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1 | INTRODUCTION

Biodegradable plastic composites hold great promise as a
reliable replacement for the nonbiodegradable petroleum
plastics. Previous studies have reported on starch,
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Abstract

The potential of biodegradable packaging materials from thermoplastic cassava
starch (TPS) reinforced with rice husk cellulose fibers (RHCF) and kaolin particu-
lates (KP) using the solution casting method has been presented. This involved
the blending of TPS and RHCF/KP in a plasticizer of ~4 ml of glycerol and ~45 ml
of distilled water at 125°C and stirred at 60 rpm until a gel was formed. The gel
was cast into sheets and bone-shaped tensile specimens and allowed to dry for
5 days and characterized. The results show a semicrystalline structure for TPS
with an ~36% increase in crystallinity after reinforcement. The O-H bond
stretching and the C-H bending bonds due to starch-glycerol reactions were the
common functional groups in TPS-RHCF biocomposites, and Si-O-C bonds were
characteristics of the silica phase in the kaolin. The water vapor transmission rate
(WVTR) reduced to ~34% with KP reinforcements from ~238 g/m.day to 177 g/m.
day and to ~74 g/m.day and ~164% for TPS-RHCF. The strength increased with
up to 50 wt% kaolin content; ~0.96 MPa yield strength and ~2.60 MPa ultimate
tensile strength (UTS) were recorded. For the RHCF reinforced composites, TPS-
50 wt% also showed high strengths of ~0.96 MPa yield strength and ~3.50 MPa
UTS. The WVTR reduced as content of kaolin was increased. Typically, from 0 to
30 wt% volume fraction of kaolin, the WVTR was reduced by ~34% to 177 g/m.
day for TPS-kaolin and by ~164% to ~74 g/m.day in TPS-RHCF. The as-prepared
biocomposites have potential as good packaging materials.

KEYWORDS

biocomposites, kaolin particulates, plasticizers, rice husk cellulose fibers, thermoplastic cassava
starch (TPS)

chitosan, poly (lactic acid), polycaprolactone, and poly-
hydroxybutyrate as reliable biodegradable polymers
according to.'"* Among the biodegradable polymers,
starch is readily available at low cost and when
reinforced, the limitations of starch bioplastics are
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eliminated, resulting in a mechanically strengthened
composite that can be used for packaging applications.
Different types of fibers have been used as reinforcement
in starch including natural ﬁber,[4] cellulose
nanofibers,™! rice and coffee husk cellulose fibers,® pulp
microcellulose fibers,'”) sugar palm nanocellulose,!®
nanofibrillated cellulose!’ modified cellulose
nanocrystals,'®! man-made fibers,'*! and particulate
reinforcement.'?! In addition, thermoplastic cassava
starch (TPS) has been reinforced with cellulose
nanofibers from oil palm empty fruit bunches."* How-
ever, the authors are not aware of any studies and/or
published articles in which cellulose fibers from rice husk
produced from locally cultivated rice species and kaolin
particles from Teleku Bokazo deposits in the western
region of Ghana have been used as reinforcements in
TPS biocomposite fabrication using the solution casting
method."¥ This simple method has been reported to
show good dispersion of the reinforcement in the poly-
mer matrix. Again, the stepwise evaporation of the sol-
vent has also been reported to influence the formation of
2D networks, which may affect the behavior of the com-
posites physically, mechanically, and microstructurally.

Hence, in this paper, the analytical, numerical, and
experimental results from the fabrication and characteri-
zation of starch bioplastics reinforced with rice husk cel-
lulose fibers (RHCF) and kaolin particulates (KP) using
the solution casting have been investigated. The proper-
ties of these bioplastic composites have therefore been
compared, and their potential as packaging materials was
evaluated. The TPS was reinforced with different volume
fractions (0-50 wt.%) of RHCF and kaolin particles and
characterized for their yield strength, tensile strength,
and Young's modulus. Other analyses including Fourier
transform infrared spectroscopy (FTIR), X-ray diffraction
(XRD), scanning electron microscopy with energy-
dispersive X-ray spectroscopy, water vapor transmission
rate (WVTR), and thermal stability are presented. Finally,
analytical and numerical modeling using the rule of mix-
ture concepts, crack growth, and fracture toughness
models to predict the stress distributions around the kao-
lin particles and the RHCF in the matrix of the TPS are
presented and compared to assess the potential of the bio-
plastic composites for packaging applications.

2 | MATERIALS AND METHODS

2.1 | Raw materials processing

Kaolin lumps was obtained from Teleku Bokazo located in
the Ellembelle district of the western region of Ghana (see
Figure 1). The fine particle of the clay was achieved

through continuous milling for about 10-15h to obtain
particle sizes of 120 ym-100 nm using a planetary ball
mill, (PQ-N4 Mill; Across International, USA) operated at
a frequency of 35 Hz for 5 h. Thermoplastic starch (TPS)
with 100% chemical purity, yield of ~21.73%, amylose con-
tent of ~27.3%, and amylopectin of ~77.1% was acquired
from Daejung Chemicals and Metals, Korea. The viscosity
was ~3.229 + 34 cP, and the pasting temperature was
~74.5°C. The TPS was used as the matrix in the fabrication
of the biocomposites. The glycerol (propane 1,2,3-triol)
with a purity of 99%, molecular weight of ~92.10, and
refractive index of ~1.47 was obtained from Timstar Labo-
ratory Suppliers Ltd., UK. NaOH, H,SO,4, and HNO; were
obtained from Sigma-Aldrich, UK.

The RHCF was extracted from the husk of locally
cultivated rice species by grinding and sieving with an
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FIGURE 1 Fourier transform infrared spectra of (A) TPS-

kaolin particulate and (B) TPS-rice husk cellulose fiber
biocomposites
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~120-pm sieve. The sieved material was treated with
1.0 M HNOj; acid at room temperature under mechanical
stirring for 24 h and washed with distilled water until the
pH was ~5.0. Sodium hydroxide (1 M, NaOH) was added
to the treated rice husk and stirred at room temperature
for another 24 h. The solution was filtered using suction
filtration. The procedure was repeated using a 6 M NaOH
solution, and finally, a 4 M H,SO, solution was added to
the residue, stirred for 6 h, and filtered using a suction fil-
tration method. The residue was then washed several
times with distilled water until the pH was in the range
of 5-6.

2.2 | TPS-RHCF and TPS-Kaolin
biocomposites preparation

In the biocomposite preparation using the solution cast-
ing method, TPS is used as the matrix phase and
RHCF/KP is used as the reinforcement. As a first step,
~ 4 ml of glycerol and ~45 ml of distilled water was used
as plasticizers. The formulation of 10 g of TPS and 1.0 g
of RHCF was added to the plasticizer, heated on a
hotplate at 125°C, and stirred at 60 rpm until a gel was
formed. The gel was then cast using bone-shaped molds
and allowed to dry for 5 days. The same procedure was
repeated for the different volume fractions of the RHCF
and KP as shown in Table 1.

2.3 | Mechanical characterization of
composites

The tensile specimen with gauge length of ~50 mm,
width of ~20 mm, and a radius of curvature of ~5 mm
was adopted in accordance with the ASTM standard
D638M90 (Instron, 2020) using the Instron low-force
mechanical tester (Instron, Canada). The ultimate tensile
strength (UTS), elongation at break, modulus of elastic-
ity, and yield and fracture strengths were determined. In
all, eight samples were tested for each biocomposite for-
mulation after drying at ~70 °C for 72 h and conditioning
for 7 days in a relative humidity of ~60% according to!**,

2.4 | Water vapor transmission test

The water vapor transmission test was performed using
the desiccator method according to ASTM E96 (ASTM
E96-00, 2000)!'®! with a specimen of ~3 mm dried at 70°C
for 72 h. In this method, the weight of the sample
attached to the beaker filled with water is taken before
and after placing in the desiccator for 24 h. The weight

TABLE 1 Batch formulation and volume fractions of
thermoplastic cassava starch (TPS), kaolin, and rice husk cellulose

fibers used in the biocomposites preparation

Cellulose fiber/kaolin

Sample (Wt %) Starch (g) reinforcements (g)
TPS only 10 0

TPS-10 wt% cellulose 10 1.0

TPS-20 wt% cellulose 10 1.9

TPS-30 wt% cellulose 10 2.9

TPS-40 wt% cellulose 10 3.9

TPS-50 wt% cellulose 10 4.9

TPS-10 wt% kaolin 10 1.0

TPS-20 wt% kaolin 10 1.9

TPS-30 wt% kaolin 10 2.9

TPS-40 wt% kaolin 10 3.9

TPS-50 wt% kaolin 10 4.9

loss of the sample attached to the beaker filled with water
is calculated using Equation 113! to determine the WVTR
value for each sample.

w
WVTR= —> (1)
tA

where “Wy” is the change weight of the specimen to be
tested, “t” is the time at which the weight change occurs,
and “A” is the area of the specimen.

2.5 | Microstructural and thermal
analyses of composites

The surface morphology and chemical and mineralogical
composition were studied in a scanning electron micro-
scope coupled with an energy-dispersive X-ray spectrom-
eter (Phenom ProX, Phenom World, the Netherlands)
operated at ~15 kV using a tungsten filament. The non-
conductive starch composites were initially sputtered
with platinum (Pt) at 30 mA and 15 kV before the scan-
ning electron microscopy (SEM) analyses.

The functional groups present in the biocomposite
specimen were determined with the Bruker-Alpha
Platinum-ATR machine (Bruker, France),”'®! whereas
the degree of crystallinity in the samples were deter-
mined using Bruker XE-T D2 phaser X-ray diffractometer
(Bruker, France) equipped with a Cu-Ka anode radiation
source operated at 30kV and 10 mA. Samples were
scanned within a 20 range from 5 to 65°.

The thermal stability, glass transition temperature,
and the heat content of the cassava starch composites
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were studied using Netzsch TG 209F1 (Netzsch Inc., MA,
USA) thermogravimetric analyzer (thermogravimetric
analysis [TGA]) and differential scanning calorimetry
(DSC). The experiments were conducted in a nitrogen
gas (N,) atmosphere at a heating rate of 10°C/min from
25 to 900 °C.

2.6 | Finite element modeling of
composites

The finite element modeling (FEM) was performed to
further understand the interfacial interaction between
the matrix and reinforcements using the ABAQUS™
package (Dassault Systemes Simulia Corporation,
Providence, RI). Meshing was done using a four-node
elemental mesh and ensured that fine meshes were
used in the areas of matrix-reinforcement interfacial
contacts. This is due to high stresses around such areas.
To ensure stability of the simulations, the bottom
boundary was fixed and uniform load was applied to
the top. The stress distributions in the composite were
estimated using the von Mises yielding criterion. The
delamination of the fibers and particulates from the
starch matrix were also modeled using interfacial frac-
ture processes. The reinforcement and matrix with
different elastic properties were assumed as presented
in Table 2. Surface cracks were assumed to be present
prior to the loading to measure the fracture toughness
and the energy release rates (J-integrals) at the tips of
the cracks between the matrix and reinforcements as
reported by Oyewole et al.''*! and Asare et al.**! in the
expression presented in Equation 2:

—Es t; dp d;\ o’t
G=f( 2 5B M) 0T 2)
—Ef ty tr tr) —Ey

where E; =E;/(1-1?) and E, =En/(1-1%) are the
plane strain elastic moduli of the reinforcement and
matrix, respectively; d; and d,, are the lengths of top and
bottom interfacial cracks; and t; and tg are the thicknesses
of the reinforcements and matrix, respectively. ¢ is the
delamination stress.

TABLE 2 Mechanical properties of the materials used in the
modeling of stress distribution in the biocomposites

Material E (GPa) Poissonratio (v) Reference
Starch 2.7 04 [46, 47]
Kaolin 13 0.36 [48]
Cellulose fiber 12 0.30 [34, 49]
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3 | RESULTS AND DISCUSSION

3.1 | Characterization of thermoplastic
cassava starch, kaolin particulates, and rice
husk cellulose fibers

Figure 1 presents the infrared spectra of the TPS cassava
starch, TPS-RHCF and TPS-kaolin composites. FTIR
peaks of TPS only can be found in Figures 1(A),(B). The
figures show major bands at ~3287 cm™', ~2927 -
~2853cm™', ~1656cm™, ~1448-1345cm”', and
~1003 cm™" respectively in the TPS-only specimen. The
OH stretching modes of water and glycerol in the TPS
was reported at ~3287 cm™ according to,?"*?! whereas
the band at ~1656 cm™' is mainly due to OH bending
mode of water molecules used as a solvent in mixing the
starch. The band at 2927-2853 cm™' is due to the C-H
stretching modes of the cassava starch-glycerol reaction
and that between 1448 and 1345 cm™" is due to the plane
bending of the CH, molecules in starch. The band at
~1003 cm™" is reported as C-O stretching modes in C-
O-H and C-O-C in glucose ring.!**!

The main bands in the TPS-kaolin spectrum are
shown in Figure 1(A) at ~3293 cm™, ~2932-2844 cm ™%,
~2363cm™', ~1749-1640 cm™',  ~1442-1376 cm™,
~1158-1004 cm ™, and ~927-851 cm™!. The bands are sim-
ilar to those reported in the TPS only. However, the bands
in the TPS-kaolin composites recorded higher intensity at
~2932 cm™1?* The band at ~2363 cm™ is also reported to
be amide, which can be due to the introduction of nitroge-
nous compounds in the starch matrix during preparation.
The bands at ~1749 cm™ and ~ 1640 cm™" are reported to
be in-plane bending of C-H bonds in starch and the O-H
bending mode in the water molecules, respectively. The
C-O0 stretching normally of glucose ring was also reported
at band ~1004-851 cm™ and a new band at ~1158 cm™},
which predicts the presence of Si-O-C bond due to the
reaction between starch and the silicate phase.[**!

The bands recorded in the TPS-RHCF composites are
presented in Figure 2(B) with the common bands at
~3287 cm™', ~2920 cm™', ~2352 cm™!, ~1753-1646 cm ™,
~1475-1195 cm™}, and ~ 1000 cm™!. Similar bands were
recorded in the TPS at ~1000 cm ™, represented the C-O
stretching modes in C-O-H and C-O-C in glucose ring!**!
because of the composition of the cellulose and the starch.

3.2 | Microstructure (SEM) elemental
composition (EDX) and structural (XRD)
analyses of biocomposites

Figures 2 and 3 show the SEM micrographs for the mor-
phology of the TPS-kaolin (Figure 2) and TPS-RHCF

85U8017 SUOWWIOD aAIIa1D) 8|qeotjdde ay) Aq peusenob a1e S9olLe VO ‘8sN JO S9INJ 10 A%Iq 1T 8UIIUO A1 UO (SUONIPUOD-PUE-SWLRI ALY A3 |IM A RIq 1 pul|uo//ScIY) SUOIIPUOD Pue SWB | 8L 88S *[7202/20/62] U0 ARiqiT8uljuo A[IM e100V -Bueys Jo AiseAlun Ag z5092'9d/Z00T 0T/10p/wod A8 |im Azelq1jpul|uo'suoiiesigndedsty//sdiy wo.j pepeojumod ‘2 ‘T20Z ‘69508YST



3220 WI LEY— of<T spiRING Polymer

AGYEI-TUFFOUR ET AL.

PROFESSIONALS  COMPOSITES

(Figure 3) composites taken at 10,000Xx magnification.
The surface morphology of the TPS-only film in Figures 2
(A), 3(A) shows a relatively smooth and continuous
layer-by-layer morphology, which confirms a dense and
homogeneous structure.?®! However, there are patchy
and rough cross-sections due to the flexible nature of
starch in the network of starch—glycerol films.”””) The
micrographs for TPS-kaolin biocomposites reported in
Figure 2(A-F) show a good blend of the TPS and the

FIGURE 2

kaolin. The Figure 2(A) is the pristine TPS with charged
spots due to interaction with the electrons during the
SEM analyses. Figure 2(B-F) is the images of 10 to 50 wt
% kaolin reinforcement in TPS. From the microstructural
images, it is noticed that the kaolin phases are uniformly
distributed in the TPS matrix, resulting in relatively
smooth morphology and improved texture. The SEM
micrographs for TPS-RHCF biocomposites reported in
Figure 3(A-F) indicate that the fibers were successfully

The microstructure and surface morphology of TPS-kaolin particulate composites: (A) TPS only, (B) TPS-10 wt% kaolin,

(C) TPS-20 wt% kaolin, (D) TPS-30 wt% kaolin, (E) TPS-40 wt% kaolin, and (F) TPS-50 wt% kaolin. Images were taken at 10,000%

magnification
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FIGURE 3 The microstructure and surface morphology of TPS-RHCF composites: (A) TPS only, (B) TPS-10 wt%, (C) TPS-20 wt%,
(D) TPS-30 wt%, (E) TPS-40 wt%, and (F) TPS-50 wt% RHCF. Images presented were taken at 10,000x magnification

introduced into the TPS matrix, giving it a homogeneous  agglomeration though the matrix generally looks homo-
morphology. Figure 3(B) however, has patches of cellu-  geneous. The effects of the reinforcements in the compos-
lose fibers in irregular shapes, resulting in some ites are due to the interaction between the matrix and the
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reinforcement as reported by'®®!. It is interesting to note
here that the common challenge of clay particle and fiber
agglomerations, which often leads to weaker links in the
composite and therefore compromises the mechanical
behavior of the composites, is absent in this case.

In Figure 4, the X-ray diffraction (XRD) profiles and
the elemental composition obtained from the EDX per-
formed during the SEM analyses for TPS only
(Figure 4(A)), RHCF-TPS composites (Figure 4(B)), and
kaolin—-TPS cassava starch composites (Figure 4(C)) are
shown. The elements identified included C, Ca, O, Na, Si,
and Al in their respective atomic weight percentages. C
and O were the main elements found in the TPS only,
whereas C, O, Si, and Al were found in the TPS-kaolin.
This shows that the kaolin was successfully intercalated

into the TPS matrix. The presence of Si, Al, and Ca in the
RHCF-TPS cassava starch composites confirms that rice
husk cellulose was used according to!*"!. The presence of
Na was a result of the sodium hydroxide used in
extracting the cellulose fibers.

From the XRD results, the various representations of
the peaks recorded on the diffractogram are indexed.
Figure 4(D) shows the presence of three main crystal-
line minerals in kaolin. These minerals are kaolinite
occurring at 12.5° and 24.5° (2 theta degrees), quartz
occurring at 22.5° and 26.5° (2 theta degrees), and
illite occurring at 7° and 27° (2 theta degrees). By com-
paring the peaks, it is evident that the intensities of the
patterns for quartz and kaolin are dominant in the
mineral than that of the illite phase. The reference
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FIGURE 4

Energy-dispersive X-ray (EDX) and X-ray diffraction (XRD) spectra for (A) TPS only, (B) TPS-RHCF, (C) TPS-KP
gy-disp y y p y.

biocomposites, and (D) the peak intensities for the varying volume fraction of kaolin (0-50 wt%[?!
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codes reported for the various mineral phases that are
present in kaolin using X'Pert high score plus software
include kaolinite (card no. 98-008-0082), quartz (card
no. 01-087-2096), and illite (card no. 09-0334). It can be
noticed that increasing the volume fraction of the
kaolin results in an increase in the crystallinity of the
composites and the subsequent effects on the mechani-
cal properties. The higher the crystallinity of the com-
posite, the stronger and brittle the composites become.
The spectrum for TPS cassava starch only showed a
semicrystalline material showing minor -crystalline
peaks at 2-theta values of ~16.4° and ~ 18.6° and the
background depicting largely an amorphous material.
The strong reflection at 16.4° is a characteristic of the
starch type C known as polymorphic;l*!! the peak at
~18.6° is of starch type A and B.1*?!

3.3 | Mechanical characterization of
biocomposites

3.3.1 | Stress-Strain curves

Typical stress-strain curves (Figure 5) and bar charts
(Figure 6) are used to report the behavior of the compos-
ites when subjected to loading. The stress-strain curves
using the Instron tensile tester on the TPS cassava
starch-kaolin and TPS cassava starch-RHCF composites
films are presented in Figure 5(A),(B) and Figure 6(A-D),
respectively. From the curves and the charts, the yield
strength, UTS, fracture strength, and Young's Modulus
were determined. The yield strength of ~0.96 MPa
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T ' T T T T
»— TPS-only

—— TPS-10 wt.% kaolin
' —a— TPS-20 wt.% kaolin
—4—TPS-30 wt.% kaolin

w— TPS- 40 wt.% kaolin
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=
E ) S. Mises S. Mises
~ 9.3 .
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o0
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£ . -
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T v
0.03
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FIGURE 5
classes of biocomposites
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and ~ 1.35 MPa were recorded for KP and RHCF rein-
forcements. Both reinforcements recorded average yield
strengths of ~0.84 MPa and ~ 0.97 Mpa, respectively, and
represented ~60% and ~125% increments as seen in
Figure 6(A). It can also be seen that the yield strength
increases with increasing volume fraction of the rein-
forcements. The tensile strengths recorded ~2.6 MPa and
~3.5 Mpa, respectively, with an average strength of
~1.6 MPa and ~2.15 MPa. These represent an increase of
~225% and ~ 337.5% in the strength upon reinforcement
with KPs and RHCF and are presented in Figure 6(B).
Young's modulus of ~116 MPa and ~80 MPa representing
~673% and ~433% were also recorded for the composites
as shown Figure 6(C). The fracture strength also
increased from ~0.8 to 1.58 MPa and ~2.1 MPa. The
increments correspond to ~97.5 and ~140%, respectively.
The yield strength shows the capacity of the composite to
deform elastically prior to plastic deformation when sub-
jected to loading in tensile mode, whereas the maximum
strength of the composite before failure is the UTS simi-
lar to that presented by!**. As the volume fraction of the
kaolin is increased, the yield strength, UTS, and fracture
strength increased. This was consistent with the prior
studies by,!**3* which stated that adding fillers with high
aspect ratios such as nanokaolin and glass fiber increases
the yield strength. However, the adhesion of the polymer
and nanoclay interphase is compromised when the vol-
ume fraction of the nanoclay increases beyond ~30 wt%.
At these volume fractions the interaction of the
RHCF and the starch polymer is seen to be very effective
as seen in the SEM micrographs (Figures 2 and 3). They
show uniform dispersion of the reinforcements in the

B) | . :
1.6
- —p— TPS-only
—4— TPS-10wt% Fiber
- —&—TPS-20wt% Fiber J
—@— TPS-30wt% Fiber
1.2 ' —a— TPS-40wt% Fiber
“ »— TPS-50wi% Fiber
= __———
Qé - ‘f‘h————ﬁ- -
S 0.8 4 30.0 370
=N >
E 25.1 311
“ ‘ 175 ! 248
0.4 1 125 186
- 10.0 124 ]
4 5.0 63
0.0 0.2 08

10 12 14
Strain (x 10-3)

Stress—strain curves of (A) TPS-kaolin and (B) TPS-RHCF biocomposites. The inserts show the stress distribution in the two
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TPS matrices as reported by Matthew et al., (2014) for
composites produced using solution casting. The
improvement in the strength (fracture strength, yield
strength, and UTS) is due to the wetting properties of the
kaolin and the high aspect ratio of the RHCF used as
modifiers in the biocomposite preparation. It can thus be
deduced that when there is an improved interaction
between the nanoclay-starch and RHCF-starch inter-
faces, the strength is improved.

3.4 | Water vapor permeability analyses
of biocomposites

The water vapor permeability of the fabricated compos-
ites is shown in Figure 7 for TPS cassava starch—kaolin

(Figure 7(A)) and the TPS-RHCF (Figure 7(B)). It can
be seen that there is a reduction in the WVTR as the
content of the clay increases from ~10 wt% to 30 wt%.
Beyond the 30 wt%, there was a marginal increase in the
transmission rate. This is because when the volume
fraction of kaolin/nanokaolin increases in the sample,
the crystallinity also increases; hence, the WVTR is
improved.l**! However, with ~40 wt% kaolin, there is
particle aggregation that leads to weaker interfaces
between the starch and the kaolin/nanokaolin; hence,
the water vapor goes through the spaces and voids
created and results in high WVTR. A prior study by
Agyei-Tuffour et al.*®! reported that kaolin particles
have a high affinity for water and therefore could con-
tribute greatly to the increase in the WVTR rates at
higher kaolin/nanokaolin fractions.
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FIGURE 7 Water vapor transmission analyses of the
biocomposites as a function of volume fraction of kaolin and rice
husk cellulose fibers

Similar results are observed in the TPS-RHCF bio-
composites, which show that increasing the volume frac-
tion of RHCF decreases the WVTR rates. The TPS only is
observed to have high WVTR, and considering the trend,
it can be deduced that as the volume fraction of RHCF
increases, the WVTR decreases. This is due to the hydro-
philic nature of starch and the hygroscopic nature of the
RHCF. As the RHCF increases, the starch content
decreases and the dispersed phase of RHCF elongates the
water particle portion. Hence, the biocomposite absorbs
less water®”! due to the barrier created in the bio-
composites when modified with RHCF in different vol-
ume fractions.

3.5 | Thermal stability analyses of
biocomposites

Figure 8(A),(B) shows the thermographs for TPS-kaolin
biocomposites and TPS-RHCF biocomposites, respec-
tively. For kaolin-only thermographs, there is mass loss
recorded in the temperature range of 450-600°C. The
total mass loss observed for kaolin only was seen to be
around 7.5%.

The thermograph of TPS-kaolin biocomposites
shows four regions of mass loss.[®¥ The first one is
between 60°C and 180°C corresponding to water loss,
the second between 180°C and 240°C corresponding to
evaporation of the glycerol, the third between 305°C
and 358°C corresponding to starch decomposition,
and finally a mass loss between 360°C and 600°C
corresponding to the dehydroxylation of the silicates of

I
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kaolin."**! The addition of kaolin into the starch matrix
was seen to enhance the thermal stability of the com-
posite. It was found that as the volume fraction of the
kaolin increases from 0 to 50 wt%, the mass loss was
reduced considerably. In the biocomposite, kaolin acts
as a heat barrier, which improves the general thermal
stability of the system.!*"!

The thermographs for TPS-RHCF biocomposites
show three regions.*!! The first region is between 60°C
and 230°C corresponding to water loss and evaporation
of glycerol, the second between 257°C and 370°C
corresponding to the decomposition of starch, and the
third region between 370°C and 665°C corresponding to
the decomposition of RHCF structures.[*?! It is noted that
the biocomposite modified with 40 wt% volume fraction
of RHCF is the most stable among the other TPS-RHCF
biocomposites.

DSC was performed on the samples of mass ranges
between 10 and 18 mg. The samples were heated from
10°C to 240°C at a heating rate of 5°C/min. The results
for TPS-kaolin biocomposites and that for TPS-RHCF
are shown in Figure 8(C),(D). As the volume fraction of
kaolin is increased, the energy absorbed by the TPS-
kaolin biocomposites is reduced to ~0.377 mW/mg for
TPS-10 wt% kaolin biocomposite, ~0.335 mW/mg for
TPS-30 wt% kaolin biocomposite, and ~0.323 mW/mg
for TPS-50 wt% kaolin biocomposite. Similarly, it is
noticed that as the volume fraction of cellulose fiber is
increased, the endothermic peak is reached toward lower
temperatures. A major change in the energy involved is
also observed. For TPS only, the energy absorbed was
~0.399 mW/mg. For RHCF, the energy absorbed was
~0.711 mW/mg. As the volume fraction of RHCF is
increased, the energy absorbed by the TPS-RHCF bio-
composite is reduced to ~0.388 mW/mg for TPS-10 wt%
RHCEF biocomposite, ~0.378 mW/mg for TPS-30 wt% cel-
lulose biocomposite, and ~0.357 mW/mg for TPS-50 wt%
RHCF biocomposite.

3.6 | Analytical and Finite element
analyses of biocomposites

3.61 | Analytical modeling of
biocomposites

Figure 9(A-D) shows the results of the analytical model-
ing of the biocomposites using the rule of mixture con-
cept as shown in Equations 3, 4 and 5. In Figure 9(A) the
composite's modulus loaded in isostrain and isostress
condition can be seen. The strength induced in the com-
posites by the RHCF and KPs can also be seen in
Figure 9(B) followed by the composites’ fracture
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toughness (Figure 9(C)) and energy release rates at the
TPS-RHCF interface (Figure 10(D)).

6e=06mVm+o,V, (3)
E.=EnVm+EV, (4)
and
E,E
.= _Tmzr (5)
EV,.+E,V,

where the E, E,, and E,, are Young's moduli of the com-
posite, reinforcement, and matrix, respectively,
whereaso,, o, and oc,are the strengths of composite,
matrix, and reinforcement, respectively, with V,, and V,
as their volume fractions for isostrain and isostress condi-
tions. It can clearly be seen that the composite moduli
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Thermal degradation rates (A-B) with the weight of samples (TGA) and the heat content analyses (DSC) of the

and yield strengths increased with increases in the vol-
ume fraction of the reinforcement. For example, a
strength increase of ~4.5 MPa and ~5.2 Mpa, respectively,
for TPS-RHCF and TPS-KPs compared with ~1.6 MPa
for the TPS only at ~0.2 strain. This confirms that the
TPS was uniformly reinforced with RHCF and kaolin
particles. The effects of the reinforcements are seen in
the formation of strong bonds between the components
and the improved interface interactions between the TPS
matrix and the fiber/kaolin particles. The fracture tough-
ness as a function of the initial crack length before load-
ing is shown in Figure 9(C), and the energy release rate
between RHCF-TPS and TPS-kaolin interfaces is shown
in Figure 9(D). It can be seen that the crack length
increases up to a critical length (a.), where the material's
resistance to fracture is broken. Hence, the composite
becomes susceptible to failure at this point and eventu-
ally to failure. From the results, the critical crack length
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(G.) of TPS-only, TPS-RHCF, and TPS-kaolin biocomposites

beyond which the composite cannot resist fracture
is ~3.4 mm.

Fracture toughness is the ability of a material to resist
plastic deformation or fracture after a crack is developed.
It is likened to the amount of energy released when an
interface splits apart. This energy release rate is usually
adopted in the analyses of fracture toughness in compos-
ites. Because fracture toughness is the resistance to frac-
ture after a crack is developed, there must be enough
energy available to overcome the resistance and allow the
crack to propagate. From Equations 4 and 5, this energy
represented with G must be at least equal to the critical
energy (G.) required to propagate the crack.[**!

G=G.=R 4)
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Analytical modeling of the composite deformation: (A) fracture toughness of TPS—cellulose fiber and (B) energy release rates

KIC:G:GC:R:F(%)af\/Jra (5)

Kic is the stress intensity (fracture toughness), ods the
flexural stress at the peak load, “a” is the crack length,
and F(2) is the compliance factor.

Similarly, because the fracture toughness is the com-
posite's resistance to fracture failure when there is a
crack, it provides useful insights into the behavior of bio-
composites. There is crack propagation when the mate-
rial is loaded. However, the material can transform the
energy into breaking the intra- and interfiber/particle-
starch bonds when it reaches the critical length. From
Figure 10(B), the critical crack length where the material
transforms the loading into breaking the bonds is
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Finite element modeling of stress distribution in the composites: TPS only (A) and TPS-10 wt% (B), TPS-30 wt% (C), and

TPS-50 wt% (D) TPS-RHCF. The TPS-kaolin biocomposites include TPS-10 wt% (E), TPS-30 wt% (F), and TPS-50 wt% (G)

~15 mm for TPS only and exceeds ~20 mm for RHCF
and kaolin reinforced composites. Beyond this critical
length, the composite cannot release the energy into
breaking the bonds and that could lead to failure in the
composite.

The associated energy release rates are ~1.95 J/mm?,
~0.62 J/mm®, and ~ 0.6 J/mm? respectively, for TPS-
only, TPS-RHCF, and TPS-kaolin composites. This is due
to the homogenous and compact nature of the TPS. With
the addition of kaolin and RHCEF, there is the creation of
an interface, which is weaker in TPS-kaolin than in
TPS-RHCF. As observed, the failure is related to the
energy release rate in which recorded values for TPS-
kaolin is lower compared with those for TPS-RHCF and
TPS only. Therefore, TPS-kaolin composites will have
greater fracture toughness than TPS-RHCF composites
and TPS-only composites.

3.6.2 | Finite element analyses of
composites

Using numerical modeling to further explain the
mechanical behavior of the biocomposites, finite element
analyses with Abaqus CAE software was used to model
the mechanical response, and the results are presented in
Figure 10(A-G). They show the von Mises stress distribu-
tions in the bone-shaped samples of TPS only (a), TPS-
10 wt% (b), TPS-30 wt% (c), and TPS-50 wt% RHCF
(d) and the stress distributions in the kaolin reinforced
biocomposites for TPS-10 wt% (e), TPS-30 wt% (f), and
TPS-50 wt% (g). These stress distributions depict the
region in the composite with high-stress concentration
and therefore give an indication of where failure can ini-
tiate in the composite. It can generally be seen that
increasing the volume fraction of reinforcement leads to
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an increase in the strength of the composite.*>#°~>2! The
TPS-RHCF composites recorded the maximum of
~51.86 MPa for TPS-50 wt% and ~1.98 MPa for TPS-
10 wt%. The kaolin reinforced biocomposites recorded
~2.63 MPa for TPS-50 wt% and ~1.34 MPa for TPS-10 wt
%, respectively. The TPS-only recorded the least strength
of ~0.98 MPa. It can also be observed that the RHCF
reinforced TPS composites show an enhanced strength
compared with the kaolin reinforced biocomposites. This
is largely due to the improved interaction between the
fibers and the TPS and the weak interaction between the
kaolin particles and the TPS. The fibers are continuously
aligned, possess high longitudinal strength, and are com-
patible with the matrix unlike the KPs, which are
rounded shapes, not continuous, and therefore have wea-
ker intermittent joints throughout the composite. These
results are in agreement with the experimentally deter-

mined mechanical properties and prior published works
by.[33’49’50]

4 | CONCLUSIONS

TPS reinforced with RHCF and KPs have been investi-
gated, and the results are compared in this paper. The
FTIR analyses showed O-H bond stretching due to
starch-glycerol reactions, O-H and C-H bending bonds
as the common functional groups in TPS-RHCF bio-
composites, whereas the Si-O-C bonds were a character-
istic of the silica phase in the kaolin. The SEM analyses
showed uniformly dispersed kaolin particles in the TPS-
kaolin biocomposites. The crystallinity in the compos-
ites improved with the addition of reinforcements. For
instance, at ~40 wt% kaolin volume fraction, the crystal-
linity increased from ~53.70% to ~90%. The TGA-DSC
indicated loss in mass with temperature to assess the
rate of degradation during disposal. Similarly, the
WVTR reduced as content of kaolin was increased from
0 to 30 wt% from ~238 g/m.day to 177 g/m.day, an ~34%
reduction. In the TPS-RHCF (0-50 wt%), the WVTR
was reduced from ~238 g/m.day to ~74 g/m.day and
~164% reduction. The TPS-based composites recorded
enhanced mechanical improvement. For example, the
strength increased with up to 30 wt% kaolin content.
Approximately 0.96 MPa yield strength, ~2.6 MPa UTS,
and ~1.58 MPa fracture strength were recorded. For
RHCF reinforced composites, the TPS-50 wt% RHCF
sample also showed a high strength of ~0.96 MPa yield
strength; ~3.5 MPa UTS and~2.1 MPa fracture
strength. It is therefore recommended that for the fabri-
cation of TPS-kaolin composites, the volume fraction of
the KPs should not exceed ~30 wt% and 50 wt% for
the RHCF.
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