PEER-REVIEWED ARTICLE

bioresources.com

Effect of Soil Burial on Silane Treated and Untreated
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In recent decades, natural fibers have become widely used with petroleum
based polymers such as polyethylene (PE) and polypropylene (PP)
because of their light weight, lower cost, and inherent biodegradability. In
the present work, linear low-density polyethylene/polyvinyl alcohol
(LLDPE/PVOH) composites with untreated kenaf and silane-treated kenaf
at filler loadings of 0, 10, and 40 phr were prepared via the melt mixing
process. The soil burial test was used to evaluate the degradability of the
composites for different durations (90 and 180 d). The tensile properties,
surface morphology, chemical composition, percentage of weight loss,
and crystallinity of the composites before and after degradation were
evaluated. With increased kenaf loading and soil burial duration, all the
composites showed a decrease in tensile properties. This was further
confirmed by the changes in surface morphology and chemical structure
of the buried composites. The increase in weight loss percentage and
crystallinity after soil burial indicated that the longer burial duration had
increased the degradation of composites. Composites with silane-treated
kenaf exhibited lower degradability than that of composites with untreated
kenaf after being buried for 90 and 180 d. This may be attributed to the
improved adhesion of kenaf to the LLDPE/PVOH matrix via silane
treatment.
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INTRODUCTION
Linear low-density polyethylene (LLDPE) is among the popular polyolefins that is
frequently utilized for industrial packaging and applications such as plastic bags, wraps,
containers, bottles, pipes, and cable covers (Nguyen et al. 2016; Guo 2020). However,
LLDPE does not degrade easily in the natural environment and hence, research has shifted
towards the use of biodegradable materials to partially or fully replace LLDPE (Ismail et
al. 2009; Nguyen et al. 2016; Guo 2020). For instance, Ismail et al. (2009) successfully
blended LLDPE with a synthetic biodegradable polymer, polyvinyl alcohol (PVOH), using
the conventional processing method. Although PVOH may impart biodegradability to
LLDPE, the cost of the product will increase because PVOH is an expensive raw material
(Pang et al. 2017).
To make the LLDPE/PVOH matrix easier to degrade, natural fibers can be added
to its composition. In addition to being economical and lightweight, natural fibers provide
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biodegradability to the polymer matrix (Moriana et al. 2010; Mitra 2014). One of the
natural fibers that has gained popularity among researchers is kenaf fibers (John et al. 2010;
Ramesh 2016). The massive growth on the development of kenaf fiber reinforced polymer
composites can be attributed to the fact that kenaf has high specific mechanical properties,
and it is lightweight, less costly, and able to degrade in different environments (Sapuan et
al. 2013; Pang and Ismail 2014; Surip et al. 2016). Additionally, kenaf fiber based
composites have been an attractive alternative particularly in industrialized applications
such as automobile (interior panels, package trays, dashboard covering and headliners),
food packaging (wrapping films, bags and containers), furniture (particle or fiber boards,
composite chair and table), paper production, textile, etc. (Anandjiwala and Blouw 2007;
Sreenivas et al. 2020). Moreover, kenaf fiber-based polymer composites have a good
potential to substitute synthetic fiber based polymer composites such as glass-fibre polymer
composite because they has comparable mechanical and physical properties to the latter
(Kamal et al. 2014). However, the main drawback of kenaf fiber is its incompatibility with
the hydrophobic polymer matrix, thereby leading to reduced adhesion and poor stress
transfer (Pang et al. 2016). Numerous fiber-based treatments have been developed and
published, with one of them being the silane treatment (Sobczak et al. 2013; Ahmad et al.
2015).
The degradation of fiber-based polymer composites relies upon several aspects
such as the ability to degrade each component, fiber loading, and the interface’s quality
(Abdul Khalil et al. 2010). Many researchers have reported the introduction of high fiber
loading generally increases the degradability of composites in the soil (Obasi and Onuegbu
2013; Rajesh et al. 2015; Yaacob et al. 2016). However, there are a few studies on the
degradability of compatibilized polymer composites in the soil (Sam et al. 2011; Muniandy
et al. 2012; Luthra et al. 2020). For instance, Muniandy et al. (2012) analyzed the
degradability of 3-aminopropyltrimethoxysilane (AMEO)-treated and untreated rattan
powder filled natural rubber composites in the soil. Results revealed that less degradation
occurred in the AMEO-treated composites than the control composites because of the good
rattan powder-matrix interaction and the AMEO protected and hindered it from
degradation. Until now, the impact of different soil burial durations on the degradability
properties of untreated and silane-treated kenaf filled LLDPE/PVOH composites have not
been examined.
The highlight of this work was to comprehensively characterize the degradability
of untreated and silane-treated kenaf filled LLDPE/PVOH composites in soil. The changes
in the respective composites over time upon soil burial were assessed from the tensile
properties, surface morphology, chemical structure, percentage of weight loss, and
crystallinity. This work is essential to give basic knowledge of the degradation behavior of
untreated and silane-treated kenaf filled LLDPE/PVOH composites in soil, which could be
helpful for future applications that are involved in developing degradable fiber-polymer
composites.

EXPERIMENTAL
Materials and Methods
The LLDPE and PVOH were purchased from PT Lotte Chemical Titan Nusantara
(Banten, Indonesia) and Sigma-Aldrich (M) Sdn. Bhd. (Selangor, Malaysia). The density
of LLDPE was 0.92 g/cm3 with a melt flow rate of 1 g/10 min at 190 °C. The density and
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molecular weight of PVOH were 0.269 g/cm3 and 89,000 to 98,000 g/mol, respectively.
The LLDPE/PVOH had a ratio of 60:40 as the polymer matrix to prepare the composites.
Kenaf was supplied from National Kenaf and Tobacco Board (LKTN), Kelantan, Malaysia.
The 3-(trimethoxysilyl)propyl methacrylate (silane) was supplied by Sigma-Aldrich Sdn.
Bhd. (Selangor, Malaysia) and was used to chemically treat the kenaf. Prior to the
composites’ preparation, kenaf was pre-treated with silane 5.0 (wt%) as reported in
previous work (Pang et al. 2016). Then, the kenaf was dried for 24 h in a vacuum oven at
the temperature of 80 °C before being subjected to melt-mixing in an internal mixer
(Model: R600/610; Thermo Haake, Karlsruhe, Germany) at a temperature and rotor speed
of 150 °C and 50 rpm. The composites were then compression molded into a 1-mm-thick
sheet with the use of an electrically heated hydraulic press (Model: KT-7014 A; GoTech
Testing Machine, Taichung, Taiwan). The LLDPE/PVOH composites with 10 phr and 40
phr of untreated kenaf and silane-treated kenaf were named 10UT, 10ST, 40UT, and 40ST,
respectively.
Characterizations
The procedure of the soil burial test was conducted according to a previous report
(Pang et al. 2017). The tensile testing was performed using a universal testing machine
(Norwood, MA, USA) in accordance with ASTM D638-14 (2014). The surface
morphology of composites after the soil burial was studied with a scanning electron
microscope (SEM, Zeiss Supra-35VP; Carl Zeiss, Jena, Germany). A Fourier transform
infrared spectroscopy (FTIR, Perkin Elmer System 2000 Spectrometer; Waltham, MA,
USA) was used to study the structural changes of the soil buried composites. The
percentage of weight loss of degraded composites was determined based on Eq. 1,
Weight Loss (%) = [(W0 - W1) / W0] × 100

(1)

where W0 and W1 are the weights (g) of the samples before and after the soil burial test,
respectively. The differential scanning calorimetry (DSC) measurements of the degraded
composites were performed with a DSC 7 thermal analyzer (Pyris 6; PerkinElmer,
Waltham, MA, USA) according to ASTM D3418-03 (2003). The crystallinity percentage
was calculated based on Eq. 2,
Crystallinity (%) = [∆Hf * / (Wf × ∆Hf0)] × 100

(2)

where ∆Hf and ∆Hf* are the heat of fusion of LLDPE (290 J/g) (Ismail et al. 2009) and
the experimental heat of fusion of the composites, respectively. Meanwhile, Wf refers to
the weight fraction (g) of LLDPE in the composites.
0

RESULTS AND DISCUSSION
Tensile Properties
Figure 1 shows the effect of different soil burial durations on the tensile strength of
the LLDPE/PVOH composites with untreated and silane-treated kenaf. It was noted that
the tensile strength decreased after soil burial of 90 d and 180 d for all the composites,
respectively. Based on a previous study (Pang et al. 2017), the decline in tensile strength
with increasing kenaf loading after soil burial was related to the weak interfacial adhesion
between the untreated kenaf and LLDPE/PVOH that led to a higher moisture absorption
from the soil. Figure 1 additionally shows that higher tensile strength was exhibited by the
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LLDPE/PVOH composites with silane-treated kenaf than that of composites with untreated
kenaf, after 90 and 180 d of soil burial. This could be attributed to the enhancement in the
interfacial adhesion between silane-treated kenaf and LLDPE/PVOH, which has been
discovered in a previous study (Pang et al. 2016). Additionally, the moisture absorption of
kenaf during soil burial could possibly be reduced after silane treatment. Consequently, the
composites with silane-treated kenaf showed lower degradability during soil burial testing.
Furthermore, it was observed in Fig. 1 that the tensile strength of all the composites
decreased with increasing duration of soil burial. For instance, the tensile strength of
LLDPE/PVOH composites with 10UT and 10ST decreased approximately 4.0% and 2.0%
(after 90 days), and 8.8% and 4.6% (after 180 days), respectively. Similarly, decrement in
tensile strength approximately 7.7% and 6.5% (after 90 days) and 11.8% and 11.5% (after
180 days) was shown by LLDPE/PVOH composites with 40UT and 40 ST, respectively.
These results were expected because the composites experienced greater structural damage
or degradation at longer soil burial durations.

Kenaf Loading (phr)
Fig. 1. Tensile strength of LLDPE/PVOH composites with untreated and silane-treated kenaf after
90 d and 180 d of soil burial

Based on the tensile results, the following degradation mechanism was proposed
for a better understanding. During the soil burial, the kenaf fibers and the LLDPE/PVOH
matrix were exposed to moisture absorption and microorganism attack. The microorganism
attack on the polymer matrix resulted in surface erosion, thereby leading to the formation
Pang et al. (2020). “Kenaf fiber/PVOH/HDPE in soil,” BioResources 15(4), 8648-8661.
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Elongation at Break (%)

of pores or micro cracks on the surface as shown in the SEM micrograph in a later
subsection (Figs. 5 and 6). Subsequently, the moisture can diffuse through the pores or
micro cracks and attach to the hydrophilic groups of kenaf and PVOH. As a result, the
kenaf swelled after absorbing the moisture, generating stresses at the interface, and
resulting in micro-cracking between the fibers and the matrix. This likely promoted more
water to diffuse along with fiber-matrix interface and led to excessive moisture absorption.
Eventually, solubilized components and byproducts of the kenaf started leaching out from
the matrix, which can be attributed to excessive moisture absorption. These phenomena
tend to degrade the tensile properties of the kenaf filled LLDPE/PVOH composites.
However, the presence of improved interfacial adhesion between the silane-treated kenaf
and the LLDPE/PVOH matrix can reduce the action of microorganisms and moisture that
are present in the soil. A similar degradation mechanism was proposed by other researchers
(Chan et al. 2019; Chee et al. 2019).
The effect of different soil burial duration on the elongation at break and tensile
modulus of the LLDPE/PVOH composites with untreated and silane-treated kenaf is
displayed in Figs. 2 and 3.

Kenaf Loading (phr)
Fig. 2. Elongation at break of LLDPE/PVOH composites with untreated and silane-treated kenaf
after 90 d and 180 d of soil burial
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Kenaf Loading (phr)
Fig. 3. Tensile modulus of LLDPE/PVOH composites with untreated and silane-treated kenaf
after 90 d and 180 d of soil burial

Similar to the tensile strength trend (Fig. 1), elongation at break and tensile modulus
of all the composites decreased after soil burial of 90 and 180 d, respectively. The moisture
absorption by kenaf from the soil during burial tended to result in leaching of kenaf from
the composites, thereby leading to fiber-matrix debonding. Moreover, the leaching of kenaf
tended to leave behind pores or voids on the composite surface. Consequently, the
composites are vulnerable to the microorganism attack that may weaken the polymer
structure or reduce the polymer chain length at prolonged burial time (Amer and Saeed
2015; Pang et al. 2017). Therefore, the flexibility and stiffness of the composites decreased
as the burial prolonged. Nevertheless, LLDPE/PVOH composites with silane-treated kenaf
exhibited lower elongation at break and higher tensile modulus in comparison to
composites with untreated kenaf before and after soil burial exposure, respectively. This
showed that the interface between silane-treated kenaf and the LLDPE/PVOH matrix was
improved (Pang et al. 2016). Thereby the deterioration in mechanical properties was
minimal (after soil burial) in comparison to the untreated kenaf filled LLDPE/PVOH
composites.
Morphological Study
Figure 4 (a and b) shows SEM micrographs of untreated and silane-treated kenaf at
magnification of 200x. From Fig. 4a, it can be seen there are many impure materials on the
surface of untreated kenaf fibers. Silane treated kenaf fibre in Fig. 4b illustrates a clean and
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smooth texture, with the impurities removed from its surface. Silane treatment is known
for its efficiency in enhancing the kenaf fibre-matrix interfacial adhesion (Pang et al. 2016).

Fig. 4. SEM micrographs of kenaf fibers (a) UT; and (b) ST, at a magnification of 200x

The SEM micrographs of soil buried surfaces of LLDPE/PVOH composites with
untreated and silane-treated kenaf are shown in Figs. 5 and 6, respectively. Figure 5 (a
through d) illustrates the soil buried surfaces (after 90 d) of LLDPE/PVOH composites
with 10UT and 10ST.

Fig. 5. SEM micrographs of LLDPE/PVOH composites with (a) 10UT (Pang et al. 2017);
(b) 10ST; (c) 40UT (Pang et al. 2017); and (d) 40ST, after 90 d of soil burial exposure at a
magnification of 1000x

Figure 5 (a) shows the presence of pores and cracks on the surface of
LLDPE/PVOH/10UT composites. Figure 5 (c) shows the pores with bigger size on the
surface of composites with higher kenaf loading (i.e., 40 phr). As discussed earlier, the
microorganism attacks may lead to surface erosion and presence of pores or cracks on the
surface of composites. Additionally, the leaching of kenaf from the composites could
contribute to the formation of pores on the soil buried surface. This observation is in good
agreement with the lower tensile strength values of LLDPE/PVOH/kenaf composites at
Pang et al. (2020). “Kenaf fiber/PVOH/HDPE in soil,” BioResources 15(4), 8648-8661.
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higher kenaf loading, after the soil burial exposure. In contrast, the surfaces of
LLDPE/PVOH composites with silane-treated kenaf after 90 d of soil burial (Fig. 5 (b, d))
were observed to have lesser and smaller pores than that of composites with untreated
kenaf. This indicated better interfacial adhesion between the silane-treated kenaf and the
matrix, thereby reducing the leaching of kenaf during soil burial.
Furthermore, with increasing burial time up to 180 d, there were a higher number
of surface pores and the size of pores were larger, as can be clearly seen in Fig. 6 (a-d).
This is because the prolonged duration of soil burial is likely to increase the degradation of
the composites (Sam et al. 2011). However, the surfaces of LLDPE/PVOH composites
with silane-treated kenaf were observed to be less degraded in contrast to composites with
untreated KNF, after 180 d of soil burial. This result is in agreement with the higher tensile
strength of composites with silane-treated kenaf, as illustrated in Fig. 1.

Fig. 6. SEM micrographs of LLDPE/PVOH composites with (a) 10UT (Pang et al. 2017);
(b) 10ST; (c) 40UT (Pang et al. 2017); and (d) 40ST, after 180 d of soil burial exposure at a
magnification of 1000x

FTIR Analysis
Figure 7 shows the FTIR spectra of LLDPE/PVOH composites with 40UT and
40ST after different durations of soil burial. The composites before soil burial were used
as the control. It can be seen in Fig. 7 that both LLDPE/PVOH composites with 40UT and
40ST displayed a similar pattern in their respective FTIR spectra, except for the appearance
of one additional peak at 989 cm-1 found in the LLDPE/PVOH/40ST composites. The peak
at 989 cm-1 belonged to the Si-OH group (Rangel et al. 2010). The appearance of this peak
indicated that silane induced better interaction between the kenaf and the LLDPE/PVOH
matrix (Pang et al. 2016). Referring to Fig. 7, a small increment in the intensity of a peak
within the range of 1750 to 1740 cm-1 (carbonyl group) was found after a prolonged soil
burial time. This observation suggested that the degradation of composites in soil had
occurred progressively with burial time (Sam et al. 2011; Yaacob et al. 2016).
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Transmittance

Furthermore, a considerably reduced absorption peak intensity of O-H bending
(1645 cm-1), C-O and C-O-C stretching (1100 to 1056 cm-1), C-O stretching (838 cm-1),
and C-H and –CH2 stretching (719 cm-1) were observed after 90 d and 180 d of soil burial.
All of these peaks belong to the kenaf (Pang et al. 2017). This indicated that the kenaf was
leached out and removed from the composites during soil burial. This finding was
confirmed by the presence of pores or cavities as shown in Figs. 5 and 6.

Wavelength (cm-1)
Fig. 7. FTIR spectra of LLDPE/PVOH composites with (a through c) 40UT; and (d through f)
40ST, before, and after 90 d and 180 d of soil burial, respectively

Weight Loss
During the soil burial exposure, biodegradation can happen due to moisture and
microorganism attacks, resulting in weight losses of the material (Reddy et al. 2016; Chee
et al. 2019). To observe the changes of the LLDPE/PVOH composites with untreated and
silane-treated kenaf after soil burial, the percentage weight loss was evaluated, and the
results are presented in Table 1. Referring to Table 1, LLDPE/PVOH exhibited a small
weight loss percentage of approximately 0.21% and 0.98% after being buried for 90 d and
180 d, respectively. This weight loss was attributed to the leaching of PVOH resulting from
the moisture absorption from the soil. An apparent increase in the weight loss percentage
was found in composites with the highest kenaf loading (i.e., 40 phr), after soil burial of
90 d and 180 d. Generally, composites with higher kenaf loading led to higher moisture
Pang et al. (2020). “Kenaf fiber/PVOH/HDPE in soil,” BioResources 15(4), 8648-8661.
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absorption from the soil during the burial, and this was likely to contribute to the
degradation of the composites (Amer and Saeed 2015; Pang et al. 2017). These results are
associated with the lower tensile strength values obtained in the previous section. However,
at similar loading of kenaf and duration of soil burial, the LLDPE/PVOH composites with
silane-treated kenaf showed a lower percentage of weight loss compared to composites
with untreated kenaf. This corresponded to the enhanced adhesion of the fiber-matrix
interface in the presence of silane and subsequently reduced the moisture absorption by the
composites from the soil. This observation suggested that the composites with silanetreated kenaf exhibited fairly good tensile properties after soil burial.
Table 1. Percentage Weight Loss of LLDPE/PVOH Composites with Untreated
and Silane-treated Kenaf After Different Durations of Soil Burial Exposure
Kenaf
Loading
(phr)
0
10
40

Weight Loss (%)
LLDPE/PVOH
UT
90 d
0.21
0.72
4.84

ST
180 d
0.98
2.32
11.86

90 d
0.49
4.53

180 d
2.02
10.99

Furthermore, the percentage of weight loss increased with the duration of soil burial
for both LLDPE/PVOH composites with untreated and silane-treated kenaf. After 90 d of
soil burial, the increment of weight loss was approximately 1.60% and 7.02% for
LLDPE/PVOH composites with 10UT and 40UT, respectively. These results were higher
than that of LLDPE/PVOH composites with 10ST and 40ST (1.53% and 6.46%),
respectively. This result was in good agreement with the deterioration in tensile properties
after buried for 180 d, which was discussed in the previous section.
DSC Analysis
The DSC results of untreated and silane-treated kenaf filled LLDPE/PVOH
composites after different soil burial durations are summarized in Table 2. The reason for
the decrease in the crystallinity (Xc) with increasing kenaf loading has been reported in the
authors’ previous study (Pang et al. 2017). Based on Table 2, the melting temperature (Tm)
of the composites was observed in the range of 125.0 to 126.2 °C, before and after soil
burial. The small changes in Tm indicated that minimal changes had been initiated by the
microorganism attacks on the matrix part of the composites (Luthra et al. 2020). Moreover,
the crystallization temperature (Tc) and heat of fusion (H*f) for both LLDPE/PVOH
composites with untreated and silane-treated kenaf increased as the soil burial test
prolonged. During the soil burial test, the amorphous region of a polymer was more
vulnerable to microorganism attacks and hydrolysis in comparison to the crystalline region
(Roy et al. 2015; Nguyen et al. 2016; Lv et al. 2018). The increase in Tc and H*f after soil
burial corresponded to the degradation of kenaf (the amorphous portion) in the composites,
which increased the crystalline portion. Hence, the overall crystallinity of the composites
increased as burial progressed. This finding was similar to the results reported by several
researchers, claiming that the crystallinity of the filled composites increased after soil
burial (Yaacob et al. 2016; Huang et al. 2018; Luthra et al. 2020).
Nevertheless, at a fixed burial time, LLDPE/PVOH composites with 10ST and
40ST exhibited lower crystallinity than that of LLDPE/PVOH composites with 10UT and
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40UT, respectively. This can be explained by the action of the microorganisms and water
from the soil acting on the silane-treated kenaf, which is less favourable, resulting from the
better interfacial adhesion between silane-treated kenaf and LLDPE/PVOH matrix.
Therefore, the degradability of LLDPE/PVOH composites with 10ST and 40ST in soil was
lower in comparison to LLDPE/PVOH composites with 10UT and 40UT, respectively.
Table 2. DSC Results of LLDPE/PVOH Composites with Untreated and Silanetreated Kenaf After Different Durations of Soil Burial Exposure
Tm
(°C)

Tc
(°C)

Hf
(J/g)

Crystallinity, Xc
(%)

Sample

LLDPE/
PVOH
LLDPE/
PVOH/1
0UT
LLDPE/
PVOH/4
0UT
LLDPE/
PVOH/1
0ST
LLDPE/
PVOH/4
0ST

0d

90 d

180 d

0d

90 d

180d

0d

90 d

180 d

0d

90d

180 d

126.
2

125.5

125.4

106.2

107.1

107.5

29.1

41.1

42.2

16.7

23.6

24.3

125.
8

125.7

125.1

106.9

107.0

107.3

25.3

28.4

33.2

16.1

18.0

21.0

125.
0

125.5

125.1

106.9

106.9

107.0

17.3

17.9

24.8

13.8

14.4

19.9

125.
9

126.1

126.1

106.4

106.7

106.7

21.7

23.4

28.6

13.9

14.9

18.2

125.
4

125.4

125.1

106.9

106.9

107.0

12.7

13.0

21.8

10.1

10.4

17.4

CONCLUSIONS
1. The degradability of linear low-density polyethylene/poly(vinyl alcohol) (LLDPE/
PVOH) composites untreated and silane-treated was enhanced in the presence of higher
kenaf loading and at longer soil burial durations. Nevertheless, composites with silanetreated kenaf demonstrated a lower degradability compared with composites with
untreated kenaf.
2. The results showed that the tensile strength, elongation at break, and tensile modulus
of all the composites decreased after soil burial exposure. However, composites with
silane-treated kenaf exhibited higher tensile properties compared to composites with
untreated kenaf after soil burial.
3. The deterioration in the tensile properties of the composites after soil burial was
confirmed by the presence of pores and cracks on the surface morphology with the use
of scanning electron microscopy (SEM).
4. The Fourier transform infrared (FTIR) spectrometry results confirmed the degradation
of the composites occurred after soil burial exposure.
5. The percentage of weight loss and crystallinity of all the composites increased at higher
kenaf loading and after a longer soil burial duration. However, the composites with
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silane-treated kenaf exhibited a lower percentage of weight loss and crystallinity than
that of composites with untreated kenaf after soil burial.
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