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Hydroxypropyl Methylcellulose Nanocomposites
Containing Nano Fibrillated Cellulose (NFC) from Agave
americana L. for Food Packaging Applications
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Hydroxypropylmethylcellulose (HPMC) is popularly known as a hydrocolloid
for potential use as a biopolymer film. The films of HPMC exhibit brittleness,
lacking flexibility, but they can provide a gas barrier. With the aim of improving
the HPMC film properties, nanofibrillated cellulose (NFC) from the succulent
plant Agave americana L was incorporated as reinforcement material using
the solution casting method. The films were prepared with three different
amounts of NFC with glycerol as a plasticizer. The incorporation of the NFC
into the nanocomposite films showed a 1,000-fold reduction in the gas
permeability. However, significant improvements in the tensile strength (TS),
the elongation at break (EAB), and Young’s modulus (YM) were only observed
with 1% NFC. A higher moisture content (24.5%) and a higher solubility
(59.5%) were observed in the HPMC/NFC-1 film, which also exhibited the best
biodegradability loss of the films that were observed with a 92.8% degradation
rate in 15 d of soil burial studies. Therefore, the results evidence that the
HPMC/NFC films might be potentially suitable as food wrap packaging on
perishable produce of fruits and vegetables to maintain their quality attributes
and prolong the storage life.

Keywords: Hydroxypropyl methylcellulose; Nanofibrillated cellulose; Nanocomposite films; Mechanical
properties; Barrier properties

Contact information: a: Department of Nano Science & Technology, Tamil Nadu Agricultural University,
Coimbatore-641003, Tamil Nadu, India; b: Director of Research, Tamil Nadu Agricultural University,
Coimbatore-641003, Tamil Nadu, India; c: Department of Food & Agricultural Process Engineering, Tamil
Nadu Agricultural University, Coimbatore-641003, Tamil Nadu, India; d: Department of Environmental
Sciences, Tamil Nadu Agricultural University, Coimbatore-641003;

* Corresponding author: kss@tnau.ac.in

INTRODUCTION

Presently, there is great attention from people throughout the world on various
issues associated with environmental conservation. This has spurred a push to utilize eco-
friendly agricultural waste. Such biomass is underutilized, particularly in India, which is
the second-largest agricultural nation after China (Chandra et al. 2012). The term
“packaging” is commonly used to define a material that can protect various food products
from physical, chemical, and biological damage. Recently, the use of petroleum-based
plastic materials is widely under attack due to improper recycling facilities or lack of
infrastructure, non-biodegradability, non- renewability, non-recyclability, or addition of
toxic additives.

Currently, the total share of plastics in the food packaging sector accounts (85%).
The global perspective in the packaging market increased the revenues from $42.5 billion
in 2014 to nearly $48.3 billion by 2020 (Huang et al. 2020). Plastics are the most widely
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preferred packaging materials, due to their light weight, good processability, good
mechanical and barrier properties, and low-cost production (Sangroniz et al. 2019). The
market growth rate of plastic packaging has been expanding by 20 to 25% per year (Huang
et al. 2020). However, there is an environmental concern against single-use plastics (SUP),
which is harmful to human health and aquatic life (Halimatul et al. 2019). In general,
though many plastics that are made of petroleum-based packaging are technically
recyclable, they instead are cast out as litter. They are mostly used by consumers for a
short period, but then take centuries to degrade in natural ecosystems (The European
Parliament and the Council of the European Union 2019). Additionally, the recycling of
packaging waste has a target of a minimum of 70% by weight and about 55% for plastic,
by the end of 2030 (The European Parliament and the Council of the European Union,
2018). However, recycling rates still were low in 2017 in some of the countries. The
recycling percentage of plastics packaging according to the European Union is 41.7%
(Eurostat, 2018). Furthermore, the most commonly followed process for impacting the
final properties of the plastics is mechanical recycling (Geyer et al. 2017). Since 1950, the
amount of plastic waste generated is about 6300 million tons, of which 4977 million tons
are mostly accumulated in waterways and landfills (De Souza Machado et al. 2018).
Microplastics (< 5.0 mm) is another major and emerging problem that is present in the
water, air, and soil, which gives harmful effects on both marine and terrestrial ecosystems
(Geyer et al. 2017). In response, the global biodegradable polymer market is expected to
grow in revenues from $3.1 billion in 2016 to $7.1 billion by 2021, an annual growth rate
of 18% (Huang et al. 2020).

Scientists across the various disciplines are working to find an alternative way to
produce polymers from green sources to resolve the negative effects of petroleum-based
polymers. Thermoplastic starch-based films are among some of the environmentally
friendly alternatives to petroleum-based plastics. Research has shown that thermoplastic
starch films can possess incredible reinforcing properties with the capability to modify or
blend with other suitable polymers. This can facilitate the mass production of economical
and biodegradable packaging materials (Sanyang et al. 2017; llyas et al. 2018; Atikah et
al. 2019). Hydroxypropyl methylcellulose (HPMC) is one of the cellulose derivatives next
to cellulose, cellulose diacetate, and cellulose triacetate. Hydroxypropyl methylcellulose is
composed of units of B (1-4)-D-glucose linked by glycosidic bonds, and it is extensively
used to produce edible films and coatings for packaging purposes. In addition, HPMC is
used as an emulsifier, stabilizing, suspending, and gelling agent in the food industry
(Burdock 2007). Hydroxypropyl methylcellulose is soluble in cold water and forms
transparent, tasteless, odorless, flexible, and tough films from the film solutions (McGinity
and Felton 2008). It is widely employed because of its abundance, good water solubility,
non-toxic nature, and rapid processability (Ford 1999). Additives such as glycerol are
incorporated into films with HPMC to improve the overall performance and properties
(Navarro-Tarazaga et al. 2008).

Generally, glassy HPMC film surfaces are highly hydrophilic, which causes water
molecules from the surroundings to induce both swelling and reduction in glass transition
temperature, and this happens when temperature and humidity are combined (Laksmana et
al. 2009). Moreover, the films tend to dissolve and flow. Another valid explanation is that
when the films are exposed to high humidity, there is a reduction in breakdown strength
and increased losses (Hui et al. 2013).

Interest in polymer nanocomposites has been recently ignited because of their use
in the food packaging sector. Nano-biopolymers such as nanofibrillated cellulose (NFC),
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and nanocrystalline cellulose (NCC) are derived from various plant sources. Such
nanocellulose (NC) materials can be reinforced into a polymer matrix that exhibits good
physicochemical properties and does not negatively affect the environment (lyer et al.
2015b; lyer and Torkelson 2015; Yang et al. 2015; Dimic-Misic et al. 2017).
Nanocomposites derived from plant materials can provide outstanding and unique
properties that are not found in conventional composites. Nanofibrillated cellulose is
derived naturally from various plant fibers, such as agave, sisal, banana pseudostem,
pineapple, jute, hemp, and cotton (Ramesh et al. 2017). These cellulose biopolymers are
transformed from micro to nanoscale fibrils with a long, flexible, entangled, and web-like
network with a mean diameter of 1 nm to 100 nm (Krishnadev et al. 2020). Nano
biopolymers are great candidates for food packaging applications due to their unique (Du
et al. 2016; Li et al. 2016), biological (Wang et al. 2015), and physical properties (Yang et
al. 2015; Cui et al. 2016). In particular, numerous studies on NFC as a reinforcing agent in
the polymer matrix, which has been widely researched worldwide in past decades, have
shown potential for food packaging applications. The prepared bio-films showed good
mechanical robustness and improvement of cohesion and the homogenous surface of the
films. Hay et al. (2018) successfully formulated HPMC by incorporating amylose-sodium
palmitate inclusion complexes (Na-Palm) using the conventional solution casting method.
The films had improved physical barrier and gas properties compared to the HPMC films.
In addition to reducing the water vapor and oxygen permeability traits, the treated films
improved the elongation at break (EAB), Young’s modulus (YM), and tensile strength (TS)
values. llyas et al. (2019) prepared and studied the effect of NFC from the mixture leaves
of sugar palm and sugar palm starch (SPS) by the casting method. The films with smaller
diameters demonstrated strong miscibility, compatibility, and water barrier properties.
Cheng et al. (2018) studied the preparation and extraction of nanofibrillated acetylated
cellulose from corn stalk by chemical-mechanical processes and studied the reinforcement
effect on starch films. The uniform dispersal of nano-fillers in the starch composite films
showed greater tensile strength performances. Associated works on NFC-reinforced
biopolymer nanocomposites will help promote the development of environmentally
friendly and biodegradable packing films with good physical and mechanical properties.

Agave americana L. is known for its strong and rigid natural succulent plant fibers
which are found in dry arid areas in India; it belongs to the Asparagaceae family
(Krishnadev et al. 2020). Agave fibers have some unique characteristics such as high
moisture, low density, and high tensile strength. Fresh leaves of A. americana contain
approximately 60% to 80% cellulose. Cellulose has a micro-fiber structure with different
types of chemical bonds such as covalent, hydrogen, or van der Waals bonds (Chaabouni
et al. 2006). Therefore, cellulose has a strong potential for reinforcement in polymer
composite materials.

In this study, NFC was used as a reinforcing filler for making biodegradable,
flexible, and transparent HPMC/NFC composite films. The role of NFC as a reinforcement
of the structural, thermal, barrier, and mechanical properties of the HPMC/NFC films was
performed systematically. The nanocomposite films were assessed for their tensile strength
(TS), EAB, and YM values. A gas permeability test (GPT) was also used to measure the
mechanical and barrier properties in the biodegradable films. The functional and structural
interaction of the HPMC/NFC films was performed by using Fourier transform infrared
spectroscopy (FTIR) and X-ray diffraction (XRD). The surface morphology was studied
via scanning electron microscopy (SEM) to determine the HPMC/NFC composite films.
The rheological properties of the HPMC/NFC composite films were extensively studied to

Krishnadev et al. (2021). “Nanocomposite packaging,” BioResources 16(4), 8125-8151. 8127



PEER-REVIEWED ARTICLE b | oresources.com

understand the role of NFC in the formulation of the prepared films. The moisture content,
water solubility, and biodegradability test of commercial polyvinyl chloride (PVC) and
nanocomposite films were also studied. This demonstration was done in consideration of
using NFC in polysaccharide films to address the demands of food packaging applications.

EXPERIMENTAL

Materials

The HPMC (Mw of 1261.45) was sourced from HiMedia Laboratories (Mumbai,
India), while the glycerol (Mw of 92.09) was sourced from S.D. Fine-Chem Limited
(Mumbai, India). Distilled and Millipore water was sourced from the Department of Nano
Science and Technology (Tamil Nadu Agricultural University, Coimbatore, India). The
commercial PVC (Oxywrap Cling Film; Paradise Consumer Products Ltd., Jalgaon, India)
was purchased from the local market for comparative study along with the nanocomposite
films.

Methods
Source of cellulose
The nanocellulose was prepared from Agave americana. L plant fiber, which was
collected from the Thondamuthur village of Coimbatore city in Tamil Nadu, India. The
fibers are successfully treated subsequently for alkali, bleaching, and acid hydrolysis to
obtain nanocellulose. The complete methodology for cellulosic fibers extraction and
transformation of microfibrils to nanofibrils was successfully carried out and reported in
the authors’ previous work (Krishnadev et al. 2020). The obtained nanocellulose is used
for the processing of nanocomposite films as a natural reinforcing filler material.

Preparation of the NFC from the Agave americana L.

The cellulosic fibers suspension was transferred to a petri dish and allowed to dry
under a hot air oven at 60 °C for 3 h to evaporate the moisture, as shown in Fig. 1.
Concurrently, 1 g (w/w) of dry cellulosic fibers mass was redistributed in 100 mL of
distilled water under steady vigorous magnetic agitation for 3 h, followed by an ultra-
sonication bath using a CD 4820 2.5 L digital ultrasonic cleaner (Citizen Scales, Mumbai,
India) for 30 min to obtain nanofibrillated cellulose. The solids content of the NFC was
estimated in a set of three by collecting 10 mL, 15 mL, and 20 mL samples from 100 mL
of the liquid NFC suspension, which was allowed to dry under a hot air oven at 60° C for
5 h. The NFC suspension was hermetically sealed and stored in a refrigerator at 5 °C for
subsequent use.

Preparation of the HPMC/NFC nanocomposite films

The HPMC/NFC composite film preparation procedure is shown in Fig. 1. Initially,
HPMC powder was dissolved in 100 mL distilled water and stored in a refrigerator for 14
h at 5° C. Furthermore, constant stirring under a magnetic stirrer was allowed to produce a
homogeneous film formulation at addition levels of 1%, 2%, and 3% (w/v) (Fig. 2b). The
NFC liquid suspension prepared after homogenization followed by an ultrasonic bath is
shown in Fig. 2a.
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Agave americana Agave americana extracted leaf Agave americana chopped fibre

Ultrasonication

HPMC/NFC

HPMC/NFC
Nanocomposite films

Fig. 1. Preparation steps for the HPMC/NFC nanocomposite films

Fig. 2. Digital images for the a) NFC formulation, the b) Different amounts of the HPMC formulation,
and the c) HPMC/NFC formulation with different amounts of NFC

The NFC solids content for final optimization was successful in mixing 10 mL
(0.053%), 15 mL (0.043%), and 20 mL (0.091%) of the NFC liquid suspension in 89 mL,
84 mL, and 79 mL of the HPMC formulation, respectively. One mL of glycerol was
incorporated as a plasticizer and blended completely at 600 rpm for 1 h to obtain the final

Krishnadev et al. (2021). “Nanocomposite packaging,” BioResources 16(4), 8125-8151. 8129



PEER-REVIEWED ARTICLE b | oresources.com

HPMC/NFC mixture at concentrations of 1%, 2%, and 3% (Fig. 2c). Subsequently, 100
mL of the final film composite of pure HPMC and HPMC/NFC final composite film was
poured onto food-grade polypropylene (PP) round plastic plates with dimensions of 27.3
cm x 27.3 cm x 2.2 cm for forming nanocomposite films. The films were peeled carefully
after 48 to 72 h of solvent casting at room temperature 35° C + 72%. Moreover, all the
peeled films had a uniform thickness and were stored in a plastic file for the morphological,
structural, functional, barrier, mechanical, thermal degradation, moisture content, water
solubility, and soil burial-based biodegradability tests.

Measurement of the moisture content

To determine the weight loss of the films, the moisture content was estimated. The
HPMC and HPMC/NFC films were cut into square 2.0 cm? x 2.0 cm? pieces. The initial
weight of all the films was weighed accurately. The final dry mass was recorded upon
drying in an oven at 100 °C for 120 min to acquire the final dry weight. Each film treatment
was replicated five times, and the moisture content was measured according to Eq. 1 (Kim
et al. 2017),

Moisture Content (%) = [(W%m] X 100 1)

where Wi is the initial weight taken at the beginning and W is the final weight after the film
was dried in the oven.

Measurement of solubility in water

All the film samples were cut into square 2.0 cm? x 2.0 cm? pieces. The samples
were weighed before they were immersed in 100 mL of distilled water for 24 h at ambient
room conditions with minimal modifications (Ghasemlou et al. 2013). After they were
removed from the water, the samples were dried in a hot air oven at 100 °C until the final
weight did not decrease. The final dry weight of all the samples was accurately weighed
and recorded. Glycerol incorporated as a plasticizer into the film has a good water solubility
range from 18% to 25% (Gaspar et al. 2005). The percentage of water solubility was
calculated according to Eq. 2,

Solubility (%) = [(MM;M)] x 100 )

where Mo is the initial dry weight taken at room temperature and Mi is the final dry weight
of the films at 100 °C in the oven.

Biodegradability test

The biodegradation process of the commercial PVC (Cling film), and the prepared
films was determined by the frequently used soil burial method with minimal modifications
(Marichelvam et al. 2019). The soil was procured from the experimental field at Tamil
Nadu Agricultural University, Coimbatore, Tamil Nadu, India. Approximately 200 g of
soil was placed in series of disposable paper cups with dimensions of 9 cm x 7.5 cm x 9
cm. The 2 cm x 2 cm film samples were buried at depth of 2 cm for 15 d. All the cups were
incubated at ambient room conditions (25 °C to 35 °C), and the moisture content of the soil
was maintained at 35% to 40% by sprinkling water twice a day. The degradation of the
samples was successfully determined at 7 d intervals by carefully taking samples from the
soil. The degradation measurements were assisted by polypropylene wipes moistened with
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distilled water to remove the soil. The sample was dried in the oven until a constant weight
was obtained. The final biodegradability weight loss was calculated according to Eq. 3,

Weight Loss (%) = [(W;’V;W)] x 100 3)

where W is the weight of the samples before the test and W is the weight of samples after
the test.

Characterization and Analysis
Rheological behavior measurement of the nanocomposite formulations

The rheological behavior of the composite HPMC/NFC films was measured with
an advanced cylinder rotating rheometer device (MCR52; Anton Paar, Graz, Austria).
Approximately 2 mL of film solution was poured over the sample load and the test was
measured. The shear rate varied from 1 sto 100 s. All the film formulations were carried
out using the computer-based master tool software RheoPlus (Anton Paar, Graz, Austria),
which was the default automatic measuring and detection system connected to the
rheometer.

Ultraviolet-visible spectroscopy (UV-Vis) transmittance studies

Ultraviolet-visible spectroscopy studies were carried out to better understand the
UV transmitting properties of the commercial PVC (Cling Film) and the HPMC/NFC
nanocomposite films. A double beam UV spectrophotometer (Genesys 180; Thermo Fisher
Scientific, Waltham, MA, USA) was used to determine the UV transmitting properties.
The film samples were cut into 40 mm x 10 mm pieces, and the samples were placed in
the cuvette for UV irradiation that was emitted via xenon flash lamp. Millipore water
(Department of Nano Science and Technology, Tamil Nadu Agricultural University,
Coimbatore, India) was used as a blank. The spectra were acquired from 200 to 800 nm.

Fourier transform infrared spectroscopy (FTIR)

The FTIR spectrums of the nanocomposite film samples were recorded using a
Jasco FT/IR-6800 spectrometer (Tokyo, Japan). The uniform circular size of all the film
samples was punched using a stationary paper punching machine. The samples were placed
on attenuated total reflection (ATR) and the scanning accumulation was performed with
64 scans and a spectral range of 4000 cm™ to 400 cm for each film sample.

X-ray diffraction (XRD)

The XRD patterns of the HPMC/NFC composite films were recorded using a
Rigaku Ultima 1V diffractometer (Tokyo, Japan) in a scattering range of 26 (10° to 90°) at
a scanning speed of 10 °/min. All the samples were cut to 2 cm x 2 cm, placed on the XRD
glass quartz sample holder, and measured at 40 kV and 30 mA at room temperature and
humidity.

Thermogravimetric analysis (TGA)

The thermogravimetric analysis (TGA) of the HPMC and HPMC/NFC composite
films at different concentrations of HPMC was conducted using an EXSTAR TG-DTA Sl
6300 instrument (Tokyo, Japan). All the film samples were studied under a nitrogen gas
atmosphere to prevent thermo-oxidative degradation. Approximately 10 mg of the
composite films were scanned from 23 °C to 430 °C at a heating rate of 10 °C/min.

Krishnadev et al. (2021). “Nanocomposite packaging,” BioResources 16(4), 8125-8151. 8131



PEER-REVIEWED ARTICLE b | oresources.com

Surface morphology observation of the nanocomposite films

The different concentrations of the pure HPMC and HPMC/NFC composite films
were observed using a Quanta 250 SEM (FEI, Hillsboro, OR, USA) at an accelerating
voltage of 10.00 kV at ambient temperature. All the film samples were cut at a uniform
size and placed on a conductive tape sample stub and sputter-coated (Emitech SC7620;
Quorum Technologies, East Sussex, UK) with gold and palladium directly to avoid
charging.

Determination of the mechanical properties of the nanocomposite films

The HPMC and HPMC/NFC composite film samples were cut into rectangular
pieces (10 mm wide x 100 mm long) before the TS, EAB, and YM values of the
nanocomposite films were determined using a universal testing machine (Model No. 9052;
Dak System Inc., Mumbai, India), according to the ASTM standard D882-18 (2018). The
flaring area on both ends was adjusted to a 25 mm x 50 mm grip. The film samples were
successfully mounted to the testing machine extension grips and the crosshead speed was
set to 100 mm and the stretching rate was 50 mm/min.

Gas permeability measurement of the nanocomposite films

For the gas permeability testing (GPT) of the HPMC and HPMC/NFC films, the
samples were cut to 100 mm x 100 mm pieces according to the ISO standard 15105-1
(2007). The gas permeation was performed using a manometric gas permeability tester
(Lyssy L100-500; Systech lllinois, Johnsburg, IL, USA). The samples were placed
carefully on the gas chamber column, and the upper and lower pressure limits were adjusted
at 700 and 500 psi at a temperature of 25 °C. The results were expressed in mL/m? per day.

RESULTS AND DISCUSSION

Moisture Content Measurement of the HPMC/NFC Nanocomposite Films

The moisture content for the commercial PVC (Cling film), the HPMC, and the
HPMC/NFC films were calculated, as shown in Table 1. The results showed that there was
no water adsorption in the commercial PVC film. However, the HPMC-1, HPMC-2, and
HPMC-3 films showed lower moisture contents of 4%, 13%, and 9%, compared to the
HPMC/NFC-1, HPMC/NFC-2, and HPMC/NFC-3 films, which had moisture contents of
25%, 19%, and 22%, respectively. It is known that NFC derived from Agave americana
fiber has a higher moisture content (Msahli et al. 2015). The increase in the film solubility
is because of the strongly hydrophilic nature of the NFC. However, a proportional decrease
would be due to the hydrophobic compounds (Kavoosi et al. 2013). From this, it can be
concluded that the moisture content from the samples had the lowest value trend. Finally,
the HPMC/NFC-1 sample possessed the ability to enhance the shelf life of the film for
further applications.

Water Solubility Measurement of the HPMC/NFC Nanocomposite Films

The water solubility measurement of film gives important characteristics and
quality of food products in packaging materials. It is closely related to the biodegradation
properties of the films. From the results shown in Table 1, the lowest water solubility
(6.7%) was observed in the commercial PVVC sample. The HPMC samples had higher water
solubility for the HPMC-1, HPMC-2, and HPMC-3 films at 63%, 46%, and 56%,
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respectively. The HPMC/NFC nanocomposite samples had slightly lower water solubility
in the HPMC/NFC-1, HPMC/NFC-2, and HPMC/NFC-3 films at 59%, 40%, and 37%,
respectively. The water solubility values in the HPMC/NFC films may have been attributed
to the strong water holding capacity in the NFC. Furthermore, various hydrocolloid-based
biopolymers, which are largely employed as food packaging materials, should be very
sensitive to moisture. Otherwise, there is a chance of losing the physical efficiency of the
film material, as well as the inability to prevent microbial attack and chemical spoilage
inside the food products (Hosseini et al. 2021). Another valid explanation is that the
addition of the plasticizers may have reduced the polymer molecule interaction by
providing a larger space in which the water molecules could be penetrated, thus
maximizing the solubility of the nanocomposite films (Ibrahim et al. 2019). Finally, film
materials with high water solubility can be used in single-use biodegradable packaging
applications (Preechawong et al. 2005; Cai et al. 2011; Lv et al. 2018).

Biodegradability Properties of the HPMC/NFC Nanocomposite Films
Biodegradation of the polymer material occurs when the material is degraded or
broken down into constituent molecules by natural processes. Among biodegradation
methods, soil burial is a very frequently followed method to determine the total
biodegradability loss of polymer films over a 15-d period, over which the samples are
placed at a depth of 2 cm in the soil. The film’s weight loss was determined based on the
total amount of degradation that could be taken as an indicator in natural soil. The results
from the soil degradation test are shown in Table 1. A biodegradation weight loss of 14%
was observed in the commercial PVC (Cling film), followed by 9%, 25%, and 25% in the
HPMC-1, HPMC-2, and HPMC-3 samples, respectively. The surface of the film was
visualized and found that there is a loss of surface uniformity, smoothness, and even a few
samples are more brittle which are broken into pieces (Marichelvam et al. 2019). The
biodegradation losses increased at the initial stages and then decreased in the HPMC/NFC-
1, HPMC/NFC-2, and HPMC/NFC-3 films with values of 93%, 32%, and 24%,
respectively compared to the commercial PVC and HPMC films. It is strongly understood
that the film materials are highly hydrophilic, which favors more water absorption in the
water activity of the nanocomposite films. Glycerol, which was used as a plasticizer, could
have caused the adsorption by soil, water penetration through the cell membrane, and
weight loss of the films, among other things. Another valid explanation is that the rates of
degradation in films can be attributed to environmental factors, such as temperature,
moisture, and biological activity (Maran et al. 2014). From this research, it was concluded
that the soil burial depth showed a gradual weight loss during biodegradation of the films.

Table 1. Mean Values of the Moisture Content, Water Solubility, and
Biodegradability Test of the PVC, HPMC, and HPMC/NFC films

Sample Moisture Content (%) | Water Solubility (%) | Biodegradability Loss (%)
Commercial
PVC Cling Film 0+0.00 6.66 + 0.00 14.28 + 0.002
HPMC-1 3.7 £ 0.006 62.96 + 0.004 9.09 + 0.001
HPMC-2 13.63 + 0.006 46.51 + 0.005 25 + 0.007
HPMC-3 8.86 + 0.006 56 + 0.006 25.49 £ 0.003
HPMC/NFC-1 25.37 £ 0.014 59.52 £+ 0.006 92.78 £ 0.056
HPMC/NFC-2 19.17 £ 0.019 40 + 0.004 32.55 + 0.004
HPMC/NFC-3 22.47 £0.013 36.98 £ 0.003 24.35+0.01
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UV-Vis Transmittance Studies of the HPMC/NFC Nanocomposite Films

The transmittance values for the commercial PVC (Cling film), the HPMC, and the
HPMC/NFC films were measured using a UV-Vis spectrophotometer (Table 2). The
transmittance value of the PVC was observed at 278 nm with a transmittance percent of
74%. The HPMC-1, HPMC-2, and HPMC-3 films had transmittance values of 275 nm,
275 nm, and 258 nm with transmission percentages of 72%, 64%, and 36%, respectively.
Moreover, the transmittance values for the HPMC/NFC-1, HPMC/NFC-2, and
HPMC/NFC-3 films were observed at 278, 274, and 274 nm with transmittance
percentages of 32%, 29%, and 27%, respectively. The comparative transmittance values
are shown in Fig. 3.
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Fig. 3. UV-VIS transmittance studies of the commercial PVC, HPMC, and HPMC/NFC films

These results are in agreement with the work done by Lu et al. (2018) who studied
transmittance spectra of BOPP/LDPE films. The untreated films were found with 86.3%
and whereas NFC coated plasma-treated on BOPP/LDPE films with the value of 85.2%.
Moreover, the films showed less transparency after the addition of NFC, and this may be
explained because of nanofibrils and size effect (Fukuzumi et al. 2009; Aulin et al. 2010)
The varying transmittance values may be attributed to the different concentrations of
polymer and NFC in the films, which is supported by the SEM images. However, previous
research has reported optical transparency values of approximately 90% in TEMPO-
oxidized NFC cellulose films (Klemm et al. 2005). The films prepared from nanocellulose
have high transparency values if the fibers are small enough between interstices to avoid
light scattering (Fortunati et al. 2012). The UV-VIS transmittance properties may be
affected due to the entanglement of fibers. This lower level of transmission upon the
addition of NFC to the HPMC matrix is more suitable for designing biodegradable food
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packaging material, where NFC in the film surface will cover the pores to better serve as a
gas barrier. The NFC can also minimize the UV light-induced lipid oxidation on the skins
of perishable fruits and vegetables while prolonging the storage life by a few days
(Fortunati et al. 2012; Gopinathan et al. 2017). The nanocomposite film, which was
successfully prepared by a combination of HPMC/NFC, had a uniform distribution of NFC
with a size range between 216 nm to 551 nm. This may have been due to good processing,
a smaller nano range size, and uniform distribution of the NFC into the polymer matrix
compared to the HPMC films (2.6 um to 14 um), which was further evident compared to
the PVC cling film (Ponni et al. 2020).

Table 2. UV-Vis Transmittance Values and Transmittance Percentages of the
Commercial PVC, HPMC, and HPMC/NFC films

Sample Transmittance Value (hm) Transmittance (%)
CPVC 278 74
HPMC-1 275 72
HPMC-2 275 64
HPMC-3 258 36
HPMC/NFC-1 278 32
HPMC/NFC-2 274 29
HPMC/NFC-3 274 27

Rheological Behavior of the HPMC/NFC Nanocomposite Films

The rheological measurement of behavior has been the most common and efficient
characterization method to study the polymer-based internal structure as well as the
processing, evaluation, and feasibility of the nanocomposite film formulation. Meanwhile,
data from the rheology study focused on the interactions between the polymers and the
other appropriate ingredients. The rheological behavior of the composite HPMC and
HPMC/NFC film formulations was studied for different concentrations of HPMC (1%, 2%,
and 3%) at 30 °C, as seen in Fig. 4. All formulations of the composite HPMC and
HPMC/NFC films showed a distinct shear-thinning behavior within the shear rate range of
1 s1to 100 s*. Similar results have been investigated and reported by Tang et al. (2014,
2018). Moreover, there was no major difference between the samples. The HPMC/NFC-2
film had the highest shear viscosity at 33.55 Pa*, followed by the HPMC-3, HPMC/NFC-
1, HPMC/NFC-3, HPMC-1, and HPMC-2 films, respectively. However, there was a slight
decrease in the viscosity for HPMC/NFC-3 film in comparison with the HPMC-3 film.
This may have been due to a strong dependence on a higher HPMC concentration and the
incorporation of the NFC. Specifically, there is an increase in shear rate to 10s* for
composite formulations from 2.65 Pa® in HPMC-1 to 3.58 Pa™® in HPMC-3, whereas it
showed a slight increase of 3.09 Pa*® in HPMC/NFC-3 to 3.27 Pa® in HPMC/NFC-1
respectively. These results were consistent with previous research by Zhang et al. (2015),
where the incorporation of NCC in polyvinylidene fluoride (PVDF) increased the shear
viscosity of the sample. The findings from this study indicate that NFC acted as an effective
thickening agent in the HPMC film formulation. The increased viscosity was attributed to
strong interactions between the NFC and water, which is due to high polarity and an
intrinsically large surface area. Thus, the NFC from Agave americana formed a network-
like structure and exhibited a gel-forming behavior with high resistance to flow (Dimic-
Misic et al. 2013; Mohtaschemi et al. 2014). In general, a higher viscosity is caused by the
interaction of van der Waals forces. Although common with NFC and NCC, van der Waals
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forces contribute to a higher viscosity in other common filler systems (lyer et al. 2015a).
In particular, the improvement of interfacial adhesion provides opportunities to form
hydrogen bonds due to the high presence of hydroxyl groups in HPMC biopolymer and
NFC. Finally, all the nanocomposite film formulations showed no major differences, but
adding NFC did increase the viscosity in the shear rate range.
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Fig. 4. The rheological behavior of the HPMC and HPMC/NFC formulations

Surface Morphology Studies of the HPMC/NFC Nanocomposite Films

Digital photographs of the HPMC and HPMC/NFC nanocomposites films are
shown in Fig. 5 (a, b, c, d, e, f). The three nanocomposites prepared with the HPMC
polymer were well blended with NFC and their surface morphologies were analyzed via
SEM. All the nanocomposite films showed a uniform distribution with sizes ranging from
247 nm to 306 nm, 175 nm to 262 nm, and 292 nm to 845 nm for the HPMC/NFC-1,
HPMC/NFC-2, and HPMC/NFC-3 films, respectively. The HPMC films without NFC
showed some scattered aggregates with sizes of 4 um to 11 um, 1 pum to 5 pum, and 6 pm
to 21 pm for the HPMC-1, HPMC-2, and HPMC-3 films, respectively (Fig. 6). The results
were in agreement with those from the NFC/poly (vinyl alcohol) (PVA)/poly (acrylic
acid)(PAA) nanofilms prepared from banana pseudostem (Ponni et al. 2020). Moreover,
the average film thickness for HPMC-1, HPMC-2, HPMC-3, HPMC/NFC-1, HPMC/NFC-
2, and HPMC/NFC-3 were 44, 79, 34, 77, 76, and 75 pm respectively. However, the
addition of NFC to the polymer matrix showed great transparency, as well as significant
changes with a uniform surface morphology of the films. The surface of the films without
the NFC incorporation showed a smooth, intended polymer dispersion in the water
(Dehnad et al. 2014). The light bumps on the surface of the films increased progressively
due to the function of the NFC in the nanocomposite films, as can be seen in Fig. 5. Similar
light bumps with NCC were observed in a study by Samir et al. (2005).
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HPMC/NFC-2, and HPMC/NFC-3 nanocomposite films
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FTIR Analysis of the HPMC/NFC Nanocomposite Films

Fourier transform infrared spectroscopy is a useful analysis for investigating and
measuring the functional properties of materials. In this study, the films with or without
the incorporation of the Agave americana NFC were recorded, and the results are shown
in Fig. 7. For the HPMC films, absorbance maxima appeared in the range of 3407 to 3441
cm™ with a maximum peak at 3441 cm™ among the HPMC films. Similar results were
outlined by Celebi and Kurt (2015) and Tang et al. (2018). These features correspond to
OH vibration and NH stretching. Moreover, the symmetrical and asymmetrical peak shifts
at 2922 cm* were attributed to CH stretching. The transmittance bands are recorded at the
1645 to 1652 cm™ peak corresponding to the C=0 stretching of the respective amide groups
| and 1l. The C—O stretching vibration gives rise to a peak at 1044 cm™. The small peaks
at 655 cm™ are assigned to C—OH out of plane bending and similar results were reported
by Krishnadev et al. (2020). The FTIR spectrum of the HPMC/NFC films exhibited sharp
peaks at a range of 3345 to 3373 cm™, with the highest peak recorded at 3373 cm™. The
peak at 3373 cm* was attributed to OH vibrations due to a strong intra-molecular bond of
hydrogen. The strong peaks at 1037, 1037, and 1044 cm™ are related to the C—O stretching
at the C-3 position (Khan et al. 2012; Krishnadev et al. 2020). However, there was an
increase in the HPMC/NFC FTIR spectra in comparison with the HPMC composite film
samples. The peak value at 3373 cm™ of the HPMC/NFC-3 composite film had a higher
transmittance intensity than the HPMC films, which corresponded to hydrogen bonding
between the HPMC and NFC (Khan et al. 2013). Meanwhile, there was a slight change to
the peaks of the film samples without incorporating NFC. From these observations, the
addition of NFC in the polymer matrix showed good interaction between the NFC and the
polymer formulation, which can improve the overall mechanical strength of HPMC/NFC
films plasticized with glycerol.
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Fig. 7. FTIR spectra of the HPMC and HPMC/NFC nanocomposite films
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XRD analysis of the HPMC/NFC Nanocomposite Films

The XRD profiles on the HPMC and HPMC/NFC composite films are shown in
Fig. 8. The HPMC-1, HPMC-2, and HPMC-3 films had diffraction peaks of 26 = 20.74°,
19.96°, and 20.35°, respectively. It was understood that the peak values are associated with
the distinctive | structure of cellulose. Among all the peaks, there was an increase in the
peak intensity at the beginning, followed by a decrease and then an increase in the intensity.
The changes in the intensity are ascribed to the transformation of the structure from
amorphous to crystalline. Another factor to consider was the HPMC/NFC nanocomposite
films. The HPMC/NFC-1, HPMC/NFC-2, and HPMC/NFC-3 films had peaks at 260 =
20.88°, 21.27°, and 21.27°, respectively. These peaks can be strongly related to the
characteristic band of cellulose (Aulin et al. 2013) and it satisfactorily showed that there
was a strong interaction between the two blended components which was confirmed
through rheological studies. Similar findings for polylactic acid (PLA) and NFC in the
PLA/starch/NFC biocomposites were observed by Mao et al. (2019). More specifically,
the XRD patterns showed a peak increase from 273 with the HPMC film to 338, 348, and
402 with the HPMC/NFC at 1%, 2%, and 3% NFC, respectively. This increase may be due
to the higher NFC content in the polymer matrix and the fact that all the diffraction patterns
showed an increase in the peak intensity compared to the pure HPMC films. However, as
more amorphous HPMC is introduced, the peak intensity of the HPMC/NFC films may
show an overall decrease in the peak intensity (Luo et al. 2019).
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Fig. 8. XRD patterns of the HPMC and HPMC/NFC nanocomposite films

Thermal Analysis of the HPMC/NFC Nanocomposite Films

Derivative thermogravimetry (DTG) is a common thermal analysis technique
common to TGA, which measures the weight loss at a weight increase with heating,
cooling, or stable temperature. In general, DTG shows the process of decay or degradation
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at various stages. The DTG curves for the HPMC films with and without the addition of
NFC are shown in Fig. 9. The results showed that all the nanocomposite films were usually
divided into three-stage degradation curves. The first part of the weight loss was due to the
removal and evaporation of the solvent (water) at a temperature of 26 °C to 180 °C in the
samples without incorporating NFC. These findings support similar research reported by
Yang et al. (2014) and Tang et al. (2018). Moreover, water desorption and glycerol
decomposition in the NFC-loaded polymer matrix were recorded at temperatures between
74 and 182 °C (Lassoued et al. 2021). In addition, the minor peaks in the curve were
consistent with the degradation of the cellulose surface and internal structure (Roman and
Winter 2004). The second mass loss in the film samples was found from 214 to 220 °C,
which is attributed to the dehydration, deamination, depolymerization, and breakdown of
the cellulose glycosidic linkages (Cao et al. 2009; Karakoti et al. 2020). Rapid weight loss
above 370 °C is associated with oxidation and breakdown of char (Gopinathan et al. 2017;
Tang et al. 2018; Krishnadev et al. 2020). Moreover, the HPMC/NFC films showed a
decrease in thermal stability compared to the neat HPMC films. Consequently, the
HPMC/NFC nanocomposite films showed a gradual and inevitable decrease of weight loss
for an increase in NFC liquid suspension into the polymer matrix. However, there was a
gradual change in weight loss percentage, because it showed a slight increase and then a
complete decline in weight loss, which indicates a complete breakdown of NFC and other
cellulose substitutes present in the films. Similar types of reinforced nanocomposites with
NCC and NFC are reported in the literature (Celebi and Kurt 2015; Tang et al. 2018;
Lassoued et al. 2021). Overall, NFC decreased the thermal degradation due to the
resistance of the films to the higher temperature.
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Fig. 9. The DTG curves of the HPMC and HPMC/NFC nanocomposite films

Mechanical Properties of the HPMC/NFC Nanocomposite Films.
The packaging films need adequate mechanical strength with good performance.
Tensile strength is well connected to the mechanical strength of films, whereas the
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elongation at break and young’s modulus is related to the flexibility and rigidity of the
films, respectively (Khan et al. 2014). Table 3 and Fig. 10 compare the mechanical
properties of HPMC and HPMC/NFC nanocomposite films. In general, it was found that
the HPMC films treated with 1% NFC had better TS properties compared to the
HPMC/NFC-2 and HPMC/NFC-3 films (Fig. 10a).
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Fig. 10. The (&) TS, (b) EAB, and (c) YM values of the HPMC and HPMC/NFC nanocomposite
films

The HPMC/NFC 1%, 2%, and 3% films had TS values of 13.68 MPa, 2.36 MPa,
and 2.77 MPa, respectively. In addition, the EAB values increased moderately in all the
films (Fig. 10b). However, the TS of the HPMC films decreased as the HPMC content
increased. The HPMC 1%, 2%, and 3% films had TS values of 10.97 MPa, 4.96 MPa, and
1.54 MPa, respectively. It is well understood that the mechanical properties of the pure
HPMC films exhibit brittleness and poor flexibility of the films. The use of a lower
concentration (10 mL) of NFC with the HPMC imparted good TS and film flexibility
properties. There was a gradual decrease in tensile strength, elongation at break (%), and
Young’s modulus by increasing the concentration of NFC in the HPMC nanocomposite
films. The gain in the TS for the HPMC/NFC-1 sample represented a 24.6% increase
compared to the other films. Lu et al. (2019) studied the addition of NFC on BOPP/LDPE
on mechanical properties by assisting plasma treatment. The results revealed that plasma-
treated BOPP/LDPE with and without NFC found no major mechanical difference as
compared to untreated films. Aulin et al. (2013) reported that the addition of the NFC as a
reinforcement material in the PLA matrix significantly increased the mechanical properties
of the films. However, the TS values decreased after the nano fibrillated cellulose addition
rate increased to 15 mL and 20 mL. This may have been due to the weakening of the nano
fibrillated cellulose as reinforcement in the polymer matrix. Moreover, it was found that
the YM value was 10.98 MPa in HPMC-1 film at 1%, which was then drastically reduced
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to 3.41 MPa, and 1.22 MPa for the HPMC-2 and HPMC-3 samples, respectively. The
HPMC/NFC nanocomposite films had YM values of 13.16, 3.66, and 2.73 MPa with
respective NFC addition rates of 1%, 2%, and 3% (Fig. 9c). Therefore, the YM value of
the HPMC/NFC-1 film was 16.56% higher than that of the HPMC-1 film. Similar results
have been reported from related literature (Klangmuang and Sothornvit 2016; Tang et al.
2018). In addition, there was a negative effect on the EAB values with the addition of NFC
to the composite samples, which was supported by findings in reported literature (Samir et
al. 2004; Fortunati et al. 2015; Tang et al. 2018). The EAB values for the HPMC 1%, 2%,
and 3% films were recorded with values of 7.87%, 8.60%, and 10.82%, respectively, while
the EAB values for the HPMC/NFC films were recorded at 8.75%, 9.35%, and 10.40%,
respectively. A change in the EAB values implies that adding NFC to the HPMC film
showed good interaction between the filler and the matrix with moderate restriction of the
matrix motion (Samir et al. 2004).

Table 3. Average TS, EAB, and YM Values of the HPMC, and HPMC/NFC films

Sample TS (MPa) EAB (%) YM (MPa)
HPMC-1 11.0+0.87 7.9+0.99 10.9 £ 0.87
HPMC-2 5.0+ 0.54 8.6 £ 0.86 3.4+0.32
HPMC-3 1.5+0.31 10.8+£5.33 1.1+0.83
HPMC/NFC-1 13.7£2.20 8.8+ 2.76 13.2+£1.99
HPMC/NFC-2 24 +0.17 94+1.34 2.4 +£0.17
HPMC/NFC-3 2.8+0.27 10.4 £ 2.65 2.7+0.29

Gas Permeability of the HPMC/NFC Nanocomposite Films

The most fundamental requirement for any packaging material is “oxygen
resistivity” which may help to trigger several changes in food such as deterioration of
nutrients and prevent microbial growth, which overall influences the shelf life of packaged
food products (Soni et al. 2016). One of the essential properties of food packaging is the
need for a high-level oxygen barrier. For comparative OTR with the existing commercial
packaging material is 1 to 10 cc/m?-day for obtaining a good oxygen barrier (Abdellatief
and Welt 2013). Other commercial packaging films prepared from polyethylene
terephthalate/ polyethylene and (PET/PE) polyethylene terephthalate (PET) have been
reported to be around 1.24 cc/m?-day and 110 cc/m?-day, respectively (Brody et al. 2008).
In this study, the addition of NFC as reinforcement in three different concentrations of the
HPMC polymer matrix was investigated. The results for gas permeability of Oz through
the films are shown in Fig. 11. The oxygen barrier in any composite film can improve the
quality and help to stretch the shelf life of food (Sothornvit and Pitak 2007). Based on the
findings, it is inferred that the amount of NFC in the HPMC polymer matrix showed a clear
beneficial effect in decreasing the gas permeability of the film samples. The gas
permeability of the HPMC-1 composite film was 67,840 mL/m?-day, followed by HPMC-
2 (101,620 mL/m?-day) and HPMC-3 (122,049 mL/m?-day). However, HPMC is very
susceptible to oxygen permeability due to the presence of hydroxypropyl side groups,
greater free volume, greater pores, lower crystallinity, and a lower cohesive energy density
compared to similar cellulose-based materials like methylcellulose and ether (Miller and
Krochta 1997). In addition, the 1%, 2%, and 3% reinforced HPMC/NFC matrix had gas
permeability values of 17,4155 (mL/m?.day), 392.62 (mL/m?-day), and 395.46
(mL/m?-day), respectively. Compared to the pure HPMC films, the HPMC/NFC-1
nanocomposite films showed a 74.1% decrease in the Oz permeability, followed by a 1,000-
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fold decrease in the HPMC/NFC 2% and 3% films. This remarkable decrease in the gas
permeability could be attributed to the imposition of the NFC and a reduction in the
diffusion coefficient (Tang et al. 2018). These results are with the agreement of
BOPP/LDPE/NFC films which displayed the lowest OTR (24.02 cc/m?-day) (Lu et al.
2018). The main mechanism behind the gas permeability of the HPMC/NFC
nanocomposite films is due to the inclusion of up to 3% of highly fibrillar material is likely
to contribute only a few percentages of increase in the diffusion path of an oxygen
molecule, assuming that is the only effect of the nanocellulose. It follows that the
nanocellulose must be affecting the film structure. For instance, it may be preventing the
formation of cracks in the film after it has been formed. The high entanglements are
expected when stirred and tend to agglomerates depending upon their structural details.
The NFC was also shown to close the pores in the film, which was revealed under the SEM
with the dimensions from 247 to 306 nm, 175 to 262 nm, and 292 to 845 nm for the
HPMC/NFC-1, HPMC/NFC-2, and HPMC/NFC-3 samples, respectively. According to
chemistry, all nano-sized particles will display a higher surface-to-volume ratio, leading to
high efficiency. The better interaction, crosslinking, and uniform distribution of NFC can
reduce the gas barrier against air, Oz, and COz through film sheets (Sir6 and Plackett 2010;
Laxmeshwar et al. 2012; Ponni et al. 2020).
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Fig. 11. The GPT results of the pure HPMC and HPMC/NFC samples

CONCLUSIONS

1. Nanofibrillated cellulose derived from succulent plant fiber Agave americana L was
successfully used as a reinforcing composite material to develop highly transparent
nanocomposite films.

2. The hydroxypropylmethylcellulose/ nanofibrillar cellulose (HPMC/NFC-1) film
sample with 1% NFC addition had the best mechanical properties, the highest moisture
content (25.4%), and the highest water solubility rate (59.5%).

Krishnadev et al. (2021). “Nanocomposite packaging,” BioResources 16(4), 8125-8151. 8143



PEER-REVIEWED ARTICLE b | oresources.com

3. The uniform dispersion, nano-sized dimensions, and good compatibility between the
filler and matrix were confirmed by SEM.

4. The UV-Vis transmittance analysis showed a lower optical transmittance for all the
HPMC/NFC films.

5. The gas transmission rates of the HPMC/NFC 2% and 3% samples showed a 1,000-
fold reduction compared to their HPMC counterpart films.

6. The best biodegradability weight loss of 92.8% was observed in the HPMC/NFC-1 film
sample buried in the soil for 15 d.

7. The prepared nanocomposite films are suitable for packaging wrapping material for
preserving perishable fruits and vegetables as a protection from UV radiation.
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