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Abstract The gas barrier and mechanical properties
are crucial parameters for packaging materials, and
they are highly correlated to the molecular interactions
in the polymer matrix. To improve these properties of
TEMPO-oxidized cellulose nanofibers (TOCNSs) com-
posite films, we studied the effect using hydrox-
ypropyl guar (HPG) or carboxymethyl guar (CMG) in
the preparation of TOCN composite films, which were
made by following the solution-casting method. The
subsequent film characterizations were carried out
by UV-Vis spectra, scanning electron microscopy,
oxygen and water vapor permeability measure-
ments, tensile and thermogravimetric analyses.
SEM results showed that CMG-based films had
denser structures than their HPG counterparts.
Moreover, the improved hydrogen bonding of the
CMG-based films was partially responsible for the
improved gas barrier performance, tensile strength
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and thermal stability. These results support the
conclusion that CMG had advantages over HPG
when used in the preparation of TOCNs packaging
composite films.
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Introduction

Nowadays, plastics dominates food packaging mate-
rials (Ghanbarzadeh et al. 2015). Bio-based materials,
due to their environmental advantages, have received
much attention. Nanocellulose is a promising nano-
material having potential applications in many indus-
tries such as food, paper and medicine (Hosseinidoust
et al. 2015; Klemm et al. 2011). TEMPO (2,2,6,6-
tetramethylpiperidine-1-oxyl)-mediated oxidation is a
well-studied method to manufacture individualized
nanocellulose, known as TEMPO-oxidized cellulose
nanofibers (TOCNs) with the width of 3—5 nm (Saito
et al. 2006, 2009). Literature results (Fukuzumi et al.
2009; Rodionova et al. 2012; Wu et al. 2014) showed
that the transparent TOCNs films possessed good
mechanical strength and oxygen-barrier property,
which rendered them interesting as packaging mate-
rials. Nevertheless, due to the hydrophilic character-
istic of cellulose nanofiber, the pristine films have poor
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water vapor barrier property. Much work, including
hydrophobic treatment, has been done to improve their
water vapor resistance (Osterberg et al. 2013; Pan et al.
2013).

Guar gum, a natural biodegradable polysaccha-
ride consisting of polymannan backbone with
galactose side groups, has wide applications in
different industrial sectors (Grzadka 2013, 2014).
Previous study indicated that guar could effectively
trap and retain water molecules within the matrix
(Rosiaux et al. 2013). Moreover, guar coating was
effective to improve the shelf life of the fresh
kinnow fruit through controlling the dehydration
process (Shah et al. 2015). In an early study (Dai
et al. 2015), it was shown that hydroxypropyl guar
(HPG) can enhance the water vapor barrier property
of TOCN composite films. Specifically, the water
vapor permeability (WVP) of 100 % TOCNs film
was 1.17 x 1073 g m/(m? day Pa) while the WVP
of 50 % HPG/50 % TOCN composite film was
0.70 x 107> g m/(m* day Pa).

It is well known that molecular interactions (e.g.
hydrogen bonding capacity) of substituents in the
matrix play a very important role in materials
properties, especially for composite materials (Ku-
mar and Singh 2008; Mao et al. 2008; Way et al.
2012). Furthermore, intra- or inter-molecular hydro-
gen bonding always affects the miscibility, strength
and other properties of the resultant films (Fujisawa
et al. 2011; Zhou et al. 2012). Therefore, in this
research, two modified guar samples, namely:
hydroxypropyl guar (HPG) and carboxymethyl guar
(CMG) were used to study their effect on properties
of guar/TOCN composite films. Special attention was
paid to the water vapor barrier property. The
hypothesis was that the presence of more hydrogen
bonding capacities in the modified guar will lead to
more compact structures of the resultant composite
films, thus exhibiting positive effect on the water
vapor barrier property. Furthermore, due to the fact
that carboxyl groups in CMG have stronger hydrogen

bonding capacity than the hydroxyl groups in HPG, it
would be expected that the CMG-based films will
have more enhanced properties than the HPG-based
films. The composite films were characterized by
tensile strength, oxygen barrier, water vapor barrier,
and other fundamental properties, e.g., thermal
stability and elongation of the films were also
investigated.

Experimental
Materials

A commercial bleached softwood kraft pulp was
kindly provided by a local pulp mill. Hydroxypropyl
guar (HPG) and carboxymethyl guar (CMG) (proper-
ties are shown in Table 1) were from Wuxi Jinxin
Group Co., Ltd. (Wuxi, China). All other chemicals
were purchased from Sinopharm Chemical Reagent
Co., Ltd. (Shanghai, China) and used without
purification.

Preparation of TOCNs

The pulp was pretreated with 5 % (v/v) formic acid
aqueous solution to improve the efficiency of
TEMPO-mediated oxidation (Dai et al. 2014). After-
wards, 5 g pretreated pulp was dispersed in a solution
containing 0.10 g TEMPO, 1.00 g NaBr, 3.71 g
Na,CO5; and 1.26 g NaHCOj;. 22.5 mmol NaClO
(pH was adjusted to 10.5 with dilute HCI solution)
was added to the suspension to start the TEMPO-
mediated oxidation. Specifically, Na,CO; and
NaHCO; were used to prepare a buffer solution to
control the pH value of the system during the oxidation
treatment. After 4 h, the reaction was quenched by
adding 10 mL ethanol and the resultant oxidized
cellulose was thoroughly washed. Subsequently, the
TEMPO-oxidized cellulose with carboxylate content
of 1.34 mmol/g was further homogenized to obtain the

Table 1 Polymer properties of the hydroxypropyl guar gum (HPG) and carboxymethyl guar gum (CGG) used in this research

Polymer Molecular Polydispersity Degree of Hydrodynamic
weight (My,, g/mol) index (PDI, M,,/M,) substitution (DS) radius (R, nm)

HPG 1.8 x 10° 2.36 0.15 46

CGG 1.4 x 10° 2.55 0.17 38
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TOCNSs sample. The obtained TOCNs possessed the
diameters of 5-10 nm and lengths of 400-700 nm.

Preparation of guar/TOCNSs films

10 g HPG powder was dispersed in 1 L deionized
water at room temperature with constant stirring
(300 rpm) for 8 h to get a 1 % (w/w) HPG solution.
Then, the HPG solution was mixed with TOCNs to
prepare HPG/TOCNs mixtures with different mass
ratios. The weight ratios of HPG in the consequent
blends were 100, 70, 50 and 30 %. Thereafter, each
mixture was continually stirred for 3 h and then
poured into polytetrafluoroethylene petri dishes to be
dried at 50 °C for 3 days. The CMG/TOCN composite
films were prepared in the same way as the HPG/
TOCNSs films except that CMG, instead of HPG, was
used. All these films were conditioned at 23 °C and
50 % relative humidity (RH) for 2 days before
characterization. The experimental procedures of film
preparation are shown in Scheme 1.

UV-Vis transmittance

The transparency of films was determined by follow-
ing light transmittance measurements in the range of

Mixing guar derivatives ‘
with TOCNs

Ultrasonic
suspension treatment

Scheme 1 Preparation of guar derivatives/TOCN composite films

200 to 800 nm using a UV-Vis spectrometer (Shi-
madzu UV-1800, Japan), in accordance with a liter-
ature procedure (Hayaka Fukuzumi 2009).

SEM characterization

The cross-sections of the films were observed with a
SEM (HITACHI SU1510, Japan), operating at 5 kV.
All specimens were sputter coated with gold before
imaging.

Gas permeability tests

The oxygen permeability (OP) of the films was
measured with a Labthink VAC-V1 apparatus (Lab-
think, China) at 23 °C and a RH of 40 & 1 %. The
sample size was 38.48 cm?” and the partial pressure of
oxygen was 0.1 MPa.

The water vapor permeability (WVP) of the films
was determined according to a literature procedure
(Das etal. 2011; Sharma et al. 2014). Briefly, a sample
film with an area of 19.64 cm® was sealed on a cup
containing 10 g of fresh oven-dried CaCl, as a
desiccant. The covered cups were accurately weighed
and placed in a desiccator cabinet containing saturated
NaCl solution to generate 75 % RH gradient. Each

50°C, 3 days
0 i —

Guar derivatives/TOCNs Film

Solution casting
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covered cup was reweighted every 24 h until a
constant weight was obtained. All measurements were
repeated three times and the average was reported.

Tensile test

Tensile strength and elongation were determined on a
BZ2.5/TNIS Zwick Material Tester (Zwick, Ger-
many) at room temperature. The initial grip separation
of the machine was set at 50 mm and the specimens
were loaded at a constant cross-head speed of 50 mm/
min. All the film samples were cut into rectangular
strips with the size of 10 mm x 100 mm. At least 5
specimens of each film were tested, and the average
was reported.

Thermogravimetric analysis (TGA)

TGA of films was performed on a TGA/SDTA 851e
thermogravimetric analyzer (Mettler Toledo, Switzer-
land). The specimens were heated from 25 to 600 °C
at a heating rate of 10 °C/min. A nitrogen gas stream
was continuously passed into the furnace at the speed
of 10 mL/min and the gradual weight loss of the
sample was recorded.
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OH OH OH OH
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Results and discussion

Justification of using HPG and CMG to improve
the properties of guar/TOCN composite films

Introducing more hydrogen bonding capacity in the
polymer network can lead to the improvements of
both tensile strength and gas barrier property.
Carboxyl groups in CMG will have stronger hydro-
gen bonding capacity in the films than hydroxyl
groups in HPG. Additionally, for HPG-based films,
hydrogen bonds could only be formed between
alcoholic hydroxyl groups, while protonated car-
boxyl groups in the CMG-based films could form
hydrogen bonds with both adjacent carboxyl groups
and hydroxyl groups. Thus, CMG-based films would
have stronger hydrogen bonding than HPG-based
ones, which would lead to more compact and denser
film structure of the CMG-based films. The sche-
matic representations of hydrogen bonds in guar
derivatives/TOCN composite films are depicted in
Scheme 2 and 3.

Based on the above analyses, it is expected that
CMGe-based films would have better mechanical and
gas barrier properties than their HPG-based counter-
parts. Moreover, the enhancement in hydrogen
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Scheme 2 Schematic of hydrogen bonds in HPG/TOCNS films
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Scheme 3 Schematic of hydrogen bonds in CMG/TOCNS films

bonding could give rise to higher stiffness, thus lower
elongation.

Film transparency

Film transparency can be a factor of great importance
to packaging materials because customers are inter-
ested in visualizing the inside contents of the packag-
ing. The film transparency results are shown in Fig. 1.
It can be seen that either 100 % HPG or 100 % CMG
film had a low light transmittance. The addition of
TOCNSs increased the transparency of both HPG and
CMG-based films, and the more TOCNs added, the
higher the transparency of the films. The improvement
is attributed to the presence of nano-sized TOCNs,
because nano-sized particles do not scatter light (Yano
et al. 2005). In the literature, Rodionova et al. (2012)
studied the properties of films prepared from fibril-
lated TEMPO-oxidized pulps and found that films
with high contents of cellulose nanofibers were highly
transparent.

Furthermore, as shown in Fig. 1, the CMG-based
films had lower transparency than their HPG-based
counterparts. The reason may be due to the denser
structure resulting from the stronger hydrogen bonding

CMG-TOCNs

NaOOC
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Jﬂﬁq/ W
OH

OH
o
o ° T
COONa

COONa COONa

MG TOCNs-TOCNs

TOCNs
Hydrogen bonding
Stronger hydrogen bonding

capacity in CMG-based films, which can increase the
light scattering. In preparing nanocellulose films, Yang
et al. (2012) found that the transparency of films
decreased as the sodium form of the carboxyl groups
on cellulose nanofibers was changed to acid form, as a
result of increased hydrogen bonding, which will favor
interactions of nanocellulose.

Film structures

Figure 2 presents the cross-section pictures of 100 %
HPG, and 100 % CMG films, as well as their 50 %
composite films. As shown, the polymer matrices are
rather uniform, indicating that both of the two guar
derivatives were compatible with TOCNSs, thanks to
the abundant hydrogen bonds. It was also reported by
Woehl et al. (2014) that guar gum can spread evenly
on the surface of nanocellulose in their study of
bioactive films consisting of bacterial cellulose and
hydrocolloids (guar gum and hyaluronic acid). In
another study of tuning cellulose nanocrystal gelation
with polysaccharides, Hu et al. (2014) also reported
that HPG can be well adsorbed onto cellulose
nanocrystal.
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Fig. 1 UV-Vis transmittance of HPG/TOCNs (a) and CMG/TOCN composite films (b)

50.0um

Fig. 2 SEM pictures of cross-section of films (100 % HPG film, 100 % CMG film, and 50 % guar/50 % TOCN composite films)

Figure 2 also demonstrates that the voids and
cracks in the 50 % HPG/50 % TOCN composite film
are much less than those in the 100 % HPG film (the
same is true for the 50 % CMG/50 % TOCNSs film
versus 100 % CMG film), indicating that the addition
of TOCNs decreased the formation of voids and cracks
in the composite films. Furthermore, the film thickness
of the 50 % HPG/50 % TOCNs and the 50 % CMG/

@ Springer

50 % TOCNSs film were thinner than those of the
100 % HPG or 100 % CMG film. These results
indicated that the presence of TOCNs caused denser
inner structures of films and it is due to the differences
in shrinkage during the drying processes of the
composite films: (1) linear polymers, such as cellu-
lose, have more compact structures than the nonlinear
polymers with large branches, such as guar (Mikkonen
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et al. 2010); (2) the addition of TOCNs can result in
uniform shrinkage of guar since localized TOCNs can
help distribute the stress derived from the evaporation
of water. Seantier et al. (2016) studied aerogels made
of bleached cellulose fibers and TOCNSs, and they
found that TOCNs can nucleate on the impurities
embedded on the TOCNSs. Additionally, the formation
of TOCN networks reduced macropores. Cheng et al.
(2015) prepared transparent oxygen barrier guar-based
films incorporated with nanocrystalline cellulose
(NCC) and they also found that the voids in films
became smaller upon the addition of NCC.

Figure 2 also indicates that HPG-based films,
including both 100 % HPG and 50 % HPG/50 %
TOCN composite film, had more and larger pores and
cracks than their CMG counterparts. The enhanced
molecular interactions of the CMG films were par-
tially responsible for these results. The carboxyl
groups in CMG had better hydrogen bonding capacity
(between CMG molecules and also between CMG and
TOCNSs) than HPG, leading to more compact film
structures. The —COOH groups in CMG can form
stronger hydrogen bonds than —OH groups in HPG,
causing thinner CMG-based films and less voids and
cracks in comparison with their HPG films. Shimizu
et al. (2013) reported that the film densities increased
due to the improved hydrogen bonding after heating
the TOCN-COONHy films.

Gas barrier properties

As noted above, the increased hydrogen bonding
capacity in guar will lead to more compact structures
of the guar/TOCN composite films, thus causing a
positive effect on the barrier property. Furthermore,
due to the fact that carboxyl groups in CMG have
stronger hydrogen bonding capacity than the hydroxyl
groups in HPG, it would be expected that the CMG-
based films will have better barrier properties than the
HPG-based films. Shown in Fig. 3a is the oxygen
permeability (OP) data. The OP of the 100 % HPG and
CMG films was 8.03 and 7.58 cm’/(m? day 0.1 MPa),
respectively. With the incorporation of 70 % (w/w)
TOCNSs, the OP of HPG/TOCN and CMG/TOCN films
reduced to 5.67 and 5.50 cm3/(m2 day 0.1 MPa),
respectively. These results support the conclusion that
increasing the TOCN content in guar/TOCN compos-
ite films resulted in decreased OP. The OP results were
in agreement with the film structure that the addition of

TOCNSs led to more compact films (Fig. 2). In the
literature, it was reported that the galactose side groups
in guar molecules can loosen the film structure
(Mikkonen et al. 2010), which was responsible for
the high OP of the 100 % HPG or CMG films. With the
addition of TOCNSs, the formed films had more
compact structure (Fig. 2); moreover, the presence of
TOCNSs can lead to a uniform shrinkage of guar during
the drying process. Song et al. (2013) reported that the
addition of TOCNs to poly(vinyl alcohol) matrix
enhanced the interactions of the network by hydrogen
bonding, thus improving the gas barrier property.

Atalow massratio of TOCNs, HPG-based films had
higher OP values than their CMG-based films, which
was consistent with more porous structures of the HPG
films (Fig. 2). Compared with hydroxyl groups in
HPG-based films, protonated carboxyl groups in
CMG-based films can give rise to stronger hydrogen
bonding with other CMG molecules and/or cellulose
molecules; in addition, the CMG-based films will
undergo a more uniform drying process, resulting in
fewer voids and cracks (Fig. 2). The above is espe-
cially true for the 100 % HPG and CMG films. The big
difference in their inner structures can be credited to
the role of carboxyl groups in the CMG film structures.
As discussed above, the CMG-based films had a higher
density than that of the corresponding HPG-based
films. A higher film density can lead to a better oxygen
barrier performance (Shimizu et al. 2016).

Due to the hydrophilic nature of polysaccharide-
based films, water vapor permeability (WVP) is a
challenge issue. During the W VP testing, the adsorption
of moisture can cause the partial cleavage of internal
hydrogen bonds, increasing WVP. For the HPG-based
films (Fig. 3b), the addition of TOCNs increased the
WVP from 5.33 x 107® ¢ m/(m? day Pa) for the
100 % HPG film to 8.69 x 10~° g m/(m? day Pa) for
the 30 % HPG/70 % TOCN composite film, an
increase of about 63 %. For the CMG-based films it
increased from 5.56 x 107° (100 % CMG film) to
775 x 107° g m/(m* day Pa) (30 % CMG/70 %
TOCNSs), an increase of about 39 %. The increased
WVP results of the guar/TOCN composite films with
the increasing TOCN content can be explained as
follows: guar films will swell upon the water vapor
adsorption, a higher TOCN content means a lower guar
presence in the film, which will result in less swelling,
in turn, less plugging of the pores in the film, thus a
higher WVP.
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Fig. 3 Oxygen (a) and water vapor (b) permeability of films consisting of different mass ratios of guar and TOCNs (/ 100 % guar; 2
70 % guar/30 % TOCNs; 3 50 % guar/50 % TOCNs; 4 30 % guar/70 % TOCNs)

As depicted in Fig. 3b, the WVP of the 100 % HPG
film was 5.33 x 107® g m/(m* day Pa), which was
lower than the 100 % CMG film’s 5.56 x 107° g m/
(m? day Pa). The explanation is: the stronger interac-
tions of molecular chains in the CMG film will render
it less accessible to water, thus less guar swelling, less
plugging, thus higher WVP. The adsorption of water is
affected by several factors, such as presence of
hydrophilic groups and pore size (Abdel-Halim and
Al-Deyab 2014), a denser CMG film structure will
lead to less intermolecular space inside the film to
accommodate water molecules, thus less swelling.

It is noted in Fig. 3 that with more TOCNs in the
composite films, their WVP increased for both HPG
and CMG-based films, but it was less pronounced for
the CMG films. The explanations are: (1) the compact
structure as a result of the improved hydrogen
bonding from CMG came into play. Due to the fact
that stronger hydrogen bonding capacity of CMG, the
CMG/TOCN composite films showed a better water
vapor barrier performance than the HPG/TOCNs
films. (2) The decreased network voids of the CMG/
TOCNSs films (Fig. 2) in comparison with the HPG/
TOCN:S films can be another factor. (3) The enhanced
intermolecular associations in CMG/TOCN compos-
ite films will limit the molecular mobility, which is
another reason for the lower WVP of the CMG/
TOCN composite films, in comparison with the HPG/
TOCN composite films. This is in accordance with
the study by Mikkonen et al. (2010) that a lower
molecular mobility in the film matrix would lead to
lower WVP.

@ Springer

Mechanical properties

As shown in Fig. 4a, the tensile strength of the films
increased with the addition of TOCNSs, and this
improvement is more pronounced at a higher weight
ratio of TOCNSs. For instance, in the case of HPG-
based films, the addition of 30 % (w/w) TOCNSs
doubled the tensile strength in reference to the 100 %
HPG film. For CMG-based films, the 100 % CMG
film had a tensile strength of 51.17 MPa while the
70 % CMG/30 % TOCN composite film showed a
much higher tensile strength of 75.88 MPa. Further-
more, at the weight ratio of 70 % TOCN:Ss, the tensile
strength of the 30 % CMG/70 %TOCN composite
film reached 96.45 MPa. This enhancement in tensile
strength benefits from the reinforcing effect of cellu-
lose nanofibers, which have high tensile strength and
large aspect ratio. In fact, nanocellulose has been
widely researched as a reinforcing element (Deepa
et al. 2011; Liu et al. 2015; Wen et al. 2015).
CMG-based films had a significantly higher tensile
strength than that of the HPG-based films, the tensile
strength of 100 % HPG film was 19.10 MPa while that
of the 100 % CMG film was 51.17 MPa. Such a
difference can be credited to the enhanced hydrogen
bonding in CMG-based films. Hydrogen bonds like
COOH---COOH and COOH---OH in CMG-based films
were stronger than those OH---OH hydrogen bonds in
HPG-based films. Similar results were obtained in the
comparative study of TOCN-COONa and TOCN-—
COOH films (Fujisawa et al. 2011), the latter had
better mechanical properties because of the improved
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Fig. 4 Tensile strength (a) and elongation (b) of films consisting of different mass ratios of guar and TOCNs (I 100 % guar; 2 70 %
guar/30 % TOCNSs; 3 50 % guar/50 % TOCNSs; 4 30 % guar/70 % TOCNs)

hydrogen bonding induced by protonated carboxyl
groups. In addition, the lower moisture content of the
CMG-based films, which was due to fewer adsorption
sites for water molecules, is another factor contribut-
ing to the higher tensile strength since water can be a
plasticizer in the films. Besides, as shown in Fig. 2, the
CMG-based films had fewer voids and cracks than the
HPG-based films, which is partially responsible for the
higher tensile strength. Strength is extremely sensitive
to the presence of voids because voids can start failure
(Svagan et al. 2007).

As to the elongation results, incorporation of
TOCNs into the guar matrix had a negative effect. In
the case of HPG-based films, the elongation reduced
from 7.23 to 4.13 % as the weight ratio of TOCNs
increased from 0 to 70 %, while it decreased from 5.23
to 2.48 % for the CMG-based films. On one hand, the
addition of TOCNs increased the stiffness of films. On
the other hand, the decreased voids/cracks in films
were another reason. It was reported (Benitez et al.
2013) that the voids in films played an important role in
elongation. Specifically, the small-sized voids could
lead to strong capillary forces to hold moisture inside
the material, and films with a higher moisture content
often exhibit an improved elongation due to water-
induced plasticization (Shimizu et al. 2016). As shown
in Fig. 2, due to the incorporation of TOCNs, guar/
TOCN composite films showed decreased voids and
cracks. Meanwhile, the moisture adsorption (not
provided) of guar/TOCN composite films also reduced
with the addition of TOCNs. An earlier publication
also showed an increase in the toughness of cellulose

nanofibers film with the addition of guar (Lucenius
et al. 2014).

The CMG-based films had consistently lower
elongation than the HPG-based films, which is partly
attributed to the increased stiffness of the molecular
chains in CMG-based films, due to their stronger
hydrogen bonding capacity, as discussed earlier. What
is more, the higher water content in HPG-based films
can increase the elongation.

Thermal stability

As shown in Fig. 5, the samples had similar TG
characteristics. The first stage of weight loss within the
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Fig. 5 Thermogravimetric analysis of films of 100 % HPG

film, 100 % CMG film, and 50 % guar/50 % TOCN composite
film
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temperature range of 50—110 °C was due to the moisture
evaporation. The weight loss data indicated that HPG-
based films had higher moisture content. These results
were consistent with the results on WVP and tensile, all
of which were in accord with the proposed mech-
anism that the improved hydrogen bonding capacity
in CMG-based films would lead to lower water
adsorption. The DTG data showed that the 100 %
HPG and 50 % HPG/50 % TOCN composite films
had peak decomposition temperature of 270 and
258 °C, respectively, and those for 100 % CMG and
50 % CMG/50 % TOCN composite films were 281
and 276 °C, respectively. Therefore, one can con-
clude that the CMG-based films had higher thermal
stability than the HPG films. Again, these results are
in agreement with the fact that CMG-based films
had better interactions in the polymer matrices via
hydrogen bonding, which will always result in an
improved thermal stability of films.

Conclusions

Influence of different guar products, i.e. hydrox-
ypropyl guar (HPG) and carboxymethyl guar
(CMQ), on the properties of their respective composite
films containing various amount of nanocellulose was
investigated. The results showed that the interactions
of the modified guar molecules with nanocellulose are
key factors in determining the properties/characteris-
tics of the resultant films. Due to their stronger
hydrogen bonding capacity, the CMG-based films
showed better gas barrier, tensile strength and thermal
properties than the HPG-based films. The 30 % HPG/
70 % TOCN composite film had the WVP value of
8.69 x 107° g m/(m? day Pa) while the 30 % CMG/
70 % TOCNS film had the WVP of 7.75 x 107° g m/
(m? day Pa). Moreover, the tensile strength of 30 %
HPG/70 % TOCN composite film was 51.60 MPa,
whereas it was 96.45 MPa for the 30 % CMG/70 %
TOCN composite film. The addition of nanocellulose
in these guar films improved the transparency, barrier
property, tensile and thermal stability. These
biodegradable composite films have great potential
for food or medicine packaging, and for this purpose
CMG has advantages over HPG.
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