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The water resistance, strength, and thermal properties of the thermoplastic 
composites were investigated by using different blends of barley stalk flour 
and waste glass flour as hybrid fillers in HDPE (50 wt%). Virgin E-glass 
fibers were also used for comparison with the results of the waste glass. 
The test specimens were prepared by hot-press molding. It was found that 
the water resistance, tensile strength, and modulus of the HDPE polymer 
composite prepared with the addition of barley straw flour alone were 
improved with the use of the waste glass flour and barley straw hybrid. The 
water absorption (24-h) of the HDPE/barley straw composite was found to 
be 8.38% while the water absorption decreased to 2.2% in hybrid use with 
15 wt% waste glass flour. The addition of the barley straw and waste glass 
altered the crystalline structure of the HDPE, reducing the melting 
temperature and melting enthalpy while increasing the crystallinity index. 
The waste glass provided better thermal stability and a controlled increase 
in the crystallinity, whereas the glass fiber provided higher crystallinity at 
the expense of greater disruption to the crystalline structure.  
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INTRODUCTION 
 

Economic and environmental impacts are driving research into new materials for 

construction, packaging, automotive, and other manufacturing applications. One of the 

most interesting new materials is plant-based, natural fiber-reinforced polymer materials. 

Thermoplastic composites are widely used in industrial applications in many sectors, 

particularly automotive and construction. The prices of thermoplastics have generally 

tended to rise due to fluctuations in fossil fuel supplies. For example, the price of 1 metric 

ton of high density polyethylene (HDPE) is in the range of 1000 to 1500 USD (Chen et al. 

2017b; Sumesh and Kanthavel 2022). Due to the high cost of thermoplastics, 

manufacturers of polymer composites are looking to both develop environmentally friendly 

products by reducing the thermoplastic content of natural and sustainable raw materials, 

and to reduce costs by using less petroleum-based thermoplastics. Especially, the use of 

recycled thermoplastics in biocomposite production is important for the effective use of 

thermoplastics in countries where petroleum-based polymers are insufficient.   

The use of agricultural wastes generated during the harvesting in the agricultural 

sector for producing a variety of value-added products has attracted the attention of both 

scientists and industrial producers due to their significant advantages. The most important 

of these advantages are low carbon footprint, renewable raw material, low density, low 

price, and harmlessness to human health during processing operations (Nur Diyana et al. 

2022; Gurupranes et al. 2023). The use of agricultural wastes to improve the mechanical 

properties of petroleum-derived thermoplastic matrices and reduce their negative impact 

on the environment is an important potential. Barley (Hordeum vulgare) is one of the most 

important grain crops in the world today, ranking fourth in terms of both production and 

cultivated area. In general, the production of 1.0 kg of barley produces 1.2 kg of barley 

straw as a by-product, which is usually used for fuel and energy production (Kim and Dale 

2004). Previous studies have reported that barley straw can be successfully used as a filler 

in thermoplastic composites (Puglia et al. 2020; Serra-Parareda et al. 2020; Sumesh et al. 

2022; Kuzmin et al. 2021, 2024). These studies reported that the addition of barley straw 

to the thermoplastic composite improved the mechanical properties, but the water 

behaviour was poor due to its hydrophobic structure. 

Among the silicate and aluminosilicate finishing materials, glass deserves special 

attention. Glass represents a significant proportion of the total solid waste generated 

worldwide each year. In general, glass is a chemically very stable material that can be 

reused indefinitely without degradation of its molecular structure (Sanjay and Yogesha 

2017; Zafar et al. 2024; Ramakrishnan et al. 2025). As a result, the management and 

collection of waste glass is becoming an increasingly important part of environmental 

planning in developed regions. According to the latest data, over 13.5 million tonnes of 

glass containers are recycled in Europe each year. This represents a recycling rate of over 

78% (Pahlevani and Sahajwalla 2018; Arivendan et al. 2024). It is important to investigate 

added value applications in the recycling of glass, which plays an important role in our 

lives today, particularly in sectors such as packaging and construction. However, it is 

generally considered technically very difficult and uneconomical to separate bulk waste 

glass into different types of glass and to remove contaminants. The diversion of glass into 

natural fiber composites can provide a low-cost feedstock for manufacturing while 

addressing a new challenge of bulk waste. A previous study reported that glass fiber can 

be used in wood plastic composites (WPCs) (Sanjay and Yogesha 2017). They reported 

that the glass-reinforced WPC had higher modulus of elasticity (MOE), with an increase 
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of about 0.5 GPa per 5 wt% addition of glass flour. The resulting composite was less porous 

and had better water resistance. In another study, Chen et al. (2017a) investigated the effect 

of hybrid use of the recycled fiber and corn straw fiber in WPCs. They found that the 

change in the bending and tensile strengths of WPC containing waste glass increased by 

23% and 31%, respectively, compared to WPC.  

There is a gap in this field due to the lack of sufficient studies on the use of waste 

glass in natural fiber composites, although virgin glass fibers has been investigated. In 

particular, the lack of studies on the hybrid use of waste glass and agricultural wastes in 

polymer composites will be useful to better understand the synergistic effect of these two 

potential wastes. Although the use of barley stalk as a filler in the production of 

thermoplastic composites has been considered in previous studies, the effect of its use with 

waste glass on the polymer composite has not yet been investigated. As a comparison, 

virgin E-glass fiber was also mixed with barley stalk and used as filler in the polymer 

matrix.  Previous studies reported that barley straw, being a lignocellulosic raw material, 

had a water absorbing property (Puglia et al. 2020; Kuzmin et al. 2021; Anjumol et al. 

2023), which negatively affects the dimensional stability of the polymer composites. Glass 

is a non-porous and amorphous material with a low water absorption (Pahlevani and 

Sahajwalla 2018; Karthik et al. 2024; Aruchamy et al. 2025). In order to minimize negative 

characteristics, such as lower water resisance, the idea of hybridiation of barley straw with 

hydrophic filler, which is waste glass, was the motivating factor to initiate this study. The 

water resistance, strength, and thermal properties of the composite were investigated by 

using different blends of barley stalk (35 to 45 wt%) and waste glass (5 to 15 wt%), which 

have an important place in the world, as hybrid fillers in HDPE (50 wt%) composite. Virgin 

E-glass glass fibers were also used for comparison with waste glass.  

 

 

EXPERIMENTAL 
 
Materials 

High density polyethylene (code: HDPE 273-83) produced by Kazanorgsintez 

PJSC company, Kazan city, Russia) was used as the polymer matrix. The density and melt 

flow index of the polymer used were 0.95 to 0.96 g/cm3 and 0.40 to 0.65 g/10 min, 

respectively. The tensile strength and elongation at break of the HDPE were 22.6 MPa 

and 700%, respectively.   

The barley straw was collected from an agricultural field in the Lchalkovsky 

district of the Mordovia region of the Russian Federation. First, the barley straw was 

chipped using a chipper. The chips were then ground in a rotary knife mill (model: Retsch 

PM 120, Germany). The particle size of less than 250 microns was used as a natural filler 

(Fig. 1). 

Waste glass in the form of bottles was randomly collected, washed with warm 

water, dried, and crushed in a rotary knife mill. A fraction of less than 100 microns was 

then selected by sieving for further grinding in a planetary ball mill. A Fritsch Pulverisette 

7 planetary ball mill (Idar-Oberstein, Germany) was used for fine grinding. The crushed 

waste glass flour was poured into a jar containing steel balls. The drum rotated at 800 rpm 

for 15 minutes. After the planetary ball mill, the particle size of the waste glass flour was 

less than 20 microns (Fig. 2).  No surface treatment was applied to the virgin glass fiber, 

waste glass flour, or to the BSF. 
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Fig. 1. Barley straw flour (BSF) 

 
 

 

Fig. 2. Preparation of the waste glass flour 

 

The virgin E-glass fibers were supplied by Graphite Pro Company in Moscow, 

Russia (Fig. 3). The length and diameter of the E-glass fibers were 200 microns and 9 

microns, respectively. Their specific gravity was 2.50 g/cm3 and the softening temperature 

was approximately 840 °C.  

 

Fabrication of the Composites 
Compounding of the polymer matrix and fillers was carried out on a laboratory 

rotary batch mixer with roller rotors (model: Hakke Rheomix 600 OS, Thermo Fisher 

Scientific Inc, Massachusetts, United States). The mixing temperature was 150 °C, the 

rotor speed was 50 rpm, and the mixing time was 15 minutes. First, the polymer was poured 

into the mixer and then melted. Then the BSF and glass fiber or waste glass were added 

(Puglia et al. 2020). The resulting mixture was compressed on a Gibitre hydraulic press 

(Gibitre Instruments Company, Bergamo, Italy) at a temperature of 150 °C and a pressure 
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of 3 MPa (Fig. 4). The thickness of the specimens was 1.25 mm. The tensile specimens 

with a size of 200 × 200 mm in the form of a dog bone were punched out from the 

composite panels. The mean densities of the composites ranged from 1070 to 1197 g/cm3. 

The experimental design is given in Table 1.  

 

 
Fig. 3. E-glass fibers 

 

 

 

Fig. 4. The composite specimens produced 
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Table 1. The Raw Material Composition of the Composites Produced 

Specimen  
Code 

HDPE 
(wt%) 

Waste Glass Flour  
(wt%) 

Virgin  
E-Glass Fiber 

(wt%) 

Barley Straw Flour 
(wt%) 

A5 50 5 - 45 

A10 50 10 - 40 

A15 50 15 - 35 

B5 50 - 5 45 

B10 50 - 10 40 

B15 50 - 15 35 

HDPE/BSF 50 - - 50 

HDPE 100 - - - 

 

Characterization 
Water absorption and tensile properties 

Tensile strength and modulus tests were performed on a universal testing machine 

(model: Gotech UAI-7000 M, Gotech Testing Machines Inc., Taiwan) at a temperature of 

23±1 °C. The speed of movement of the clamps was 1.0 mm/min. The density of the 

composites was determined on an H-200L density meter with an ultra-high resolution of 

0.001 g/cm3. The tensile and flexural properties of the composites were determined 

according to ISO 527-2:2012 and ISO 178:2010, respectively. The water absorption test of 

the composites was performed according to ISO-62:2008 standard. The water moisture 

absorption of samples with a size of 3 cm × 3 cm was determined by immersion in normal 

water for 400-h. Five specimens were used for each type of test. All the specimens were 

conditined in a climate chamber at 20 °C and 50% relative humidity according to ISO 

291:2008 before the tests.  

 

Water Absorption Modelling  
Diffusion theory was employed to understand the mechanisms involved in the 

process of water absorption within the composites. Diffusion is defined as the process by 

which matter is transported from one point within a system to another, as a consequence 

of random molecular motions (Prasad et al. 2023). The fitting of water absorption curves 

to Fick’s model is a common approach for determining the diffusion coefficient (D) in 

composite materials. Water absorption in these materials follows Fickian diffusion 

behavior, where moisture uptake increases over time and eventually reaches equilibrium. 

The mathematical model was derived from Fick’s second law in one dimension, 
 

                                                        (1) 
 

where C is the moisture concentration (%), t is time (h), x is the position, and D is the 

diffusion coefficient. For thin composites, the water absorption is often expressed as, 
 

                             (2) 

where Mt  is the mass of absorbed water (g) at time t (h), M∞ is the equilibrium water 

absorption (%), and h is the thickness (mm) of the composites. 
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To compute D, an iterative optimization technique (Orthogonal Distance 

Regression Algorithm) was applied by minimizing the square error between the 

experimental water absorption data and the theoretical Fickian model. 

 

Thermogravimetric (TG) Analysis 
The TG analysis was conducted using the Perkin Elmer Diamond TGA/DTGA 

equipment (Perkin Elmer, Waltham, MA, USA) under N2 atmosphere. The temperature 

ranged from 30 to 600 °C, with a heating rate set at 10 °C/min.  

 

Differential Scanning Calorimetry (DSC) Analysis 

The DSC analysis was carried out using a Perkin-Elmer Diamond DSC equipment 

under N2 atmosphere. This method makes it possible to determine the melting and 

crystallization temperatures as well as the enthalpies of the reaction. A heating/ 

cooling/heating cycle was performed for the thermal characterization of the composites 

(Gopinath et al. 2021). The measured samples were heated from room temperature to 200 

°C at a heating rate of 10 °C/min. The crystallinity index (Xc) of the HDPE component was 

calculated using the enthalpies obtained by integrating the melting peaks of the composites 

from the DSC analyses. The calculation was adjusted to account for the proportion of the 

BSF in the composites not undergoing melting compared to the polymer. The value 

considered for the enthalpy of 100% HDPE is 293 J/g (Awal et al. 2010). The crystallinity 

index values in the composites were obtained according to the formula presented in Eq. 3, 

𝑋𝑐(%) =
∆𝐻𝑚

∆𝐻100%
×

100

𝑤
                              (3) 

where Hm is enthalpy of fusion calculated in the composite, H100% denotes the enthalpy 

of fusion of neat HDPE, and w is fraction of the HDPE polymer matrix in the blend. 

 

 

RESULTS AND DISCUSSION 
 
Water Absorption Behavior with Fick's Diffusion Theory 

The water absorption trends of the HDPE/BSF composites with virgin glass waste 

flour or glass fiber are presented in Figs. 5 and 6, respectively. As expected, the highest 

water absorption was found in the HDPE/BSF composites, followed by the filled with glass 

fiber and waste glass, respectively. The increasing addition of the glass fiber in the 

HDPE/BSF composites decreased the water absorption of the composites. A considerable 

decrease in the water absorption of the HDPE/BSF composites was found with increasing 

glass content. The decrease in the water absorption due to the replacement of the BSF flour 

with the glass fibers or waste glass in the HDPE polymer can also be explained by the non-

hygroscopic nature of the glass. The 24-h water absorption of the HDPE/BSF of the 

composites was 8.41%. When the amounts of the waste glass in the WPC were 5 wt%, 10 

wt%, and 15 wt% in the HDPE/BSF composite, the 24-h water absorption values were 

found to be 5.4%, 4.0%, and 2.2%. At the same loading levels of the glass fiber, the 24-h 

water absorption values were 3.41%, 2.93%, and 2.19%. When the soaking time was 

extended to 400-h, the water absorption values of the HDPE/BSF composites with the 

waste glass at the loading levels of 5 wt%, 10 wt%, and 15 wt% were 11.51%, 10.09%, 

and 8.38%, respectively. The water absorption of the HDPE/BSF composites with the glass 

fiber at the same loading levels was found to be 11.48%, 8.49%, and 7.61%, respectively. 
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These results showed that glass fiber was more effective relative to the water absorption of 

the composites in the short immersion while the waste glass was more effective in the 

prolonged immersion. 

 

 
Fig. 5. Experimental and diffusion curves (Fick’s law) of water absorption behavior of the waste 
glass flour/barley straw reinforced composites 

 

Fig. 6. Experimental and diffusion curves (Fick’s law) of water absorption behavior of the virgin 
glass fiber/barley reinforced composites 

 

When glass fiber was added to the HDPE/BSF at 5 wt%, 10 wt%, and 15 wt% 

loadings, the water absorption values were lower than those produced by adding waste 

glass in short-term (24-h) water immersion, but the opposite results were obtained in long-

term water soaking (400-h).  

When glass fiber and waste glass flour were added in the HDPE/BSF composite at 

the loading level of 5 wt%, the water absorption was considerably lower than the 
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HDPE/BSF because of short-term soaking in water, while this difference decreased as a 

result of long-term soaking. When the immersion time of the HDPE/BSF composite 

without glass particles was increased from 24-h to 400-h, the water absorption increased 

from 8.4% to 12.1%. Therefore, the water absorption of the composite because of 

prolonged soaking was not considerably affected by the addition of 5 wt% glass fiber or 

waste glass. However, a notable significant decrease in the water absorption rate was 

detected when the ratio increased to 15 wt%. It is noteworthy that the HDPE composites 

with higher waste glass content reached equilibrium faster and at lower absorption levels 

(Fig. 5). A similar result was observed in the composites containing virgin glass fibers (Fig. 

6). The long immersion time of the specimens (400-h) provides valuable information on 

the long-term water absorption behaviour of these composites. Based on the significant 

reduction observed in water uptake due to the increased waste glass content, the composites 

with higher glass content retain their physical integrity and appearance more than those 

with less or no glass content (Sathish et al. 2017; Prasad et al. 2023). 

The reason for the lower water absorption of the HDPE/BSF composites with glass 

fiber can be explained by the fact that better distribution of the glass fibers in the polymer 

matrix. Higher amount of the filler led to agglomeration after approximately 55-h of 

soaking in water, a generally stable trend was observed in the water absorption, while this 

situation was detected after 250-h in composites with glass fiber additives and after 150-h 

in composites containing glass flour (except 15%). The decrease in the water absorption of 

HDPE/BSF composites with glass fiber or filler additives can be explained by their 

hydrophobic structure. However, as seen in Figs. 5 and 6, the decrease in the difference 

between the water absorption and the water uptake rate of HDPE/BSF composites as a 

result of prolonged soaking in water due to increasing filler ratio can be explained by the 

agglomeration problem and the increase in the number of microvoids (Ashori and 

Nourbakhsh 2008; Then et al. 2013; Tan et al. 2017; Ramakrishnan et al. 2024). In 

addition, with prolonged exposure to water, the hydrophobic structure of the BSF powder 

will absorb water, resulting in microcracking and incompatibility between the waste glass 

powder and the BSF, as well as between the BSF and the HDPE matrix. Similar results 

were found in previous natural and synthetic fiber hybrid polymer composites  (TabkhPaz 

et al. 2013; Mayandi et al. 2020; Kar et al. 2024; Kuzmin et al. 2024).  

The diffusion coefficient (D) was determined using Fick’s second law, optimized 

via iterative least squares fitting. The trends observed in Figs. 5 and 6 of diffusion behavior 

are consistent with the water absorption data. It is noteworthy that the water absorption 

curves followed Fickian diffusion, characterized by an initial linear region (slope) 

proportional to square root of time and an asymptotic plateau (equilibrium moisture 

content). The slope of the absorption curve was influenced by the barley straw content: 

higher barley straw flour increased water absorption due to its hydrophilic nature. In 

contrast, glass fiber and waste glass flour contents reduced the slope by acting as moisture 

barriers. However, both glass fiber and waste glass flour showed almost the same slope for 

15% (5.24 ×10-7 mm2/s and 5.69 ×10-7 mm2/s, respectively), whereas for small weight 

fractions, the glass fiber showed lower initial absorption rates than waste glass flour due to 

its smoother surface and lower porosity. This was also confirmed by the inferiority of its 

diffusion coefficients given in Table 2. As regards the equilibrium regime, higher barley 

straw content (50 wt%) showed the higher equilibrium moisture (12.13%) and therefore, 

the higher amount of the waste glass flour or glass fiber reduced the final moisture 

absorption. It should be noted that glass fiber provided slightly better resistance to moisture 

uptake than waste glass flour. Diffusion theory revealed the relationship between fiber 
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loading and filler hybridization, as well as apparent diffusion coefficients in composites. 

Based on the results obtained, it can be concluded that the composites with higher glass 

fiber or waste glass flour content (15%) offered better moisture resistance, making them 

suitable for applications requiring durability in humid conditions. 

 

Table 2. Diffusion Coefficients of the Specimens based on Fick’s Second Law 

Specimen Code Diffusion Coefficient (mm2/s) Standard Error 

HDPE/BSF 2.4013E-06 1.1286E-07 

A5 1.3543E-06 5.5609E-08 

A10 1.3431E-06 8.4561E-08 

A15 5.6890E-07 1.5281E-08 

B5 6.5253E-07 2.8537E-08 

B10 6.0450E-07 3.1573E-08 

B15 5.2408E-07 2.4713E-08 

 

Tensile Properties 
The results for the mechanical properties are given in Table 3. The tensile strength 

of the neat HDPE was the 22.6 MPa. The main reason for the significant decrease in the 

tensile strength of HDPE with the addition 50 wt% filler (the BSF fiber and glass fiber or 

flour) is the insufficient interfacial adhesion between the polymer and filler. A similar 

result was observed for the virgin glass fibers. Among the composites, the highest flexural 

strength and flexural modulus were found in the HDPE composites filled with the 

BSF/glass waste flour, followed by the BSF/virgin glass fibers, and the BSF fibers, 

respectively. The addition of the virgin glass fiber or waste glass flour to the HDPE/BSF 

composite improved the tensile strength and modulus. The tensile strength and modulus of 

the HDPE/BSF composites were found to be 11.2 MPa and 1662 MPa, respectively. The 

tensile strength and modulus increased to 15.8 MPa and 1740 MPa, respectively, when the 

15 wt% waste glass flour was added into the HDPE/BSF composite. A similar result was 

found for the glass fibers (Table 3).  

 

Table 3. The Mechanical Properties of the HDPE/BSF Composites with Virgin 
Glass Fiber and Waste Glass Flour  

Composite 
Type* 

BSF 
(wt%) 

Waste 
Glass wt%) 

Virgin E- 
Glass 
Fiber 
(wt%) 

Tensile 
Strength 
(MPa) 

Tensile 
Modulus 
(MPa) 

Elongation 
at Break 

(%) 

A5 45 5 - 14.3 (0.9) 1680 (95) 5.5 (0.2) 

A10 40 10  15.5 (1.1) 1695 (185) 6.1 (0.4) 

A15 35 15  15.8 (1.3) 1740 (130) 6.3 (0.3) 

B5 45 - 5 14.1 (0.6) 1691 (65) 4.3 (0.1) 

B10 40 - 10 14.8 (1.2) 1684 (160) 4.3 (0.3) 

B15 35 - 15 15.1 (1.3) 1625 (150) 4.1 (0.3) 

HDPE/BSF* 50   11.2 (2.0) 1662 (165) 5.0 (0.3) 

HDPE*** 100 - - 22.6 - 700 

*All the composites contain 50 wt% HDPE matrix. ** The values from the data sheet of the supplier. 
The values in the paranthesis are the standard deviations.  

 

The HDPE composites with a hybrid of the waste glass and the BSF had higher 

tensile strength and modulus than those of the HDPE composites filled with the BSF alone. 
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This could be explained by the higher modulus of elasticity of glass waste (Bambach 2020; 

Sumesh et al. 2024). Another interesting result was that the strength properties of 

HDPE/BSF composites containing waste glass flour were higher than the HDPE/BSF 

composites containing virgin glass fiber. This can be explained by the higher aspect ratio 

of the glass fiber compared to the waste glass flour. The higher aspect ratio enhances stress 

transfer from the matrix to the fiber, hereby improve the tensile properties (Zhang et al. 

2020). The average length (15.8 micron) of the waste glass particles was longer than that 

(15.1 micron) of the waste glass fibers. In general, there was not much increase in the 

tensile strength and modulus of the composites when the addition of waste glass flour 

increased from 10% to 15%. A similar situation was found for composites produced by 

adding virgin glass fibers. This can be explained by the agglomeration of the filler in the 

polymer (Chen et al. 2017). Especially, when the amount of the glass fiber  reached to 15 

wt% in the composite, it may cause agglomeration, which adversely affects the stress 

transfer and as a result, the tensile modulus decreases (Ayrilmis et al. 2024)  When the 50 

wt% BSF flour were added to the HDPE matrix, the elongation at break value showed a 

definite decrease from 700 to 5%. The elongation at break decreased with increasing glass 

fiber or waste glass flour content in HDPE/BSF composite.  

 

TG Analysis 
The TG curves of the thermal decomposition of HDPE/BSF/glass composites are 

presented in Fig. 7. For the neat HDPE, one can distinguish three stages. In the first range 

80 to 386 °C, a small weight loss with a slight downward slope was observed. A mass lost 

equal to 2.13% was measured and can be attributed to the evaporation of low molecular 

weight components, such as unreacted monomers, additives, or moisture released to the 

environment. The second stage represented the main part of the pyrolysis process, this step 

occured around 386 to 510 °C and remained as the temperature increased (Suja et al. 2024). 

 

 

Fig. 7. TG curves of HDPE/BSF/Glass composites at a heating rate of 10 °C/min 
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The TG curves of the HDPE/BSF glass-reinforced composites are depicted in 

curves (A5, A10, A15) and (B5, B10, B15) for the glass fiber and waste glass reinforcement 

(5%, 10%, and 15%), respectively (Fig. 7). In lower temperatures (up to about 140 °C), an 

initial weight loss that was able to reach 1.35%. This was somewhat less than for the 

HDPE/BSF processed alone (2.42%). This is due to the evaporation of moisture from the 

BSF, unlike the waste glass and fibers that typically show almost no loss in this temperature 

interval. Above 140 °C, the degradation rate decreased; nevertheless, the loss of weight 

continued, and these remained proportional to the quantity of glasses added. Thereafter, a 

significant weight loss was observed in the range of 240 to 330 °C. The degradation 

accelerated to reach a maximum rate of (2.51% to 3.19%/min) and a weight loss between 

(13.47% to 18.2%) at 316 to 324 °C. 

As the temperature was further increased, degradation occurred between 360 °C 

and 440 °C. This was confirmed by the HDPE/BSF curve (Fig. 7). It was characterized by 

a small downward slope of mass loss, which may be related to the gradual decomposition 

of the cellulose and lignin. At higher temperatures, typically around 475 °C (second peak), 

the HDPE/BSF composite showed a higher rate of mass loss (13.69 %/min), with only 

35.3% of the weight remaining. This may be related to the thermal behaviour of pure 

HDPE, where its fast degradation occurred at almost the same temperature (Fig. 8 and 

Table 4). The degradation process then slowed down and converged to zero velocity. A 

major degradation stage was observed at the end of the thermal treatment, reaching 85.2% 

of the initial mass.  

 

 

Fig. 8. First derivative TG curves (DTG) of the HDPE/BSF/Glass composites at a heating rate of 
10 °C/min 

 

At lower temperatures, typically below 230 °C, the TG curve showed an initial 

weight loss due to evaporation of moisture and VOCs from both the HDPE matrix and the 

BSF. This region appeared as the first slight slope on the TG curve and has been confirmed 

by several researchers, including Palumbo et al. (2015). As the temperature was increased, 
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a second significant loss in mass occurred between 230 and 320 °C with a linear decrease 

in the mass loss. It reached a maximum velocity (3.62 %/min) at 319 °C (first peak). This 

decomposition was mainly attributed to the breakdown of the hemicellulose, which was 

one of the primary constituents of the BSF. The degradation of the hemicelluloses could 

release volatile gases such as acetic acid, furfural, and other smaller molecules. At high 

temperatures, some low molecular weight components could also be expected to be 

released from HDPE through polymer chain cleavage. In the middle temperature range of 

the TG curve, i.e., 320 to 360 °C, a further mass loss of approximately 7.65% was observed.  

 

Table 4. TG/DTG in Critical Regions 

Parameter HDPE 
HDPE
/BSF 

Specimen Code 

A5 A10 A15 B5 B10 B15 

First 
peak 

   

Temperature 
(°C) 

- 319.6 318.1 317.9 316.42 321.1 324.8 319.1 

Weight TG (%) - 79.6 82.2 84.2 86.53 81.8 82.5 85.8 

DTG (%/min) - 3.62 2.90 2.89 2.52 3.19 2.70 2.51 

Second 
peak 

   

Temperature 
(°C) 

474.8 475.9 475.4 475.6 476.4 475.1 473.9 474.8 

Weight TG (%) 38.2 35.3 38.6 41.2 44.9 37.7 41.95 43.5 

DTG (%/min) 26.6 13.69 13.4 13.3 13.3 12.8 12.4 12.7 

Final 
weight 

  

Temperature 
(°C) 

591.1 596.4 597.5 589.6 588.7 588.3 588.6 589.1 

Weight TG (%) 1.69 14.8 18.4 21.5 24.5 18.9 22.6 24.1 

DTG (%/min) 0.02 0.219 0.05 0.31 0.16 0.25 0.06 0.29 

 

 The weight loss may be related to the decomposition of hemicelluloses, cellulose, 

and partial degradation of the lignin from the BSF, as with the TG behaviour of the 

HDPE/BSF composites. Weight loss was typically close to the amount of HDPE and 

proportional to the weight of fiberglass or waste glass. Once again, these degradations were 

less than occurred for the HDPE/BSF composite, where an amount of 20.4% was noticed 

in Table 4. At medium temperatures (330 to 360 °C) the rate of mass loss decreased slightly 

and tended to zero. This may be due to the thermal resistance of the lignin, HDPE, and 

mineral components. Subsequently (between 360 and 475 °C), the weight of the 

composites showed a steep downward slope. All the DTG curves for the glass-based 

composites showed the same maximum degradation rates with an average of 13%/min. 

This value was slightly lower than HDPE/BSF and remained lower than pure HDPE. 

However, all the composites reached their peak at the same temperature, indicating that 

both HDPE and lignocellulosic organic fillers were completely degraded at this 

temperature (Ayrilmis et al. 2024). For the ultimate temperature, glass-reinforced 

composites showed the largest amounts of dry residue (Fig. 9). These amounts were not 

affected by the type of glass and were found to be proportional to the weight fraction of 

glass added, whether virgin glass fiber or waste glass flour. On the other hand, the solid 

remaining in HDPE/BSF also showed significant charred residues. The final weight losses 

of the composites are shown in Fig. 9.  
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Fig. 9. Final weight loss of composite materials 

 

The highest rate of mass loss of (26.6 %/min) was achieved at 474.8 °C, which 

corresponded to 38.2% of the HDPE residue left. From the literature, a close range of 

degradation (360 to 550 °C) was found by Jeziorska et al. (2017). Above 544 °C up to 600 

°C, the TG curve showed a final degradation of HDPE with a net weight loss equal to 

98.3%. Similar findings were reported by Saleh et al. (2020), where an amount of 95% of 

HDPE degradation occurred at 498 °C and increased to 99.99 % of residue left at 592 °C. 

All the mass loss was linked to the BSF and more particularly to the decomposition process 

of cellulose, the major component of the BSF. The cleavage of cellulose chains into smaller 

fragments such as levoglucosan ultimately resulted in the charred residues; the decomposed 

BSF was almost equal to 61.5% of its initial mass. Chen et al. (2011) found similar results 

in the study of the degradation of untreated and treated straw flours. It should be noted that 

the HDPE thermal degradation is mainly due to the random scission of polymer chains, 

resulting in the release of ethylene, small amounts of methane, and charred residues.  The 

results showed that the interaction between the HDPE and the BSF influenced the thermal 

degradation and possibly modified the thermal degradation pathway. 

 

DSC Analysis 
The DSC curves showing the differential thermal analysis of HDPE and 

HDPE/BSF composites, as well as glass fibers or waste glass used as modifiers, are 

provided in Fig. 10. The onset temperature (Tm onset), end temperature (Tm end set), 

melting temperature (Tm), enthalpy of fusion (ΔHm), and degree of crystallization (Xc) of 

the composites were determined. The results of the DSC analysis are summarized in Table 

5. The analysis of Tm showed that the neat HDPE had the highest melting temperature at 

140.0 °C, indicating a well-ordered crystalline structure. Makhlouf et al. (2022) also found 

a melting peak at 144 °C. The addition of the BSF to the HDPE slightly reduced this 

temperature to 135.6 °C, suggesting a disruption of the HDPE crystalline matrix. The 

composites with waste glass exhibited melting temperatures that decreased with increasing 

waste glass content (A5 = 135.5 °C, A10 = 133.2 °C, A15 = 134.5 °C), indicating increased 
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disruption of the HDPE crystallinity. Similarly, the composites with the glass fiber showed 

lower melting temperatures than the neat HDPE (B5 = 132.5 °C, B10 = 133.6 °C, B15 = 

134.4 °C). Similar findings were also observed in a previous study (Chen et al. 2011). 

 

 
Fig. 10. The DSC thermograms of composites 

 

Table 5. Thermal Properties of the Neat HDPE and HDPE Composites with the 
BSF as well as Virgin Glass Fibers or Waste Glass Flour 

 Tm onset Tm Tm end set ΔHm Xc (%) 

A5 121.75 135.48 155.81 106.88 72.96 

A10 118.82 133.16 152.91 110.55 75.46 

A15 119.32 134.54 148.09 103.24 70.47 

B5 119.43 132.46 143.47 107.25 73.21 

B10 120.30 133.55 145.89 111.39 76.03 

B15 120.65 134.35 148.42 110.69 75.56 

HDPE/BSF 120.77 135.55 151.82 100.61 68.68 

HDPE 122.47 140.05 153.55 203.89 69.59 

 

The DSC curves exhibited an endothermic peak for all composites (Fig. 10). A 

comparative analysis of the HDPE-based composites modified by the addition of the waste 

glass and glass fibers revealed distinct effects on the crystallinity and thermal properties of 

the composites. The neat HDPE had the highest melting enthalpy (ΔHm) of 203.9 J/g, 

indicating maximum crystallinity. However, the incorporation of the BSF to the HDPE 

significantly reduced the enthalpy to 100.6 J/g, indicating a decrease in crystallinity. As for 

the composites containing waste glass, the melting enthalpy decreases slightly, ranging 

from 106.9 J/g for the composite A5 to 103.2 J/g for the composite A15. This indicated 

that the waste glass moderately disturbed the crystallinity while stabilizing the enthalpy 
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due to its role as a mechanical reinforcement. In contrast, the glass fiber reinforced 

composites exhibited more pronounced variations in melting enthalpy, ranging from 107.2 

J/g for the composite B5 to 110.7 J/g for the composite B15, indicating a greater disruption 

of the crystallinity. 

Analysis of the crystallinity index (Xc) showed that while the neat HDPE had an 

index of 69.6%. The addition of waste glass lead to a progressive increase in this index, 

reaching 75.5% for the composite A10, suggesting that waste glass acted as an effective 

nucleating agent. Similarly, glass fibers also increased the Xc value, with a notably high 

value of 76.0% for B10, acting as a nucleating agent and promoting crystallization (Iroh 

and Berry 1996), although this effect was accompanied by greater variability in melting 

enthalpy. As a result, the addition of BSF, waste glass or glass fiber modified the crystalline 

structure of the HDPE, reducing the Tm and ΔHm values while increasing the Xc. Thus, the 

choice between recycled glass and glass fiber in HDPE composites therefore depends on 

design priorities: recycled glass offers better thermal stability and a controlled increase in 

crystallinity, while glass fiber offers higher crystallinity at the expense of the greater 

disruption of the crystalline structure. These results highlight the importance of selecting 

the type of reinforcement based on specific thermal performance and crystallinity stability 

requirements for industrial applications. 

 

 

CONCLUSIONS 
 
The aim of this study was to utilize two problematic waste streams, namely barley stalks 

and waste glass, as sources for the design and development of a novel high performance 

polymer composite.  

1. It was found that the tensile strength and modulus of the high density polyethylene 

(HDPE) composites produced by adding barley stalks were significantly improved 

using the barley straw fiber (BSF)/waste glass hybrid.  

2. In terms of water absorption, the hybrid use of 15 wt% waste glass powder and BSF 

in the HDPE noticeably improved the water resistance compared to the HDPE/BSF 

composites. The water absorption results of the composites revealed that glass giber 

was more effective in the short time immersion while the waste glass was more 

effective in the prolonged immersion time.   

3. The waste glass composites exhibited melting temperatures that decreased as the waste 

glass content increased, indicating that the crystallinity of the HDPE was increasingly 

disturbed. The neat HDPE had the highest melting enthalpy and showed the maximum 

crystallinity. However, the incorporation of the 50 wt% of the BSD into HDPE 

significantly reduced the melting enthalpy, indicating reduced crystallinity. Similarly, 

the glass fiber composites showed lower melting temperatures than the neat HDPE. 

The incorporation of the waste glass into the composites can improve the dimensional 

stability against water and high humidity.  

4. When evaluating the water resistance, thermal stability, and strength properties of the 

composite, it can be said that the use of 15 wt% waste glass and 35 wt% BSF hybrid 

was the optimum ratio. In addition, the use of a compatibilizing agent such as maleic 

anhydride grafted polyethylene (MAPE) is also proposed to further enhance the 

interfacial bonding between HDPE and cellulose-based filler. Thus, by reducing the 
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amount of micro voids that water can enter at the interface, the water absorption rate 

can be reduced and higher results can be obtained in the mechanical properties.   
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