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Abstract

Substituting petroleum-based plastics with biobased or biodegradable alternatives
contributes to mitigating the environmental burden of conventional packaging.
This project aims to develop and characterize a novel bionanocomposite
packaging film made from carboxymethyl cellulose (CMC), vanillin, and
montmorillonite nanoclay. A design of experiments approach using Response
Surface Methodology was used to investigate compositions in an attempt to
optimize the formulation. Samples were manufactured via solvent casting and
tested for mechanical properties and oxygen transmission rate (OTR). The
microstructure of a selected samples was analyzed using transmission electron
microscopy (TEM) to examine the morphology of the nanoclay. Prototype films
were successfully produced with overall good mechanical properties and high
transparency. Preliminary microstructure analysis vie TEM suggested an
intercalated nanoclay structure. The RSM model did not show statistical
significance or predictability. This may be due to uncontrolled factors and the
small range between the levels. Most of the OTR values, between 150 and 1000
cc/m? day, can be consider breathable films. Case-ready meat, fish, sausage, fresh
produce and vegetables, and other food goods needing breathable films can be
wrapped with these blended compositions, which offer films and/or film
structures with a mix of oxygen breathability, high formability, and structural
strength.

Introduction

Despite being widely used in all facets of human existence as sophisticated
materials, synthetic polymers, fibers, and composites significantly influence the
environment, society, and economy. Global production of synthetic polymers and
petroleum-based plastic is 400 million metric tons annually [1] and about 500
billion plastic bags are used worldwide at a rate of one million bags per minute
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[2]. Of the plastic garbage generated, only around 10% is recycled, 14% is burned,
and the rest 76% is dumped in landfills or ends up in water bodies [3] where it can
linger for up to 1200 years [4]. One major issue that necessitates quick thought
and innovation in the feedstock material industry is petroleum-based polymers'
growing pollution of the world's inland and coastal waterways. Approximately
0.5% of the 350 million tons of annual plastic waste produced worldwide wind up
along the coast and in the center of the oceans [5]. The poor degradability of these
materials has caused irreparable damage to ecosystems. Recently, there have been
studies about micro- and nano-plastic particles that emerge as a hazard to the
environment and public health when plastic waste is broken up by natural cause
or deteriorated by ultraviolet (UV) rays [6] — [12]. There are also reports of
drinking water, food, air samples, and inaccessible places like the Antarctic region
that have all been found to have these particles [13]. Thus, increased interest in
the study and creation of safer, more circular, and functional green materials has
resulted from several factors, including the growing potential and initiative for
low-cost resources and energy-efficient renewable bio-based solutions, stricter
legal requirements and more stringent trade policies, consumer demand for eco-
friendly processes and products, carbon-neutral programs and technologies, and
the sustainable solutions that continue to evolve [14]. Commercial exploitation of
naturally occurring minerals and abundant natural polymers like cellulose has
been developed to strengthen the competitive position of the bio-based and bio-
nanocomposites industry and supplement or replace society's reliance on plastics
and polymers derived from fossil oil. Cellulose generated from plants is the
world's most prevalent biopolymer while clay minerals are equally abundant at
the earth's surface. These materials have been the subject of scientific
investigations for potential commercial and medicinal applications [15] —[24].

This project aims to develop and characterize a novel bionanocomposite
packaging film made from carboxymethyl cellulose (CMC), vanillin, and
montmorillonite nanoclay. CMC is a derivative of naturally occurring cellulose
that is usually sourced from wood pulps and cotton lint. Vanillin is an aldehyde of
phenol, also of plant origin and it has a wide array of applications in the food,
beverages and the pharmaceuticals industry [25]. A montmorillonite (MMT), on
the other hand, is a nontoxic silicate clay that is abundant in the environment and
has seen its promising potential as reinforcement material for biofilms like
chitosan film [26]. Since the materials from which the packaging film is made are
environment-friendly, sustainable, and none of these materials have been
confirmed and reported to have posed threat to human health, the packaging film
can find application in the food industry as a potential replacement for synthetic
plastic films and bags for food. The addition of vanillin and montmorillonite
nanoclay may be instrumental in developing a packaging film with enhanced
properties since previous studies have shown that incorporating these materials
were observed to have significant improvements in a biobased film's physical
properties like water vapor permeability, tensile strength and rigidity [27] — [29].
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Several studies on these sustainable materials have been published with the
purpose of developing novel bioplastic film or bio-based material that has a
potential viability to replace synthetic plastic for packaging application, but very
few of these studies have attempted to statistically determine the optimum
formulation to yield either the maximum desirable property or the minimum
undesirable attributes. In the work of Mohammadi et al. [30], a nanocomposite
packaging film was developed from CMC, Okra Mucilage (OM), and Zinc Oxide
nanoparticles (ZnO-np) with some notable observations of antibacterial activity
on the samples incorporated with OM. Ahmad et al. [31], Eshagi et al.[32] and
Singh et al. [33] are independently performed, but similar studies have shown
success in developing CMC nanocomposite film that used active compounds to
extend the shelf lives of certain food products. However, their works failed to
examine the optimal formulation ratio of the materials that could maximize at
least one of the specific properties of the resultant film.

This project aims to implement Response Surface Methodology (RSM) in the
investigation and optimization of CMC-vanillin-nanoclay packaging film. RSM
is a statistical tool and an experimental design technique that may be used to
optimize responses and is helpful for modeling and analyzing situations where
multiple variables affect the response [34]. Some of the previous studies where
RSM has been successfully implemented have been shown to have utilized at least
one of the physical properties as the objective response for bio-based and
bionanocomposite films [35] — [39]. However, there has rarely been a published
report of RSM's application on CMC-vanillin-MMT nanoclay film.

Literature Review
Bionanocomposite

Bionanocomposites are materials that combine inorganic solids with biopolymers,
with at least one dimension on the nanoscale [40],[41]. The word
"bionanocomposite," also known as "green composites,” "biohybrids," or
nanobiocomposites (NCs), was initially used in 2004 [42], and because they
exhibit multidimensional properties like biodegradability, biocompatibility,
antimicrobial, sensing ability, optical, mechanical, and gas barrier properties,
bionanocomposites are fast becoming an emerging field of study for both polymer
scientists and nanotechnologists [43]. Bionanocomposites have highly peculiar
characteristics that set them apart from their microscale equivalents. Edible and
biodegradable materials can find greater applications because of these inorganic-
organic hybrid. Because of their hydrophilic nature, biopolymers have low water
vapor permeability; on the other hand, bionanocomposites exhibit excellent water
vapor permeability because of their maze-like structure, which creates a winding
path for various molecules like gases, water, oxygen, etc. thus enhances their
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permeation rates. When compared to parent polymers, the barrier qualities of
bionanocomposites can be improved by up to 50% [44][45].

Because of the properties that come from combining biopolymers and
nanoparticles, the creation of bionanocomposites is currently in the spotlight [46].
Its versatility and functionality can be observed from recent research on smart or
intelligent packaging where bionanomaterials were developed incorporating
active and bioactive components that aimed at extending the products' shelf lives,
improving the quality and safety, providing detailed information, and warning
about possible spoilage and problems [43]. Bionanocomposites have also been
used in biomedical science like in wound dressing, drug delivery, anti-cancer
treatments, and tissue engineering [47][48][42][49][50]; in fungal discase
management [51]; in wastewater treatment [52][53]; and recently, in energy
storage applications [54].

Carboxymethyl Cellulose

The CMC is the primary and most important cellulose derivative [55]. Formed by
introducing the carboxymethyl group into the cellulose structure, CMC is water-
soluble and is known to be more beneficial than its parent form [56]. This
cellulose-derived chemical is created when cellulose reacts with
monochloroacetic acid, causing carboxymethyl groups to replace the hydroxyl
groups in the glucose residues at carbon numbers 2, 3, and 6, with carbon number
2 substitution being somewhat more noticeable [55]. Connecting the repeated
units are ~-1,4-glycosidic linkages. Only a few anionic carboxymethyl (i.e., —
CH2COOH) groups in the CMC structure take the place of the hydrogen atoms
from certain hydroxyl groups found in the pristine cellulose infrastructure, which
is the primary molecular difference between CMC and cellulose [57].

CMCs can be synthesized from different sources, including those coming from
plant-based precursor materials like agricultural by-products and wastes, and non-
conventional precursors like waste materials of textile factories (e.g., cotton linter,
knitted rags) and also used office and household products like paper sludge, paper
waste, and used papers-based materials. In other parts of the world, plant-derived
materials are more readily available at a very low price, sometimes even free,
compared to wood as the commercial antecedents of CMC. Examples of plant-
based precursors that are considered agricultural wastes are rice husks [58],
asparagus stalks [59], corn cobs [60], corn stalks [61], corn husks [62], sago palm
[63], banana rachis [64], banana stem [65], orange peelings [66], pineapple
peelings [67], sugarcane bagasse [68], and bark of a durian tree [69]. Non-
conventional precursors, on the other hand, include paper sludge [70], office paper
waste [71], knitted rags [72], waste from the textile industry [73], cotton gin waste
[74], and waste cotton linter [75].

2025 TAGA Proceedings



CMC and other materials derived from it have found a wide array of applications
in the fields of biomedical science/engineering, pharmaceuticals industry, textile
manufacturing, construction materials, food engineering, polymer science and
plastics engineering, cosmetics, paper, and oil industries due to their simple,
inexpensive process of synthesis, an abundance of the sources of raw materials,
distinctive surface attributes [76], [77], tensile strength and other mechanical
properties [78], differences in moldability and flexibility [79],[80], hydrophilicity
[81], [82], viscosity [83], and countless other factors. For example, CMC, its
derivative, and composites are widely used in biomedical science and engineering
for diagnosing different diseases [84], for the design and fabrication of 3D
scaffolds for bio-implants [85], tissue engineering [86], bone-tissue
reconstruction, wound dressing [87], non-woven fabrics [82], and artificial organs
or mimics of extracellular polymeric layers [88].

Many researchers in the last decade have gained interest in developing composite
packaging materials mostly in the form of films that have used CMC for specific
food applications. These packaging films vary in composition and purpose. For
example, one of the films developed claimed to be a biodegradable and eco-
friendly hydrogel film and is composed of polyvinylpyrrolidone (PVP) and CMC
that was intended as a primary packaging material for food [89]. An essential oil
doped CMC/chitosan/montmorillonite active nanocomposite film was developed
that was reported to have extended the shelf life of camel meat [90], while a metal
cation doped CMC/Polyvinyl alcohol (PVA)/zeolite packaging film was reported
to have shown biodegradability and antimicrobial property that can prevent early
spoilage of food [91]. More recent packaging innovations involves the
incorporation of plant pigments like anthocyanin into CMC matrix, forming a pH-
sensitive packaging film that can intelligently monitor the freshness and quality
of food [92].

Vanillin

Vanillin, also known as 4-hydroxy-3-methoxybenzaldehyde, is a crystalline
powder that ranges in color from white to faintly yellow. It has a unique, sweet
scent and is soluble in water at ambient temperature but soluble in boiling water.
Its primary functional groups are classified as aldehyde, hydroxyl, and ether in its
chemical composition. Hydroxyl and ether together constitute the core vanillyl
(4-hydroxy-3-methoxybenzyl) group while several bioactive substances known as
vanilloids, such as vanillylmandelic acid, capsaicin, zingerone, gingerol, vanillic
acid, and eugenol, are also part of this vanillyl backbone [93]. Although other
plants, including commercial goods like tobacco, do contain trace levels of
vanillin [94], the pods of the Vanilla orchid continue to be the only commercial
source of natural vanillin [95]. The annual production of natural vanillin is
approximately 7500 tons, depending on the origin and the environment [96]. The
annual output of natural vanillin is significantly lower than the increasing market
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demand for it (millions of tons) [97][98]. Consequently, vanillin is nowadays
manufactured chemically to substitute natural vanillin in order to satisfy the
expanding demand for it in the global market [96]. There was an estimate of
18,600 tons of vanillin in the world in 2016, and from 2017 to 2025, there will be
an annual growth of 6.2% in the demand for vanillin. An estimated 724.5 million
USD will be the global market share of vanillin by 2025 [99][100].

In the food and beverage sectors, vanillin is a flavor and biological preservative
that is frequently utilized. It is frequently used as a pharmaceutical intermediary
in the production of several medications, including levodopa, papaverine, and
dopamine. It is also used as a defoaming agent in some sectors, a scent in
cosmetics and fragrances, and a growth-promoting agent in agriculture
[97][101][102]. One study showed that when combined with carrageenan, vanillin
forms a composite hydrogel that has been shown to be effective in wastewater
treatment [103].

Vanillin, as an intermediate, has been demonstrated in recent research to have
significant applications in material science and biomedical engineering, including
wound dressings, anti-tumor medications, drug delivery systems, and battery
energy storage [104]. A Schiff base bond can be formed between the amino groups
of chitosan molecules and the aldehyde group of vanillin.

Vanillin also demonstrates notable biocompatibility and antimicrobial action. As
a result, scientists are interested in vanillin as a cross-linking agent [105].
Dressings based on hydrogels now contain vanillin. When self-healing hydrogels
are used instead of conventional dressings like gauze, absorbent cotton, and
bandages, they have a higher potential for wound healing and improved
antibacterial activity [106]. Researchers have created a composite hydrogel with
outstanding bactericidal efficacy against pathogenic bacteria, including
Escherichia coli and Staphylococcus aureus, by combining lysine, polyvinyl
alcohol, and vanillin. By the seventh day, the composite-treated wounds had
regenerating epidermis, covering 95-100% of their surface areas [107]. In
packaging research, vanillin finds its used as a natural cross-linking agent for
biopolymers [25][28][37][108][109] in the development of composites or
nanocomposites. The compound also plays an important role in the valorizing of
agricultural wastes [110] — [112] wherein low-value residues like bagasse, plant
stalks, cobs, peelings, straws, and non-food seeds are being processed to convert
these materials into products that are of higher or significant value or recover and
generate value-added products.

Nanoclay and Montmorillonite
Clays are extremely important industrial materials with hundreds of documented

applications and a remarkably wide array of properties and uses primarily because
of their mineral structure and composition [113]. Clay's structure can exist in
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tetrahedral or octahedral sheets [114], and this clay structure and composition
largely dictate their properties and applications. Clays are used in numerous
diverse fields, including engineering, environmental remediation, geology,
agriculture, building and infrastructure, and processing industries [113]. Because
of their strength and high thermal conductivity, clays are also employed in
ceramic plants as the principal raw material [115]. These minerals are sometimes
modified by turning them into nanoclay and mixing them with polymers to
develop packaging films with enhanced gas barriers and mechanical properties
for use as food packaging materials [116]. When silicate nanoparticles are
assembled into a layered structure, the resulting minerals are called nanoclays
[117]. Depending on the type of silicate, each layer can be approximately 1nm in
thickness, with lateral dimensions ranging from 300 A to several microns [118].
When these nanoclays are integrated into polymers, the reinforcement is
developed and may be responsible for their high aspect ratio (Iength/thickness) as
well as their intercalation and exfoliation properties [119]. The structure of a
nanocomposite can either be exfoliated or intercalated [120], and the former is
obtained when the silicate layers are uniformly diffused within the polymer
matrix. Besides having an exfoliated structure, nanocomposites can also be
intercalated [116]. When the extended polymer chains intercalate between the
silicate layers, an intercalated nanocomposite is produced, which has an
alternating pattern of polymeric and inorganic layer structure and a highly
organized multilayer morphology. Exfoliated nanocomposites generally exceed
the mechanical performance of intercalated nanocomposites [121].

Nanoclays are one of the classes of nanomaterials that have been recently
employed in the food and packaging industries that contribute to an increase in
food safety, food quality and delivery of bioactive compounds [122]. These
nanomaterials are incorporated into polymer matrices for the purpose of
enhancing the film properties, and the product, known as nanocomposites, could
be able to develop these improved properties because of the synergistic bond
between the polymeric matrix and the nanomaterials [123]. Because it comes from
a natural source and is suitable for use in packaging applications, clay, in the form
of nanoclay, is one of the most popular nanomaterials for food packaging
applications. Nanoclays are frequently employed in the production of packaging
films with excellent barrier and thermal durability, as well as biodegradable films
and coatings, because of their low cost, biocompatibility, and availability [116].
These nanoclays are mineral silicates with multiple layers, and they stack on top
of one another to form a clay crystallite structure [124]. Van der Waal's force and
electrostatic interactions hold these layers together in parallel, and they are
composed mainly of metal oxides, alkali metals, trace amounts of organic matter,
iron, magnesium, alkaline earth metals, and other cations [125].

When appropriately mixed in the polymer matrix, the nanoclays become highly
exfoliated. This exfoliation enhances the bond between the polymer matrix and
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the nanoclays, consequently improving the mechanical properties of the resultant
nanocomposites [126].

Nanoclays like the montmorillonite (MMT) nanoclay has a broad range of
applications in human health, particularly in drug delivery systems [127][128],
tissue engineering [129], bone regeneration [130], and antimicrobial treatments
[131][132]. MMT nanoclay, while showing promise in various health
applications, also raises several controversies and concerns in human health due
to potential risks and challenges [133] [134]. Research has revealed that most of
the toxic effects of clay minerals are caused by inhalation [133][134][135]. Since
clay minerals like MMT may be found in food, medicine, and other items, oral
consumption is one of the most likely ways that the public may be exposed to
these minerals. Studies have shown that an unmodified MMT has no mutagenic
and genotoxic potentials [136], [137] but the ingestion of modified MMT
nanoclay at “high” concentrations can lead to gastrointestinal disturbances [127]
and has the potential to exhibit cytotoxicity [138], which may affect its suitability
for certain medical applications. Despite these potential health risks, the use of
hexadecyltrimethylammonium bromide-modified MMT organoclay was
approved by the USFDA as a food contact substance [139]. The EFSA Panel on
Food Contact Materials, Enzymes, Flavorings, and Processing Aids also
recommended the use of dimethyl-alkyl ammonium-modified MMT as additives
in polymer blend in sealers for packaging that may come in direct contact with
food [140].

Food packaging films and coatings frequently employ nanoclay like
montmorillonite (MMT) as a nanofiller [44][141][142][143]. Montmorillonite
belongs to a class of clay called smectite [113]. It comprises the edge of an
octahedral AI(OH)s sheet fused with two tetrahedral sheets of silica material. A
high surface-to-volume ratio and cation-exchange characteristics characterize the
alumino-silicate smectite clay mineral [144]. These characteristics offer sufficient
carrying capacity for active chemicals, high miscibility with cationic polymers,
and water dispersibility. The addition of MMT significantly improves the water
vapor permeability (WVP), mechanical and physical characteristics, and UV
blocking properties of biopolymers [145]. In one study, gelatin films with MMT
and copper (II) ions were shown to have developed antibacterial properties, and a
5% MMT in the same film enhanced the tensile strength by more than 200% while
the water vapor permeability and elongation-at-break were reduced by around 30
and 40% respectively [146]. The enhanced affinity of the biopolymer for MMT
and the reduced mobility of the protein chains were credited with improving the
tensile strength. Similarly, water vapor transfer through the film matrix is delayed
and obstructed by the uniformly distributed impermeable nanoclays. Furthermore,
in the copper (II) loaded gelatin-MMT film, the growth of Escherichia coli and
Listeria innocua was inhibited due to the bactericidal action of the copper (II) ions.
The cations interacted with the surface of the bacterium, increasing the
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permeability of the cell membrane and causing cell death, breakdown of the cell
wall, and loss of cell content [146]. Nanocomposites of cellulose acetate and
MMT have been reported to have promising results [147][148][149][150].
Chitosan/MMT nanocomposites have also been developed [19][23][151][152],
and the resultant materials were environment-friendly, and some may have
important properties that are comparable to the conventional petroleum-based
films. However, nanocomposites of carboxymethyl cellulose (CMC) and MMT
have been found to be quite few or limited, and this project filled this gap by
developing CMC/Vanillin/MMT nanocomposite film.

Methodology
Materials

Sodium carboxymethyl cellulose (Average MW ~90,000) has been obtained from
Sigma-Aldrich (Saint Louis, MO, USA). Vanillin has been obtained from Fluka
Analytical (USA). Nanoclay, surface modified Montmorillonite clay has been
obtained from Sigma-Aldrich (Saint Louis, MO, USA). Glycerol has been
acquired from VWR (Pennsylvania, USA). The procedure in fabricating the film
was inspired from the methods of Li et. al. [153], Mohammadi et. al. [30], Jha P.
[154], Beigzadeh Ghelejlu et. al. [26], Tomadoni et. al. [109], and Zhang et. al.
[155]. The adaptation of more than one method from more than one literature was
because the nanocomposite film material developed in this project has unique
composite of biomaterials. Solvent casting was used to create the CMC, vanillin,
and MMT bionanocomposite films. To make the solution for CMC film, two
grams of CMC were dissolved in one gram of glycerol (which accounted for 50%
of the total solid weight in solution) in 100 milliliters of distilled water. The
mixture was then aggressively mixed for sixty minutes at 50 to 60 degrees Celsius,
using a magnetic stirrer set at 700 rpm. Nanoclay suspension was then added to
the CMC solution at 1%, 1.5%, and 2% w/w CMC as determined from the
experimental design.

Nanoclay (MMT) suspensions with three different concentrations (1, 0.659, 1.5,
2, and 2.341% w/w of CMC) were prepared by dispersing appropriate amounts of
MMT in 10 mL of 1% acetic acid solution following 5 hours of ultrasonic mixing.
About 5 mL of this solution was mixed with CMC solutions and stirred for 30
minutes. Vanillin was added in different concentrations (3%, 5%, and 7% w/w of
CMC) and continued stirring at 700 rpm for 1 hour. The stirring rate was reduced
while adjusting the pH to 4.6 with 1-4% acetic acid. Finally, the film solutions
were placed into a centrifuge (5000 rpm for 5 mins) to remove bubbles. All the
film solutions were cast evenly onto a leveled 12 cm x 12 cm plexiglass plate and
then dried for about 48 hours at about 20°C ambient temperature. The exact
amount of each treatment, a constant amount of each treatment, and a constant
amount of film-forming solution's weight to plate area of 3:1 (66.9 grams) was
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applied for casting onto each plate. The resultant dried film was peeled from the
casting surface. All treatments were made unreplicated.

Design of Experiment

This project fabricated bionanocomposite packaging film from biomaterials,
including carboxymethyl cellulose (CMC), vanillin, and montmorillonite (MMT)
nanoclay as nanofiller. The procedure used glycerol as a constant-weight
plasticizer throughout each of the runs. This project implemented Response
Surface Methodology (RSM) to investigate and optimize CMC-vanillin-MMT
packaging film. The experimental design shown in Table 1 is a Central Composite
Design (CCD) with three factors and values are also shown in coded and uncoded
units. RSM is a useful statistical tool and experimental design technique when
assessing scenarios where several variables influence the response [156]. In the
said table, A represents the MMT, B for vanillin, and C for stirring temperature.
There have been few, if any, published reports on the development of CMC-
vanillin-MMT nanoclay film, more so on the use of RSM to optimize, or at least,
to evaluate the effect of each factor on the properties of the said nanocomposite
film.

This project addresses the research gap from the study by Li et al. [153] and
Mohammadi et al. [30], in which a bionanocomposite film for food packaging
applications was developed and characterized. Although the water vapor
permeability was analyzed in their studies, they failed to examine the effect of the
incorporation of filler nanoparticles on the oxygen permeation, and no attempt
was made, preliminary or otherwise, to optimize the blend. These gas
permeabilities (oxygen, water vapor, etc.) are factors that also critically determine
the shelf life of food products. This study also aims to fill the research void that
can be observed in the study by Zahedi et al. [157], in which a hybrid material
between MMT and ZnO nanoparticles was first developed, followed by utilizing
this newly formed material to improve some of the properties of CMC. This
innovation may look scientifically bright and sound. Still, a closer analysis may
find that the fabrication method introduced more process cost and complexity by
incurring several processing steps to develop a material whose properties may be
comparable to the product, requiring simplified procedures and fewer materials.
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coded uncoded

StdOrder RunOrder A B C C Response
1 17 -1 -1 -1 1% 3% 50°C y1
2 16 1 -1 -1 2% 3% 50 y2
3 7 -1 1 -1 1% 7% 50°C 3
4 5 1 1 -1 2% 7% 50°C y4
5 12 -1 -1 1 1% 3% 60°C  y5
6 13 1 -1 1 2% 3% 60°C 6
7 10 -1 1 1 1% 7% 60°C  y7
8 8 1 1 1 2% 7% 60°C  y8
9 3 -1.68179 0 0 0.659% 5% 60°C  y9

10 14 1.681793 0 0 0.234% 5% 55°C  y10
11 6 0 -1.68179 0 15% 1.636% 55°C 1l
12 11 0 1.681793 0 1.5% 8.364% 55°C y12
13 2 0 0 -1.68179  15% 5%  46.591°C  yI3
14 1 0 0 1.681793  15% 5%  63.409°C  yl4
15 15 0 0 0 1.5% 5% 55°C  y15
16 9 0 0 0 1.5% 5% 55°C  y16
17 4 0 0 0 1.5% 5% 55°C y17
18 19 0 0 0 1.5% 5% 55°C y18
19 18 0 0 0 1.5% 5% 55°C y19

Table 1: DOE and sample preparation order

To determine their mechanical characteristics, the developed film samples will be
put through a series of mechanical and physical testing. A piece of equipment
called the OpTech-O> Model P oxygen permeation machine (OPM) will be used
to measure the oxygen permeation rates in the film, while the universal testing
machine (UTM) can be used to assess the tensile strength, modulus, and
elongation at break (EAB). The former is compliant with ASTM F2714-08, while
the latter can be configured to comply with ASTM D882-18.

Sample Preparation for Tensile Strength Test

The test specimens were made up of uniformly sized, thick strips that were at least
50 mm longer than the distance between the grips that were being used. The
specimens' nominal width was 5.0 mm at the very least and 25.4 mm at the very
most. At least an 8-fold width-thickness ratio was employed. A cutting jig was
used to cut specimens with the utmost care, preventing microscopic tears and
nicks that might lead to premature failures. This made sure that along the
specimen's length between the grips, the edges were parallel to within 5% of its
breadth. To ensure that the specimens were free of defects related to sample
preparation, no microscopic inspections of the samples were carried out. Test
specimens were chosen so that, for specimens with a thickness of less than 0.25
mm, the thicknesses were uniform within 10% of the average thickness over the
specimen's length between the grips, and within 5% for specimens with a
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thickness greater than 0.25 mm but less than 1.00 mm. Variabilities in thickness
outside of these limits were not tested. As per ASTM D618 method A, test
specimens were conditioned for at least 40 hours at 23 + 20C and 50 £ 10%
relative humidity before the test.

Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) is a powerful imaging technique used
in material science and biology to investigate the structure and properties of
materials at the atomic or molecular scale. This method is particularly useful in
characterizing thin film samples and other nanoscale materials. TEM uses a
focused electron beam that transmits through a thin specimen to produce images
of high resolution, allowing researchers to observe fine details of the internal
structure of the sample [158]. The basic principle of TEM involves the interaction
between a high-energy electron beam and a thin specimen. As the electrons pass
through the sample, they interact with the atoms in the material, scattering in
various directions. The unscattered or slightly scattered electrons form an image
as they hit a fluorescent screen or a digital detector [159]. This imaging allows for
visualization at atomic-level resolution, revealing structural features such as
lattice arrangements, defects, and grain boundaries. To obtain the best results from
TEM analysis, it is critical to prepare thin and uniform samples. For thin film
samples, the preparation process generally involves the following steps: Substrate
Preparation: The film samples are often deposited on a substrate (e.g., silicon,
glass) to ensure they are thin and uniform. Sample Cutting and Mounting: A small
piece of the thin film is cut from the substrate and mounted onto a TEM grid [160].
The grid serves as a support for the thin film and must be thin enough to allow
electron transmission. Thinning the Sample: To enable electron transmission
through the sample, the thin film must be further thinned to an appropriate
thickness, typically less than 100 nm. This is achieved using methods such as ion
milling, which utilizes a focused ion beam to remove excess material [158].
Polishing and Cleaning: The sample is carefully polished to remove surface
imperfections and ensure uniform thickness. It is then cleaned to remove any
debris or contaminants that may interfere with the electron beam. Storage: Once
prepared, the samples are typically stored in a vacuum environment or under
controlled atmospheric conditions to prevent degradation [158]. After
preparation, the sample is placed in the TEM, and imaging is performed by
transmitting the electron beam through the sample and capturing the transmitted
electrons with a detector.
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Results and Discussion
Mechanical Testing

Table 2 presents the mechanical properties like the average tensile strength (TS),
percent elongation at break (EAB), and modulus of elasticity (MOD) of samples
of CMC/Vanillin/MMT film of varying component concentrations. As can be
seen in the table, the bionanocomposite film sample containing 1.5% MMT
nanoclay, 5% vanillin, and 55°C mixing temperature showed the highest tensile
strength, and this data point represents one of the center points of the rotatable
central composite design (CCD) of the experiment. It can also be observed in the
table that another center point recorded the highest elongation, while a sample
consisting of 2% MMT nanoclay and 3% vanillin mixed at 60°C exhibited the
highest modulus of elasticity. It is noteworthy to emphasize that the factorial and
axial points of the experimental design were unreplicated and that only the center
points were replicated five times to estimate the curvature of the model. From
Table 2, it can be observed that there were only four data points that represent the
center points, indicating that one of the test runs was damaged due to
uncontrollable factors.

No.  Sample Code Tensile Strength Modulus of Elongation
(MPa) Elasticity (Mpa) at Break (%)

1 1%MMT/3%Vanilli/Temp-50C MTO1VA3TS50 17.4=58 537.00=177.38 27=x16
2 1%MMT/3%Vanillin/Temp-60C MTO01VA3T60 11.1=4.7 208.54=209.42 44=16
3 1%MMT/7%Vanillin/Temp-50C MTO01VA7T50 14.1+3.6 381.28 =248.89 28=13
4 1%MMT/7%Vanillin/Temp-60C MTO1VA7T60 16.1=5.8 62592=345.13 237
5 2%MMT/3%Vanillin/Temp-50C MTO02VA3T50 12.7+2.8 398.14=132.46 21=8
6 2%MMT/3%Vanillin/Temp-60C MTO02VA3T60 17.0=24 742.64=171.61 189
7 2%MMT/7%Vanillin/Temp-50C MTO02VAT7T50 13.1=2.7 449.18 =109.06 24=3
8 2%MMT/7%Vanillin/Temp-60C MTO02VAT7T60 155=2.7 640.34=266.17 17=14
9  1.5%MMT/5%Vanillin/Temp-55C ~ MT15VASTS5-1 11.5=45 24827=154.45 39=10
10 1.5%MMT/5%Vanillin/Temp-55C MTI15VASTS5-2 19.9=3.7  628.54=96.96 177
11 1.5%MMT/5%Vanillin/Temp-55C MTI15VASTS5-3 147=1.8 44398 =8241 31=14
12 1.5%MMT/5%Vanillin/ Temp-55C ~ MT15VASTS5-4 17.0=6.6 591.78 =268.03 27+9
13 1%MMT/3%Vanillin/Temp-46.59C ~ MT15VAS5T4659 11.7=1.7  401.52=40.56 21=10
14 1.5%MMT/5%Vanillin/Temp-63.40C MT15VAS5T6340 12724 37237=35.84 25=8
15 1.5%MMT/1.63%Vanillin/Temp-55C MT15VA163T55 16.5=2.9 684.32=190.08 17+4
16 1.5%MMT/8.36%Vanillin/Temp-55C MT15VA836T55 147+2.8 577.18=241.55 27+6
17 2.34%MMT/5%Vanilli/Temp-55C  MT234VASTSS 166 =33  492.41=37.07 34=12
18 0.659%MMT/5%Vanillin/Temp-55C  MTO0659VASTSS 122=2.8 370.46 =96.41 27=18

Table 2: Mechanical test results of CMC/Vanillin/MMT Nanoclay

The mechanical properties of the bionanocomposite films containing
carboxymethyl cellulose, vanillin, and montmorillonite nanoclay are presented in
the table above, indicating a variation in tensile strength, modulus of elasticity,
and elongation at break across different formulations. These results demonstrated
how changes in composition (vanillin and montmorillonite content) and
processing conditions (temperature) can impact the mechanical performance of
the films. Figure 1 depicts the average tensile strength of the bionanocomposite
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film samples. The figure has shown that the tensile strength of the samples varies
significantly, ranging from 11.1 MPa to 19.9 MPa. For example, sample
MTO1VA3T50 with 1% MMT and 3% vanillin exhibited a tensile strength of 17.4
MPa, while the similar formulation at a higher temperature (MTO01VA3T60)
showed a decrease to 11.1 MPa. The sample MT15VAS5T55-2 with 1.5% MMT
and 5% vanillin displayed the highest tensile strength at 19.9 MPa, suggesting the
combination of moderate MMT and vanillin content, along with processing at
55°C, might be beneficial for enhancing tensile strength. In general, the results
suggest a potential trend of higher MMT content (1.5-2.34%) and optimal vanillin
levels (5%) leading to better tensile strength.

Tensile Strength (MPa)
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Figure 1: Tensile strength of samples
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Film sample Tensile strength (Mpa)  Reference

CMC/Vanillin/MMT 11.1-19.9  Alcarde, D. (RIT, 2024) - unpublished article/project
PLA/PCL/TPS 14.11-17.73  Wang, R. (2018) - RIT Masters thesis

PLA/PCL/TPS/Vanillin 11.86-13.86  Wang, R. (2018) - RIT Masters thesis

CMC/Starch/MMT 9.83-27.55  Ghanbarzadeh, B. et. al. (2014)

PVA/CMC/StarchyMMT 18.36 -20.38  Taghizadeh, M. et. al. (2013)

CMC/MMT 17-39  Gutierrez, M. et. al. (2012)

CMC/Starch 6.57-16.11  Ghanbarzadeh, B. et. al. (2010)

CMC/StarcyMMT 9.83-27.55  Almasi. H. (2010)

CMC/Oleic acid 2.23-17.77  Ghanbarzadeh, B. and Almasi, H. (2011)

CMC/ZnO 5.1-6.4  Kanmani, P. and Rhim, J. (2014)

CMC/Ag 3.9-8.8  deMoura, M. (2013)

CS/MMT 0.2-12  Wilpiszewska, K. et. al (2015)

CA/PEO/ZnO 2.44 -3.60 Pittarate, C. et. al. (2011)

Chitosan/ZnO 0.003-0.021 Das, K. et. al. (2014)

Starch/ZnO/CMC 3.94-9.81 YulJ. et al. (2009)

Starch/TiO,/MMT 4.86-5.24  Oleyaei. S., Almasi, H., Ghanbarzadeh, B., and Moayedi, A. (2016)
Starch/TiO, 2.66-3.56  Oleyaei, S.. Zahedi, Y., Ghanbarzadeh, B., and Moayedi, A. (2016)

Table 3: Tensile strength of CMC-based nanocomposite films compared with some film composites.

Table 3 lists the tensile strengths of some composites and CMC-based composites.
As shown in this table, the tensile strength range of the CMC/Vanillin/MMT
nanocomposite film is between 11.1 and 19.9 MPa. This places the film towards
the higher end of the range in terms of tensile strength compared to other
composite films listed in the table. PLA/PCL/TPS composite shows a similar
range of tensile strength from 14.11 to 17.73 MPa, which slightly overlaps with
the lower end of the CMC/Vanilli/MMT range. However, the range of the latter
is broader.

PLA/PCL/TPS/Vanillin composite has a tensile strength range of 11.86 to 13.86
MPa, which is on the lower end of the CMC/Vanillin/MMT range, suggesting that
CMC/Vanillin/MMT might be a stronger option compared to the addition of
vanillin to PLA/PCL/TPS. CMC/Starch/MMT ranges from 9.83 to 27.55 MPa,
covering a broader spectrum. Although its upper end is higher than the
CMC/Vanilli/MMT composite, it starts much lower, suggesting a higher
variation and less consistency in performance. PVA/CMC/Starch/MMT
composite film has a tensile strength range of 18.36 to 20.38 MPa, closely
aligning with the upper end of the CMC/Vanillin/MMT range, indicating a similar
tensile strength potential but a narrower range. CMC/MMT composite ranges
from 17 to 39 MPa, showcasing the highest potential tensile strength in the list.
This indicates that pure CMC with MMT reinforcement can offer higher tensile
strength, but the range is broad.

CMC/Starch composite's tensile strength is between 6.57 and 16.11 MPa, starting
much lower than the CMC/Vanillin/MMT and indicating potentially inferior
performance. Other composites like CMC/Oleic acid, CMC/ZnO, CMC/Ag,
CS/MMT, CA/PEO/Zn0O, Chitosan/ZnO, Starch/ZnO/CMC, Starch/TiO2/MMT,
and Starch/Ti0O: all have lower tensile strength ranges, suggesting they might not
be as suitable as the CMC/Vanillin/MMT for applications requiring higher tensile
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strength. The CMC/Vanillin/MMT composite film generally shows a good
balance of tensile strength compared to most other composites listed. Its tensile
strength range is comparable to some of the other stronger composites, making it
a potentially suitable material for applications where moderate to high tensile
strength is desired.

Figure 2 shows the modulus of elasticity of the CMC/Vanillin/MMT nanoclay
sample. As shown the figure, the modulus of elasticity also varied across the
samples, ranging from 208.54 MPa to 742.64 MPa. A higher modulus typically
indicates a stiffer material. For instance, sample MT02VA3T60, which contains
2% MMT and 3% vanillin processed at 60°C, displayed the highest modulus of
elasticity at 742.64 MPa. In contrast, the similar formulation processed at 50°C
(MT02VA3T50) showed a significantly lower modulus of elasticity at 398.14
MPa, indicating a potential sensitivity to processing temperature in terms of
stiffness.

Modulus of Elasticity (Mpa)
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Figure 2: Modulus of elasticity of samples

Figure 3 shows the elongation at break of the CMC/Vanilli/MMT nanoclay
sample. As shown the figure, elongation at break percentages vary widely across
the samples, ranging from 17% to 44%. Samples with a higher vanillin content
generally exhibited higher elongation at break. For instance, samples
MT15VASTS5-1 and MTO1VA3T60 with higher vanillin content (5% and 3%,
respectively) demonstrated elongation at break of 39% and 44%, respectively.
This suggests that higher vanillin content may improve the film's flexibility and
ability to stretch before breaking. As can be observed from the figures depicting
the mechanical test results of, there is no definite trend that can immediately be
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seen which is typical in any of the RSM designs since the components are not
organized in either increasing or decreasing levels.

Elongation at Break (%)

M Elongation at Break (%)

Figure 3: Percent elongation of samples
Oxygen Permeation Test

Table 4 tabulates the data representing the oxygen transmission rate (OTR) of
different samples in a three-factor, two-level central composite design (CCD)
study. The three factors under consideration are the montmorillonite (MMT)
concentration with the levels tested include 0.659%, 1%, 1.5%, 2%, and 2.34%.
Another factor used was the vanillin concentration with the levels tested include
0.836%, 1.63%, 3%, 5%, and 7%, and lastly, the mixing temperature with the
levels tested include 46.5°C, 50°C, 55°C, 60°C, and 63.4°C. The measured
response in the study is the oxygen transmission rate, which is expressed in
cc/m”2-day. In can be observed that as the temperature increases, the oxygen
transmission rate tends to increase. For instance, when comparing samples with
1% MMT and 3% vanillin at 50°C and 60°C (samples MTO01VA3T50 and
MTO1VA3T60), the OTR increases significantly from 283.52 cc/m?-day to
2248.19 cc/m”2-day. Similarly, other temperature comparisons show a consistent
pattern of increased OTR with higher temperature.

An increase in MMT concentration from 1% to 2% (at constant vanillin
concentration and temperature) generally leads to a decrease in OTR. For
instance, comparing samples MTOIVA3T50 and MT02VA3T50, the OTR
decreases from 283.52 cc/m?-day to 168.93 cc/m>-day when MMT concentration
increases from 1% to 2%. Similarly, the effect of MMT concentration on OTR is
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observable across the samples. When comparing the effect of wvanillin
concentration on the oxygen transmission rate, the data shows that at a constant
MMT concentration and temperature, an increase in vanillin concentration
generally results in a decrease in OTR. For example, samples MTO1VA3T50 and
MTO1VAT7TS50, both at 1% MMT and 50°C, but differing vanillin concentrations
(3% and 7%), show a decrease in OTR from 283.52 cc/m?-day to 226.08 cc/m?>-
day. As to the plausible interaction among the variables, there appears to be
significant interactions among MMT, wvanillin, and temperature. These
interactions may lead to non-linear effects on OTR. For example, the combination
of 2% MMT, 3% vanillin, and 60°C temperature results in an OTR of 216.81
cc/m?-day, while the combination of 1% MMT, 7% vanillin, and 50°C
temperature results in an OTR of 226.08 cc/m?-day. The variability in OTR even
within samples with the same factor levels (e.g., 1.5% MMT, 5% vanillin, 55°C)
suggests that other unmeasured factors or experimental errors may also influence
the OTR. Generally, the data demonstrated a complex interplay between the
concentrations of MMT, vanillin, and temperature, with the observed response
(oxygen transmission rate) being affected by the levels of each factor and their
interactions. Analyzing these results further could provide valuable insights into
optimizing the materials and conditions for oxygen transmission rates specifically
in food packaging applications.
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Oxygen

No.Code Sample Transmission
Rate (cc/m>-day)

IMTO1VA3T50 1%MMT/3%Vanillin/Temp-50C 283.5196
2MTO02VA3T50 2%MMT/3%Vanillin/Temp-50C 168.9327
3MTO1VA7TS0 1%MMT/7%Vanillin/Temp-50C 226.0846
4MTO02VATTS50 2%MMT/7%Vanillin/Temp-50C 181.6305
SMTO1VA3T60 1%MMT/3%Vanillin/Temp-60C 2248.1947
6MT02VA3T60 2%MMT/3%Vanillin/Temp-60C 216.8108
TMTO1VATT60 1%MMT/7%Vanillin/Temp-60C 455.0877
8MTO02VATT60 2%MMT/7%Vanillin/Temp-60C 886.0706
IMT659VASTSS 0.659%MMT/5%Vanillin/Temp-55C 197.6766
10MT234VAST55 2.34%MMT/5%Vanillin/Temp-55C 254.5903
1IMTI15VA163T55 1.5%MMT/1.63%Vanillin/Temp-55C 185.245
I2MT15VAS836T55  1.5%MMT/0.836% Vanillin/Temp-55C 2910.9974
13MT15VAST465 1.5%MMT/5%Vanillin/Temp-46.5C 346.2802
14MT15VAST634 1.5%MMT/5%Vanillin/Temp-63.4C 186.7153
ISMT15VASTSS 1.5%MMT/5%Vanillin/Temp-55C 173.2773
16MT15VASTSS 1.5%MMT/5%Vanillin/Temp-55C 314.7555
17MT15VASTSS 1.5%MMT/5%Vanillin/Temp-55C 226.0574
18MT15VASTSS 1.5%MMT/5%Vanillin/Temp-55C 327.8484
IOMT15VASTSS 1.5%MMT/5%Vanillin/Temp-55C 144.345

Table 4: Oxygen permeation test results of CMC/Vanillin/MMT Nanoclay

By looking at the bar chart of the oxygen permeation (OTR) of the samples in
Figure 4, we can immediately notice the huge spikes in the samples
MTOIVA3T60 and MT15VA836T55. Since the experimental runs were not
replicated, it would be difficult to conclude whether these points were due to
changes in the level of the variables or a flaw in either the fabrication of the sample
or the testing process, or, in some circumstances, an anomaly in the equipment or
the measurement system.
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Oxygen Transmission Rate (cc/m2-day)
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Figure 4: Oxygen permeation of samples
Response Surface Methodology

Table 5 shows the data collected based on a two-level central composite design
(CCD) experiment, where the three factors (A, B, and C) are varied at specific
levels as defined above. The design includes factorial points, axial points, and
center points to capture linear, quadratic, and interaction effects. Factorial points
correspond to the combinations of the low and high levels of each factor (-1 and
1). For example, runs 1-8 include the combinations of the lowest and highest
levels of A, B, and C. Axial points correspond to the center point of each factor
while varying one factor to its extremes (-1.68179 and 1.68179). For example,
runs 9 - 14 vary one factor at a time (A, B, or C) while keeping the others at their
center points center points. These points (runs 15-19) keep all factors at their
center points (0). The repetition of center points helps assess experimental
variability and improve the reliability of the results. Notice also that there was a
missing datum. In the last run (19), the sample was damaged, leading to the
sample unfit for mechanical testing and missing the data for the measured
responses.
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This project takes advantage of the robustness of CCD in the planning and
execution of the experiment. The use of a CCD allows for the estimation of the
factors' linear, quadratic, and interaction effects on the responses. This design
provides information on how the factors influence tensile strength, modulus of
elasticity, elongation at break, and oxygen transmission rate.

Depending on the adequacy of the model developed, this study may also aim to
optimize the material properties (e.g., high tensile strength, low oxygen
transmission rate) by adjusting the factors (A, B, and C). Statistical analysis (e.g.,
regression) was utilized to identify significant factors and their interactions, and
experimental control was achievable especially when the repeated center points
provided insight into experimental variability. This CCD data provided a
systematic approach to understanding how factors A, B, and C affected the
responses and allowed for potential optimization of the material properties.

Response Surface Regression: Tensile Strength (MPa) versus A, B, C

The MINITAB output of the regression coefficients and the summary of the
model are shown in Table 6. To provide an intelligent analysis of the given
response surface regression data and results, this section focuses on interpreting
the statistical findings and what they imply about the factors (A, B, C) and their
interactions in relation to tensile strength. Starting from the model performance,
it can be shown that the R-squared (R-sq) exhibited an unsatisfactory
performance. The R-squared value of 38.64% indicates that the model explains
approximately 39% of the variance in tensile strength. This is a relatively low
explanatory power, suggesting that there may be other variables not included in
the model that significantly influenced the tensile strength. This went along with
the very low adjusted R-squared (R-sq(adj)). The adjusted R-squared value, which
is 0.00%, suggested that the model may not be effective at predicting tensile
strength and might have included irrelevant variables. The same can be observed
with the predicted R-squared (R-sq(pred)). The predicted R-squared, which is also
0.00%, may imply that the model has poor predictive power and may perform
poorly on new, unseen data.
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Term Coef SE Coef T-Value P-Value VIF
Constant 14.55 1.20 12.15 0.000

A -0612  0.726 -0.84 0.421 1.00

B 0.126 0726 0.17  0.866 1.00

C -1.197 0726 -1.65 0.134 1.00

A’A -0.000 0.726 -0.00 1.000 1.04

B*B -0.548 0726 -076  0.469 1.04

cC 0795 0.726 1.10 0.302 1.04

A’B 0200 0948 021  0.838 1.00 Model Summary

A*C 0125 0948 013  0.898 1.00 S R-sq R-sq(adj) R-sq(pred)
B*C 0275 0948 0.29 0.778 1.00 2.68194 38.64% 0.00% 0.00%

Table 6: Coded coefficients and model summary of tensile strength with A (MMT Nanoclay), B
(Vanillin), and C (Temperature)

Notice also that none of the factors or interactions have a statistically significant
impact on tensile strength, with p-values all above 0.05. This suggests that none
of the independent variables (A, B, C) or their combinations are significantly
influencing the tensile strength. The linear coefficients for A, B, and C (-0.612, -
0.126, and -1.197, respectively) suggest that each factor has a negative impact on
tensile strength. The square term coefficients (A*A, B*B, C*C) suggested that
while A*A and BB have minimal impact, C*C has a slight positive influence on
tensile strength. The interaction term coefficients (A*B, A*C, B*C) are all close
to zero, implying that the interactions between the factors do not significantly
influence tensile strength. Lastly, the Variance Inflation Factor (VIF) values for
all factors and interaction terms are around unity, indicating that multicollinearity
is not an issue in the model.

Table 7 exhibits one of the important MINITAB outputs pertaining to the RSM
analysis of the tensile strength as one of the responses and the three factors, A, B,
and C used in the experiment. Notice how the F-value of 1.04 and p-value of 0.427
suggested that the overall model is not significantly different from the null model
(one with just the constant term). This supports the notion that the model does
not explain a substantial amount of variance in tensile strength, while the lack-of-
fit test (F = 1.62, p = 0.330) suggests that there might be some lack of fit in the
model, but it is not statistically significant.
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Source DF Adj SS Adj MS F-Value P-Value
Model 9 58128 64586 1.14 0427

A*A 3428 0.60 0457
B*B 4582 D.81 0393

3
1
1
1
3
1
1 .
i 1 3902 39023 D69 0429
3
1
1
1
5

Linear 33683 11227.6 197  0.189
A 7572 75723 133 0278
B 2654 2653.6 047 0512
C 23457 23456.8 412 0.073
Square 9225 3075.0 054  0.666
34281
45824

15220 50733 089 0482
621 6212 0 0.749
10928 10927.7 192 0199

2-Way Interaction
A*B
A*C
B*C 3671 36709 065 0442
Errcr 51194 5688.
ack-of-Fit 51119 102237 54382  0.000
Pure Error 4 75 188
Tortal 18 109322
Regression Equation in Uncoded Units
% Elongation = 204 - 140A - 83 B - 246 C+ 5.60 A*A + 648 B*B + 598 C*C - 3.12 A*B
+ 1307 A*C + 757 B*C

Table 7: Analysis of variance (ANOVA) of tensile strength with A (MMT Nanoclay), B (Vanillin),
and C (Temperature)

The model's low R-squared and adjusted R-squared values indicated that the
current model may not be effective at explaining the variation in tensile strength.
None of the independent variables or their interactions appeared to have a
statistically significant effect on tensile strength. Since RSM as applied to a
structured experimentation is a sequential process, it would be advisable as a next
step to consider exploring other variables or combinations that may have a greater
impact on tensile strength. The lack-of-fit test suggested potential for a better
model fit if other variables are incorporated or a different model is used. Potential
next steps could involve testing additional independent variables or transforming
the current variables to identify a more effective model, given the poor
performance of the preliminary model.

Response Surface Regression: Modulus of Elasticity (MPa) versus A, B, C

The response surface regression data provided in Table 8 outlines the relationship
between the modulus of elasticity (MPa) and independent variables A, B, and C.
Analyzing the model and results based on the model performance may have to be
started by looking at the R-squared value of 28.45% which suggests that the model
explains approximately 28% of the variance in the modulus of elasticity. This
indicates a low level of explanatory power. Moreover, the adjusted R-squared (R-
sq(adj)) value of 0.00% implies that the model does not provide meaningful
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information beyond the mean of the response variable, while the predicted R-
squared (R-sq(pred)), which is also 0.00%, indicated that the model is unlikely to
perform well on new set of data.

Term Coef SE Coef T-Value P-Value VIF
Constant 528.6 784 674  0.000

A 388 475  -082 0434100

B 178 475 037 0717 100

C 405 475 -085 0416 100

A*A 54 475 011 0913104

"B 482 475 -101 0337 104

cC 158 475 033 0.746 104

A*B 431 620 -021 0837100 Model Summary

A*C -8.8 620 -014 0.891 1.00 S R-sq R-sqg(adj) R-sq(pred)
B*C 564 62.0 091 0.387 1.00 175.479 28.45% 0.00% 0.00%

Table 8: Coded coefficients and model summary of modulus of elasticity with A (MMT Nanoclay),
B (Vanillin), and C (Temperature)

All terms, as can be observed in Table 8, including linear terms (A, B, C), square
terms (A*A, B*B, C*C), and interactions (A*B, A*C, B*C), have p-values
greater than 0.05, indicating none are statistically significant. All the terms also
have negative coefficients, suggesting they decrease the modulus of elasticity, but
none of these coefficients are statistically significant. It is also noticeable that
A*A may have a minimal positive impact, while B¥*B and C*C have negative
effects, but again, none of these effects are statistically significant. The interaction
terms, A*B and A*C have small negative coefficients, while B*C has a larger
positive coefficient. Again, all interaction terms are statistically insignificant.
Meanwhile, all VIF values around 1 suggested that there may have no issue with
multicollinearity among the variables.

The F-value of 0.40 and p-value of 0.907 listed in Table 9 may be an indication
that the model is not significantly different from a null model, which means the
model does not explain much of the variance in the response variable. The lack-
of-fit test (F = 2.32, p = 0.218), on the other hand, suggests the model fits the data
relatively well, as the lack-of-fit is not statistically significant.
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Source DF Adj SS Adj MS F-Value P-Value
Model 9 110197 122441 0.40 0.907

Linear 3 47332 157773 0.51 0.684
A 1 20610 20610.0 067 0434
B 1 4315 43150 014 0.717
C 1 22407 224071 073 0416

Square 3 35396 11798.6 038 0.768
ATA 1 393 3927 0.01 0.913
B*B 1 31712 317124 103 0337
cC 1 3429 342941 0.11 0.746

2-Way Interaction 3 27470 91565 030 0.827
A*B 1 1373 13726 004 0837
A*C 1 617 616.5 002 0.891
B*C 1 25480 25480.4 083 0387

Error 9 277135 30792.8
Lack-of-Fit 5206009 41201.9 2.32 0.218
Pure Error 4 71126 17781.5

Total 18 387333

Regression Equation in Uncoded Units

Modulus of Elasticity (MPa) = 528.6-231A-106B-241C+ 19A*A-170B*B- 56 C*C
-46A"B-3.1A"C + 20.0 B*C

Table 9: Analysis of variance (ANOVA) of modulus of elasticity with A (MMT Nanoclay), B
(Vanillin), and C (Temperature)

It has been shown that the response surface model for the modulus of elasticity
has limited explanatory and predictive power, as evidenced by the low R-squared
and adjusted R-squared values, as well as the lack of statistical significance of the
coefficients. The linear and interaction terms suggested that A, B, and C
individually and in combination do not significantly influence the modulus of
elasticity. The quadratic terms also do not provide significant information
regarding the response variable. As the succeeding step, it would be helpful to
consider exploring additional variables or different modeling approaches that may
better capture the variation in the modulus of elasticity.

The lack-of-fit test suggests there might be room for improvement in the model,
as there could be other factors not considered in this model that explain the
variability in the response. Since none of the factors are statistically significant,
focus should be placed on identifying other potential variables or transformations
of the current variables to improve model performance.

Response Surface Regression: % Elongation versus A, B, C

Table 10 outlines the response surface regression data that provided the
relationship between the percentage of elongation and independent variables A,
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B, and C. The model performance provided the R-squared value of 53.17% which
indicated that the model explains approximately 53% of the variance in the
percentage of elongation. This indicates a moderate level of explanatory power.
The adjusted R-squared (R-sq(adj)) value of 6.34% may imply that the model does
not fully capture the variability of the data and may include irrelevant variables.
The predicted R-squared (R-sq(pred)), which is 0.00%, is a very low value and
can be an indication that the model may not perform well on new set of data.

Term  Coef SE Coef T-Value P-Value VIF

Constant 20.4 33. 0.60 0.560

A -23.5 204 -1.15 0.278 1.00

B -13.9 204 -0.68 0.512 1.00

C -41.4 204 -2.03 0.073 1.00

A*A 15.8 204 0.78 0457 104

B*B 18.3 204 0.90 0.393 1.04

Cc*C 16.9 204 0.83 0429 1.04

A*B -8.8 267 -033 0749100 Model Summary

AC 370 267 139 0.199 1.00 S R-sq R-sq(adj) R-sq(pred)
B*C 214 26.7 0.80 0442100 754203 5217%  634% 0.00%

Table 10: Coded coefficients and model summary of percent elongation with A (MMT Nanoclay), B
(Vanillin), and C (Temperature)

From Table 10, only the coefficient for C has a p-value approaching significance
(p = 0.073), while the other coefficients for the linear terms (A and B) and the
quadratic terms (A*A, B*B, C*C) are not statistically significant. None of the
interaction terms (A*B, A*C, B*C) are statistically significant. All factors have
negative coefficients, suggesting they decrease the percentage of elongation, but
none of these coefficients, except marginally for C, are statistically significant.
All have positive coefficients, suggesting they increase the percentage of
elongation.

However, none of these coefficients are statistically significant. As to the
interaction terms, AB has a small negative effect, while A*C and B*C have larger
positive effects. However, none of these interaction terms are statistically
significant. All VIF values were around 1 which may suggest that there is no issue
with multicollinearity among the variables.
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Source DF Adj SS Adj MS F-Value P-Value
Model 9 58128 64586 1.14 0.427
Linear 33683 112276 197 0.189
A 7572 75723 133 0278

B 2654 2653.6 047 0.512
23457 23456.8 412 0.073

C
Square 3 9225 3075.0 0.54  0.666

A*A 3428 3428.1 060 0457

B*B 4582 4582.4 081 0393

cC 3902 39023 069 0429

073.3 0.89 0482

A*B 621 6212 011 0749

A*C 927.7 192 0.199
7

10928 10
3671 36709 065 0442
Error 51194 5688.2

Lack-of-Fit 51119 10223.7 54382  0.000
Pure Error 4 75 18.8

Total 18 109322

Regression Equation in Uncoded Units

8*C

1
1
1
3
1
1
1
2-Way Interaction 3 15220 507
1
1
1
9
5
8

% Elongation = 204 - 140A-83B - 246 C+ 560 A*A + 648B*B + 598 C*C- 3.12 A*B
+13.07 A*C + 7.57 B*C
Table 11: Analysis of variance (ANOVA) of percent elongation with A (MMT Nanoclay), B
(Vanillin), and C (Temperature)

The Analysis of Variance (ANOVA) for the elongation with the three factors is
shown in Table 11. This table breaks down the total variability in the data into
two sources: model and error. The F-value (1.14) and its corresponding p-value
(0.427) suggest that the model does not explain a statistically significant portion
of the variance in the data. This is consistent with the low R-squared values
observed in the model summary table. The lack-of-fit test specifically assesses
how well the model fits the data. A statistically significant lack-of-fit (p-value of
0.000 in this case) indicates that the model does not adequately capture the
relationship between the factors and the percent elongation. The regression
equation shows the relationship between the factors and the predicted percent
elongation. It can be used to predict the elongation for a given combination of
factors A, B, and C. However, considering the limitations highlighted above, the
predictions made by this model may not be very reliable. The results of the
response surface regression analysis for the elongation as the response suggested
that the model does not adequately capture the relationship between factors A, B,
C, and the percent elongation. The model explains a moderate portion of the
variance in the data statistically significant. There is also evidence of lack-of-fit,
indicating that the model may not be suitable for making predictions.

Response Surface Regression: O: Permeation (cc/m’-day) versus A, B, C

Table 12 as shown below contains the response surface regression results
numerically describing how the independent variables A, B, and C, as well as their

2025 TAGA Proceedings



squares and interactions, relate to oxygen permeation. From the table, the R-
squared value of 54.95% suggests that the model explains approximately 55% of
the variance in oxygen permeation. This indicates a moderate level of explanatory
power. An adjusted R-squared (R-sq(adj)) value of 9.89% implies that the model
does not fully capture the variability of the data and may also include irrelevant
variables. The predicted R-squared (R-sq(pred)) value of 0.00%, indicates the
model is unlikely to satisfactorily perform on another round of data.

Term  Coef SE Coef T-Value P-Value VIF
Constant 242 319 0.76 0.467

A -122 193 -0.63 0.544 1.00

B 250 183 130 0227 100

C 196 193 1.02 0.236 1.00

AA 30 193 016 0879 1.04

B8 437 193 226 0050 104

s 6 193 -008 0936 104

A*B 317 252 125 0241100 Model Summary

ARC 180 252 -071 0493 100 S R-sq R-sq(adj) R-sq(pred)
B*C -135 252 -0.53 0.606 1.00 713.457 54.95% 9.89% 0.00%

Table 12: Coded coefficients and model summary of oxygen permeation with A (MMT Nanoclay),
B (Vanillin), and C (Temperature)

Analyzing the p-values in Table 11, generally, most of the terms are not
statistically significant (p > 0.05), including the linear terms A, B, and C, as well
as the interactions (A*B, A*C, B*C). The only exception is the quadratic term
B*B, which has a p-value of 0.050, suggesting marginal significance. As for the
linear terms of the model, A has a negative effect (-122), while B and C both have
positive effects (250 and 196, respectively). The oxygen permeation model’s
quadratic terms A*A and C*C have minimal impact on oxygen permeation, while
B*B has a significant positive impact (437). Interaction terms A*B, A*C, and
B*C have some impact on oxygen permeation but are not statistically significant,
suggesting that interactions among the factors may not be strong influencers.
Variance Inflation Factor (VIF) values were consistently around 1 suggesting that
there is no issue with multicollinearity among the variables.
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Source DF  Adj SS Adj MS F-Value P-Value

Model 9 5586813 620757 122 0.386
Linear 3 1581904 527301 1.04 0427
A 1 202681 202681 040  0.544
B 1 854230 854230 1.68 0.227
C 1 524994 524994 103 0336
Square 3 2797965 932655 183 0.212
A*A 1 12562 12562 002 0879
B*B 1 2607445 2607445 512  0.050
c<C 1 3523 3523 001 0936
2-Way Interaction 3 1206944 402315 079  0.529
A*B 1 801694 801694 157 0241
A*C 1 259690 259690 051 0493
B*C 1 145560 145560 029  0.606
Error 9 4581190 509021
Lack-of-Fit 5 4554126 910825 13462 0.000
Pure Error 4 27064 6766
Total 18 10168004

Regression Equation in Uncoded Units
02 Permeation (cc/m2-day) = 242 - 72 A + 149B + 117 C- 107 A*A + 1545 B*B - 5.7 C*C
+ 1119 A*B - 63.7 A*C - 47.7 B*C
Table 13: Analysis of variance (ANOVA) of oxygen permeation with A (MMT Nanoclay), B
(Vanillin), and C (Temperature)

From the ANOVA table of oxygen permeation in Table 13, it can be observed
that the F-value of 1.22 and p-value of 0.386 indicate that the model is not
significantly different from a null model. Therefore, the model may not
adequately explain the variation in oxygen permeation. The lack-of-fit test shows
an extremely high F-value (134.62) and a significant p-value (0.000), indicating
that the model does not fit the data well and there may be other important variables
or interactions not captured in the model. The current model has moderate
explanatory power (R-squared of 54.95%) but limited predictive power (predicted
R-squared of 0.00%).

Most of the coefficients, except for B*B, are not statistically significant,
suggesting that many of the factors may not have a meaningful impact on oxygen
permeation. The significant lack-of-fit indicates a need for model refinement,
either by adding more relevant variables or considering a different modeling
approach. Given the results, consider focusing on B*B for its marginal
significance and potential impact on oxygen permeation. The interactions among
the variables (A*B, A*C, B*C) do not seem to be strong influencers; thus, these
terms may not need to be included in future models. Since the oxygen permeation
response showed a significant factor in the identity of the vanillin concentration,
it is believed to be worthy of looking more closely. Figure 5 shown below is the
half normal probability plot of the standardized effects highlighting B*B as the
term in the model that has a significant effect on the oxygen permeation, while
the normal probability plot in Figure 6 shows the residuals almost clustered and
assembled along the diagonal line. This trend may be an indication that the data
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closely resemble normality behavior.

Half Normal Plot of the Standardized Effects

(response is O2 Permeation (cc/m2-day), a = 0.05)
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Figure 5: Half-normal plot of the standardized effects of the oxygen permeation rate
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Figure 6: Normal probability plot of the residual of the oxygen permeation rate

Figure 7 shows the surface plot of oxygen permeation with nanoclay and vanillin
concentration. As shown in this plot, there are two noticeable negative spikes at
high level of vanillin — low level MMT, and low level of vanillin — moderate level
MMT. These areas became more pronounced when displayed through contour
plots shown in Figures 8 and 9, and these regions could potentially be the area at
which the minimum points are situated.
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Surface Plot of O2 Permeation (cc/m2-day) vs B, A

Figure 7: Surface plot of the oxygen permeation rate

Contour Plot of 02 Permeation (cc/m2-day) vs B, A
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Figure 8: Contour plot by area of the oxygen permeation rate

243 2025 TAGA Proceedings



Contour Plot of O2 Permeation (cc/m2-day) vs B, A
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Figure 9: Contour plot by lines of the oxygen permeation rate

The results of the response surface regression analysis for each of the response
suggested that the models do not adequately capture the relationship between
factors A, B, C, and the responses. There were models that could explain a
moderate portion of the variance in the data statistically significant, but the
evidence of the presence of lack-of-fit indicated that the model may not be suitable
for making predictions.

Transmission Electron Microscopy

Figure 10 shows the TEM images of the intercalated clay particles into polylactic
acid (PLA) matrix [161] while Figure 11 is a collection of TEM images in this
project showing MMT nanoclay intercalated into CMC-vanillin blend. As can be
seen in Figure 11, the nanoclay was about 20 nm in diameter but it was sparsely
distributed into the bed of CMC and vanillin film. This thinly scattered MMT
nanoparticles does not seem to have formed a fully developed tortuous path and
this might have been attributed to insufficient amount of the added nanoclay.

2025 TAGA Proceedings

244



PLA

lay particles

lay parucles

lay particles

: =k

St Ny,

Figure 10: TEM images showing the intercalated PLA into the clay galleries from the paper of Cele
et. al. (2014).

245 2025 TAGA Proceedings
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Figure 11: TEM images showing the intercalated MMT nanoclay 20 nm diameter.
The MMT nanoclay in the project as shown in the TEM image in Figure 12 was

believed to be fully intercalated since there is close resemblance with the TEM
image shown in Figure 13 of intercalated MMT in other published paper [162].
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Figure 12: TEM image of MMT nanoclay intercalated into CMC.

Figure 13: TEM image of montmorillonite clay after treatment with PDSA from the paper of
Venkatesha et. al. (2015).

Conclusion
There has been a growing interest to shift from the use of petroleum-derived
materials to sustainable, environment-friendly alternatives. This as part of the

recent quest for ways to at least alleviate, if cannot be totally mitigated, the
challenges that the world is confronting with the environment. This project
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successfully fabricated a prototype of a packaging film from biomaterials (i.c.,
carboxymethyl cellulose, vanillin, and nanoclay). This nanocomposite film was
formulated in different compositions according to a rotatable central composite
design (response surface methodology) in an attempt to determine the optimum
formulation. However, the current models for all four responses (tensile strength,
modulus of elasticity, elongation, and oxygen permeation) which demonstrated
limited effectiveness in explaining the variation in the respective outcomes. This
is evident from the low R-squared and adjusted R-squared values, lack of
statistical significance in most coefficients and interactions, and significant lack-
of-fit tests across the board. Given the poor predictive power of the models and
lack of significant impact of the independent variables, the current approaches and
modeling techniques require re-evaluation. To be able to improve the explanatory
and predictive capabilities of the models, further analysis and refinement may be
necessary. Future efforts should focus on exploring additional variables like
sample conditioning. It was observed that there was a significant increase in
tensile strength upon storage (48h or more at ambient conditions). The use of
transformation on the responses with the current variables and evaluating different
transformations of these variables to enhance model fit and explanatory power
might also be part of future work and adapting different modeling approaches or
considering alternative modeling techniques or functional forms to better capture
the relationships between the variables and the responses. The range of the level
of each factor should also be stretched far enough for the responses to deliver
significant magnitude or to be able for the responses to bring discriminate
measurements. It may also be helpful to perform a measurement system analysis
(MSA) or a gauge repeatability and reproducibility (GR&R) on the machines that
are being used for measurement of the responses to determine or validate their
measurement capability or their capacity to deliver their intended purpose. RSM
is a sequential or iterative process [163], [164], [165] and because of the
sequential nature of its approach, the results of the project may be part of an
important preliminary trials whose data and learning experiences necessary for
successful implementation of the succeeding experiments. Most of the OTR
values, between 150 and 1000 cc/m>day, can be considered breathable films. Case
ready meat, fish, sausage, fresh produce and vegetables, and other food goods
needing breathable films can be wrapped with these blended compositions, which
offer films and/or film structures with a mix of oxygen breathability, high
formability, and structural strength.
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Appendix A: Energy Dispersive Spectrum of the Nanoclay Area

Figure 14: EDS Spectrum Showing the Peaks from Nanoclay (Except Cu, Cr, Fe, and Co)

Appendix B: Energy Dispersive Spectrum Maps of the Nanoclay Area

These results are from EDS maps
of the area above.

Figure 15: EDS Maps

Appendix C: Prototype of CMC/Vanillin/MMT nanoclay

2025 TAGA Proceedings 262



Figure 16: Prototype of CMC/Vanillin/MMT nanoclay
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