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Abstract: The study aims to investigate the effect of various surface treatments of Aloe Vera fibers
(AVF) used as reinforcement in PHBHHXx biocomposites that were prepared by melt compounding
at 20 wt% of filler content. The surface fibers were modified with alkaline, organosilanes and
combined alkaline/organosilanes. A characterization of the AVF properties was carried out before
and after surface treatment involving ATR-FTIR spectroscopy and SEM analysis. Surface
morphology, thermal stability, water absorption capacity and rheological properties of both
untreated and treated biocomposite samples were investigated. The study showed that the
PHBHHx biocomposite/AVF treated with combined alkaline/organosilanes exhibited a better
surface morphology resulting in a good fiber/matrix interfacial adhesion. Accordingly, an increase
in complex viscosity, storage modulus and loss modulus was observed, whereas water absorption
was reduced. Thermal stability remained almost unchanged except for the treated biocomposite
with alkaline where this property decreased significantly. This study highlights the effectiveness of
combined alkaline/organosilanes treatment of AVF over alkaline and organosilanes in PHBHHx
biocomposites.
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1. Introduction

In the last decade, lignocellulosic fibers reinforced biodegradable polymer composites attracted
a great attention [1] because such new class of materials are promising candidates for replacing the
synthetic polymer materials derived from fossil oil [2]. In this regard, polyhydroxyalkanoates
(PHAs), which are aliphatic polyesters synthesized from bacteria under specific conditions [3], have
been extensively investigated owing to their advantageous properties in many application fields
involving mainly biomedical, food packaging, and agricultural [4]. Among the PHAs' family,
PHBHHx copolymer is considered as the third generation one, which is biodegradable and
biocompatible possessing a lower melting temperature (~135 °C), a lower crystallinity index (~35-
40%), and a wider window process than polyhydroxybutyrate (PHB) and poly(3-hydroxybutyrate-
co-3-hydroxyvalerate) (PHBV) [5]. On the other hand, Aloe Vera fibers (AVF) offer a great deal of
potential in engineering materials but unfortunately not enough investigated so far, in comparison
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with lignocellulosic fibers [6]. Indeed only a very few studies were reported in literature on AVF,
often dealing with properties characterization, surface modification and applications as fillers in
polylactides (PLA) [7-9]. Therefore in this paper, the objective was to investigate the effect of various
chemical surface treatments of Aloe Vera fibers on morphology and properties of PHBHHx
biocomposites aiming to to improve the matrix-filler compatibility and subsequently, their
properties. AVF were subjected to alkaline treatment, organosilanes treatment and combined
alkaline-organosilanes treatment and incorporated in PHBHHXx matrix at filler content of 20 wt%.

2. Experiments

2.1. Materials

PHBHHXx (11 wt% of hydroxyhexanoate) in pellets form was provided by Kaneka Corporation
(Westerlo-Oevel, Belgium) under the grade Aonilex X151A.

Aloe Vera fibers (AVF) were extracted from leaves collected in the region of Bejaia (Algeria). The
extraction procedure is described in the next Section 2.2.

Trimethoxy-octadecyl-silanes (TMOS) was purchased from Sigma Aldrich-(France).

Sodium hydroxyde (NaOH) was provided by Biochem-(United Kingdom).

2.2. Extraction Procedure and Chemical Composition of Aloe Vera fibers (AVF)

Aloe Vera fibers were extracted from the leaves using watter retting as described by Mannai et
al. [10]: firstly, the leaves were washed out and cut into small pieces, then immersed in a
thermostatically controlled water bath at 90 °C for 2 h. After this, AVF were removed and placed in
a closed water container for 15-20 days. At the end, the fibers were washed several times and dried
in an oven at 70° C overnight.

The chemical composition of AVF was determined using the analytical method reported in
litterature [11,12] and the results are as follow: cellulose = 64.9 wt%, lignin = 4.1 wt%, hemicellulose
=25.1 wt% and extractives = 5.9 wt%. Density of AVF =1.4325, which is consistent with the litterature

[7]-
2.3. Fiber Surface Treatments

2.3.1. Alkaline Treatment

In order to eliminate the hemicellulose and partially the lignin, a treatment with NaOH was
carried out according to the procedure reported in literature [7,13]. Initially, the fiber length was cut
to ~3 mm and dried at 70 °C overnight. AVF were immersed in a NaOH solution at 5 wt% for 1 h,
while the temperature was kept at 27 °C. After this, AVF were removed and washed several times
with distilled water and once, with a solution of acetic acid at 2 wt% until reaching a neutral pH. The
fibers were then dried at 70 °C until the mass stabilization.

2.3.2. Organosilanes Treatment by TMOS

AVF surface treatment by TMOS was conducted according to the following procedure: AVF
were sonicated in a mixture of water/ethanol (30/70 v/v) for 1 h. 2% of TMOS (w/w) were separately
dissolved in a mixture of water/ethanol (70/70 v/v) for 1 h at pH = 4. The sonicated AVF were then
soaked in the TMOS solution and kept under continuous stiring for 3 h at 25 °C [14,15]. AVF were
filtred and dried in an oven at 110 °C for 12 h for completing the silanols groups condensation [12].

2.3.3. Combined Alkaline-Ogranosilanes Treatment

AVF fibers were subjected to both alkaline and organosilane treatements as described above.
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2.4. Preparation of PHBHHx/AVF Biocomposites

Before processing, PHBHHx and AVF were dried in a vacuum oven at 70 °C for 12 h to remove
the moisture contained in the materials. PHBHHx/AVF biocomposites were prepared in a twin-screw
micro-compounder, Model DSM Xplore(version 1.0-2005) at 145 °C and 50 rpm. AVF (before and
after treatment) were incorporated into PHBHHXx at loading ratio of 20 wt%. Table 1 summarizes the
code and composition of the biocomposites formulations.

Table 1. Code and composition of neat PHBHHx and biocomposite formulations based on

PHBHHx/AVF.
Sample Codes szl;igx (;::,01/1 ) Designation
PHBHHXx 100 - Matrix
UNAVF 80 20 PHBHHXx/Untreated AVF
ALAVF 80 20 PHBHHXx/alkaline treated AVF
SiAVF 80 20 PHBHHXx/organosilanes treated AVF
ALSiAVF 80 20 PHBHHXx/combined alkaline and organosilanes treated AVF

2.5. Characterization Techniques

Fracture surface morphology of the biocomposite samples were observed by using a Jeol JSM-
6031 scanning electron microscope. Prior to any observation, the fracture surface of the biocomposite
samples were coated with a thin gold layer by means of a Polaron sputtering apparatus.

TGA analysis was performed in a thermal analyzer (Setaram TGDTA92-10) with a heating rate
of 10 °C/min under nitrogen atmosphere from 20 to 600 °C. The average weight samples was almost
10 mg and three replicates were performed for each sample.

Rheological measurements were carried out by an Anton PaarMCR301 rheometer. The samples
were dried at 60 °C for 24 h before testing. The experiments were done at 150 °C using a 25 mm
parallel plate system. The disks were equilibrated for 4 min before the gap was set to the testing
position of 0.95 mm. The limit of the linear viscoelastic regime was determined by performing a strain
sweep at 1 Hz. A strain of 0.5%, corresponding to the linear viscoelastic domain, was chosen to
perform dynamic measurements over a frequency range from 0.01 to 100 Hz.

Water absorption percentage was determined by measuring the difference between the weight
at initial time and the constant final weight of the sample at a given time according to ASTM D570-
98 (2018) standard method. The samples were dried in a vacuum oven at 70 °C overnight, cooled in
a desiccator, and immediately weighed using a four-digital balance. The conditioned samples were
then immersed in distilled water at room temperature. The samples were removed regularly, blotted
to eliminate excess water on the surface and weighted. The percentage of water absorption (WA %)
was calculated according to Equation (1) [16].

my — My
Wy (%) = ———x 100% (1)
my
where Wa is the water absorption in %, m:is the sample weight after a given immersion time, and mo
is the initial weight sample before immersion. The average scatter around the mean value was +0.1%.

3. Results

3.1. Morphological Analysis of PHBHHx/AVF before and after Surface Treatment

Figure la-e, shows SEM micrographs of the fracture surface of neat PHBHHXx,
PHBHHXx/untreated AVF, PHBHHXx/alkaline-treated AVF, PHBHHXx/organosilanes-treated AVF, and
PHBHHx/combined alkaline-organosilanes treated AVF biocomposites, respectively. In Figure 1a,
the fracture surface of neat PHBHHx is homogenous and compact. Figure 1b relative to
PHBHHx/UNAVF shows the presence of some agregates with some fibers are pulled out from the
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matrix indicating the lack of adhesion. Furthermore some surface defects such as craters and
microvoids are visible. For the PHBHHx/ALAVF biocomposite, the fracture surface shown in Figure
1c, exhibits some microscopic holes and cavities in the matrix where ALAVF are randomly
distributed. Figure 1d shows clearly an improved surface morphology of PHBHHXx/SiAVF
biocomposite, resulting in a reduction of the number and size of aggeragtes. Figure le displays the
fracture surface morphology of PHBHHx/ALSIiAVF biocomposite, which is characterized by a
regular and homogenous surface having less defects and fibers pullouts compared with other
PHBHHXx biocomposites.

@ | (b)

(e)

Figure 1. SEM micrographs of: (a) neat PHBHHX, (b) PHBHHx/UAVF, (c) PHBHHxX/ATAVF, (d)
PHBHHx/STAVF, (e) PHBHHx/ALSTAVF.

3.2. Rheological Measurements

Table 2 summarizes the values of complex viscosity (n"), storage modulus (G’) and loss modulus
(G”) of neat PHBHHx and various PHBHHx/AVF biocomposites, recorded at 0.01 Hz. A significant
effect of AVF on the rheological properties is observed. Indeed, n* increases from 4100 Pa.s for the
neat PHBHHx to more than 105 Pa.s for the PHBHHx/UNAVF biocomposite, even more for the
treated samples indicating the restriction of chain mobility of PHBHHx. This behavior is more
pronounced for the biocomposite filled with ALSiAVE. Similar trend is also observed for G and G”.
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Table 2. The values of complex viscosity (N*) storage modulus (G’) and loss modulus (G”) of
PHBHHx and PHBHHx/AVF before and after treatment recorded at 0.01 Hz.

Sample n* (Pa.S) G’ (Pa) G” (Pa)
PHBHHXx 4100 6.18 258
PHBHHx/UNAVF 111,000 5100 4760
PHBHHX/ALAVEF 835,000 50,500 14,000
PHBHHx/SiAVF 228,000 9610 10,600
PHBHHXx/ALSiAVF 1,240,000 66,500 40,800

3.3. TGA Data

Thermal stability of various PHBHHX/AVF biocomposites before and after treatments was
carried out by TGA and the results compared to those of neat PHBHHx. Table 3 shows the
temperature values of T10 and T50 corresponding to 10 and 50% mass loss, while Tmdr is the
temperature corresponding to the maximum degradation rate. The % residue at 600 °C is also given
in Table 3. The incorporation of AVF in PHBHHXx results in a slight decrease in thermal stability of
the biocomposite samples whatever the type of fiber. Indeed, it can be noticed that T10, T50 and Tmdr
shift to lower temperatures, being however more pronounced for the biocomposite filled with

alkaline treated fibers.

Table 3. TGA data of neat PHBHHXx and various PHBHHx/AVF biocomposites before and after fiber

surface treatment.

Samples T (°C) T50(°C)  Tmar (°C)  Char Yield (%)
PHBHHXx 28005 294+18 295+1.1 0.2+0.05
PHBHHx/UNAVF 274+08 288+19 288+0.8 4.2+0.6
PHBHHx/ALAVF 260+0.7 274+17 276+09 43+04
PHBHHx/SiAVF 278+04 293+13 293+0.3 1.9+0.1
PHBHHx/ALSiAVF 277+02 289+11 292+0.3 1.6+0.1

3.4. Water Absorption (WA)

Figure 2 shows the water uptake of neat PHBHHx and PHBHHx/AVF biocomposites before and
after surface treatment. All WA curves exhibit similar trend, which is characterized by a fast increase
of WA during the first 24 h of immersion before reaching the saturation. As expected, PHBHHx has
the lowest water absorption, while the PHBHHx/ALAVF biocomposite shows the highest one.

Water absorption (%)

1.77+0.09

8.99+0.26

12.42 +0.35
T
L

4.76 £0.23

4.47£0.12

Figure 2. Water absorption (%) at saturation (a) neat PHBHHx, (b) PHBHHx/UNAVEF, (c)
PHBHHx/ALAVF, (d) PHBHHXx/SiAVF and (e) PHBHHx/ALSiAVF.
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4. Discussion

Morphological observations shown in Figure 1b indicate the formation of UNAVF aggregates in
PHBHHx matrix, some fiber pullouts and microvoids. This behavior is a characteristic of
incompatible system, which results in a low interfacial adhesion between natural fibers and
hydrophobic polymer matrix [17]. However, the combined alkaline organosilanes treatment of AVF
leads to a better morphology resulting in enhancement of the fibers wettability and subsequently to
strong interactions between AVF and PHBHHX. Indeed, according to Orue et al. [14] the grafted
TMOS on AVF surface promotes the interfacial adhesion due to its bifunctional structure.

Rheological measurements show a significant increase in n* at a lower frequency (0.01 Hz),
which is attributed to a hindring effect on the chains mobility after adding AVE. Similar behaviors
are reported for G’ and G” which indicate a good interfacial bonding between PHBHHx and AVEF,
however being more pronounced for the PHBHHx biocomposite filled with ALSiAVF. This is
consistent with the data reported by Komal et al. [18].

TGA show that T10, T50 and Tmdr shift to lower temperatures after adding AVF. This could be
explained as a result of the moisture contained in the materials [19] and also to a slight alteration of
the cellulose structure during the chemical treatment [20].

PHBHHx shows the lowest water uptake due to its hydrophobic nature. Whereheas, the
PHBHHx/ALAVF shows the highest percentage owing to the alkaline treatment, which causes the
surface roughness and fibrillation of the fibers, thus increasing the number of reactive sites [21]. The
rest of PHBHHXx biocomposites have intermediate values. PHBHHx/UNAVF has the highest WA %
due to the hydrophilic nature of the cellulosic fibers [22], whereas PHBHHx/SiAVF and
PHBHHx/ALSiAVF) exhibit lower values resulting from the presence of silanol groups that are
chemically adsorbed onto the fiber, thus preventing fiber swelling [23,24].

5. Conclusions

In the current study, the effect of several surface treatments on Aloe Vera fibers and their impact
on morphology and properties of PHBHHx biocomposites prepared by melt compounding, was
investigated. Morphological data showed the importance of such treatments to improve the
dispersion of AVF in the matrix by avoiding the formation of filler aggregates and enhancing the
filler-matrix interfacial adhesion. Furthermore, the biocomposite with combined alkaline
organosilanes treated AVF displayed better thermal stability, rheological properties and lower water
uptake in comparison with the other biocomposites.
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Abbreviations

The following abbreviations are used in this manuscript:

PHBHHXx poly(3-hydroxybutyrate-co-3-hydroxyhexanoate)

Aloe Vera Fiber AVF

ATR-FTIR Attenuated total reflectance-Fourier transform infrared spectroscopy
SEM Scanning Electron Microscopy

T™MOS Trimethoxy-octadecyl-silanes

UNAVF Untreated Aloe Vera fiber

ALAVF Alkaline treated Aloe Vera Fiber

SiAVF Organosilanes treated Aloe Vera Fiber

ALSIAVF combined alkaline organosilanes treated fiber

TGA Thermogravimetric analysis
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