Tanzania Journal of Science 50(5): 961-974, 2024

ISSN 0856-1761, e-ISSN 2507-7961
g e © College of Natural and Applied Sciences, University of Dar es Salaam, 2024

Design and Optimization of Eco-Friendly Biocomposite Films for
Packaging Applications Using Response Surface Methodology

BA Omoike!*, FE Okieimen? 3 and C Imoisit

!Department of Industrial Chemistry, Mewar International University, Km 21, Abuja-Keffi
Express Way, Masaka, Nasarawa State, Nigeria.

2Department of Chemistry, University of Benin, P.M.B. 1154, Edo State, Nigeria.
3Centre for Biomaterial Research, University of Benin, Benin City.
* Corresponding author: brightomoike@yahoo.com
Received 6 Feb 2024, Revised 2 Oct 2024, Accepted 12 Dec 2024, Published 31 Dec 2024.
https://dx.doi.org/10.4314/tjs.v50i5.5

Abstract

The use of synthetic polymers as packaging materials constitutes environmental pollution due
to the accumulation of plastic waste after they are discarded. This study aimed at preparing and
optimizing an environmental-friendly carboxymethyl starch/PVVA/kaolin composite film using
response surface methodology to develop potential solutions for replacing synthetic packaging
and optimize the formulation of the biocomposite films. The biocomposite films were prepared
by solution casting method. The interactive effect of carboxymethyl starch (CMS) (2.0-5.0 g),
poly(vinylalcohol) (PVA) (0.0-3.0 g) and kaolin (0.00-0.22 g) on the ultimate tensile strength
(UTS), percentage elongation at break (%EB) and water vapour permeability (WVP) were
determined. The central composite design (CCD) was used to optimize the compositions of the
composite films to yield best properties. The results showed that the interaction of PVA and
kaolin with the carboxymethyl starch had a positive increasing effect on the tensile mechanical
and barrier properties of the composite films. The optimal compositions of the composites
obtained at 95.4% desirability were 3.33 g CMS, 2.39 g PVA and 0.22 g kaolin. Also, the
predicted optimal values of the ultimate tensile strength, %EB and WVP of the composites
were 5.71 MPa, 23.57% and 1.08 g/m-s.Pa.

Keywords: Carboxymethyl starch; Biocomposite; Water vapour permeability; Response
surface methodology; Tensile mechanical properties

Introduction

The production and consumption of plastics
have greatly expanded globally over the last
several years. This has also brought about a
rising incidence of environmental problems
emanating from plastic waste disposal
(Avella et al. 2005). Among plastic
packaging, plastic films alone account for
34% of the total demand for plastics and offer
one of the largest market in the plastic
industry (Horodytska et al. 2018). Plastics on
account of their non-biodegradability and
derivability from non-renewable sources are
associated with environmental pollution
(Perumal et al. 2018). Recently, the

development of biodegradable packaging
materials from natural polymers such as
starch, chitosan, cellulose, gelatin, lignin and
many others is gaining overwhelming interest
in the field of research (Perumal et al. 2018).
Among these renewable polymers, starch
stands out due to its extensive availability,
low cost, excellent biocompatibility, non-
toxicity, and renewability, making it a
valuable resource (Omoike and Okieimen
2022, Souza et al. 2010).

Several studies have investigated native
starch-based  films.  However,  major
limitation in the use of starch is its poor
tensile strength and high water vapour
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permeability (Yang et al. 2021). To enhance
the application of native starch-based films,
its properties could be modified by blending
starch with other biopolymer (e.g. PVA,
gelatin, chitosan etc.) (Patil et al. 2021),
addition of reinforcing fillers (e.g. bentonite,
kaolin, cellulose, keratin) (Hazrol et al. 2022)
or by use of chemically modified starch
(Yang et al. 2021). Chemically modified
starches include oxidized starch, cross-linked
starch, etherified starch, esterified starch and
grafted starch.

Carboxymethyl starch is an etherified starch
(modified starch) use in medicine, pharmacy,
cosmetics, food industry, packaging and
many other applications (Spychaj et al.
2013). It is produced through the Williamson
reaction, where native starch reacts with
monochloroacetic acid or its sodium salt to
introduce carboxymethyl groups into the
starch structure, especially at C1, C2, and C3
positions (Yanli et al. 2009). Unlike native
starch, carboxymethyl starch has a lower
gelatinization temperature and does not tend
retrodegrade. Addtionally, it has good
thermal stability and film-forming properties
which increases significantly with its degree
of substitution (Spychaj et al. 2013). Limited
studies have been reported on CMS-based
films. Yang et al. (2021) prepared cross-
linked CMS-based composite films and
studied the effect of cross-linking agents and
additives on the properties of the composite
films. Wilpiszewska et al. (2015) produced
CMS/montmorillonite nanocomposite films
and examined the effects of calcium
montmorillonite on the physico-mechanical
properties of the films.  However
biodegradable films from pure
carboxymethyl starch are still limited in the
field of packaging because of its moisture
absorption and low flexibility. High moisture
absorption in carboxymethyl starch can
compromise its structural integrity and shelf-
life by causing swelling, loss of mechanical
strength and degradation, ultimately leading
to a reduction in its performance. Therefore,
it is extremely appropriate to blend CMS with
other polymers such as poly(vinyl alcohol),
poly(ethylene glycol). These polymers
possess the ability to enhance flexibility,

boost mechanical strength and reduce
sensitivity to moisture, thereby improving
their overall performance and durability.

Poly(vinyl alcohol) is a semicrystalline,
non-toxic and environmental-friendly
polymer. It is biodegradable under certain
conditions, particularly in the presence of
specific microbial environments (Alexy et al.
2002). Its outstanding thermal stability
(Tudorachi et al. 2000), excellent barrier
properties, biocompatibility and superior
film-forming capabilities (Yun et al. 2008)
make it an ideal candidate for blending in
biocomposite films (Omoike and Okieimen
2022). Many studies have reported the
properties, applications and modification of
starch/PVA composite films (Patil et al.
2021, Hazrol et al. 2022). In order to further
enhance the properties and applications of
starch/PVA films reinforcing agents, such as
nanoclays, cellulose  nanofibers, and
montmorillonite, are employed.

The incorporation of reinforcing fillers has
been reported as a good approach to improve
properties of starch-based films. Various
fillers which have often been used include
silver ~ nanoparticles, zinc oxide and
montmorillonite clay. Clay is a non-toxic and
environmentally friendly natural mineral
which finds useful applications in the
industry (Chen and Evans 2005). Several
kinds of clay exist, with montmorillonite and
kaolinite being among the most popular. In
this study, kaolin clay was selected as a
reinforcement material due to its cost
effectiveness, widespread availability and

good reinforcing properties. The
improvement in material properties of starch-
based composites on incorporation of

montmorillonite clay has been widely
reported. There are only a few reports on the
use of kaolin clay as a reinforcing filler for
improving properties of CMS-based films
(Kwa’sniewska et al. 2020).

The purpose of this study is to prepare and
optimize the composition of biocomposite
films based on CMS/PVA/kaolin with
potential application as packaging. Various
factors that contribute individually or
synergistically to the properties of CMS-
based composite films were examined.
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Response surface methodology was used to
optimize the composition of the film. CMS,
PVA and kaolin were considered as
independent variables to obtain desired
optimum properties: ultimate tensile strength,
percentage elongation at break and water
vapour permeability as the responses

Materials and Methods
Materials

Carboxymethyl starch of degree of
substitution of 0.71), poly(vinyl alcohol)
(PVA) and glycerol were obtained in
analytical grades from a chemical store in
Benin City. Kaolin clay, known for its high
purity, was obtained from a factory in Auchi,
Edo State. All other chemicals and reagents
were of analytical grade.
Preparation of carboxymethyl
starch/PVA/kaolin composites

Carboxymethyl starch/PVA film reinforced
with kaolin clay was prepared by solution
casting method (Hejri et al. 2013); a process
that involves pouring a liquid solution into a
mold, followed by controlled evaporation,
which enables the formation of a solid film.
First, PVA was dissolved in 60 ml of distilled
water at 90 °C for 30 mins with stirring to
achieve complete dissolution. After the
dissolution of PVA, a dispersion of CMS was
added to the PVA solution and was followed
by addition of glycerol (30% of the total dry
weight of starch and PVA). The whole
Table 1: Coded levels of variables

mixture was stirred in a magnetic stirrer for
30mins at 50-60 °C for gelatinization, which
involves the swelling of starch granules and
the subsequent release of amylose and
amylopectin into the solution, enhances film
properties; and finally homogenization of the
mixture. Thereafter a suspension of kaolin
clay was introduced into CMS/PVA
filmogenic solution with constant stirring in a
magnetic  stirrer for 20 mins. The
homogenized mixture was poured on a glass
plate of dimensions 10 cm x 10 cm. It was
dried in an oven at 60 °C for 16 hours.
Thereafter, the glass plate was removed. On
cooling, the dried films were peeled off the
glass plate and stored in a desiccator prior to
further analysis. The thickness of the films
was controlled by measuring a known
volume of the film solution in the glass plate.
Optimization of carboxymethyl
starch/PVA/kaolin composites by response
surface methodology (RSM)

Central Composite Design (CCD) based on
Response Surface Methodology (RSM) was
used to optimize the composition of CMS-
based composite. A three-factor at five levels
CCD was employed to evaluate the effects of
the independent variables considered on the
responses. The independent variables were
starch (X1), PVA (X2) and kaolin (X3). The
levels of independent variables and the code
of variables are presented in Table 1.

Independent Symbols Coded Levels
Variables

-X -1 0?2 +1 +oc
Starch (g) X1 2.00 2.61 3.50 4.39 5.00
PVA (9) X2 0.00 0.61 1.50 2.39 3.00
Kaolin (g) X3 0.00 0.06 0.14 0.22 0.275

acenter points, k=3 (independent variables), «c = 1.6818

The mathematical relationship between the process variables and response were calculated and
fitted to the quadratic polynomial expression given in Equation 1 (Myers and Montgomery

1995)
3 3 3
Y =5 +Z,8ixi+z.8ijxi2+z,8ijxixj+e (1)
i=1 i=1 =1
i<j
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Figure 1:

Evaluation of properties of carboxymethyl
starch-based composite film
The following properties of

CMS/PVA/kaolin films were determined as
described below:
Tensile mechanical properties

Prior to the tensile testing, the films were
cut into strips of dimensions 3 cm x 15 cm
and conditioned in a desiccator for 48 hours.
The tensile mechanical properties of the films
including ultimate tensile strength and
percentage elongation at break were
determined using a universal testing machine
(TecQuipment, India), which applied tensile
forces to materials in accordance with
standard procedures outlined in ASTM D882-
91 and as described in earlier publication by
Noshirvani et al. (2016). This allows for
accurate measurement of their tensile
mechanical behaviour.

Water vapor permeability

Water Vapour Permeability (WVP) of films
was  determined  gravimetrically  in
accordance with the ASTM E96-95 desiccant
method as described by Kashiri et al. (2017).
Permeation cup of dimensions 4 cm diameter
and 3.5 cm depth was used for this
experiment. The cup contained 7.0 g of
anhydrous silica gel to serve as desiccant.

Film Preparation

Optimized Composite
Film

\

%EB

Schematic illustration of the preparation of the optimized films

The test film was cut into circular disc
(diameter 5.5 ¢cm) and mounted on the top
surface of the cup. The cup with its contents
was initially weighed in an analytical balance
before placing in a desiccator containing
saturated solution of NaCl. The saturated
solution of NaCl maintains a constant relative
humidity of 75%. The test cup was
periodically weighed every 24 hours for 5
days under room temperature conditions.
The amount of water vapour permeated
through the film was calculated from the
weight gain of the cup. The water vapour
transmission rate (WVTR) through the film
was calculated from the slope of the plot (S)
divided by the exposed film area (A) (Eqn.
2). This was multiplied by the thickness of
the film and divided by partial pressure
difference across the two sides of the film to
obtain the WVP, as shown in equation 2 and
equation 3.

S
WVTR = = (2)
WVP = WVTR X 3)
Svp (Rl - RZ)
Where h is the mean film thickness (in m),
Swp is the saturated vapour pressure (in Pa) at

the tested temperature, Ri is the relative
humidity at the test chamber expressed as a
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fraction, and R is the relative humidity at the
vapour sink expressed as a fraction.

Results and Discussion

Optimization of CMS-based composites
based on response surface methodology
(RSM)

The results of the 20 conducted
experiments used to determine the tensile
strength, percentage elongation at break and
WVP of the CMS-based composite films
based on the central composite design are
presented in Table 2.

Table 2: Independent variables and responses of central composite design of composites

Actual Variables Responses
Runs CMS PVA Kaolin Tensile strength Elongation at break WVP X 10 (Y3)
X))@ (X)@ (X) (9) (Y1) (MPa) (Y2) (%) (gm/m?sPa)
Actual Predicted Actual Predicted Actual  Predicte
d
1 2.61 2.39 0.22 6.04 5.91 21.48 22.61 1.44 1.73
2 3.50 1.50 0.14 3.82 3.84 30.45 31.99 2.32 2.38
3 3.50 1.50 0.00 2.52 2.33 28.78 29.22 2.57 2.72
4 4.39 2.39 0.06 2.95 3.11 33.09 34.14 2.59 2.59
5 3.50 1.50 0.14 4.00 3.84 31.84 31.99 2.34 2.38
6 2.61 0.61 0.22 3.98 3.95 25.10 23.59 2.88 2.92
7 3.50 3.00 0.14 5.46 5.34 28.35 28.92 1.07 1.30
8 4.39 0.61 0.06 2.12 2.38 42.65 41.07 4.25 4.00
9 2.00 1.50 0.14 3.82 3.98 24.66 25.01 3.73 3.53
10 3.50 1.50 0.28 4.95 4.94 20.23 20.43 1.35 1.14
11 2.61 2.39 0.06 3.56 3.63 30.85 29.03 2.86 2.53
12 5.00 1.50 0.14 3.26 2.91 40.33 40.62 3.45 3.59
13 3.50 1.50 0.14 3.98 3.84 33.05 31.99 2.52 2.38
14 3.50 0.00 0.14 3.15 3.08 35.48 35.56 3.78 3.48
15 3.50 1.50 0.14 3.88 3.84 34.23 31.99 2.31 2.38
16 4.39 2.39 0.22 4.86 5.07 27.35 25.66 1.44 112
17 4.39 0.61 0.22 3.14 3.20 35.68 37.04 2.54 2.92
18 3.50 1.50 0.14 3.58 3.84 32.00 31.99 2.05 2.38
19 3.50 1.50 0.14 3.75 3.84 30.50 31.99 2.74 2.38
20 2.61 0.61 0.06 2.88 2.81 24.33 25.56 2.95 3.32

The independent variables considered in the
experiment were CMS, PVA and kaolin. The
tensile strength, percentage elongation at
break (%EB) and WVP were found to be in
the range of 2.12 MPa to 6.04 MPa, 20.23%
to 42.65% and 1.07 g/ms.Pa to 4.25 g/ms.Pa
respectively. The highest tensile strength was
6.04 MPa which was obtained with 2.61 ¢
CMS, 2.39 g PVA and 0.22 g kaolin. The
highest %EB of 40.33% was obtained with
4.39 g CMS, 0.61 g PVA and 0.06 g kaolin
while the lowest value of WVP was 1.07
g/m-'s.Pa and was found at 3.50 g CMS, 3.00

g PVA and 0.14 g kaolin. The tensile
strength, % EB and WVP of the prepared
films were analyzed using RSM-CCD to
determine the effects of the independent
variables on the responses.
Analysis of variance of the tensile strength,
%EB and WVP

Analysis of variance (ANOVA) was
employed in fitting the quadratic response
surface models by the least squares method
and to test the extent of suitability of the
models at a confidence level of 95% (5%
significance level). The quadratic regression
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models for tensile strength, %EB and WVP
of the composite materials were found to be
highly significant with large F-values of
38.47, 23.81 and 11.62 respectively and very
low p-values of < 0.0001, < 0.0001 and
0.0003 respectively. The lack of fit for tensile
strength, %EB and WVP was insignificant.
The insignificant lack of fits of the models
indicates that all three models fit the process,
which is a desirable outcome (Fitriani et al.
2022).
Fit statistics of the models

The features of the models were further
described using the fit statistics as given in
Table 3. From Table 7, the coefficient of

variation (C.V.) of 5.87, 5.50 and 13.42%
respectively for TS, %EB and WVP of the
composite materials are within acceptable
range, since C.V. describes the amount of
variability in a data set relative to its mean
value. A smaller coefficient of variation
(C.V.) indicates better reproducibility, as it
represents a lower standard deviation relative
to the mean. Conversely, a high C.V.
suggests higher variability in the data,
indicating that the mean value is less reliable
and more susceptible to fluctuations (Daniel
1991).

Table 3: Fit Statistics of TS, %EB and WVP of the models

Parameters TS %EB WVP
Standard deviation 0.22 1.68 0.34
Mean 3.78 30.52 2.56
Coefficient of variation, C.V. 587 550 13.42
(%)
R2 0.9719 0.9554 0.9127
Adjusted R2 0.9467 0.9153 0.8342
Predicted R? 0.8273 0.7259 0.4062
Adequate Precision 22.7623 17.3726 11.8763

The suitability of the models was tested
using the coefficient of determination (R?).
The high values of the R? for tensile strength,
%EB and WVP of 0.9719, 0.9554 and 0.9127
respectively are close to unity (1), indicating
that the fitted models could predict
reasonably precise outcome (Suwanthai et al.
2016). The Predicted R2 values of 0.8273 and
0.7259 for TS and %EB respectively are in
reasonable agreement with the Adjusted R2
values of 0.9467 and 0.9153 (i.e. their
difference is less than 0.2) while for WVP,
the predicted R? value of 0.4062 did not
reasonably agree with the adjusted R2 value
of 0.8342. Adequate precision is a measure of
how well a model can predict responses
across the entire design space. It is calculated
as the ratio of the range of predicted values to
the average prediction interval. A ratio
greater than 4 is generally considered
sufficient. The adequate precision values
obtained for tensile strength, %EB and WVP
are 227623, 17.3726 and 11.8763
respectively indicating adequate signals. The

signal-to-noise ratio compares the magnitude
of the signal (response variable) to the
magnitude of the noise (experimental error).
High signal-to-noise ratio leads to high
adequate precision indicating that the
predictions are more reliable and trustworthy.
This shows that the models can be used to
navigate the design space.
Regression models of composite process
The empirical models obtained for the
tensile strength, %EB and WVP are given in
equation 4-6 in terms of the coded values. It
is important to note that this equation is only
valid within the limits of the experimental
conditions stated in this study. The value of
the coefficients indicates the strength of the
relationship while the sign of the coefficients
indicates the direction of the relationship. The
positive coefficients indicated a favourable
effect while the negative coefficients suggest
a diminishing effect on the responses (Fitriani
et al. 2022).
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Y1 =3.84 -0.3172X; + 0.6718X; + 0.7759X3 — 0.0238 X1 Xz — 0.0813 X1 X3 + 0.2837XX3 —

0.1402X,2 + 0.1302X,% — 0.0713 X5? (4)

Y2 = 31.99 + 4.64X; -1.98X; -2.61X3 — 2.60X1 Xz — 0.5137X1Xs — 1.11X,X5 + 0.2916X,? +

0.0865X,2 — 2.53Xs? (5)

Y3 = 2.38 + 0.0160X; — 0.6479X; - 0.4688X5 — 0.1537X: Xz — 0.1712X;X;5 - 0.0987X2X5 +

0.4159X,2 + 0.0040X,% — 0.1604X32 (6)

A higher value of regression coefficient
indicates a greater effect of the independent
variable on the response. Kaolin (X3) had the
greatest significant effect on the tensile
strength, CMS (Xi1) showed the most
significant effect on the %EB while PVA had
the most dominant effect on WVP. From
Eqgn. 4, among the main factors, CMS (X)
had negative effect on the tensile strength of
the composite film (i.e. an increase or
decrease in CMS will lead to a corresponding
decrease or increase in the tensile strength of
the composite films) while PVA and kaolin
(Xz2and X3) had positive effects on the tensile
strength of the composite film (i.e. increase
or decrease in PVA or kaolin will lead to a
corresponding increase or decrease in the
tensile strength of the composite films).
Equation 5 shows that all the three
independent variables (X1, Xz and Xs) have
negative effects on the percentage elongation
at break of the composite films. In equation
6, CMS(X1) has a negative effect, while PVA
(X2) and kaolin (X3) have positive effects on

the water vapour permeability of the
composite films. In other words, increasing
CMS (Xi), decreases water vapour
permeability; while increasing PVA (X2) and
kaolin  (X3) increases water vapour
permeability. The results obtained showed
the composites were satisfactorily fit by
quadratic models for tensile strength, % EB
and WVP.

Effects of interaction of factors on tensile
strength, %EB and WVP of composite
material

Figure 2, 3 and 4 shows the 3D response
surface and contour plots of the effects of
CMS, PVA and kaolin as independent
variables on the tensile strength, %EB and
WVP respectively using equation 4-6. The
3D response surfaces were generated by
holding one variable at its average value
while systematically varying the other two
variables thus creating a visual representation
of the relationships between the variable and
the response.
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tensile strength (MP3)

Figure 2:

Response surface plots showing the effects of (a) CMS and PVA composition (b)

CMS and kaolin composition and (c) PVA and kaolin composition on the tensile

strength of the composite material

Figure 2 reveals a quadratic effect of CMS,
PVA, and kaolin on tensile strength. This
means that the relationships between these
variables and tensile strength are non-linear.
Upon examining Figures 2a and 2b, it is
evident that increasing PVA and kaolin leads
to a significant increase in tensile strength. In
contrast, increasing CMS slightly decreases
tensile strength. This suggests that PVA and
kaolin have a synergistic effect on enhancing
tensile strength, while CMS has a negative
impact. Furthermore, the analysis reveals that
kaolin has the most significant effect on
tensile strength, followed by PVA. This
indicates that kaolin is the primary driver of
tensile strength, while PVA also plays a
crucial role. The optimal values for tensile
strength were identified in each figure. In

Figure 2a, the highest tensile strength of 4.82
MPa was achieved at 2.61g CMS and 2.37g
PVA. In Figure 2b, the highest tensile
strength of 4.79 MPa was obtained at 2.62g
CMS and 0.22g kaolin. Notably, Figure 2c
shows the highest tensile strength of 5.60
MPa at 2.37g PVA and 0.22g kaolin.

Overall, the analysis demonstrates that
kaolin and PVA are critical variables in
enhancing tensile strength, while CMS has a
limited negative impact. The optimal
combinations of these variables result in
varying levels of tensile strength, with the
highest value achieved at 2.37g PVA and
0.22g kaolin. These insights are important for
future material development and optimization
strategies.
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Response surface plots showing the effects of (a) CMS and PVA (b) CMS and

kaolin and (c) PVA and kaolin on the %EB of the composite material.

Figure 3 demonstrates that the %EB
increases significantly with increase in CMS
but decreases with increase in PVA or kaolin.
CMS demonstrated the most significant effect
on the %EB. In Figure 2a, the lowest %EB of
27.13% of the composites was obtained at
2.61 g CMS and 0.61 g PVA. The %EB rises
with higher CMS (Figure 3a). The highest
value of the %EB (i.e. 41.41%) was obtained
at 4.38 g CMS and 0.63 g PVA. In Figure 3b,
%EB increases significantly with increase in

969

CMS while it decreases slightly with kaolin.
The highest value of %EB was 37.84% at
4.39 g CMS and 0.078 g kaolin while the
lowest value of % EB was 23.18% at 2.63 g
CMS and 0.22 g kaolin. In Figure 3c, the
lowest value of %EB was found to be 24.10%
at 2.36 g PVA and 0.22 g kaolin, while the
highest value was 34.14% at 0.68 g PVA and
0.11 g kaolin.
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Response surface plots showing the effects of (a) CMS and PVA (b) CMS and

kaolin and (c) PVA and kaolin on the WVP of the composite material

Figure 4 shows the 3D response surface
plot demonstrating the effect of CMS, PVA
and kaolin on the WVP. The plot illustrates
that CMS and kaolin had a quadratic effect
on the response-WVP.

The water vapor permeability (WVP) value
exhibited a significant decrease with
increasing concentrations of PVA and kaolin,
whereas it slightly increased with increasing
CMS concentration. Kaolin had the most
pronounced decreasing effect on WVP,
followed by PVA, while CMS demonstrated
a minor increasing effect. This suggests that
incorporating kaolin and PVA into the CMS
polymer matrix enhances its water vapor
barrier properties. The notable decrease in
WVP with increasing kaolin content can be

attributed to the good interfacial interaction
and layered arrangement of kaolin
microparticles within the CMS polymer
chains. This creates a more tortuous pathway
for water vapor molecules to travel, reducing
the rate of water vapor diffusion through the
polymer matrix and resulting in lower
permeability. This finding aligns with a
previous study on composite films of
thermoplastic starch incorporated with kaolin
(Chen and Evans 2005).

The optimal WVP values were achieved at
specific concentrations: 1.73 g/m-s.Pa at
3.66g CMS and 2.39g PVA (Figure 4a), 1.75
g/ms.Pa at 3.62g CMS and 0.22g kaolin
(Figure 4b), and 1.06 g/ms.Pa at 2.33g PVA
and 0.22g kaolin (Figure 4c).
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Optimization of  the CMS-based
composites

Response surface methodology (RSM)
was used to optimize the formulations for the
preparation of the CMS/PVA/kaolin
composites. In the optimization selection,
there were three variables namely CMS, PVA
and kaolin which were used to make the
desired composition.
The objective was to optimize the
formulation process to achieve a dual goal:
maximizing tensile strength while
minimizing both elongation at break (%EB)
and water vapor permeability (WVP) values.
Maximizing tensile strength is crucial for
ensuring material durability and performance
in various applications. Similarly, minimizing
elongation at break (%EB) is essential for
maintaining material rigidity and resistance to
deformation. Additionally, reducing water
vapor permeability (WVP) is vital for
preventing moisture ingress, which can
compromise material integrity. However,
optimizing this process involves navigating
trade-offs between these competing factors.
Therefore, a balanced approach is necessary
to achieve a synergistic combination that
meets the desired material properties.
Therefore, the target value of the responses
was the highest value (for tensile strength)

and lowest values (for %EB and WVP)
obtained from the experimental values.
Figure 5 presents a graphical representation
of the optimized formulations of the
variables: CMS, PVA and kaolin, along with
the achieved optimal responses for tensile
strength (TS), percentage elongation at break
(%EB) and water vapour permeability
(WVP). The goal for each response is also
indicated-Tensile  strength  (maximize),
percentage elongation at break (constant)
while water vapour permeability (minimize).
After optimization, several solutions for
tensile mechanical and WVP properties of the
composites were obtained. A value of one or
close to one (100%) is an acceptable value
for the desirability function. The desirability
function sets perimeters to find the optimal
value for all the responses during the
optimization procedure. In this study, a
desirability of 95.4% was obtained for the
tensile mechanical and WVP properties of the
composites containing 3.33 g CMS, 2.39 ¢
PVA and 0.22 g kaolin. This level of the
independent variables gave the optimum
responses of tensile strength, %EB and WVP
values of 571 MPa, 23.57% and 1.08
gm/m?sPa respectively.

tensile strength = 570575

2.61 439 061 239
Acstarch = 3.33 B:PVA = 2.39 Cikaolin = 022
- Tr__r_l
— Desirability = 0.954
20.23 42.65 1.07 425 Solution 4 out of 49
ercentage elongation = 23.5654 WVP = 1.08323

Figure 5: Optimum conditions of the independent variables and the responses of the

CMS/PVA/kaolin composites

This study demonstrated that the addition of PVA and kaolin to CMS improved the tensile
mechanical properties (i.e. tensile strength and % EB) and barrier properties (i.e. lowered

WVP) of the composites films.

Validation of the optimized carboxymethyl starch/PVA/kaolin composites

To verify the model's accuracy, CMS-based composites were prepared using the predicted
optimal formulations of CMS, PVA, and kaolin. The resulting composites were then tested in
triplicate to measure their ultimate tensile strength, percentage elongation at break (%EB), and
water vapor permeability (WVP). The comparison between the actual results and the predicted
values, detailed in Table 4, demonstrated that the experimental outcomes were within the
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anticipated range. This supports the reliability of the model for predicting the process and
outcomes, making it a dependable tool for future formulation work.

Table 4: Actual and predicted responses of the prepared optimized composite films

Tensile strength Percentage WVPx101
(MPa) elongation (g/m-s.Pa)
(%)
Actual 6.24 22.67 1.25
Predicted 5.71 23.57 1.08
Conclusions Declaration of interest
In this study, Response Surface The authors declare there are no known
Methodology (RSM) was successfully  conflicting financial interests or personal

employed to design and optimize tensile
mechanical and water vapour permeability
properties of CMS-based biocomposite films
for  packaging  applications. RSM's
application enabled the investigation of
individual and interactive effects of CMS,
PVA, and kaolin as independent variables on
tensile strength (TS), percentage elongation
at break (%EB), and water vapor
permeability (WVP). The optimal
composition, 3.33g CMS, 2.39g PVA, and
0.22g kaolin, yielded maximum TS (5.71
MPa) and minimum WVP (1.08 g/ms.Pa),
with a corresponding %EB of 23.57%. This
optimal composition signifies a crucial
balance between mechanical strength and
barrier properties.  Statistical validation
through Analysis of Variance (ANOVA) and
regression models confirmed the significance
of PVA and kaolin in enhancing tensile
strength and barrier properties. Comparative
analysis with a control sample demonstrated
the  superiority of the  optimized
CMS/PVA/kaolin composite. The optimized
biocomposite films offer promising potential
for packaging applications due to their
enhanced mechanical and barrier properties.
These eco-friendly films can replace
synthetic materials, reducing environmental
impact. Future studies can explore scalability,
biodegradability, and functionalization for
specific packaging needs.

relationships in this work

Acknowledgement

The authors are grateful to God for the
strength and resourcefulness and also to the
management and staff of the University of
Benin, Mewar International University and
Ahmadu Bello University, Nigeria for
granting the facilities and the enabling
environment to carry out this research study.

References

Alexy P, Kachova D, Krsiak M, Bako$ D,
Simkova B 2002 Polyvinyl alcohol
stabilization in thermoplastic processing.
Polym. Degrad. Stabil. 78 (3): 413-421.

ASTM D882-91 1996 Standard test methods
for tensile properties of thin plastic
sheeting. Annual book of ASTM.
Philadelphia, PA: American Society for
testing and Materials.

ASTM E96-95 1995 Standard test methods
for water vapour transmission of materials,
In Standards designations. Annual book of

ASTM  standards. Philadelphia, PA:
American  Society for Testing and
Materials.

Avella M, De-Vlieger JJ, Errico ME, Fischer
S, Vacca P, Volpe MG 2005 Biodegradable
starch/clay nanocomposite films for food
packaging applications. Food Chem. 93 (3):
467-474.

Bezerra MA, Santelli RE, Oliveira EP, Villar
LS, Escaleira LA 2008 Response surface

972



Tanz. J. Sci Vol. 50(5) 2024

tool for
chemistry.

methodology (RSM) as a
optimization in  analytical
Talanta.76 (5): 965-977.

Chen B, Evans JRG 2005 Thermoplastic
starch-clay nanocomposites and  their
characteristics. Carbohydr. Polym. 61: 455—
463.

Daniel WW 1991 Biostatistics: A foundation
for analysis in the health sciences (5th ed.),
New York. Wiley & Sons Inc.

Fitriani F, Aprilia S, Bilad MR, Arahman N,
Usman A, Nurul-Huda N, Kobun R 2022
Optimization of biocomposite film based on
whey protein isolate and nanocrystalline
cellulose from pineapple crown leaf using
response surface methodology. Polymers.
14: 3006.

Hazrol MD, Sapuan SM, Zainudin ES,
Wahab NIA, llyas RA 2022 Effect of kanaf
fibre as reinforcing fillers in corn starch-
based biocomposite film. Polymers. 14 (8):
1590

Hejril Z, Seifkordi AA, Ahmadpour A,
Zebarjad SM, Abdolmajid M 2013
Biodegradable starch/poly(vinyl alcohol)
film reinforced with titanium dioxide
nanoparticles. Int. J. Miner. Metall. Mater.
20: 1001-1011.

Horodytska O, Valdés FJ, Fullana A 2018
Plastic flexible films waste management —
A state of art review. Waste Manag. 77:
413-425.

Kashiri M, Maghsoudlo Y, Khomeiri M 2017
Incorporating Zataria multiflora Boiss
essential oil and sodium bentonitenano-clay
open a new perspective to use zein films as
bioactive packaging materials. Food Sci. &
Tech. Int. 23 (7): 582-596.

Kwa’sniewska A, Chocyk D, Gtadyszewski
G, Borc J, Swietlicki M, Gladyszewska B
2020 The influence of kaolin clay on the
mechanical properties and structure of
thermoplastic starch films. Polymers. 12
(1): 73

Myers RH and Montgomery DC 1995
Response surface methodology: Process
and product optimization using designed
experiments. New York. John Wiley &
Sons Inc.

Noshirvani N, Ghanbarzadeh B, Fasihi H,
Almasi H 2016 Starch-PVA

nanocomposite film incorporated with
cellulose nanocrystals and MMT: A
comparative study. Int. J. Food Eng. 12 (1):
37-48.

Omoike BA and Okieimen FE 2022
Utilization of cassava starch in the
development of biodegradable active

packaging materials. Proceedings of
Nigerian International Material Congress.

Patil S, Bharimalla AK, Mahapatra A,
Dhakane-Lad J, Arputharaj A, Manoj K,
Raja ASM, Kambli N 2021 Effect of

polymer blending on mechanical and
barrier  properties of starch-polyvinyl
alcohol based biodegradable composite

films. Food Biosci. 44: 101-352.

Perumal AB, Sellamuthu PS, Nambiar RB,
Sadiku ER 2018 Development of polyvinyl
alcohol/chitosan bio-nanocomposite films
reinforced with cellulose nanocrystals
isolated from rice straw. Appl. Surface Sci.
449: 591-602.

Souza AC, Ditchfield C, Tadini CC 2010
Biodegradable films based on biopolymers
for food industries. In M. L. Passos, & C. P.
Ribeiro  (Eds.), Innovation in Food
Engineering: New techniques and products,
Boca Raton, FL: CRC Press, pp. 511-537.

Spychaj T, Wilpiszewska K, Zdanowicz M

2013 Medium and high substituted
carboxymethyl starch: Synthesis,
characterization and application.

Starch/Starke. 65: 22-33.

Suwanthai W, Punsuvon V, Vaithanomsat P
2016 Optimization of biodiesel production
from a calcium methoxide catalyst using a
statistical model. Korea J. Chem. Eng. 33
(1): 90-98.

Tian H, Yan J, Rajulu AV, Xiang A, Luo X
2017 Fabrication and properties of
polyvinyl alcohol/starch blend films: Effect
of composition and humidity. Int. J. Biol.
Macromol. 96: 518-523.

Tudorachi N, Cascaval CN, Rusu M,
Pruteanu M 2000 Testing of polyvinyl
alcohol and  starch  mixtures  as
biodegradable polymeric materials. Polym.
Test. 19 (7): 785-799.

Wilpiszewska K, Antosik AK, Spychaj T
2015 Novel hydrophilic carboxymethyl

973


https://www.sciencedirect.com/journal/waste-management
https://www.sciencedirect.com/journal/waste-management/vol/77/suppl/C

Omoike et al. - Design and Optimization of Eco-Friendly Biocomposite Films for Packaging

starch/montmorillonite nanocomposite synthesis, characterization, and influence of

films. Carbohydr. Polym. 128: 4-23 reaction parameters. Carbohydr. Res. 344:
Yang L, Xie M, Fang J, Zhang T, Wang X, 1764-1769.

Chen L 2021 Effect of additives on  Yun YH, Wee YJ, Byun HS, Yoon SD 2008

properties of cross-linked carboxymethyl Biodegradability of chemically modified
starch/polyvinyl alcohol composite films. J. starch (RS4)/PVA blend films: Part 2. J.
Appl. Polym. Sci. 139 (4): 51546. Polym. Environ. 16(1): 12-18.

Yanli W, Wenyuan G. Xia L 2009
Carboxymethyl chinese yam  starch:

974



