanical
analysis (DMA), thermal gravimetric analysis (TGA), ten-
sion test, and UV/Vis spectrophotometer, respectively.

2. Materials and Methods

2.1. Material. The hemicelluloses were obtained from bam-
boo (Huoshan, Anhui province, China) by alkaline extrac-
tion method [31]. Hemicelluloses were modified according
to the literature described by Ren et al. [32] (Scheme 1).
The quaternized hemicelluloses had a weight average
molecular weight (Mw) of 9240 g·mol−1, which was obtained
by gel permeation chromatography (GPC). The degree of
substitution (DS) of the modified hemicelluloses was 0.45
by a titration method according to the previously study
[21]. 2,3-Epoxypropyltrimethyl ammonium chloride (ETA)
was obtained from Shanghai Dibo Chemical Co., China.
Carboxymethyl cellulose was acquired from Cheng Du Long
Ke Fine Chemical Co. Ltd., China. The weight average
molecular weight (Mw) of CMC is 29,500 g·mol−1, and the
viscosity is 1200Pa·s. The PE (the modern is M100, Miao
Jie) was acquired from the supermarket. All the reagents
used in the experiment were analytical grade and used
without any further purification.

2.2. Preparation of Blend Films. The obtained quaternized
hemicelluloses were combined with carboxymethyl cellulose,
according to the procedure of Qi et al. [30]. In brief, the solu-
tion of quaternized hemicelluloses (1.5wt%) was prepared at
25°C for 12 h under mechanical stirring. Then, the solution
was centrifuged for 10min, and the supernatant was stored
in refrigerator at 3°C. The obtained insoluble parts were dried
to calculate the concentration of the supernatant. CMC was
dissolved in distilled water at 60°C for 30min under magnetic
stirring to prepare the solution with concentration of 1.5wt%.
A fifteen-milliliter-mixing solution was used for preparing
each film, and the different mass ratios of the two polymers
and components of CMC are shown in Table 1. Then, the
solutions were mixed under magnetic stirring at air condition
for 24h. After that, the mixing solution was casted into plastic
Petri dish and dried under ambient temperature for 7 days.
Finally, the films were peeled off from the dishes carefully.

2.3. Characterization. FTIR spectra of QH, CMC, and
QH/CMC blend films were recorded on a Bruker Optik
GmbH Tensor II equipment (Bruker, Germany). QH and
CMCpowderswere prepared by grindingwith potassiumbro-
mide and laminating. Theweight of specimens and potassium
bromide was 1mg and 0.1 g, respectively. The film samples
were measured under the ATR mode. FTIR spectra were
recorded on the spectrum range of 4000–500 cm−1. The dif-
fraction patterns ofQH,CMC, and blendfilmsweremeasured
by a 6000 X-ray diffractometer (Shimadzu, Kyoto, Japan),
using nickel-filtered Cu Kα radiation (λ=0.154nm) at 36 kV
and 30mA in the 2θ range of 5°–45° with a speed of 2°/min.
The morphologies of film samples were investigated by field
emission scanning electron microscopy using a Hitachi
S-4800 (Hitachi, Japan) instrument at 15 kV. Prior to SEM
observation, the specimen samples were sputter-coated with
a thin layer of gold, and the cross-sections of the blend films
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Scheme 1: Etherification of bamboo hemicelluloses.

Table 1: Composition of the blend films.

Sample QH : CMC (m/m) Components of CMC (wt%)

Film 1 1 : 1 50

Film 2 1 : 2 66.7

Film 3 2 : 1 33.3

2 International Journal of Polymer Science



gained in liquid nitrogen by brittle fractured. UV-Vis spectra
of sample films were obtained by an ultraviolet/visible spec-
trophotometer (PG Instruments TU-1900) within the range
of 200–800nm. The thicknesses of films were performed by
paper thickness gauge (ZH-4, Changchun Paper Testing
Machine Co. Ltd., China). The results for each film were
based on at least five specimens.

2.4. Thermal Gravimetric Analysis. The thermal gravimetric
analyses of films were characterized by TGA analyzer
(TG209, NETZSCH) under a nitrogen atmosphere. The heat-
ing rate was 10°C/min, and the temperature was from 35 to
700°C. The obtained films were previously dried at 40°C
before the TGA analyses.

2.5. Dynamic Mechanical Analysis. The dynamic mechanical
property of film was performed with a DMA Model 242
E/1/G (NETZSCH, Germany) in the film-tension mode.
Sample dimensions were approximately 30mm length,
2mm width, and 50μm thickness. Samples were heated from
−50 to 180°C at 2°C/min (static strain of 0.67%, 20μm ampli-
tude, 1Hz). The films were preconditioned at 25°C and 60%
RH for at least 48 h prior to the testing to make sure the mois-
ture content of each sample is equalized.

2.6. Tensile Properties. The tensile test of the films was per-
formed by a universal material testing machine with a load
cell of 1 kN (AG-X plus, Shimadzu, Kyoto, Japan). Specimens
of 20mm length and 40–60μm thickness and 2.5mm width
were tested with strain rate of 5mm/min. At least three
repeated measurements of each film were tested, and the
average value was used to determine mechanical properties.

3. Results and Discussion

3.1. FTIR Analysis. The FTIR spectra of quaternized hemicel-
luloses and carboxymethyl cellulose are illustrated in
Figure 1(a). As can be seen, the signals presented at 1615,
1474, 1046, and 896 cm−1 are the characteristic peaks of QH.
The bands at 3357 and 2923 cm−1 are indicatives of the
stretching of the OH groups and C–H vibration band, respec-
tively. The peak at 896 cm−1 is a characteristic of β-glucosidic

linkages between the xylose units. The signal at 1615 cm−1 is
originated from–COO– of uronic acid anduronic carboxylate
in hemicelluloses [33]. The absorption peak at 1474 cm−1

appeared in QH is originated from the bending vibration
of –CH3 and –CH2 in quaternary ammonium group [34].
In the spectrum of CMC, the absorption band at 1596 cm−1

is assigned to asymmetrical COO– stretching [35]. The sig-
nals at 1416 and 1324 cm−1 are related to the symmetrical
stretching vibrations of the carboxylate groups and C–H
bending, respectively [36]. The broad peak at 1057 cm−1 is
assigned to the stretching of C–O–C [37]. The spectra of
blend films are shown in Figure 1(b). Compared of QH and
CMC, the peak of the C–O–C was narrowed and shifted evi-
dently from 1057 to 1031 cm−1. The absorption peaks at 1590
and 897 cm−1 of blend films are attributed to asymmetrical
COO– stretching and β-glycosidic bond, respectively. It can
be found that no chemical reaction occurred between QH
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Figure 1: FTIR spectra of QH and CMC (a). FTIR spectra of the representative blend films (b).
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Figure 2: X-ray diffraction patterns of QH, CMC, and blend films.

3International Journal of Polymer Science



and CMC by differential spectrum analysis. It should be
noted that plenty of ammonium cations are on the surface
of QH and many carboxyl anions in CMC chains, which pro-
vided the possibility of cross-linking between QH and CMC.
In addition, a number of hydroxy groups have been found in
the surface of QH and CMC. Therefore, hydrogen bonding
and electrostatic attraction between the oppositely charged
polymers are the driving force for the formation of tight
and smooth films.

3.2. XRD Analysis. The X-ray diffraction patterns of QH,
CMC, and blend films are shown in Figure 2. In the pattern
of QH, only one weak peak was shown at 19.8°, which was
attributed to the hemicelluloses [38]. Two crystalline peaks
are present at 2θ=18.9° and 32.6°, which are the characteris-
tic of cellulose I [39, 40]. The XRD patterns of the blend films
showed that the major diffraction peaks are at 2θ=19.7°,
32.5°, and 42.1°. This result indicated that the crystalline
structure of the blend film appeared. The peak intensities
and sites of QH/CMC films were different, which was due

to the different amount of CMC in the blend film. The inter-
molecular hydrogen bonding and electrostatic interaction are
the driving force of blend films between QH and CMC result-
ing in changing the crystal structure of the blend films.

3.3. Morphology of Blend Films. The SEM images of the sur-
face and cross section of the blend films are presented in
Figure 3. As can be seen, the surfaces of the blend films
are smooth and homogeneous without remarkable disconti-
nuities, cracks, or aggregates. In the cross-section images of
the blend films, dense and smooth structures of blend films
were obtained, which suggested that strong interaction force
existed between QH and CMC. It is attributed to the diffu-
sedness of QH and CMC and strong combination of the
two components in the blend film. It could be partially
explained that the blend films might have excellent
mechanical properties.

3.4. UV-Vis Transparency of Blend Films. The thicknesses of
all composite films were varied between 40 and 80μm.
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Figure 3: SEM images of film 1 ((a) surface and (d) cross section), film 2 ((b) surface and (e) cross section), and film 3 ((c) surface and (f)
cross section).
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Optical transmittance of polymer materials partly reflects the
homogeneity of the structure and the interactions among
various components. The light transmittances of pure mate-
rial films and blend films at wavelength of 200–800nm are
shown in Figure 4. It can be found that the transmittance
curve of each film rose gradually with increased wavelength
and declined dramatic in UV light. The transmittance of pure
CMC film reached 91.8%; the QH film is the lowest and only
reached 79.1%. In addition, compared with pure QH film,
each blend film has a high transmittance (82.6%) in visible
light, only a slightly lower than that of polyethylene
(85.9%). Moreover, the transparencies of the blend films
increased with decreasing of the QH/CMC content ratio in
UV light. It has the following order: film 2>film 1>film 3.
In other words, a relatively high content of CMC in the blend
films is beneficial for transparency of the blend films, which
due to the CMC is a water-soluble biopolymer and has a good
film-forming property. These results indicated that the two

polymers diffused uniformly and combined strongly. The
transparency result is consistent with the SEM images. In
addition, an interesting phenomenon occurred at the UV
light of 280nm. A faint wave of film was present at 280nm
in the UV irradiation, which might be due to the absorption
of the amino group [41].

3.5. Thermo-Mechanical Properties of Films. DMA is a versa-
tile technique that complements the information provided by
the more traditional thermal analysis techniques such as dif-
ferential scanning calorimetry (DSC) and thermogravimetric
analysis (TGA). The dynamic parameters such as storage
modulus (E′), loss modulus (E″), and damping factor (tanδ)
are temperature dependent and provide information about
the interfacial bonding of the blend material [42].

The storage modulus curves of the pure CMC film and
blend films are shown in Figure 5. It can be seen that the stor-
age moduli of blend films and pure CMC film presents a

100

80

60

40

20

Tr
an

sm
itt

an
ce

 (%
)

0
200 300

Film 1

Film 2

Film 3
CMC

PE

400

QH

500
Wavelength (nm)

600 700 800

300290380270260
Wavelength (nm)

Tr
an

sm
itt

an
ce

 (%
)

250240230

0

5

10

15

20

25

Figure 4: UV-Vis transmittance of the pure raw materials films, PE, and blend films.

200150100500

Film 2
Film 1

Film 2
CMC

St
or

ag
e m

od
ul

us
 (M

Pa
)

Temperature (ºC)

0

4000

2000

6000

8000

10,00

12,00

14,00

−50

Figure 5: Storage modulus behavior of the pure CMC film and blend films.

5International Journal of Polymer Science



sharp decrease with increasing of temperature. The storage
moduli of blend films and pure CMC film reached the mini-
mum value around 46°C and 62°C, respectively. The storage
modulus was increased to a maximum around 98°C and then
decreased, which was related to the evaporation of water in
the blend films. The water can be used as a plasticizer in
the mixed system. The storage modulus could be improved
by a loss of water contents, which was due to that the interac-
tions of two components have been enhanced. After the free
water in films was evaporated, the storage modulus was
decreased again with the increasing of the temperature. It
could be associated with softening of the matrix. The tanδ
curves of pure CMC film and blend films are represented in
Figure 6. All curves exhibit two relaxation peaks in a narrow
temperature range (from 36 to 60°C). It indicated that the
glass transition temperature was influenced by moisture con-
tent. The tanδ value was sensitive to molecular motion, and
its peak represented the glass transition temperature. There-
fore, it was important to point out that the moisture content
of each film was equalized. In this study, the glass transition
temperature could be defined as the temperature where the
first peak of tanδ presents. In general, broader and lower peak

of tanδ might demonstrate that the contents of blend films
have been more diffused and less intense molecular motioned
during glass transition process. Comparing the films, the
glass transition temperature has the following order:
CMC>film 2>film 1>film 3, and the loss factor values have
the following order: film 1>film 3>film 2>CMC. In addi-
tion, the dynamic mechanical behaviors of blend films were
similar to the pure CMC film. These results indicated that
the two biopolymers have been excellently diffused and
strongly combined. Comparing the three blend films, film 2
has been excellently diffused and a higher degree of cross-
linking. It has a great influence on the mechanical properties,
and the mechanical property would be further investigated in
the tensile testing.

To understand how CMC addition affects the thermal
properties of the blend film, thermal properties of QH,
CMC, and blend films were investigated by TGA under a
nitrogen atmosphere. The typical TGA curves of QH,
CMC, and blend films were shown in Figure 7(a). It can be
seen that the rates of decomposition and weight loss of the
blend films reached to the maximum during the temperature
of 200–600°C. Furthermore, the Tonset (the temperature at
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the onset of the decomposition) and T1 (the maximum
weight loss temperature) of films were determined on the
DTG curves (Figure 7(b)) as shown in Table 2. From
Figure 7 and Table 2, it can be seen that the Tonset and T1
of the blend films were increased obviously with increasing
of the CMC components. This result might be due to that
the two components of the blend films were diffused homo-
geneously and have been strongly combined. In addition,
the residuals (at 700°C) of the blend films were increased with
increasing of the CMC components, which implied that the
addition of CMC contributed to thermal stability property.
The thermodynamic properties of the blend films were
affected directly by the partially crystalline polymer CMC.
In general, the higher content of crystalline polymer in the
blend system, the higher thermal stability and mechanical
properties of films were obtained, which was evidenced by
the results of tensile test and DMA.

The mechanical properties of blend films are of prime
importance for various applications including packaging
and coating. Therefore, all the films should be subjected to
tensile testing in order to ensure that the films have sufficient
physical performance. The results of tensile stress, tensile
strain at break, and Young’s modulus of PE, pure raw mate-
rials films, and blend films are shown in Table 3, and the typ-
ical tensile stress-strain curves are presented in Figure 8. It is
obviously seen that the tensile strength of the three blend

films was much higher than that of the PE and QH films.
The mechanical properties of QH film were greatly improved
through cross-linking CMC. The tensile stress of blend films
was increased with the decreasing of QH content, and the
maximum stress was 65.2MPa of film 2. Moreover, the ten-
sile strain at break and the ultimate tensile strength have
the following order: film 2>film 1>film 3. This result indi-
cated that the mechanical properties of the blend films were
greatly affected by the CMC content. This is due to that
CMC is a crystalline polymer, which led to excellent mechan-
ical properties of the blend films. In addition, with the CMC
content increases, the interaction force between the two poly-
mers was improved. That is to say, the two components have
stronger bonding and a higher degree of cross-linking. The
result of mechanical property is consistent with those of
SEM, TG, and UV-Vis.

4. Conclusions

This study provided a novel way to prepare blend films based
on QH and CMC. From the results of FTIR, XRD, and SEM,
it was confirmed that there is a strong interaction force
existed between QH and CMC, and no chemical reaction
occurred between QH and CMC. Furthermore, the films
exhibited a good optical transmittance and mechanical prop-
erties, which would be beneficial for the applications of films
as packaging and coating materials. From the results of SEM
and DMA, it was found that the blend films have a good
disperse and strong interface bonding. Moreover, the
results of DMA revealed that the blend films have a low
tanδ and high storage modulus. The results of mechanical
properties suggested that the addition of CMC contributed
to mechanical properties by the strong electrostatic inter-
actions and the enhanced hydrogen bonding with QH.
All those results suggested that the hemicellulose-based
films might become attractive and green materials in the

Table 2: Thermal characteristics of TG curves in Figure 7.

Sample Tonset (
°C) T1 (

°C) Residuals (wt%) at 700°C

QH 232.8 257.7 17.01

CMC 272.0 286.8 39.26

Film 1 259.7 279.5 32.89

Film 2 260.4 281.6 33.55

Film 3 242.6 271.6 32.02
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Figure 7: TGA curves of the QH, CMC, and blend films (a). DTG curves of the QH, CMC, and blend films (b).
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packaging, coating, and biomedicine application to replace
the traditional petroleum-based materials.

Data Availability

Previously reported (Mw and DS of quaternized hemicellu-
loses) data were used to support this study and are available
at DOI: 10.1021/sc500124j, and the previously reported (the
film preparation method) methods were used to support
this study and are available at DOI: 10.3390/ma9010004.
This prior study is cited at relevant places within the text
as references [30].
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