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Abstract 

The aim of this study was to assess the effect of various surface treatments on Aloe Vera 

fibers (AVF) used as reinforcement in PHBHHx biocomposites prepared by melt 

compounding. AVF were subjected to various surface treatments including alkaline, organo-

silanes and combined alkaline/organo-silanes treatments. Both untreated and treated AVF 

were added to PHBHHx at filler content of 20 wt.% and the resulted biocomposites were 

characterized using scanning electron microscopy (SEM), differential scanning calorimetry 

(DSC), thermogravimetric analysis (TGA), water absorption test and rheological 

measurements. The study showed that the combined alkaline/organo-silanes treatment of AVF 

resulted in better morphology and properties of PHBHHx biocomposite compared to 

untreated AVF and those treated either with alkaline or with organosilanes. Indeed, SEM 

analysis of the fracture surface of PHBHHx/AVF treated with combined alkaline-

organosilanes showed better fiber-matrix interactions compared to the other samples. As a 

result, rheological properties, i.e., complex viscosity (η*), storage modulus (G') and loss 

modulus (G") were increased. Higher resistance to water absorption was observed for 

PHBHHx/AVF treated with combined alkaline-organosilanes. Whereas, the various surface 
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fiber treatments led to no noticeable change in thermal characteristics of the biocomposites. 

This study highlights the effectiveness of combined alkaline/organo-silanes treatment of AVF 

over alkaline and organo-silanes and their applications in PHBHHx biocomposites as an 

interesting source of cellulosic reinforcing materials. 

 

Keywords: PHBHHx, Aloe Vera fibers (AVF), Biocomposites, Fiber surface treatment, 

Morphology. 

 

1. Introduction 

In recent years, biodegradable polymers and natural fibers are gaining growing interest from 

both industry and academia towards developing environmentally friendly materials as an 

alternative to petroleum based products [1]. In addition, natural fiber reinforced polymer 

composite technology focuses also on low cost and performance [2]. Hence, the use of 

original raw materials should be defined in terms of sustainability to elaborate new products 

based on biocomposites [3]. New developments in the field of renewable and biodegradable 

polymers are being intensified. In this context, polyhydroxyalcanoates (PHA) are derived 

from renewable resources and are fully biodegradable thermoplastics [4]. They are totally 

synthesized by microorganism as an intracellular storage product [5,6]. Under, specific 

conditions of nitrogen limitation and an excess of carbon food source, which can be a 

saccharide (sugar), the bacteria transform the excess of their feeding into intracellular grains 

of polymer and stored in the cell cytoplasm [5–8]. The main limitations of PHA to extend 

their industrial applications are mainly high thermal sensitivity and low mechanical resistance 

[9]. To overcome these drawbacks, block copolymers have been developed introducing 

different monomeric units in PHAs. This is the case of poly(3-hydroxybutyrate-co-3-

hydroxyhexanoate) (PHBHHx), which is a random copolymer of 3-hydroxybutyrate and 3-
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hydroxyhexanoate [7]. Due to its ductile nature and wider processing window compared to 

poly(3-hydroxybutyrate), PHBHHx has a broad range of applications in various industries 

such as biomedical sector including tissue engineering, bio-implant patches, drug delivery, 

surgery, wound dressing and scaffolds, agriculture in the controlled release of insecticides and 

also flexible packaging [7,10]. Together with the developments of new biopolymers, an 

increasing interest on natural fiber reinforced bioplastics has been observed [11]. Among the 

biodegradable reinforcements, a new kind of natural cellulosic fibers is extracted from the 

leaves of Aloe Vera Cactus plant, which is a member of the Agavoideae family [12]. This 

plant is largely available in the North African countries, especially in Algeria and it represents 

an interesting source of cellulosic reinforcing materials [13]. Aloe Vera plant is widely 

cultivated throughout the world for its gel. It is also  used in cosmetic and pharmaceutical 

industry and more recently in textile industry in India [14]. Although, there have been  some 

studies on  the characterization and chemical treatment of Aloe Vera Cactus fibers [12,13], 

their use as a cellulosic reinforcing material in polymeric materials, particularly in 

biodegradable polymers, is rather scarce. Only a few papers reported the use of Aloe Vera 

fibers as a reinforcement in PLA matrix [15]. Accordingly, the authors indicated that the 

properties of Aloe Vera and sisal fibers reinforced biocomposites are comparable. Further, 

both types of fibers significantly improved the mechanical behavior of PLA. However, there 

is a major limitation  of using cellulosic fibers in polymer composites applications due to high 

moisture absorption or release and poor dimensional stability of the natural fibers [16,17]. In 

addition, due to the hydrophilic character of the cellulosic fibers by the presence of hydroxyl 

and other polar groups, it remains difficult to ensure a homogeneous dispersion of these 

natural fillers in a hydrophobic polymer matrix during melt compounding process. The 

effectiveness of natural fibers as reinforcement can be improved by enhancing the interfacial 

adhesion between the fiber and the polymer matrix through various fiber surface treatments 
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including alkaline treatment, silane treatment, acetylation treatment, benzoylation treatment 

and peroxide treatment [18]. Among these, the silanization is one of the most commonly used 

surface treatments for natural fiber surface modification, especially for the nanocellulose 

fibers due to the ability of silanes to interact with both natural fibers and composite matrix 

[19]. This study investigates the effects of Aloe Vera fiber surface treatment, including 

alkaline treatment, organo-silanes treatment and a combined alkaline-organosilanes treatment, 

on the morphology and thermal and rheological properties of PHBHHx/Aloe Vera fiber 

biocomposites incorporated at 20 wt.%. The nominal composition of 20 wt. % of AVF was 

used as an intermediate one. Moreover beyond 30 wt. % of cellulosic fibers, it becomes 

difficult to feed the fibers and process the biocomposites with conventional techniques such as 

extrusion and injection molding machines [15]. 

 

2. Experimental part 

2.1. Materials used 

PHBHHx containing 11 wt.% of hydroxyhexanoate was provided in pellets by Kaneka 

Corporation (Westerlo-Oevel, Belgium) under the trade name Aonilex X151A. According to 

the manufacturer, this grade is white in color. The main physical characteristics of the 

polymer are as follows: density = 1.19 g/cm3, melting temperature (Tm) = 130°C, glass 

transition temperature (Tg) = -0.2°C and crystallinity index (Xc) = 34%. The chemical 

structure of PHBHHx is given in scheme 1. 

Scheme 1 

Fibers were extracted from Aloe Vera leaves (AVL),  which have been collected in the region 

of  Bejaia in Algeria. The detailed extraction procedure of the fibers is given in section 2.2.  
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Trimethoxy-octadecyl-silanes (TMOS) purchased from Sigma-Aldrich (France) was used to 

modify the surface of AVF for better adhesion with hydrophobic polymer matrix [20]. The 

chemical structure of TMOS is CH3(CH2)17Si(OCH3)3 and the molar mass is 374.67 gmol-1. 

2.2. Aloe Vera fibers (AVF) extraction procedure 

The fibers were extracted from the leaves of Aloe Vera cactus illustrated in Figure 1.  

Figure 1 

The AVF extraction procedure was carried out using water retting according to the procedure 

described by Mannai et al. [21] and shown in Figure 2.  The procedure was as follows: 

Figure 2 

Before immersing AVL in water bath, the remaining pith and cortex parenchyma of the plant 

were completely removed. In order to separate the Aloe Vera fibers from the stems, the leaves 

were first cut into small pieces and washed as shown in step (a) in Figure 2. The Aloe Vera 

pieces were then immersed in a thermostatically controlled water bath at 90°C for 2h to 

inhibit the enzymes effect. In the next step (b), the recovered pieces were placed in a closed 

water container for 15–20 days. In the last step (c), the fibers were then easily extracted from 

the leaf pieces and washed with distilled water to remove the pulp and contaminants on the 

surface before drying them in an oven at 70°C overnight.  

2.3. Chemical composition of Aloe Vera fibers (AVF) 

The chemical composition of AVF was determined according to the experimental procedure 

reported in literature [22,23]. The main chemical composition of AVF are the following: 

cellulose = 64.9 wt.%, lignin = 4.1 wt.%, hemicelluloses = 25.1 wt.% and extractives = 5.9 

wt.%. Moreover, the measured density of AVF = 1. 4325, which is very close to that reported 

by Balaji et al. [12].  

2.4. AVF surface treatments 

2.4.1. Alkaline treatment with NaOH 

(c) 
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Alkaline treatment of AVF was carried out in order to eliminate the hemicellulose, the pectin 

and partially or totally the lignin, according to the procedure described in literature [12,24]. 

Prior to any surface treatment, AVF were dried in a vacuum oven at 70°C overnight. The 

initial fibers were cut to a few millimeters length (~1-2 mm). The short fibers were subjected 

to a surface treatment in a NaOH solution at 5 wt. %. The temperature was kept constant at 

27°C during 1h under atmospheric pressure and a moderate agitation. The fibers were 

removed from the alkaline solution, filtered and washed with distilled water for several times. 

After this, the fibers were rinsed by a 2 wt. % acetic acid solution until getting a neutral pH. 

The washed fibers were then dried at 70°C until getting a constant mass. 

2.4.2. Organosilanes treatment by TMOS 

The treatment consisted of grafting TMOS molecules onto the AVF surface according to the 

procedure described in literature [25,26]. 4g of AVF were sonicated in a 100 ml solution of 

water/ethanol (70/30 v/v) mixture for 1h. Along with this, 2 wt.% of TMOS based on the 

mass of AVF used, were also dissolved in a separate 100 ml of water/ethanol (70/30 v/v) 

solution for 1h, while adjusting the pH to 4 with glacial acetic acid. The sonicated AVF were 

soaked in TMOS solution at room temperature and a continuous stirring for 3 h. Finally, AVF 

were removed from the solution, filtered and dried in an oven at 110°C for 12 h for a 

complete condensation of silanol groups [23].  

2.4.3. Combined NaOH-organosilanes treatment 

In this treatment, the procedure consisted of subjecting alkaline treated AVF to organosilanes 

treatment by TMOS using the same experimental procedure previously described.  

2.5. Preparation of PHBHHx/AVF biocomposites by melt compounding 

In order to minimize both the moisture effect and hydrolysis on PHBHHx and AVF, all 

materials were dried in a vacuum oven at 70°C for 12 h before processing. The preparation of 

PHBHHx/AVF biocomposites before and after fiber surface treatment was carried out in a 
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twin-screw micro-compounder, Model DSM Xplore (version 1.0 - 2005) at 145°C and 50 

rpm.AVF were incorporated into PHBHHx at loading rate of 20 wt.%. The code and 

composition of the neat PHBHHx and the biocomposite samples elaborated with various fiber 

surface treatments are given in Table 1. 

Table 1 

2.6. Characterization Techniques 

2.6.1. Scanning electron microscopy (SEM) 

Fracture surface morphology of the biocomposite samples and the AVF surface before and 

after treatments were observed by using a Jeol JSM-6031 scanning electron microscope. The 

neck region for the broken biocomposite samples fractured in liquid nitrogen is parallel to the 

draw direction in order to reveal the internal morphology. Prior to any observation, the 

fracture surfaces were coated with a thin gold layer by means of a Polaron sputtering 

apparatus.  

2.6.2. Attenuated total reflectance-infrared spectroscopy (ATR-IR) 

ATR-IR spectra of AVF before and after alkaline treatment were recorded using an Agilent 

technology Cary 630 FTIR spectrometer at 8 cm-1 resolution and 64 scans. All spectra were 

recorded in the absorbance mode in the 4000 - 600 cm-1 region. 

2.6.3. Thermogravimetric analysis (TGA) 

TGA experiments were carried out in a thermal analyzer (Setaram TGDTA92-10) using a 

heating rate of 10°C/min under nitrogen atmosphere in the temperature range starting from 20 

to 600°C for the PHBHHx/AVF biocomposite samples, while the temperature  started from 

20 to 800°C for  AVF. The TGA data represent the average of three replicates. 

2.6.4. Differential Scanning Calorimetry (DSC) 

DSC analyzes were performed on weighted samples of about 15 mg using a differential 

scanning calorimeter (Mettler-Toledo DSC-882 Model). The samples were first heated from - 
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40 to +200°C at a heating rate of 20°C/min in inert atmosphere (N2) and kept at this 

temperature for 2 min to eliminate thermal history. The samples were then cooled to -40°C at 

a cooling rate of 20°C/min. Then the samples were heated again to +200°C at 20°C/min so 

that the melting could be studied. Indeed, the second thermal cycle provides accurate results 

on the glass transition temperature (Tg), the melting temperature (Tm) measured from the peak 

value of the endotherm, the cold crystallization temperature (Tcc), measured from the lowest 

peak value of the exotherm, melting enthalpy (ΔHm) and enthalpy of cold crystallization 

(ΔHcc). The DSC values represent the average of three replicates. 

2.6.5. Rheological measurements 

Rheological measurements were performed using an Anton Paar MCR301 rheometer. Sample 

disks were vacuum-dried at 60°C for 24h prior to testing. Rheological experiments were 

performed 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 0.95mm. 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. 

2.6.6. Water absorption test 

The water absorption percentage was determined by measuring the difference between the 

weight at the initial time of the test and the constant final weight of the sample at a given time 

according to ASTM D570-98 (2018) standard method. The sample dimensions were 

10x10x1.0 mm. The samples were dried in a vacuum oven at 70°C overnight, cooled in a 

desiccator, and immediately weighed using a four digit 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 eq.(1) [27].  
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Where WA is the water absorption in %, mt is the sample weight after a given immersion time, 

and m0 is the initial weight sample before immersion. The average scatter around the mean 

value was ±0.1%. 

 

3. Results and discussion 

3.1. Aloe Vera fibers (AVF) characterization 

To make effective use of AVF as reinforcement in composite materials, the fiber surface 

modification must be performed to obtain an enhanced interface between the hydrophilic 

AVF and PHBHHx. Thus, chemical structure, morphology and thermal stability of AVF were 

characterized before and after surface treatment by FTIR spectroscopy, SEM and TGA, 

respectively. 

3.1.1. ATR-IR analysis of AVF 

ATR-IR spectroscopy was used to track changes in the chemical structure of the fibers. In this 

respect, Figure 3 shows comparative ATR-IR spectra of untreated AVF and those treated with 

alkaline, organo-silanes and combined alkaline/organo-silanes. 

Figure 3 

From Figure 3, the ATR-IR spectra of untreated AVF exhibit the presence of a large 

absorption band at 3300 cm−1 which is attributed to the free hydroxyl groups (−OH) [28]. 

Furthermore, there is also the presence of an absorption band at 2900 cm−1 assigned to -CH 

stretching of methyl and methylene groups [15]. The characteristic absorption bands centered 

at 1728 cm-1 and 1246 cm-1 correspond to the C=O stretching vibration and  C-O stretching 

bond of hemicellulose, pectin and lignin contained in AVF [28].  After surface treatment of 

the fibers, it is observed in Figure 3, a decrease in the absorption band intensity at 3300 cm−1 

for both the alkaline and organosilanes indicating that the number of hydroxyl groups on the 
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fiber surface has decreased. Moreover, it is observed in the alkaline treated AVF fibers, the 

disappearance of the absorption bands centered at 1728 and 1246 cm-1, which indicates that 

the hemicellulose and a part of lignin components in the AVF are eliminated [24]. For the 

combination of alkaline-organosilanes treated AVF, the absorption band intensity at 3300 cm-

1 becomes stronger due to the presence of silanol groups [29]. From the medallion in Fig. 3, a 

small shoulder located at roughly 769 cm-1 is noticed on both ATR-IR spectra of silane and 

combined alkaline-silane treated fibers, which is assigned to Si-O-Si groups resulting from  

self-condensation of a very small amount of TMOS on AVF surface [30,31]. The ATR-IR 

data show clearly the effect of each type of surface treatment on the structure of AVF with 

respect to alkaline, organo-silanes and combined alkaline-organosilanes treatments [12]. 

3.1.2. Surface morphology of AVF 

Figure 4(a) and (b) shows the SEM micrographs of surface morphology of AVF before and 

after alkaline treatment, respectively. (The SEM micrographs of organo-silanes and combined 

alkaline/organo-silanes treated fibers are not shown because similar surface morphology of 

the fibers is observed as the alkaline treated fibers). 

Figure 4(a) and (b) 

It is observed in Figure 4(a) that the untreated AVF shows a homogeneous and compact 

surface with fewer irregularities compared with the alkaline treated one displayed in Figure 

4(b). Indeed, the presence of pectin, lignin, and other extractible on the fiber surface provides 

certain smoothness. After alkaline treatment, the fiber surface becomes rough and it is 

characterized by the formation of wide and deep grooves, while the fiber diameter is variable 

as shown in Figure 4(b). This may result from the fibrillation of AVF, delignification and 

elimination of impurities [32]. As reported in literature [21], alkaline treatment leads to 

breaking down the fiber bundle into smaller fibres with a rough surface topography. As a 
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result, the fiber/matrix interface is enhanced and subsequently, mechanical properties are 

improved.  

3.1.3. Thermal stability 

Thermal stability of untreated and treated AVF was investigated by TGA under N2 

atmosphere. Figure 5 shows DTG thermograms of untreated and treated AVF.  

Figure 5 

From Figure 5, it is observed that DTG curves display a broad peak in the temperature range 

50-100°C for all treated and untreated fibers. This is attributed to the loss of a small amount 

of weight due to the evaporation of moisture present in the fibers. Furthermore, the untreated 

fibers exhibit a lower temperature peak at around 295°C which is related to the decomposition 

of hemicellulose. For the alkaline treated fibers, this peak disappears totally indicating that the 

hemicellulose is fully removed from the fibers [22]. For the combined alkaline and organo-

silanes treated fibers, the peak is not visible at 295°C, but another peak appears at lower 

temperature at approximately 215°C, which is due to the removal of the moisture generated 

from the self-condensation reactions of the residual Si-OH groups and also to the partial 

removal of uncrosslinked oligomers (Si-O-Si) [30]. On the other hand, the DTG curves of 

organo-silanes treated fibers exhibit both temperature peaks, i.e., 215 and 295°C.  

Furthermore, a strong temperature peak is observed at 350°C for the untreated AVF. The peak 

intensity increases significantly after the alkaline treatment of the fibers. For the organosilanes 

and combined alkaline-organosilanes treated fibers; besides a large increase in the peak 

intensity, its position shifts towards lower temperature by almost 17°C compared to that of 

untreated fibers.  According to Chowdhury et al. [33], the peaks observed in the temperature 

range 333-350°C correspond to those of cellulose, whereas lignin decomposes slowly at 

higher temperature. The presence of lignin is the cause of production of the char, which is the 

product at the end of the pyrolysis process [25]. 
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3.2. Characterization of PHBHHx/AVF biocomposites 

3.2.1. Morphological analysis 

The fracture surface of PHBHHx filled with untreated and treated AVF were examined by 

SEM. In this regard, Figure 6(a), (b), (c), (d) and (e) shows the SEM micrographs of the 

fracture surfaces of neat PHBHHx, PHBHHx/untreated AVF, PHBHHx/alkaline-treated AVF, 

PHBHHx/organosilanes-treated AVF, and PHBHHx/combined alkaline-organosilanes treated 

AVF biocomposites, respectively. 

Figure 6(a), (b), (c), (d) and (e) 

In Figure 6(a), the fracture surface of PHBHHx is homogeneous and compact, although some 

defects are visible, which are due probably to the fracturing procedure. For 

PHBHHx/untreated AVF biocomposite shown in Figure 6(b), it is clearly observed the 

formation of aggregates randomly distributed in the polymer matrix. Furthermore, AVF are 

pulled out from the PHBHHx surface indicating a low interfacial adhesion between the fibers 

and the matrix [26]. Other defects such as craters and microvoids are also present on the 

fracture surface of the biocomposite, which indicate the non compatibility of PHBHHx and 

AVF [16].  

Figure 6(c) shows the fracture surface of PHBHHx/AVF treated with alkaline. Microscopic 

holes and cavities are observed on the fracture surface of PHBHHx along with alkaline-

treated AVF are dispersed randomly in the matrix. This could be related to an insufficient 

adhesion of the fibers to the polymer matrix. In Figure 6(d) relative to the 

PHBHHx/organosilanes treated AVF, a noticeable change in the surface morphology of the 

biocomposite is clearly observed compared to Figure 6(b). From Figure 6(d), the organo-

silanes treatment of AVF leads to a better wetting of the fibers in PHBHHx matrix. In 

addition, the fracture surface morphology shows a reduction in number and size of filler 

aggregates indicating an improved morphology. According to the literature [26], TMOS 
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grafted on AVF surface exhibits a bifunctional structure: the silane groups react with the 

hydrophilic AVF via the hydroxyl groups, while the organic part interacts with the 

hydrophobic polymer matrix during melt compounding. 

The fracture surface morphology of PHBHHx/AVF treated with alkaline/organo-silanes 

combination is shown in Figure 6(e). It can be clearly observed that the surface morphology 

of the biocomposite is regular and homogeneous with less surface defects. Despite the 

presence of a very few fiber pullouts in comparison with the other biocomposite samples, this 

indicates improved morphology through increased interfacial adhesion between treated AVF 

and PHBHHx.  

3.2.2. Thermal characteristics 

In order to investigate the effect of various surface treatments of AVF on the thermal 

characteristics of PHBHHx biocomposites, DSC measurements were carried out. In this 

regard, thermal properties including glass transition temperature (Tg), cold crystallization 

temperature (Tcc), melting temperature (Tm), melting enthalpy (ΔHm) and cold crystallization 

enthalpy (ΔHcc) of PHBHHx and PHBHHx/AVF biocomposites before and after surface 

treatment of the fibers are provided in Table 2. From Table 2, the values of Tm, Tcc and Tg of 

PHBHHx are about 136, 63 and 2°C, respectively, which are consistent with those reported in 

literature [34]. It can be noticed that Tg slightly increases up on adding both untreated and 

treated AVF to PHBHHx, in particular for alkaline-organosilanes treated biocomposite. This 

is due to stiffening effect resulting from the restriction of polymer chains mobility in the 

amorphous phase [35]. Similar trend is also observed for Tm and Tcc when AVF are 

incorporated in PHBHHx matrix. However, the results in Table 2 show that whatever the fiber 

treatment of  AVF, it induces almost no change on Tm and Tcc of PHBHHx biocomposite in 

comparison with the untreated one. A further trend that can be observed from the data in 

Table 2 is a decrease in the melting and cold crystallization enthalpies for all biocomposite 
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samples compared to neat PHBHHx. This is due obviously to the decrease in the reduction of 

PHBHHx matrix content [36–38].  

Table 2 

From the whole DSC data, it can be concluded that the different fiber treatment methods don’t 

show any noticeable change in the amount of crystallinity of the biocomposite samples 

compared to neat PHBHHx. 

3.2.3. Thermogravimetric analysis 

Thermal stability of PHBHHx/AVF biocomposites subjected to various surface fiber 

treatments was investigated by TGA in comparison with those of untreated fibers and neat 

PHBHHx. TGA thermograms of the samples are shown in Figure 7. Furthermore, Table 3 

summarizes the main results as the degradation temperature T10 corresponding to 10 wt. % 

mass loss, the mid-point of degradation (T50) recorded at 50 wt. % mass loss, the temperature 

corresponding to the maximum degradation rate (Tmdr) and the residue at 600°C. 

Figure 7 

TGA thermograms show that neat PHBHHx undergoes one single decomposition step and 

almost no residue is observed at 600 °C. The degradation step occurs fast, and starts from 

almost 290°C. It is complete at approximately 310°C. The incorporation of AVF in PHBHHx 

results in a slight decrease in thermal stability of the biocomposite samples. 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. The decrease in thermal stability of the 

biocomposites may be attributed to the moisture contained in the materials [39]; this 

obviously has a significant impact on the ongoing processes of polymer chain-structure 

degradation. Moreover, both biocomposites treated with organo-silanes and those treated with 

combined alkaline/organo-silanes are more stable than those filled with untreated AVF. This 

result indicates the effectiveness of surface fiber treatment resulting in better fiber-matrix 
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interactions. On the other hand, PHBHHx biocomposite filled with alkaline treated fibers 

shows a lower thermal stability that the untreated one, which can be explained by the slight 

alteration of the structure of the cellulose chains after alkaline treatment [40]. Figure 7 shows 

also that the TGA thermograms of the biocomposite samples exhibit clearly three 

decomposition steps. In the first step, located in the temperature range (160-290°C), there is a 

decomposition of hemicellulose [41]. The second step ranged from approximately 290-310°C, 

is attributed to the simultaneous decomposition of cellulose and PHBHHx. In the last step 

between 310 and 380°C, there is still the decomposition of both cellulose and lignin. 

The characteristic temperatures are summarized in Table 3. The maximum degradation rate 

(Tmdr) of PHBHHx/AVF treated by organo-silanes and combined alkaline-organosilanes occur 

approximately at 293 and 292°C, respectively, which are close to that of neat PHBHHx. 

untreated PHBHHx/AVF and the alkaline treated one show lower Tmdr comparatively to the 

polymer matrix. This result is logic since it is related to the simultaneous degradation of 

PHBHHx, cellulose and lignin [35]. In PHBHHx/alkaline treated AVF, lignin is partially or 

totally removed from the fibers, while in untreated AVF, the presence of impurities like 

pectin, waxes and other extractible, could be responsible for the decrease in Tmdr. 

Table 3 

3.2.4. Water absorption 

Water absorption is mainly due to the hydrogen bonding of water molecules to the hydroxyl 

groups on the cellulosic fibers [42]. In this respect, Figure 8 shows the water absorption 

curves plotted as a function of immersion time at room temperature for neat PHBHHx and 

various PHBHHx/AVF biocomposites. From Figure 8, it can be observed that all curves 

display similar trend characterized by 2 steps. First, a fast increase in water absorption is 

observed in the first 24h of immersion for all samples, followed by quasi-plateau in the 

second step, indicating water saturation. Apparently, this looks like a Fickian behavior [43]. 
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Furthermore, the highest water absorption is observed for alkaline treated AVF biocomposite. 

This behavior results from alkaline treatment, which causes a rough surface topography on 

AVF as observed in Figure 2(b). Moreover, alkaline treatment also leads to fiber fibrillation, 

which increases the effective surface area of the fiber available for absorbing water molecules 

[44]. The lowest water absorption is obviously for neat PHBHHx, due to its hydrophobic 

character. Between these 2 extreme behaviors, there are the untreated biocomposites and 

those treated with organosilanes and combined alkaline-organosilanes, which display water 

absorption rates quite close. However, the PHBHHx/AVF treated with combined alkaline-

organosilanes biocomposite exhibits the lower water absorption rate. This resistance to water 

absorption of the organosilanes treated biocomposites may result from hydrolysable alkoxy 

groups of silanes which form silanols. The latter reacts with the hydroxyl groups of the fibers 

under moisture conditions. Stable covalent bonds at the cell wall are formed during the 

reaction and silanols are chemically adsorbed onto the fiber surface. Thus, the hydrocarbon 

chains available by applying the silanes will prevent the fiber swelling [45]. 

Figure 8 

3.2.5. Rheological measurements 

Melt rheology was used to qualitatively evaluate the filler-matrix interactions in the 

biocomposite [9]. In this respect, Figure 9, 10 and 11shows respectively the curves of 

complex viscosity (η*), storage modulus (G') and loss modulus (G'') versus frequency for neat 

PHBHHx and PHBHHx/AVF biocomposites before and after fiber surface treatments. From 

Figure 9, it is clearly noticed that the incorporation of both untreated and treated AVF into 

PHBHHx affects significantly the complex viscosity of the biocomposite at low frequencies.  

Figure 9 

Indeed, there is a considerable increase in η* of the biocomposite samples compared to neat 

PHBHHx, being however, more pronounced for the combined alkaline-organosilanes treated 
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biocomposite. The incorporation of both untreated and treated AVF into PHBHHx matrix 

causes disturbances in the polymer flow by hindering the mobility of chains, and subsequently 

the increase in viscosity. Significant increases in both G' and G" are also observed at low 

frequencies for all biocomposite samples as shown in Figure 10 and 11, respectively. The 

increase in the rheological properties of the biocomposite materials mainly at low frequencies 

can be attributed to occurrence of strong interactions between AVF and PHBHHx. Indeed, the 

storage modulus (G′) and loss modulus (G") of PHBHHx presented in Figure 10 and 11, 

respectively, increase considerably on adding untreated and treated AVF at 0.01 Hz, however 

much more pronounced for the combined alkaline-organosilanes treated AVF biocomposite. 

The increase is attributed to solid-like behavior as a result of strong filler-matrix interactions 

in agreement with the morphological data. With increasing angular frequency to almost 0.15 

Hz; a pseudo-plateau is clearly noticeable in all biocomposite samples. According to Kaci et 

al. [45], this is attributed to strong interfacial bonding occurring between the natural fibers 

and the polymer matrix. 

Figure 10 

Figure 11 

 

4. Conclusion 

In the presented work, biocomposites based on PHBHHx and Aloe Vera fibers (AVF) have 

been prepared by melt compounding. The effect of various surface fiber treatments on the 

morphology and properties of PHBHHx biocomposites were investigated including alkaline 

treatment, organo-silanes treatment and combined alkaline-organosilanes treatment. From the 

study, it can be concluded that the surface treatment of AVF is essential to eliminate the 

formation of aggregates in the PHBHHx matrix and to ensure a better interfacial adhesion 

between the natural fibers and the polymer. Indeed, the important modification achieved with 
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alkaline treatment was the disruption of the hydrogen bonding in the network structure of the 

fibers, increasing the surface roughness and compatibility with the hydrophobic polymer. 

Whereas, the silane treatment of the fibers was used to promote adhesion with the PHBHHx 

matrix through reactions between alkoxysilanes and OH groups of AVF. The treated 

biocomposites exhibited increased thermal stability and rheological properties compared to 

untreated one, however more pronounced for PHBHHx/AVF biocomposite treated with 

combined alkaline-organosilanes. Furthermore, this treated biocomposite possessed the lower 

water absorption percentage. The results from this paper are very useful in choosing the 

surface treatment of fibres. Accordingly, further improvement in fiber-matrix interface has 

been achieved by the combined alkaline-organosilanes treatment of AVF as material 

reinforcement in PHBHHx biocomposites, which represent a new class of biobased and 

biodegradable materials. Considering their performances and the reduction of PHBHHx costs, 

it can be concluded that the production of such biocomposites can be an efficient and 

promising route to extend the PHA applications according to their great industrial potential in 

structural applications. 
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Caption of figures  

Scheme 1. Chemical structure of PHBHHx. 

Figure 1. Leaves of Aloe Vera Cactus. 

Figure 2. Extraction steps of Aloe Vera fibers by water-immersion process. 

Figure 3. ATR-IR spectra of untreated Aloe Vera fibers and those treated with alkaline, 

organosilane and alkaline-organosilane combination. 

Figure 4. SEM micrographs of surface morphology of AVF. (a): before fiber surface 

treatment and (b): after alkaline treatment. 

Figure 5. DTG curves of untreated and alkali, silane and combined alkali-silane treated AVF. 

Figure 6. SEM micrographs of neat PHBHHx: (a), PHBHHx/UAVF: (b), PHBHHx/ATAVF: 

(c), PHBHHx/STAVF: (d) and PHBHHx/A-STAVF: (e). 

Figure 7. TGA thermograms of PHBHHx and PHBHHx/AVF biocomposites before and after 

various surface fiber treatments. 

Figure 8. Water uptake curves versus time recorded at room temperature for PHBHHx and 

PHBHHx/AVF biocomposites before and after surface fiber treatments. 

Figure 9. Complex viscosity (η*) curves versus frequency for neat PHBHHx and 

PHBHHx/AVF biocomposites. 

Figure 10. Curves of storage modulus (G') versus frequency for neat PHBHHx and 

PHBHHx/AVF biocomposites. 

Figure 11. Curves of loss modulus (G") versus frequency for neat PHBHHx and 

PHBHHx/AVF biocomposites. 

 

Caption of tables  

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

PHBHHx/AVF. 
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Table 2. Values of Tg, Tcc, Tm, ΔHcc and ΔHm of neat PHBHHx and PHBHHx/AVF 

biocomposites before and after various fiber surface treatments. 

Table 3. Values of T10, T50, Tmdr and % residue of neat PHBHHx and PHBHHx biocomposites 

before and after surface fiber treatments. 

 



































Table 1. Code and composition of neat PHBHHx and PHBHHx/AVF biocomposites 

formulations. 

Sample codes 
PHBHHx 

(wt.%) 

AVF 

(wt.%) 
Designation 

PHBHHx 100 - Matrix 

PHBHHx/UNAVF 80 20 PHBHHx/Untreated AVF 

PHBHHx/ALAVF 80 20 PHBHHx/alkaline treated AVF 

PHBHHx/SiAVF 80 20 
PHBHHx/organosilanes treated 

AVF 

PHBHHx/ALSiAVF 80 20 PHBHHx/combined alkaline 

and organosilanes treated AVF 

 

 

 

Table 2. Values of Tg, Tcc, Tm, ΔHcc and ΔHm of neat PHBHHx and PHBHHx/AVF 

biocomposites before and after various fiber surface treatments. 

Samples Tg (°C) Tcc (°C) Tm (°C) ΔHcc (J/g) ΔHm(J/g)  

PHBHHx 2.2±0.1 63.1±1.1 136.1±0.9 37.2±0.2 25.2±0.5 

PHBHHx/UNAVF 2.3±0.7 65.2±3.9 137.2±2.5 34.1±1.7 21.9±1.6 

PHBHHx/ALAVF 2.9±0.8 66.7±1.9 136.4±2.3 27.8±2.1 17.9±2.5 

PHBHHx/SiAVF 2.7±0.4 65.4±2.2 136.5±1.8 36.7±1.6 22.7±0.7 

PHBHHx/ALSiAVF 3.6±0.3 65.3±2.0 138.3±0.5 31.6±1.2 21.8±0.9 

 

  



Table 3. Values of T10, T50, Tmdr and % residue of neat PHBHHx and PHBHHx 

biocomposites before and after surface fiber treatments. 

Samples T10 (°C) T50 (°C) Tmdr (°C) Char yield (%) 

PHBHHx 280±0.5 294±1.8 295±1.1 

 

0.2±0.05 

PHBHHx/UNAVF 274±0.8 288±1.9 288±0.8 4.2±0.6 

PHBHHx/ALAVF 260±0.7 274±1.7 276±0.9 4.3±0.4 

PHBHHx/SiAVF 278±0.4 293±1.3 293±0.3 1.9±0.1 

PHBHHx/ALSiAVF 277±0.2 289±1.1 292±0.3 1.6±0.1 

 




