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a b s t r a c t

Sugar palm fiber has been added to reinforce starch, polyvinyl alcohol (PVA) based film.

The effect of reinforcement on different properties has been studied. It has been found that

reinforcing plasticized starch/PVA matrix with palm fibers has considerably enhanced

physical properties, the density of the polymer declined to 1.21 g/cm3 with untreated fibers

and to 1.32 g/cm3 with treated fibers, which created a lighter weight bioplastic, and a

reduction occurred in water absorption (for example 3% of treated fiber showed 143%

absorbed water after 30 min immersing in water) and water solubility. When compared to

the films without fibers filler, films reinforced with fibers demonstrated a c3onsiderable

improvement in the crystal profile; at 9% fiber load, it improved over double. Additionally, it

has been noted that thermal stability has increased. The existence of treated and untreated

fibers in the hybrid matrix revealed 23.3% and 24.6% mass residues at 495 �C, respectively.

However, this enhancement did not coincide with a rise in mechanical properties, Whilst,
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improvements in tensile strength and modulus occurred at 9% of treated fiber load,

showing 12 MPa and 245 MPa, respectively. The highest elongation was 66.3% at 3% of

treated fiber films. Meanwhile, films reinforced with treated sugar palm fibers showed

higher mechanical properties than films with untreated sugar palm fibers. Scanning

Electronic Microscope images exhibited higher interfacial interaction at 9% for both treated

and untreated sugar palm fibers.

© 2023 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
used as a reinforcing filler in natural and synthetic matrixes.

1. Introduction

Biocomposite materials represent a good solution to replace

non-degradable plastic [1]. The development of environmen-

tally friendly bioplastic materials, which are biodegradable,

inexpensive to produce, lightweight, renewable, chemically

inert and simpler to work with than most synthetic plastic

materials, has shown to be the most appropriate solution [2].

Particularly for the food packaging industry, the search for

suitable protective packagingmade from renewable sources is

increasingly important [3]. Bioplastic-based starch has some

flaws such as brittleness. Plasticizers such as fructose are used

to improve the flexibility [4] while blending the starch with

additives synthesis polymer such as polyvinyl alcohol (PVA)

[5] is a good method to improve the mechanical properties in

general. Reinforcing bio-matrix with natural fibers has a

considerable favorable effect [6].

Starch is a carbohydrate that accounts for 60e75% of the

weight of wheat grains [7]. Because of their high decomposi-

tion rate and ability to serve as a matrix with various types of

fillers, starch is an excellent choice for making biopolymers

films. Starch also has additional advantages such as avail-

ability, low cost, and the capacity to enhance its properties by

additives when it is used in bioplastic production. Despite

various advantages of film-based starch, the production of the

starch film is still limited due to the weak mechanical quali-

ties, film's brittleness, and handling associated problems. The

starch-based polymer is mostly made up of linear amylose

and highly branched amylopectin. In wheat starch, amylose

accounts for 20e30% of total starch, while amylopectin ac-

counts for the rest [8]. Both PVA and starch were multi-

hydroxyl polymers with hydrophilic characteristics and

changeable qualities depending on the humidity of the envi-

ronment [9]. PVA repeating units include a hydroxyl group,

which enables it to cross-link with other polymers like

amylose and cellulose chains via linked hydrogen bonds [10].

Because all parts of the sugar palm tree, including palm

sap, trunk, fruits, and leaves, can be used, it is known as a

multi-purpose tree. Fiber is another product of the sugar palm

tree. Sugar palm fibers can be found in several portions of the

tree that can be classified into; black sugar palm fibers (ijuk),

sugar palm bunches (SPB), sugar palm fronds (SPF), and sugar

palm trunks (SPT). Previous research has found that sugar

palm fibers have good tensile and physical characteristics and

can be used as reinforcing agents in composite materials.

Fiber can be collected from various portions of the plant and
Surface treatment is a technique for cleaning, modifying, and

improving the fiber surface to reduce surface tension and

improve the interaction of the fiber filler with the starch film

matrix or synthesis matrix [11,12].

This work aims to study the effect of treated and untreated

sugar palm fibers loading on biodegradablematrix. Evenwhile

the inclusion of PVA considerably enhanced the mechanical

properties in our earlier research. It had some negative effects

on the material's physical and thermal characteristics. In

order to address and reduce these limitations, we added fibers

in this study.

2. Materials and methods

2.1. Materials

Wheat starch and palm fiber have been bought from a local

supplier in Kajang, Selangor, Malaysia. The wheat starch

contains 83.5% carbohydrate, 0.7% protein, and 0.2% fat ac-

cording to the producer company Bestari Sdn. Bhd [13]. The

amylose and amylopectin percentages were measured using

spectrophotometer device. Amylose and amylopectin con-

tents were 21.91% and 78.09%, respectively. 84.5% of distrib-

uted starch particles had sizes less than 212 mm,while 100% of

fiber particles were less than 212 mm. The water content of

wheat starch was 0.895% and the density was 1.6 g/cm3.

Fructose was supplied by Evergreen Engineering & Resources

Sdn. Bhd., Malaysia. The degree of hydrolysis of PVA is 98%e

99.8%. The percentages of cellulose, hemicelluloses, and

lignin were then calculated using Van Soest analysis

described by the equations below [14]:

Cellulose (%) ¼ ADF�ADL (1)

Hemicellulose (%) ¼ NDF�ADF (2)

Lignin (%) ¼ ADL (3)

where: ADF: Acid Detergent Fiber, ADL: Acid Detergent

Lignin, and NDF: Neutral Detergent Fiber.

It has been founded that the untreated sugar palm fiber

consisted of; cellulose (45.7%), hemicellulose (4.1%), lignin

(33.11%) and other components (17.09%), while the treated

sugar palm fiber consisted of; cellulose (82.1%), hemicellulose

(0.93%), lignin (5.59%) and other components (11.38%).

http://creativecommons.org/licenses/by-nc-nd/4.0/
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2.2. Sugar palm fiber treatment

Chemical treatment has been applied to increase the amount

of cellulose percentage by removing waxes, phenolics, pig-

ments, oils, hemicelluloses, lignins, and ashes as appears in

the graphical abstract. This process has been done by

following the strategy below, which has been described by

Coelho et al. [15].

i) Treatment with ethanol solution (1:15 m sugar palm fiber:

v solution) at 75 �C for 3 h to remove wax, phenolics,

pigments, and oils.

ii) Treatment with 2% H₂SO₄ solution (1:20 m sugar palm fiber:

v solution) at 90 �C for 5 h to hydrolyze polysaccharides

and acid-soluble polyphenols.

iii) Treatment with 5% NaOH solution (1:20 m sugar palm fiber:

v solution) at 90 �C for 5 h to dissolve the remaining

hemicelluloses, lignins, and other polysaccharides,

iv) Bleaching (1:20 m sugar palm fiber: v solution) with 5% H₂O₂

solution at 50 �C for 8 h for two consecutive stages.
2.3. Film preparation

5 g of isolated wheat starch was dissolved in 100 ml of distilled

water and blended with 25% PVA of starch dry weight. The

treated and untreated sugar palm fibers were added based on

theweight of thewhole blend, as shown in Table 1, themixture

was heated in a water bath where the water temperature was

85 �C with constant stirring for 20 min, after ensuring that the

starch particles have been mixed and it takes a slurry shape,

the plasticizer (35% w/w fructose of starch dry weight) was

added to the slurry and kept stirring constantly for another

20 min. After that, the slurry was treated with an ultrasonic

device to remove the bubbles and improve the adhesion be-

tween particles. 15 g of the treated slurry was cast at room

temperature (RT) in Petri dishes (90 mm diameter). Then the

films were placed in a dry oven for 20 h at 45 �C.

2.4. Physical properties

2.4.1. Film thickness
The film thicknesses were determined according to the

method indicated by Lu et al. [16], the thicknesswasmeasured
Table 1 e Mixtures designation of films-based treated and unt

Sample Mix

Starch (g) Fructose (% of starch
dry weight)

C 5 e

SPV0 5 35%

SPVA1 5 35%

SP/3%TF 5 35%

SP/6%TF 5 35%

SP/9%TF 5 35%

SP12%TF 5 35%

SP/3%UTF 5 35%

SP/6%UTF 5 35%

SP/9%UTF 5 35%

SP/12%UTF 5 35%
by a micrometer. The average of five different specimens was

taken to represent the thickness.

2.4.2. Film density
The square dimension (2 � 2 cm2) of films was taken to mea-

sure the density. The volume was calculated from the films’

area and thickness, while the weight was measured using a

laboratory sensitive four decimal weight balance. the density

represented by calculating the average of 3 samples. The den-

sity is a result of dividing the film weight by the film volume:

r¼m
v
¼ g

.
cm3 (4)

where r ¼ density; m ¼ mass; and v ¼ volume.

2.4.3. Moisture content (MC)
The weight loss of the film before and after drying the speci-

mens at 90 �C for 24 h represents the moisture content, which

was calculated for (3 � 1 cm) from the average of 3 replicates

for each specimen according to:

MC¼m1�m2
m1

Х100% (5)

whereMC¼water content, m1¼ initial weight, andm2¼ final

weight.

2.4.4. Water solubility (WS)
After immersing the samples in 50ml of distilled water for 6 h,

water solubility was calculated. Then, the specimens were

dried at 90 �C for 24 h and then weighed, wi in moisture con-

tent was the initial weight in water solubility. Water solubility

was calculated using:

WS¼wi�wf
wi

Х100% (6)

Where

WS ¼ water solubility: wi ¼ initial dry weight, and

wf ¼ final dry weight.
2.4.5. Water absorption (WA)
The water absorption test was conducted according to

ASTMD-570e98 standard [17]. The film specimens were dried

for 24 h at 50 �C, cooled in a desiccator, and then directly

weighed. After that, the samples were immersed in distilled
reated fiber reinforced starch/PVA matrix.

ture designation

PVA (% of starch
dry weight)

Fiber (% of starch
dry weight)

Water (ml)

e e 100

e e 100

25% e 100

25% 3% treated fiber 100

25% 6% treated fiber 100

25% 9% treated fiber 100

25% 12% treated fiber 100

25% 3% untreated fiber 100

25% 6% untreated fiber 100

25% 9% untreated fiber 100

25% 12% untreated fiber 100
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water, and the weight was measured after 30 and 360 min.

Water absorption was calculated according to:

WA¼wf �wi
wi

Х100% (7)

WA ¼ water absorption: wi ¼ initial dry weight, and

wf ¼ final weight.

2.5. Film transparency

A spectrophotometer (BECKMAN COULTER/DU 730, Beckman

Coulter, USA) was used to measure the opacity of each film to

find out the transparency of each film. The transparency of

each film was calculated according to:

Opacity¼Abs600
x

(8)

where x represents the thickness (in mm) of the film, and

Abs600 is the absorbance of light measured at 600 nm.

2.6. Biodegradation of biocomposites (soil burial test)

The biodegradation test was conducted by the method

described by Ibrahim et al. [18]. Weight loss (WL) was

measured in triplicate by obtaining samples at different times

and cleaning them with a brush. The specimens were dried

and weighed (wi) before being buried in 5 cm of soil in a

restricted context (plastic boxes). Then, the weight of the

samples was taken after being dehydrated for 6 h at 105 �C
(Wf). The degradation test was performed on a weekly basis

and the results were calculated by:

WL¼wi�wf
wi

Х100% (9)

WL ¼weight loss: wi ¼ initial dry weight and wf ¼ final dry

weight.

2.7. Simultaneous thermal analysis (STA)

STA test was carried out with a type of thermal properties

analyzer (NETZSCH STA 449F3, Germany). Under a nitrogen

environment, 10 mm2 films were deposited in platinum cru-

cibles and heated at a steady rate of 10 �C/min from RT to

500 �C. TGA curves were used to describe the thermal stability

of samples and to assess mass loss over time as a function of

temperature. DTG curves were used to describe the decom-

position of distinct components of the composite.

2.8. Structural properties

2.8.1. Scanning electron microscopy (SEM)
To explore the surface morphology of the specimens, each

specimen was coated with platinum coating before applying

an acceleration voltage of 20 kV through a high vacuum using

a JEOL- JSM-6010PLUS/LV and VPSEM CARL ZEISS EVO MA 10

(UK). This test yielded high-resolution photos at various

magnification settings.

2.8.2. Fourier transform infrared spectroscopy (FTIR)
FTIR-ATr method was used to determine the FTIR spectra

using the frequency range of 4000e650 cm⁻1. The devicemodel
was an IR spectrometer Bruker Vector 22 IR spectrometer,

Bruker, USA).

2.8.3. X-ray diffraction (XRD)
The XRD analysis was measured by an X-ray diffractometer

(D8 ADVANCE j Bruker, Rigaku-Tokyo, Japan). The device was

managed by 0.02 (q) s⁻1 scattering speed within a 5e60� (2q)

angular range. Under operating voltage and current of 40 kV

and 35 mA, respectively. According to:

Ci¼ Ac
AcþAa

Х100% (10)

Where:

Ci ¼ crystallinity index, Ac ¼ crystallinity area, and

Aa ¼ amorphous area in the XRD pattern.

2.9. Water vapor permeability (WVP)

Water vapor permeability was calculated from the water

vapor transmission rate (WVTR) according to standard ASTM

E96-00 [19]. Before starting the test, the films were put under

25 �C and 67% relative humidity for 48 h. During the test, the

samples were placed over the mouth of the test cup prefilled

with anhydrous calcium chloride. Then, the samples were

placed under 25 �C and 75% relative humidity, following

equations:

WVP¼ m� t
A� T� P

(11)

WVTR¼ m
A� T

(12)

WVP¼ WVTR
PðR1� R2Þ � t (13)

Where:

WVP is water vapor permeability, WVTR is water-vapor

transmission rate, t is film thickness (m), m is the weight

increment of the cup (g), A is the area of the film that covers

the cup mouth (m2), T is the time lag for permeation (s), and P

is water vapor partial pressure difference across the film (Pa).

R1 is the RH in the desiccator, R2 is the RH in the cup, and t is

the film thickness (m).

2.10. Tensile test

The tensile strength and modulus as well as elongation were

determined using the ASTM-D882 standard [20]. Film strips

were cut into 70 � 10 mm2 sections. A tensile machine

(UTM) (SHIMADZU/KUA 0400MED 00693, Japan) was used

with a 500 N load. The initial grip separation and crosshead

speeds were 30 mm and 1 mm/min, respectively. Five rep-

licates were carried out for each sample. Before testing, all

specimens were conditioned at RT in a desiccator for one

week [21].

2.11. Statistical analyses

The statistical analyses of the experimental results were

analyzed using Microsoft Excel 2016.

https://doi.org/10.1016/j.jmrt.2023.02.027
https://doi.org/10.1016/j.jmrt.2023.02.027


j o u r n a l o f m a t e r i a l s r e s e a r c h and t e c hno l o g y 2 0 2 3 ; 2 4 : 1 0 4 3e1 0 5 5 1047
3. Results

3.1. Physical properties

3.1.1. Thickness and density
The addition of fructose has increased the film thickness, C,

and SPV0 films resulted from casting 22 g in 90 mm dishes,

while the rest of the samples resulted from casting 15 g.

Generally, the addition of fiber increased the thickness, films

reinforced with treated fiber showed lower thickness than

films reinforced with untreated fiber. While alkaline treat-

ment has been shown to increase fiber density, it also in-

creases the density of the biopolymer, which is why biofilms

filled with treated fiber have a higher density than those filled

with untreated fiber [22].When the fiberwas added to amatrix

made of starch and PVA, an intermolecular interaction occurs

between the fiber and the polymer matrix. Thicker and

coarser films were produced as a result of the increased fiber

content, which increases porosity and produces a less uni-

form structure with a lower density than thermoplastic starch

[23,24]. The reinforced film showed high density at a 3% fiber

load in both treated and untreated fibers. The increment in

fiber content resulted in more porosity and a less uniform

structure with a lower density than thermoplastic starch,

resulting in thicker and coarser sheets. However, this signifi-

cant reduction in density, lighter weight bioplastic was pro-

duced as the density of the polymer decreased to 1.21 g/cm3

with untreated fibers and to 1.32 g/cm3 with treated fibers.

This Makes the biopolymer more attractive in many different

applications that require low-weight polymers.

3.1.2. Moisture content (MC), water solubility (WS) and
water vapor permeability (WVP)
The features of the film particles interacting with water, such

as moisture content and water solubility are key qualities for

applications that need specified moisture content and insol-

ubility. As shown in Table 2, the addition of fructose and PVA

reduced the moisture content, while the addition of fiber

increased it. SP12%TF and SP/9%UTF showed low moisture

content compared to other reinforced films. For water
Table 2 e Physical properties of films-based treated and untre

Blend Thickness
mm

Density g/
cm3

MC
%

WS
%

WVP 10⁻1⁰g.m
.s⁻1 m⁻2 Pa⁻1

C 170.2 1.32 11.86 2.54 1.12

SPV0 200.2 1.39 9.15 29.02 1.53

SPVA1 150.0 1.39 9.17 30.95 2.67

SP/3%TF 198.0 1.61 12.26 24.93 1.23

SP/6%TF 202.0 1.48 12.97 24.53 1.18

SP/9%TF 206.0 1.36 11.35 21.75 1.09

SP12%TF 216.0 1.32 10.84 24.97 1.01

SP/3%

UTF

172.0 1.56 10.86 25.52 1.72

SP/6%

UTF

196.0 1.35 11.29 25.13 1.24

SP/9%

UTF

214.0 1.31 9.21 24.03 1.13

SP/12%

UTF

240.0 1.21 10.24 23.52 1.03
solubility, the film produced from pure starch showed the

lowest water solubility (2.54%), while the solubility increased

with the addition of fructose and PVA. The addition of fiber

has effectively reduced the water solubility, most of the

samples revealed a significant reduction in water solubility

after adding treated or untreated fiber, the enhancement was

around (17.54e29.72%). Those findings agreed with the find-

ings of [18].

Reinforcing the starch-PVA matrix with fiber has consid-

erably improved WVP resistance, reinforcing the matrix with

treated fiber improved the resistance of WVP to untreated

fiber. However, the improvement in WVP resistance occurred

gradually with the addition of palm fiber. SP/9%TF, SP/12%TF,

and SP/12%UTF demonstrated 1.09, 1.01, and 1.03 10⁻1⁰g.mm.

S⁻1 m⁻2 Pa⁻1, respectively, making them less vapor permeable

when compared with the first control film. The hydrophilic

nature of starch, fructose, and PVA is the main reason for the

WVP of their films [25]. The reduction in WVP could be due to

the creation of a stiff crystalline structure and a high disper-

sion of fiber particles in the biopolymer matrix, which

obstructed the WVP path [26]. Increased intermolecular

interaction between the CS-matrix and SPF-reinforcement,

which minimized or eliminated matrix chain mobilization,

is another possible explanation for the observed behavior.

3.1.3. Water absorption
Water is important in biopolymers because it acts as a plas-

ticizer, allowing the material to be more flexible. Based on the

result in Table 2, the first reduction in the absorbed water

amount was founded with the addition of fructose, while the

addition of PVA declined this enhancement back to 208.5%

after 6 h. Reinforcingmatrix filmwith palmfiber has improved

water resistance properly. In the case of treated fiber, rein-

forcing the matrix with 3% of treated fiber gave the highest

water resistance. Also, it has been found that higher amounts

of fiber reduce water resistance. Nevertheless, untreated fiber

showed the highest water resistance at 12% of untreated fiber

load. The increment in water absorption in a certain amount

of fiber can be attributed to the hydrophilic behavior of both

treated and untreated fibers [27]. When a particular fiber load
ated fiber reinforced starch/PVA matrix.

m Crystalli-nity index
(%)

WA%
30 min

WA%
360 min

Opacity (A600/
mm)

18.90 334.58 467.15 0.808

16.90 150.24 187.42 0.624

21.63 179.39 208.48 1.924

37.28 142.99 159.47 2.240

38.05 174.47 188.81 2.136

49.82 179.22 196.58 1.958

43.31 171.13 191.06 2.670

39.02 177.28 200.50 1.971

34.83 181.72 194.65 2.887

48.77 177.01 200.22 3.227

44.18 158.01 192.30 3.307

https://doi.org/10.1016/j.jmrt.2023.02.027
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reduced water resistance, the starch matrix's porosity

increased, leading to an increase in water diffusion.

3.2. Structural properties

3.2.1. Scanning electronic microscopy (SEM)
Two magnifications were applied to show the morphological

structure, 300� for unreinforcedmatrix and 40X for reinforced

matrix. Control and SPV0 film showed smooth surfaces with

some cracks, while PVA addition showed macro cracks and
Fig. 1 e SEM images of films based treated and u
voids. The existence of treated and untreated can be easily

observed in the hybrid matrix. The existence of treated and

untreated sugar palm fiber can be easily observed in the

hybridmatrix. The presence of the fiber is sometimes detected

close to the surface, as with SP/3%TF and SP/12%UTF, and

sometimes not, as with SP/6%TF and SP/6%UTF.it didn't al-

ways happen in an individual form; occasionally, it produced

small aggregates instead [28]. As displayed in Fig. 1, the

addition of fiber generally has created a stiff, non-uniform,

and rough texture surface. Fig. 1 also illustrated that 6% of
ntreated fiber reinforced starch/PVA matrix.

https://doi.org/10.1016/j.jmrt.2023.02.027
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both treated and untreated fiber loads demonstrated higher

compatibility between fiber and matrix. Fiber particles that

acted as a nucleation agent for crystal formation were

responsible for the rise in crystallinity as a result of the

nucleation effects that the addition of fibers created.

3.2.2. Fourier transform infrared (FT-IR) spectroscopy
FT-IR test was applied to determine the interaction of bio-

plastic in different stages, starting from the control film

without any fiber addition. This is to study the effect of adding

35% fructose-based starch weight, 25% PVA-based starch

weight, and the treated and untreated palm fibers. Fig. 2

showed almost similar curves because of the almost similar

elemental composition of the plasticized films since the main

structure of the polymer is the starch.

The peak observed in 3280.07 cm�1 referred to stretching of

the OeH groups [29], which can be detected in general the

range of 3550 cm�1 -3200 cm�1, this peak shifted to less

wavenumber with the addition of fructose, while this peak

escalated to higher wavenumber by adding PVA. At
Fig. 2 e FT-IR curves of films-based treated and u
2924.46 cm�1, in the range of 3000 cm�1 -2840 cm�1 a sharp

peak attributed to the CeH group [30] was detected,

1635.43 cm�1 peak referred to the bending mode of the

absorbed water [31]. A peak at 1337.94 cm�1 was a sign of CH₂

bonding [32], 1149.45 cm�1 sharp peak was a sign of the

coupling of CeC and CeO stretching mode [33], 1076.98 cm�1

peak is ascribed to CeOeH group in wheat starch [34], indi-

cating crystal modification of the starch structure [35], and

994.13 cm�1 peak denoting CeO stretching in CeOeC and

CeOeH in the glycosidic ring of starch and lignin [36e38]. The

860.35 cm�1 peak indicated strong CeH bending [39] and

759.70 cm�1 peak represented the vibrations of the glucose

pyranose unit [40], in general, this peek can be found in the

range of 770 cm�1 -735 cm�1. There was no difference in terms

of adding treated and untreated palm fiber, both of them

showed similar behavior. In the aspect of shifting to a higher

wavenumber in hydrogen bonding, this peak was higher in

the control film since there were no any additions. The addi-

tion of fructose shifted it back to 3255.65 cm�1 while the

addition of PVA improved the hydrogen bonding significantly,
ntreated fiber reinforced starch/PVA matrix.
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Table 3 e Frequent ranges for IR spectrum that occurred
in this study [41,42].

Absorption (cm�1) Comment

3550e3200 Strong, broad OeH stretching

3000e2840 Medium CeH stretching

1650e1500 Absorbed water

1368e1333 CH₂ bonding

1085e1150 Strong CeO stretching

1182e1157 CeOeH group in wheat starch

1020e988 CeO stretching in CeOeC and CeO

eH in the glycosidic ring of starch

and lignin

900e859 Strong CeH bending

860e800 Strong CeH bending

770e735 Vibrations of glucose pyranose unit
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reaching 3270.85 cm�1 that indicating higher intermolecular

hydrogen bonding between starch and PVA. This increment

was also improved with the addition of treated and untreated

fibers. However, this increment was not in a linear pattern, it

kept increasing at SP/6%TF until it reached 3274.27 cm�1. More

loading of fiber reduced thewavenumber of this peak at SP/9%

TF while it showed a slight increase at SP/12%TF. On the other

hand, untreated fiber showed frequent increasing, the higher

wavenumber of hydrogen bonding occurred at SP/3%UTF and

SP/9%UTF resulted in 3273 cm�1 while it was 3272 cm�1 at SP/

6%UTF and SP/12%UTF. Table 3 summarizes the ranges of

detected peaks in this work.

3.2.3. X-ray diffraction (XRD)
XRD test was conducted to study the crystal structure of the

biopolymers produced from wheat starch, fructose, PVA, and

palm fiber. As the result presented in Table 2, the addition of

treated and untreated fibers has considerably improved the

crystallinity index of the biopolymer. Reinforcing the matrix

with 9% of either treated or untreated fiber exhibited the

highest crystallinity index, it reached 49.8 and 48.7,
Fig. 3 e XRD curves of films-based treated and u
respectively. The internal structure of composites grew less

amorphous and more ordered when the starch particles

penetrated the pores of the fiber, phase separation between

fiber and starch is what causes the growing trend in the

crystallinity of fiber reinforcement composites [43].

The control film had sharp diffraction peaks located at

2q ¼ 15.08�, 2q ¼ 17.32�, and 2q ¼ 19.44�. SPV0 film showed two

distinguished peaks at 2q ¼ 17.12� and 2q ¼ 19.44�, the low

degree of the peaks due to the low crystallinity index [44]. The

addition of PVA hasn't change the XRD profile significantly,

nevertheless, the peaks get to be sharper and intense with the

addition of PVA. With the addition of fibers, sharper andmore

intense peakswere observed as shown in Fig. 3. The reason for

this is the nucleation effects, in which fiber particles that

worked as a nucleation agent for crystal growth were

responsible for the increase in crystallinity [45].

3.3. Simultaneous thermal analysis (STA)

STA test was used to measure the thermal stability of the

bioplastic by monitoring the weight change that occurred as a

sample was heated at a predetermined heating rate [46]. Fig. 4

shows TGA and DTG curves of the films-based treated and

untreated fiber reinforced starch/PVA matrix. DTG curve of

control film to phases peaks at 122.1 and 298.6 �C attributed to

moisture removal and starch degradation, respectively. The

addition of fructose and PVA revealed two more peaks 225.5

and 421 �C referring to the decomposition of fructose and PVA,

respectively. The main structure, on the other hand, showed

remarkable thermal stability since the starch structure

decomposed at 302.3 �C. Fig. 5 shows the mass residues at

495 �C of various films. The reason why untreated fiber film

showed higher mass residues was that untreated fiber had a

higher amount of lignin as shown in the graphical abstract.

The lignin structure has a higher decomposition temperature

than cellulose and hemicellulose according to [47] who re-

ported the thermal breakdown of lignocellulose plant fiber
ntreated fiber reinforced starch/PVA matrix.
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Fig. 4 e TGA and DTG curves of films-based treated and untreated fiber reinforced starch/PVAmatrix. A), C) treated fiber, and

B), D) untreated fiber.

j o u r n a l o f m a t e r i a l s r e s e a r c h and t e c hno l o g y 2 0 2 3 ; 2 4 : 1 0 4 3e1 0 5 5 1051
that begins with the disintegration of hemicellulose at tem-

peratures ranging from 200 to 260 �C, cellulose at 240e350 �C,
and lignin at 280e500 �C, depending on the plant species and

fabric component percentages. 9% of fiber load demonstrated

higher thermal stability for both treated and untreated fibers,

SP/9%TF and SP/9%UTF revealed 23.3% and 24.6% mass resi-

dues, respectively. TGA chart shows a significant enhance-

ment with the addition of fiber compared to C, SPV0, and

SPVA1 samples. This enhancement occurred after 312 �C,
where samples reinforcedwith fiber showed higher resistance

towards thermal decomposition than samples without fiber.

3.4. Soil degradation

In order to measure the decomposition of biofilm in soil, the

weight of samples was measured weekly. As presented in
Fig. 5 e Mass residues at 495 �C of films based treated and

untreated fiber reinforced starch/PVA matrix.
Fig. 6, C and SPV0 films were both fully degraded within two

weeks, whilst adding PVA has reduced the degradation

significantly. On the other hand, reinforcing the starch-PVA
Fig. 6 e Soil degradation of films based treated and

untreated fiber reinforced starch/PVA matrix.
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Fig. 7 e Mechanical properties of films-based treated and untreated fiber reinforced starch/PVA matrix. A) Tensile strength,

B) Elongation at break, C) Stress-Stain chart for films filled with treated fiber, D) Stress-Stain chart for films filled with

untreated and E) tensile modulus.
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matrix with palm fiber has improved the biofilm degradation

compared to the net starch-PVA film, while treated fiber

resulted in a higher degradation rate than untreated fiber. For

instance, at 12% fiber load, the weight loss of treated fiber

films was 75% in the fourth week, while it was 68% for un-

treated fiber. According to the results, the film with higher

fiber content has a higher potential for decomposition in soil,

making it more vulnerable to mycobacterial attack. In the

presence of an aqueous media, this microorganism, in the

form of fungi and bacteria, impacts the composite films [18].

3.5. Film transparency

The value of film transparency varies depending on the

application; generally, film transparency is very desirable in

food packaging applications. Opacity is a word used to

represent the polar opposite of film transparency, which takes

into consideration the thickness of the film.
The addition of fructose has significantly improved the

transparency, inversely, PVA addition reduced it. Treated fiber

showed similar opacity to the SPVA1 sample with 9% fiber,

while other loads of treated fiber escalated the opacity. The

untreated fiber showed this phenomenon at 3% load. Higher

opacity was recorded for SP/12%UTF. Table 2 shows the effect

of treated and untreated fiber on the films obtained. Generally,

samples based on untreated fiber are more opaque than

treated fiber, whereas treated fiber which mostly consists of

cellulose has higher opacity than starch [48]. That is the

reason fiber addition in biofilms has never overcome the

transparency of the film without fiber.

3.6. Tensile test

In order to determine the usefulness of a material, it's
important to study its tensile behavior. Fig. 7 shows that with

highest tensile and modulus values for the control film were
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38 and 1630 MPa, respectively. At the break, it had the lowest

elongation (1.94%). In the case of plasticized films, plasticizing

wheat starch with 35% fructose showed a reduction in tensile

strength and modulus, while it improved the elongation at

break, whilst adding PVA improved the tensile strength,

modulus, and elongation at break. In all samples, water was

frequently used as the main plasticizer because of its capacity

to hydrolyze the molecular link structure of starch when

heated together [49].

Reinforcing the SPVA1 matrix with treated palm fiber

showed a slight reduction in tensile strength, modulus, and

elongation. However, improvements in tensile strength and

modulus occurred at 9% of treated fiber load, showing 12 MPa

and 245 MPa, respectively. The highest elongation was 66.3%

at 3% of treated fiber films. On the other hand, untreated fiber

films showed lower tensile strength and modulus in all loads,

whereas, 3% of untreated fiber films recorded 82% of elonga-

tion at break, which is considered higher than the treated fiber

films. In terms of increase in tensile, untreated and treated

fiber films showed comparable behavior where the highest

tensile strength and modulus for untreated fiber films were

gained at 9% of untreated fiber, which were 8.7 and 186 MPa,

respectively.

The cause of the lower tensile in untreated fiber film was

due to the creation of voids inside the polymer matrix, which

resulted in cracks at the biocomposite interface [50]. While the

general reduction of tensile in both treated and untreated fiber

film can be attributed to the aggregation of fiber particles [51]

and the fiber particles' size themselves. The highest aggrega-

tion happened with the untreated fiber due to the availability

of surface hydroxyl groups in the fiber [52], whichwas reduced

by the fiber treatment. In this study, the addition of PVA

improved the polymer stiffness and elongation, making it

difficult for further improvement in the tensile properties

without losing the privilege of good elongation. Fig. 7 also

shows the reduction in strain with the addition of fiber

content.
4. Conclusions

The use of biodegradable polymers from agricultural sources

is particularly promising from the standpoint of the circular

economy and sustainable development. In order to increase

flexibility of biopolymers based-starch, plasticizers such

fructose is utilized. Improved mechanical qualities can be

achieved by synthesizing polymers like polyvinyl alcohol

(PVA), which is an excellent approach in general. Natural fi-

bers reinforcement of bio-matrix has a considerable positive

impact. Reinforcing starch/PVA-based matrix has revealed

significant improvement, the biopolymers become more

resistant to water uptake with lower weight, more thermal

stability, and more crystal profile. While mechanical proper-

ties were reduced with the addition of fiber, however, these

reductions were less than the amount with the addition of

treated fiber. SP/9%TF showed the best average mechanical

properties compared to reinforced samples (tensile strength,

modulus, and elongation at break, which were 12 MPa,

245 MPa, and 27.6%, respectively). Some films showed low
tensile properties, for example, SP/3%UTF resulted in 5 MPa as

tensile strength. Generally, for both treated and untreated

fiber, 9% load gave the highest tensile properties. SEM images

revealed more compatibility between fiber and matrix at 9%

fiber load, which illustrated the properties improvement at

this point.
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