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ent and its impact on the static,
dynamic, hydrophobicity and barrier properties of
sustainable polystyrene biocomposites

Hesham Moustafa, *a Abd El-Aziz A. El-Wakil, a Mohamed T. Nourb

and Ahmed M. Youssef *c

Natural fibre-polymer adhesion can be improved by treating the fibre surface or polymer. In this study,

resorcinol-hexamethylenetetramine mixture (R-HMT) is used as a chemical treatment for kenaf fibre

waste to extend the interfacial adhesion between the fibre-polystyrene matrices. The effect of the

untreated and treated kenaf fibre (designated as UK and TK fibre) on the thermal (DSC), viscoelastic,

mechanical, hydrophobicity, and barrier properties of polystyrene (PS) was studied. Four different

percentages of each type of fibre (10, 20, 30, and 40 wt%) were used. The chemical structure of the TK

fibre was confirmed by Fourier-transform infrared spectroscopy (FT-IR) analysis. The compatibility of the

fibre-polymer was investigated by scanning electron microscopy (SEM). The results showed that the use

of the treated fibre at 30 wt%, enhanced the tensile strength by 148% and 212% compared to neat PS

and PS/UK-30, respectively, indicating a good fibre bond adhesion. The DMA data demonstrated that the

storage modulus increased significantly, especially for the PS/TK-30 composite. Meanwhile, the glass

transition temperature (Tg) shifted to a lower temperature for both types of fibre. Also, the

hydrophobicity of the PS composites, which was determined by thickness swelling measurements, was

improved when the TK fibre was inserted. Furthermore, water vapor and oxygen transmission rates were

determined. A good correlation between most of the properties for the PS composite-based treated

fibre was observed, which revealed the possibility of using these materials for sustainable automotive

components and gas sensitive packaging applications.
1. Introduction

Early research showed that plastics, including thermoplastics
and thermosets, have been used to replace more conventional
materials and metals in several engineering applications
because of easier processing as well as cost reduction. Among
them, polystyrene (PS) is the simplest thermoplastic, based on
a styrene monomer, and named atactic PS as it is an amorphous
material. In 1930, it was developed and industrially produced
on a large-scale by the BASF Company in Germany and Dow in
USA.1 Aer a few years, and because of the achievements made
using Ziegler-Natta catalysts in the eld of polymer synthesis,
both isotactic and syndiotactic polystyrene were also success-
fully prepared and then aer characterization were found to be
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semi-crystalline materials.2–5 Thus, PS has become one of the
most promising thermoplastics in a variety of engineering
applications because of its excellent properties compared with
other petroleum-based plastics.

Because of its stereoregular structure, high transparency,
inexpensive cost, good electrical properties and ability to be
foamed, as well as its recycling capability, the PS polymer could
be used in a wide range of applications such as the fabrication
of CDs, medical equipment, toys and Styrofoam products that
are widely used for food containers. However, the brittleness,
low heat distortion temperature, poor barrier to water vapor and
gases, non-biodegradability, in addition to the absence of polar
groups in its backbone restrict the applications of PS. To over-
come these deciencies, hybrid PS polymer are produced by
graing or blending with other polar polymers to enhance the
mechanical and viscoelastic properties and to expand its uses in
industrial sectors.6–10

In the literature, numerous studies11–15 are found on the
incorporation of PS with natural bres to offer a proper option
for enhancing these properties or to create new biocomposites
with high performance for end use products. Among these
bres, kenaf bres are a lignocellulosic material which is
extracted from Hibiscus cannabinus plants and are available in
This journal is © The Royal Society of Chemistry 2020
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tropical countries such as Egypt, India, Malaysia, Indonesia and
Thailand.16 Kenaf bre was known to ancient Egyptians and was
the only material used by the Pharaohs to fabricate their clothes
rather than leather.17

Natural bres or agro-wastes such as jute, sisal, hemp, kenaf,
and so on, mainly contain cellulose, hemicelluloses, lignin, and
in addition, proteins and a non-negligible amount of mineral
oxides.18,19 As a consequence, they have been attracting the
attention of many scientists as “biomass or cleaner materials”
with several potential uses in various elds such as biofuels20–22

and bioenergy.23–25 Over the last ten years, sisal or kenaf bre
used as a bio-reinforcement for polymers has become a highly
preferable alternative to classical petroleum-based bres
because of its abundance, price, lightweight, renewability and
its 100% biodegradability. Furthermore, they consume less
energy during their processing. Currently, kenaf bre waste is
used in the construction, automotive, ceiling gypsum board,
textiles, and paper industries.26,27 However, the main problem
associated with the use of kenaf bre as reinforcement in
hydrophobic matrices is incompatibility because of its hydro-
philicity, and tendency to form aggregates during processing,
which has been viewed as problematic in industrial applica-
tions. Because of these problems, this study has focused on
a simple treatment of kenaf bre with a R-HMTmixture in order
to improve its hydrophobicity for its use as biomass or rein-
forcing material.

There are many studies that have been carried out to achieve
the miscibility and interfacial bonding between the agro-waste
materials and polymers. Among these studies, some have
focused on coupling agents or compatibilizer insertion into the
polymer matrix, others on graing or coating of the bre with
convenient chemical reagents with the aim of obtaining
a hydrophobic material.28–31 Sanjay and Yogesha32 have studied
the effect of treatments for jute and kenaf on the morphology
and mechanical properties of epoxy composite laminates.
Maldas et al.33 have reported that the graing and chemical
treatments for sawdust wood residue had a positive effect on the
Fig. 1 Schematic representation illustrating the treatment of natural ken

This journal is © The Royal Society of Chemistry 2020
mechanical performance of PS. Joseph et al.34 have reported that
a remarkable enhancement in physical and mechanical prop-
erties of PS/sisal bre could be achieved when the bres were
pre-treated with cardanol derivatives of isocyanates.

The inuence of water uptake on dynamic mechanical and
barrier properties of kenaf/polyester composites were investi-
gated by Mazuki et al.35 However, it was also reported previ-
ously36 that aer a torrefaction thermal treatment, agriculture
wastes could be used as a reinforcing agent for biodegradable
poly(butylene adipate-co-terephthalate) without requiring
a compatibilizer. Currently, Youssef et al. are investigating the
use of biocomposites as a potential alternative for automotive
and aircra component manufacturing because they are low
density and save fuel, leading to a reduction in CO2 emissions.37

In the present study, we try to overcome the lack of
compatibility by treating the bres with a bonding agent, i.e.,
using an R-HMT mixture as a new bonding agent for kenaf
bres, in order to make the bre more hydrophobic, and
thereby enhancing the interfacial adhesion between bre-PS
matrices. The main aim of this work is to develop sustainable
cleaner composites from PS based TK bre as a bio-reinforcing
material to produce eco-friendly applications. The effect of UK
and TK bre loading on the static and dynamic mechanical
properties of PS biocomposites is reported. The hydrophobicity
of bre-reinforced PS composites was assessed by measuring
thickness swelling. The morphological characteristics of the
investigated samples were also claried.
2. Materials and experimental
techniques
2.1. Materials

The PS with a mass density of 1.04 g cm�3, a MW of
97 � 103 g mol�1 and a melt ow index (200 �C, 5 kg) of
8.50 g 10 min�1 was purchased in the form of pellets from the
Chi Mei Corporation, Taiwan. Natural kenaf bre was cultivated
in Egypt and obtained from the Agriculture Research Center,
af fibre with a R-HMT mixture.

RSC Adv., 2020, 10, 29296–29305 | 29297
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Cairo, Egypt. Resorcinol with a purity > 99% was purchased
from Sigma-Aldrich, Egypt. High purity HMT ($99%, used to
produce formaldehyde in the preparation of the bre), and
obtained from Sigma-Aldrich, Egypt. Citric acid was obtained
from El Nasr Pharmaceutical Chemicals, Cairo, Egypt.
2.2. Preparation and chemical treatment of kenaf bre

The kenaf bre was initially cut into short pieces and pre-dried
in an oven (W. C. Heraeus GmbH, Germany) at 60 �C for 24 h in
order to remove the moisture and to facilitate the tearing of the
bre. The dried bre was then transferred into the crushingmill
to obtain short bres. The chemical treatment of the kenaf bre
was carried out as follows: HMT (�0.903 g) was added into
50 mL of deionized water and stirred at 60 rpm at 70 �C for
30 min to produce formaldehyde and aqueous ammonia. Next,
resorcinol (�1.70 g) was added into the solution, followed by
drop-wise addition of 1.90% citric acid with continuous stirring
for an additional 30 min. The resultant brown solution was
placed in a heating system equipped with a condenser. Then,
the kenaf bre was dispersed in the solution and the tempera-
ture was raised to 120 �C with stirring at 400 rpm for 48 h. Aer
the reaction, the treated kenaf (TK) bre was puried by ltra-
tion to remove the excess citric acid and unreacted resorcinol,
and this was followed by washing three times with a large excess
of deionized water. The TK bre was dried in an oven at 65 �C
for 12 h (see Fig. 1). The TK bre was kept in a laboratory
desiccator prior to the characterization and the compounding.
2.3. Fabrication of kenaf-PS biocomposites

Prior to the compounding, untreated kenaf (UK) bre and PS
resin were dried in an oven at 65 �C for 24 h. The PS polymer was
pre-mixed at 185 �C for 3 min using a closed Brabender Plasti-
Corder Lab Station (Brabender, USA), before introducing the
UK or TK bre. The UK or TK bres were added with different
ratios for a total mixing time of 8 min at 80 rpm and according
to the mixing conditions as given in (Table 1). The obtained
blends were then molded by placing them in a molding set
consisting of a 150 � 150 � 2 mm thick steel spacer placed
between two Teon papers and two steel sheets using a Euro-
Press men laboratory hydraulic press (Mackey Bowley, UK)
under a pressure of 160 kg cm�2 at 185 �C for 5 min. The mold
set was removed from the press, followed by air cooling under
a certain load until the mold reached a temperature of about
Table 1 Composition, mixing protocol and labeling of prepared formulat

Ingredients, wt%
Neat
PS PS/UK-10 PS/UK-20 PS/UK-30

PS 100 100 100 100
UK bre — 10 20 30
TK bre — — — —
Mixing time, min 8 3 + 5 3 + 5 3 + 5
Screw speed, rpm 80 80 80 80
Temperature, �C 185 185 185 185

29298 | RSC Adv., 2020, 10, 29296–29305
50–60 �C. The extruded sheets were coded according to the type
and ratio of bre in the composite, as shown in Table 1.
2.4. Fourier-transform infrared spectroscopy (FT-IR)

The FT-IR spectroscopy, in transmission mode, was used to
characterize the chemical structure of the kenaf bre before and
aer chemical treatment with R-HMT. The FT-IR spectra were
acquired by using a Nicolet 380 FT-IR spectrometer (Thermo-
Fisher Scientic, USA), over the wavenumber range of
4000 cm�1 to 600 cm�1 with a resolution of 4 cm�1 and 32
scans. The samples were prepared by pressing�150 mg of dried
KBr with �2 mg of specimen to obtain a thin disk. A pristine
KBr disk was used as a reference.
2.5. Scanning electron microscopy (SEM)

The compatibility of UK or TK of bre in PS was investigated
using a high resolution Quanta 250 FEG SEM, (Brno, Czech
Republic). The SEM images were obtained at an acceleration
voltage of 5–10 kV and the electron beam spot size of 3–3.5 in
order to optimize the quality of the images. The fractured
surfaces aer the tensile test were coated with a thin gold layer
and at low vacuum.
2.6. Differential scanning calorimetry (DSC)

The thermal analysis of neat PS and its lled composites with
different contents of UK or TK bres was carried out using
a DSC131 evo differential scanning calorimeter (Setaram
Instrumentation, Caluire, France), equipped with a liquid
nitrogen cooling (LN2) unit. The sample mass was chosen
between 10 to 15 mg and investigated using a heating ramp rate
from 75 �C to 120 �C at a heating rate of 5 K min�1 and nitrogen
ow rate of 50 mL min�1. During the heating cycle, the Tg and
its shi with or without TK were evaluated. Duplicate tests were
performed for each composite.
2.7. Dynamic mechanical analysis (DMA)

The DMA analysis was conducted on a DMA Q800 (TA Instru-
ments, Newcastle DE, USA) from 30 �C to 150 �C at a heating
rate of 3 K min�1, and at a xed frequency of 1 Hz in the tension
mode and with a % strain of 0.02. Sample dimensions of
35 � 6 � 2 mm3 were used for the test. At least three specimens
were measured for each sample.
ions for kenaf-PS biocomposites containing various proportions of fibre

PS/UK-40 PS/TK-10 PS/TK-20 PS/TK-30 PS/TK-40

100 100 100 100 100
40 — — — —
— 10 20 30 40
3 + 5 3 + 5 3 + 5 3 + 5 3 + 5
80 80 80 80 80
185 185 185 185 185

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 The results of the FT-IR spectroscopy for UK and TK fibre in the
transmission mode.

Fig. 3 The DSC thermograms for neat PS and its reinforced
composites with different untreated and treated kenaf fibre ratios
during the heating ramp.
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2.8. Mechanical properties

The stress–strain properties of the investigated samples were
determined using a Z010 tensile testing machine (Zwick, Ger-
many), with a load cell of 10 kN and a crosshead speed of
5 mm min�1, and in general the results complied with the
specication given in ASTM D638-14.38 Type IV dumbbell
specimens were die-cut from the extruded sheets. Because
environmental conditions have a signicant effect on the
tensile properties, all the specimens investigated were condi-
tioned in a climate room at 23 � 2 �C and 50 � 5% relative
humidity (RH) for at least 40 h before the testing, and the
conditions were monitored using a Hygrometer (Testo, UK).
Five specimens from each composite were tested and the
average result was taken.

2.9. Thickness swelling evaluation

The resistance of water absorption for bre-reinforced PS bio-
composites was determined using a thickness swelling test
method according to ASTM D570-98.39 The test specimens were
cut into strips of size 60 � 60 � 1 mm3 and the initial thickness
(T0) was measured, followed by complete immersion in a water
bath containing distilled water. The swollen thickness (Tt) for
all the specimens were recorded at different times (0, 24, 48, and
96 h) and at normal environmental conditions. The thickness
swelling percentage (TS) was calculated according to the
following equation:40

TS; % ¼ Tt � T0

T0

� 100

The average was calculated from three parallel measure-
ments for each type of composite.

2.10. Barrier properties

Barrier properties in terms of water vapor (WVTR) and gas
transmission rates (GTR) for neat PS and its lled composites
with untreated and treated bres were conducted using aW303-
B Water Vapor Permeability Analyzer (Lab Geni), according to
ASTM D1653-16 (ref. 41) and ASTM D3985-17,42 respectively.
This equipment is based on a cup method to measure smooth
and uniform plastic sheets. Each sample was cut from the sheet
in ring shape of 50 mm and of 90 mm in diameter in case of
WVTR and GTR, respectively, with a 200 mm thickness for both.
The test was repeated three times and the average values were
recorded.

3. Results and discussion
3.1. FT-IR spectroscopy

The FT-IR spectra were used to ascertain the results of the
chemical treatment of kenaf bre by the R-HMT mixture. The
results of the bre treatment are shown in Fig. 2. The spectrum
corresponding to raw bre was also conducted for comparison.
In Fig. 2, both spectra show characteristic absorption peaks at
�2930 and 2850 cm�1 (corresponding to the asymmetric C–H
stretching vibration of CH3 and the C–H stretching vibration of
This journal is © The Royal Society of Chemistry 2020
CH2, respectively) and a broad peak at �3420 cm�1 (hydroxyl
groups).43 Aer chemical treatment, a large peak for the TK bre
appeared at 1060 cm�1 attributed to the ether –C–O–C–
groups.31 In addition, new characteristic peaks corresponding
to the aromatic ring (ph-ring) and its double bond (C]C) were
detected at about 780 cm�1 and 1610 cm�1, respectively. The
intensity of the peak which was attributed to hydroxyl groups
was reduced in the case of TK bre as shown in Fig. 2. These
results conrmed that the chemical treatment of kenaf bre by
R-HMT had been achieved, as shown in the schematic repre-
sentation in Fig. 2.

3.2. Differential scanning colorimetry (DSC)

In the DSC, for neat PS and its bio-reinforced composites,
a heating ramp was applied to study the effect of UK and TK
bre on the Tg of PS composites containing various ratios of
bre, and the results are shown in Fig. 3. As shown in Fig. 3, the
heating ramp rate for neat PS shows a thermal transition
centered at around 109.20 �C. This was ascribed to the Tg of the
PS polymer, and was probably a semi-crystalline syndiotactic PS
RSC Adv., 2020, 10, 29296–29305 | 29299
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Fig. 4 Storage modulus for neat PS and its filled biocomposites with different ratios of untreated (a) and treated (b) kenaf fibre obtained using
DMA in tension mode at a frequency of 1 Hz.
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type. This nding agrees with that obtained by using a round
robin test.44 However, with the addition of the bre, whether
treated kenaf bre or not, to the matrix, the Tg values shied to
�105.40 �C towards a lower temperature and more exible
properties. As reported in previous research,45,46 the kenaf bres
generally have a positive effect on reducing the Tg of the
material. In this research, this result was supported by the DMA
analysis.

3.3. Dynamic mechanical analysis (DMA)

Neat PS and its lled biocomposites were analyzed with DMA to
explore the inuence of TK bre loadings on the viscoelastic
properties of the PS polymer in comparison with untreated
bres. As mentioned in previous reports in the literature,43,47

DMA parameters such as dynamic storage modulus (E0) and the
damping property (tan d) are critical to the molecular motions,
reinforcing agent, and relaxation of the material. Fig. 4 and 5
show the DMA curves of the evaluation of E0 and tan d as
a function of temperature from 30 �C to 150 �C. The curves in
Fig. 4(a) show that the storage modulus of all the untreated
samples in the glass transition region improved when
Fig. 5 Damping factor (tan d) for neat PS and its filled biocomposites w
using DMA in tension mode at a frequency of 1 Hz.

29300 | RSC Adv., 2020, 10, 29296–29305
compared to the neat PS. However, the E0 values are similar with
increasing UK content within the experimental errors.

This was probably attributed to the stiffness of the kenaf
bre, on the other hand, it may be said that UK bre loadings in
the matrix had no positive effect on the dynamic storage
modulus. However, a signicant increase in storage modulus
was regularly was observed aer adding TK bre, ranging from
�2260 MPa and 2670 MPa in the case of PS/TK-10 and PS/TK-30
samples, respectively, as compared to neat polymer (�1780
MPa). This improvement was apparently due to the addition of
the TK bre which enhanced the compatibility and the inter-
facial adhesion within the PS matrix, and which in turn,
promoted the chemical linkages between the bre and the
matrix. Hence, E0 values for composites based on TK were found
to be higher than the composites based on UK and neat PS.
Similar results were explained by Ghasemi et al.48 when hybrid
kenaf bre and wood our was used as a reinforcing agent for
polypropylene. It can also be observed from Fig. 5(a) and (b) that
tan d was strongly affected by hybridization and the loading of
the kenaf bre. From the gure, it seems that neat PS polymer
had a fairly high tan d peak at Tg � 119.40 �C.
ith different ratios of untreated (a) and treated (b) kenaf fibre obtained

This journal is © The Royal Society of Chemistry 2020
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These results agree with those veried elsewhere for PS/sisal
hybrid composites.13 However, the intensity of the tan d peaks
decreases dramatically with the increasing bre content, espe-
cially in case of composite-based TK when compared to neat PS.
Meanwhile, the Tg values shied to a lower temperature when
the bre was added to the PS matrix. The decrease in the
damping peak height mainly depended on the bre volume
fraction in the composite. As the bre volume fraction
increased in the matrix, the movement of little groups and the
chains of molecules within the polymer matrix may be hindered
because of the lower volume fraction of the polymer. These data
agree with those reported in other works.45–49
3.4. Mechanical properties

The static mechanical properties were determined to discover
the impact of UK and TK bres on the tensile properties of the
PS polymer at ambient temperature. Typical stress–strain curves
for PS/kenaf composites are shown in Fig. 6(a) and (b) and the
average stress at maximum for all the samples as a function of
bre volume fraction are plotted in Fig. 6(c). From the gure, it
appears that neat PS was a viscoelastic polymer with a tensile
Fig. 6 Stress–strain curves for neat PS, and its filled composites with UK
fiber content (c).

This journal is © The Royal Society of Chemistry 2020
stress of �22.95 MPa and a low strain at break of 9.50%. With
the addition of 10 wt% UK bre, the stress and strain at break
clearly reduced to �17.10 MPa and �4.40%, respectively, as
shown in Fig. 6(a). When the UK bre ratio was increased to
40 wt%, and a remarkable decrease in both parameters was
noticed and declined to 11.7 MPa and 3.20%, respectively. The
reason for this might be due to the hydrophilic nature of the
kenaf bre which induced poor compatibility with the PS
polymer, and the presence of moisture boosted the void
formation, resulting in premature breaks in the polymer chains
during the test.49 These results were conrmed by the SEM
observations. Similar results have been reported by Moustafa
et al.36 when lignocellulosic coffee wastes were used as a rein-
forcing agent for biodegradable poly(butylene adipate-co-tere-
phthalate) (PBAT). In contrast, a signicant increase in tensile
stress value (�21.80 MPa) was observed when introducing
10 wt% TK bre compared to composites based on UK and neat
PS.50 On further increase of the TK bre content to 30 wt%, the
tensile stress improved signicantly to �33.80 MPa as shown in
Fig. 6(b). These increases in tensile stress value were about
212% and 148% when compared with PS/UK-30 and neat PS
and TK fibre (a and b), and their average stress values at maximumwith
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Fig. 8 Thickness swelling (%) of neat PS and its filled biocomposites as
a function of immersion time.
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samples, respectively. The enhancement was because compati-
bility and the interfacial bonding between the TK bre and PS
polymer was achieved, and the TK bre was embedded in the PS
matrix which is shown in the SEM images.

Beyond 30 wt%, the tensile stress for the PS/TK-40 composite
was clearly reduced but its value remained much higher
compared to neat polymer and its composites based on UK
bre. These results show that the modication process for
lignocellulosic kenaf bre is needed for the hybrid kenaf-PS
composites to keep their excellent mechanical properties and
the optimum bre ratio was found to be 30 wt% for the TK bre,
as shown in Fig. 6(c). This result was also consistent with that
reported by Srebrenkoska et al.51 Nevertheless, the stain at break
of the kenaf-PS composites was found to be lower with the
insertion of the bres.

3.5. Morphological analysis

Fig. 7 displays SEM images of fractured surfaces for neat PS
polymer and its lled composites containing 30 wt% of UK or
TK kenaf bre. The SEM observations revealed interesting
information about the compatibility of the bre and the bre-
matrix adhesion level when the tensile tests were applied. The
SEM micrograph for neat PS shows that it has a uniform
surface. When 30 wt% of unmodied bre was added into the
PS matrix, there was incompatibility and large voids and phase-
separation of the bre in the matrix was observed. This was
associated with the hydrophilicity of kenaf inducing interfacial
debonding between the UK bre and the matrix. Similar results
Fig. 7 SEM images of the fractured surfaces for neat PS and its filled co

29302 | RSC Adv., 2020, 10, 29296–29305
have been reported by Alias et al.52 when they found that the
lowering of impact strength of a kenaf bre/PLA composite was
due to poor interfacial adhesion between the matrix and bre
causing a crack in the matrix. However, for composites con-
taining 30 wt% of TK bre, better compatibility in the whole of
PS matrix was observed and is shown in (Fig. 7). The treatment
of the bre could result in enhanced embedding of the bre
with high intertwining of the bres within the matrix. This
nding was agreement with the results obtained from visco-
elastic, mechanical and thickness swelling tests.
mposites containing 30 wt% of UK or TK fibre.

This journal is © The Royal Society of Chemistry 2020
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3.6. Hydrophobicity of PS biocomposites determined by
a thickness swelling assessment

Thickness swelling of neat PS and its lled composites with UK
or TK bre was evaluated in terms of water absorption. This
property is very closely related to the composite properties and
can be largely impacted by some parameters such as the type
and loading of the reinforcement, polarity of material, as well as
compatibility. In Fig. 8, neat PS shows a signicantly lower
thickness swelling value with the increase of immersion time,
attesting to the hydrophobic nature of the polymer. However,
the composite-based UK bre had a higher thickness swelling
result and the increase occurred with both increased bre
loadings and immersion time. This was related to the hydro-
philic character of the composite because of the hydrophilic
–OH groups of the bre, thereby leading to phase segregation
with voids that could create a preferential pathway for water
molecules in the matrix, thereby increasing the thickness
swelling. This result agrees with the SEM observations.

Correspondingly, the composites containing TK bres
exhibited the lowest thickness swelling values, as demonstrated
in Fig. 8, and this effect was amplied when treated bre was
added. This implied that the hydrophobicity of the bre-
reinforced polymer composites strongly depended upon the
chemical treatment of the bre, which led to good compatibility
and interfacial adhesion between the bre and the polymer,
which prevented the absorbed water from sneaking into the
matrix. In other words, the cellulose components can lose more
hydroxyl groups in kenaf bre during the chemical modication
process, which leads to them becoming a more hydrophobic
material, as seen in Fig. 1. The results obtained in this work
agreed with similar results that were reported in the literature.53,54
3.7. Barrier properties

Barrier properties are considered to be of major importance for
packagingmaterials to keep them safer in severe conditions such
as transport, handling and storage. However, the barrier perfor-
mance can be inuenced by some parameters such as the type
and the shape of the reinforcement, polarity, miscibility, and
ller dispersion state.55,56 The WVTR and GTR values for all the
investigated composites are summarized in Table 2. It can be
seen that the WVTP and GTR of neat PS were �7.67 g per m2 per
Table 2 WVTR and GTR values for neat PS and its composites filled
with UK or TK fibre at 23 � 1 �C/50 � 5% RH

Sample code WVTR, g per m2 per day GTR, cm3 per m2 per day

Neat PS 7.67 � 0.5 0.02 � 0.3
PS/UK-10 49.80 � 1.7 0.12 � 0.7
PS/UK-20 51.68 � 1.3 0.15 � 0.9
PK/UK-30 58.55 � 0.9 0.22 � 0.6
PK/UK-40 64.60 � 1.6 0.40 � 0.5
PS/TK-10 12.64 � 0.8 0.03 � 0.2
PS/TK-20 21.70 � 0.5 0.01 � 0.4
PS/TK-30 24.89 � 0.3 0.00 � 0.0
PS/TK-40 27.24 � 0.7 0.00 � 0.0

This journal is © The Royal Society of Chemistry 2020
day and �0.02 cm3 per m2 per day, respectively, which indicated
there was quite a good barrier property. Nevertheless, aer
blending with UK bre to 40 wt%, the values of both properties
were dramatically increased up to �64.60 g per m2 per day and
�0.40 cm3 perm2 per day, respectively, forWVTP andGTR for the
PS/UK-40 sample. The reason for this is due to the incompati-
bility of the kenaf bre with the polymer. Compared with the
modied kenaf bre, the WVTR value was reduced to
�27.24 g per m2 per day for the PS/TK-40 sample.

On the contrary, the GTR for the treated lms provided a high
oxygen barrier property, especially for the PS/TK-30 and PS/TK-40
samples when compared to neat PS and its composite-based UK
bre. This was because of the good wettability between the TK
bre and PS matrix, as well as anisotropicity of the ber (i.e., the
orientation of ber), leading to the increase of a tortuous diffu-
sion path in the matrix. Chowdhury et al.56 have reported that
anisotropic cellulose nano-crystal lms showed the highest gas
barrier properties when compared to isotropic lms.
4. Conclusions

In the current work, the chemical treatment of natural kenaf
bre waste with an R-HMT mixture was successful and it could
be used as a hydrophobic reinforcing material for the PS poly-
mer. Its compatibility in the matrix was found to be good when
compared to the untreated bre. The chemical mechanism of
the bonding agent (R-HMT) and the kenaf bre was conrmed
by the results of FT-IR analysis. The renewable kenaf-PS
composites based on UK or TK bre were prepared by melt
blending. The effect of UK or TK bre loadings was studied
using the thermal, dynamic, static, thickness swelling, and
barrier properties. The results obtained showed that the Tg
measured by either DSC or DMA was affected by the insertion of
UK or TK bres, and shied towards lower temperatures. The
DMA experiments illustrated a signicant enhancement in the
dynamic storage modulus in the glass region, particularly with
30 wt% TK bre in the matrix, whereas the intensity of the
damping peak decreased compared to other samples. There was
a large increase in tensile stress values for the PS biocomposites
when the TK bre was used. Nevertheless, the mechanical
results for composites reinforced with UK bre revealed inferior
tensile stress values. These results were conrmed by the SEM
observations. Furthermore, the composite-based TK bre had
better results for thickness swelling because of the bre-
polymer adhesion that prevented the absorbed water from
sneaking into the matrix, resulting in highly hydrophobic
materials which could be used in sustainable automotive and
packaging applications. However, high thickness swelling
values were obtained as the immersion time was increased for
the composite-based UK. Also, enhancements in water vapor
and oxygen permeability were observed when the TK bre was
used compared to the composites based on the UK bre.
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