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Abstract 

The dyes present in the waste from the textile industry represent a real danger for humans and their 

environment, due to their low biodegradability and their toxicity. For this, new eco-designed technologies for 

the treatment of polluted water. Several materials have been used in photocatalysis. 

This work aims to degrade the dye Methylene Blue (BM) by photo catalysis-solar using polylactic acid /Olive 

husk flours biocomposites materials. 

The degradation of this substance was followed by UV/Visible spectrophotometry, and the best result was 

obtained by the composite material loaded with 30% olive husk 

Keywords: Biocomposite, Dyes degradation, Methylene Blue (BM), Polylactic Acid, photo catalysis-solar. 

 

 

 

I. Introduction 

Synthetic dyes represent a relatively large group of organic 

chemical compounds used in our daily life [1, 2]. Global 

production is estimated to be about 700,000 tons/year, of 

which 140,000 tons are released into effluents during various 

applications and manufacturing stages because of wrong or 

negligent discharges [3,4]. If not adequately treated, these 

effluents, composed of surfactants, biocide compounds, solid 

suspensions, dispersal and mooring agents, dyes, and metal 

traces, are toxic to most living organisms [5,6]. Their 

heterogeneous composition makes it difficult to reach 

pollution levels less or equal to those imposed by 

environmental standards when adopting the traditional 

treatments commonly used in municipal wastewater plants 

[7]. 

One of the primary concerns of water pollution is the dye 

contamination of wastewater from the textile industry, which 

is a significant chemical, physical, and aesthetical pollutant 

[8]. Eutrophication and disturbance of aquatic life (e.g., 

limiting access to sunlight and oxygen) presents a potential 

environmental danger. Possible bioaccumulation also 

represents a further threat, affecting human health and the 

environment. Several techniques can be used for pollution 

treatment, and adsorption has been commonly considered a 

reliable, versatile, and efficient option [9]. When applying 

this technique, the adsorbents that have been most adopted 

for use are commercial activated carbons, which are usually 

expensive despite their proven efficiency. In some cases, 

their use produces delayed pollution, representing an 

additional environmental threat [10, 11].  For these reason, in 

recent years different biodegradable polymers have been 

studied, to be used as media filters and applied at an 

industrial level depending on the manufacturing process [12–

14]. Polymers such as polyurethane, polyacrylonitrile, 

polyvinylidene fluoride, polyvinyl chloride (PVC)/PU, 

polycarbonate, silk, polyimide and PLA poly (lactic acid) 

[15] have been used in the production of air filtration media, 

the latter having good biodegradable properties. Lactic acid is 

a precursor of poly (lactic acid) (PLA), with biodegradable 

characteristics [16].  

Several studies have been carried out on the preparation of 

composites based on PLA for application as a water vapor 

barrier, antimicrobial properties [17], thermal properties [18] 

and mechanical properties [19–21]. 

The aim of this study is to determine the effect olive husk 

flours integrated to PLA in the adsorption of methylene blue, 

and the possibility to use this designed material to produce a 

new filter medium in health and environmental areas. For this 

purpose, to ensure flours dispersion, melt extrusion was used 

for the fabrication of poly (lactic acid) (PLA) and olive husk 

flours (10, 20, and 30 wt %) polymer biocomposites. 

 

II. Material and methods 

The PLA used is in the form of pellets, obtained by Nature 

Works in the grade of 2003D. It has a density of 1.24g/cm
3
, 

Tg between 55 and 60°C and Tm between 145 and 210 °C. 

Olive husk (OH) was collected at a modern oil mill in Bejaia, 

Algeria. 

The vegetable filler used is common reed flour (OHF). 

Common reed flour obtained after sieving having an average 

particle diameter equal to 80µm. 

The dye investigated in this work was methylene blue (MB: 

C16H18N3SC1), its physico-chemical properties are detailed in 

Table 1.  
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Table 1: Physico-chemical properties of methylene blue (MB) [21]. 

Dye Methylene blue 

Structure C16H18N3SCl 

Chemical formula 

 

Molar mass (g/mol) 319.85 

Maximum wavelength 

λmax (nm) 

664 

 

II.1. Preparation of composites 
Composite samples of PLA/OHF was compounded by melt 

mixing using extrusion type 2005 micro-compounder DSM 

Xplore model (Screw temperature is set at 180°C; the speed 

of rotation is 100 rpm and a residence time of 8 min), 

followed by compression molding of the Carver type (Press 

temperature is at 180°C, first preheated for 5 min and pressed 

for 8 min under a load of 300 KN). 

The proportions of the PLA/OHF mixtures used respectively 

are: 90/10, 80/20, 70/30. 

 

II.2. Photo-catalytic evaluation 

The mass concentration of aqueous solutions containing the 

molecule to be degraded was around 50 mg/L for MB. The 

rate of PLA/OHF photocatalyst degradation (10.20 and 

30w% flours) under solar light irradiation is evaluated for the 

dye. 

Practically, 25 mg of the powder of different composite 

materials are dispersed in an aqueous solution of volume 50 

ml containing the dye. The mixture is put in a glass 

crystallizer covered with self-adhesive plastic film. Before 

the irradiation of the solution by the solar, the medium is 

placed under magnetic stirring in the dark for 50 minutes, in 

order to reach the adsorption equilibrium. After a time equal 

to 50 min, the concentration is almost stabilized regardless of 

the adsorption–desorption equilibrium couple. After 50 min 

of adsorption, the solution was exposed to the solar light and 

the chronometer starts counting time. During the photo-

catalysis activity, samples of 2 ml were taken, at increasing 

time intervals, the sample was Centrifuged at 3000 rpm for 5 

min and then filtered to remove the catalyst. The resulting 

filtrate was analyzed by the UV spectrophotometer. 

The percentage of adsorption efficiency was calculated 

according to Equation (1): 

% Adsorption =     ((A0-At)/ A0)*100             (1) 

Where, A0 is the absorbance of initial MB; At is the 

absorbance of the solution after illumination at time t. 

 

II.3. Characterization 

The optical properties of prepared MB/Composites were 

investigated using UV–Visible absorption spectroscopy 

(UVmini-1240, SHIMADZU) at a maximum absorption 

wavelength of λmax = 664 nm. 

The adsorption tests were repeated twice to assess the 

reproducibility of the results, with the average values 

considered. 

III. Results and discussion 

 

III.1. Photo catalytic activity 

a. Photodegradation of methylene blue (MB) 

Methylene Blue (BM) is a blue dye characteristic of textile 

pollutants. Its absorbance spectrum is shown in Figure I. 

 

 
Figure 1: Absorption spectrum of photo-degraded methylene blue (MB) 

without catalyst 
The evolution of the absorbance of the methylene blue (BM)/ 

PLA/OHF (10wt %), PLA/OHF (20wt %) and PLA/OHF 

(30wt %) solution as a function of the solar irradiation time 

are given in Figure 2. All photo-catalytic processes were 

carefully monitored by measuring the maximum absorption 

bands of this dye at predetermined time intervals. A reduction 

in the maximum absorption band in MB was noticed when 

the exposure time to solar irradiation was increased. 

In the presence of photocatalyst PLA/OHF (10wt %), 

PLA/OHF (20wt %) and PLA/OHF (30wt %) show removal 

of MB to some extent which is attributed to fiber adsorption 

[22]. The porous fiber of OHF has proven to be effective, 

where the porous structure of fibers allows the contact of 

OHF with MB [23].  

All composite fibers with OHF show higher MB removal, 

where the adsorption under dark condition resulted at MB 

removal of 10 %, 13.7 %, and 17.7 % for OHF(10 

wt%)/PLA, OHF(20 wt%)/ PLA, and OHF(30 wt%)/PLA, 

respectively.  

In this study, the usage of solar light source was performed to 

observe the maximum ability of synthesized photocatalyst 

composite. Under this condition, the composite of OHF (30 

wt %) /PLA shows the excellent removal of MB, where 70 % 

MB was removed after 40 min irradiation, and 88 % MB 

removed after 50min of irradiation. While the composite of 

OHF (10 wt %) /PLA showed lower degradation of MB at 

72.5 % removal after 50 min of irradiation. 
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Figure 2: Absorbance profile of MB from sample taken at certain time 
interval by using: (a) PLA/OHF (10wt %), (b) PLA/OHF (20wt %) and (c) 

PLA/OHF (30wt %). 

The results obtained at the end of study of Aarfane et al [24], 

made it possible to conclude that after 20 minutes of 

agitation, the BM elimination yield of aqueous solutions at 25 

mg/L can reach 96% and 89% respectively during the use of 

the palm bark and the sugar cane bagasse. So these two plant 

substrates have proven to be natural supports with an affinity 

of significant adsorption with regard to MB. The abundance 

of these plant substrates can provide low -cost adsorption 

materials which can possibly contribute to the processing of 

textile effluents. In the study of Ho et al [25], porous 

polylactic acid (PLA) fibers were utilized as photocatalyst 

support using electrospinning technique to synthesis the 

fibers. The cadmium sulfide (CdS) was embedded in fibers at 

the amount of 1 wt%, 3 wt%, and 5 wt% as photocatalyst 

agent with absorption in visible light range. The 

photodegradation was performed under low-powered halogen 

lamp, with 90 % removal of methylene blue (MB) after 10 

hours of irradiation using CdS (3 wt %) /PLA fibers. This 

result shows higher performance in comparison with PLA 

and CdS which could only remove 57 % and 65 % of MB, 

respectively. 

 

IV. Conclusions 

In this work, Olive Husk flours (10, 20, and 30 wt %) 

integrated to PLA was used to determine its effect in the 

adsorption of methylene blue under solar light irradiation, 

and the possibility to use this designed material to produce a 

new filter medium in health and environmental areas.  

At predetermined time of solar irradiation, a reduction in the 

maximum absorption band in MB was noticed when the 

exposure time to solar irradiation was increased. 

The composite of OHF (30 wt %) /PLA shows the excellent 

removal of MB, where 70 % MB was removed after 40 min 

irradiation, and 88 % MB removed after 50min of irradiation. 

While the composite of OHF (10 wt %) /PLA showed lower 

degradation of MB at 72.5 % removal after 50 min of 

irradiation. 
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Abstract 

The present work concerns the study of aging a new biodegradable material by mixing the poly lactic acid 

(PLA), thermoplastic biodegradable, with a low density in the presence of compatibilist PE-GMA in a 

different environment. The sample formulations   LDPE/PLA/PE-GMA (20/80/5; 0/100/0; 100/0/0) are tested 

in soil and water over time. The aged samples are characterized (by mass loss, pH, and infrared spectroscopy). 

The results show that the mass loss of blend LDPE/PLA/PE-GMA is 24% after 5 weeks in water at 60°C. The 

pH value decreases over time.  A negligible amount of mass loss in the soil is observed with a pH of 5 and 

ambient temperature.  All results are confirmed by analysis of Infrared Spectroscopy. 
 

Keywords: chemical hydrolysis, low-density polyethylene, polylactic acid, soil 

 

 

 

I. Introduction 

 

Polylactic acid (PLA) is the most important biodegradable 

polyester with wide applicability in many fields, such as 

biomedical. PLA has good biocompatibility, and good 

physical properties such as high strength and high modulus, 

however, PLA is very brittle [1]. PLA is commonly used as a 

component of biodegradable materials in pharmaceutical, 

biomedical, and environmental applications  [2]. Density 

Polyethylene is one of the current thermoplastics that has a 

higher elongation at break than PLA but is not degradable for 

this reason, biodegradable polymers like polylactic acid, 

acorn-based polymer, have been the subject of many studies 

during the past decade[3]. 

The increasing manufacturing of green materials in recent 

years is related to the preoccupation with environmental 

protection. For that reason, researchers have been oriented 

toward the elaboration of new environment-friendly 

biocomposite materials either based on polymers originating 

from petroleum such as no biodegradable PE, PP, or the plant 

world (PLA, PBAT…).  

Among the biodegradable polymers, polylactic acid (PLA) is 

increasingly used because it is a biodegradable, 

biocompatible polymer that can be produced from renewable 

resources, has low cost, high specific strength, and can 

substitute polymers derived from petroleum (PP, PE, etc) [4- 

7]. Protecting the environment means reducing the waste 

generated by the significant consumption of common 

thermoplastics such as polyethylene and polypropylene, 40% 

of which is intended for packaging. To this end, attention has 

been focused on biodegradable polymers derived from 

renewable resources such as polylactic acid (PLA). The 

development of new materials, based on polymer blends, 

presents an economic and environmental advantage. 

An alternative is to minimize the amount of non-degradable 

polymer by biodegradable substitutes, the goal is to have new 

materials, both biodegradable and with an affordable price.  

As part of this study, we are interested in the behavior of a 

material PEBD/PLA/PE-GMA, (20/80/5), (100/0/0), and 

0/100/0) in soil and water. 

 

II. Material and methods 

 

We used samples already developed see [8]. The samples are 

cut into a square shape measuring (1cm x 1cm) numbered 

and steamed at 105°C until constant weight then they are 

weighed. 

Provide sufficient detail to allow the work to be reproduced. 

Methods already published should be indicated by a 

reference: only relevant modifications should be described. 

Figure 1: 

 
Figure 1: Samples of material 

 

 

The used soil is taken from the public dump of Mikla town of 

Tizi Ouzou Algeria. It is dried in the open air for 10 days, 

crushed, and sifted. We've determined soil composition and 

characteristics. The working method is illustrated in Figure 2. 

 

II.1 Hydrolysis 

Aging by hydrolysis of samples in distilled water was studied 

at different temperatures: 45°C and 60°C. The samples of the 
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LDPE/PLA/PEG-GMA formulations (20/80/5; 0/100/0; 

100/0/0) thus prepared are placed in glass jars each filled 

with 150 ml of distilled water pH= 7.8 well closed at the 

chosen temperatures, the whole is immersed in the water 

bath. The duration of aging is spread over 5 and 4 weeks 

respectively. Three samples were taken each week. 

 

II.2 Biodegradation of material in soil 

Aging in the soil is studied in different environments. The 

samples of the LDPE/PLA/PEG-GMA formulations 

(20/80/5; 0/100/0; 100/0/0) thus prepared are buried in the 

ground: 

 Anaerobic at room temperature, 

 Aerobic at room temperature, 

 Thermal at a temperature of 60°C. 

Watering is done with distilled water with a pH equal to 7.8 

and acidic tap water with a pH equal to 5 in the three studied 

cases above. Aging took place over 2 months: 

Three samples were taken every 15 days for each 

formulation.  

Water is added to each container to compensate for the water 

loss and maintain a fixed humidity level. 

The evaluation of biological and hydrothermal aging was 

determined by the evolution of:  

 The loss of mass, as a function of time. 

 pH of the medium as a function of time, 

 Characterization of spectral FTIR of samples. 

 

II.3 Mesure de la perte de masse (gravimétrie) 

Après le lavage ; les échantillons, ont été séchés dans une 

étuve à température de 105°C puis pesés, plusieurs fois afin 

d’obtenir une masse constante. 

La perte de masse a été calculée pour chaque échantillon à 

l’aide d’une balance analytique de; selon la formule suivante:  

  

Perte de masse (%) : Δm = 
     

  
              (1) 

m0: the initial mass of the sample in grams   

mt: the mass after aging in grams. 

Δm: the loss of mass which gives an indication of the rate of 

degradation. 

 

II.4 Evolution of pH  

For hydrolysis, the pH of the water is read directly from a pH 

meter. 

 

II.4 Spectral and microscopic analysis 

To confirm the chemical degradation we analyzed the 

samples before and after chemical, and biological 

degradation.  

 (Fourier transform infrared spectroscopy) FTIR JASCO 

model FT/IR 4100 type A OMNIC. 

 

III. Results and discussion 

 

III.1 Hydrolysis 

The results of the loss weight of polymers and blend are 

given in Figure 2,3. 

 

 
Figure 2: Lost weight in water distilled at 60°C 

 

 
Figure 3: Loss weight of PLA in water distilled at 60°C and 45°C 

 

The results obtained show the rate of mass loss at 60 °C is 

much greater than that at 45 °C. The hydrothermal 

degradation of the LDPE/PLA/PE-GMA mixture occurred 

but remained lower than that of PLA. 

According to Figures 4,5 and 6, there is a strong decrease in 

pH at 60°C compared to that recorded at 45°C, moreover,  

the diminution in pH for PLA alone is faster and with a 

higher rate than that of the mixture. This decrease is 

explained by the migration of lactic acid from PLA. The 

incorporation of PLA into LDPE promotes the degradation of 

the produced material. PLA can absorb water, which results 

in the hydrolysis of ester bonds and causes the breakage of 

macromolecular chains [9] which confirms the loss of mass 

of the material 
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Figure 4.  Evolution of pH of distilled water as a function of the aging time 

at temperatures 60°C. 

 

 
Figure 5.  Evolution of pH of distilled water as a function of the aging time 

at temperatures 45°C. 

 

 
Figure 6. Evolution of pH of distilled water as a function of the aging time 
of the blend LDPE/PLA/PE-GMA (20/80/5) at different temperatures 

 

III.2 Biodegradation 

Soil texture is given in Table 1. 

According to the results obtained, the soil has a balanced 

texture. Sand allows water and air to infiltrate, while clay 

promotes water retention 

 

 

 

Table1. Composition du sol 

Analyse granulométrique 

Argile 

(%) 
Limon 

Fin (%) 

Limon. 

Grossier 

(%) 

Sable 

Fin  

(%) 

Sable 

Grossier 

(%) 

26.15 11.55 20.75 18.40 23.15 

 

 
Figure 7.  Loss of mass LDPE / PLA / PE-GMA (20/80/5) as a function of 

the aging time in soil, watered with acidulated tap water pH = 5 

Figure 8.  Loss weight of LDPE/PLA/PE-GMA aerobic soil at room 

temperature 

The obtained results (Figure 7,8) show that the aerobic 

environment promotes the degradation of the LDPE/PLA/PE-

GMA material (20/80/5). We note a mass loss of 3.5% and 

0.4% in aerobiosis and anaerobiosis respectively in the 

presence of acidulated tap water at a pH of 5. But the 

degradation remains very low. These mass losses remain 

insignificant, they agree with the study carried out by 

Karamanlioglu et al [10] which showed an absence of 

degradation of PLA in the soil after twelve months at a 

temperature of 25 °C. Degradation of PLA in soil is difficult 

at low temperatures [11]. The temperature influences the 

degradation of PLA (figure 3) these results are consistent 

with the literature [12] 
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Figure 9.  Loss weight of LDPE/PLA/PE-GMA anaerobic soil at  room 
Temperature 

Figure 10.  Loss weight of LDPE/PLA/PE-GMA and PLA aerobic soil at 

room T  watered with acidulated tap water at pH = 5  

Figure 11.  Loss weight of LDPE/PLA/PE-GMA and PLA aerobic soil at  T 

60°C  watered with acidulated tap water at pH = 5  

The results of the mass loss illustrated by Figure 9,10 and 11 

show that the high temperature promotes the degradation of 

PLA but this loss remains insignificant. 

III.2 FTIR spectra 

Figure 12. FTIR spectra of the different various material hydrolysis 
 

The Figure 12. shows the LDPE / PLA / PE-GMA spectrum 

(20/80/5) before and after hydrolysis. The results show an 

increase in the intensity of the symmetrical and asymmetric 

CH bands (2850-3000 cm
-1

), a broadband intensity increase 

between 3100-3500 cm 
-1

 attributed to the hydrogen bond 

formation between the hydroxyl group and carboxyl groups, 

which is confirmed by the displacement of the carbonyl band 

from 1762 to 1758 cm 
-1

. The appearance of a band at 1618 

cm 
-1

 corresponds to the presence of water enclosed in the 

cracks thus formed after degradation. The increase of the 

band to 920 cm 
-1

 corresponds to the elongation of the O-H 

bond of the carboxylic acids. 

 

Figure 13. FTIR  spectra of the various materials buried in the soil aerobic. 
 

The spectra of the mixture before and after aging are in 

Figure 13. show the appearance of a wide band at 3505 cm 
-1

 

and that at 1620 cm 
-1

 whereas the rest of the bands do not 

signal any specific change, however, changes in l The 
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intensity of the absorption of the 1757 cm 
-1

 and 2850-2997 

cm
-1

 bands thus confirming the low mass loss obtained. 

 

IV. Conclusions 

The hydrolysis of the LDPE/PLA/PE-GMA and PLA mixture 

takes place at a temperature above its glass transition 

temperature. Therefore, the pH value decreases greater at 60 

° C. than at 45 ° C. 

Degradation of PLA in soil is difficult at low. The 

temperature of 60 ° C. does not contribute to the degradation 

in the soil of the LDPE / PLA / PE-GMA material (20/80/5) 

in both cases: watered by distilled water or acid tap water at 

pH = 5. These mass losses remain insignificant. 

The aerobic environment at room temperature is more 

favorable but the biodegradation process remains weak. 

The results show that the PLA incorporation in PEBD 

promotes the hydrothermal of material. 

The  FTIR analysis shows the disappearance and appearance 

of bands which confirm the mass loss. The structural changes 

were investigated by FTIR spectroscopy. The material thus 

produced is much more marked by hydrolysis. 
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Abstract 

To reduce the massive consumption of HDPE, which causes environmental problems, we offer biodegradable 

composite materials, at low cost and with low density. In this context, a study devoted to the valorization of 

lignocellulosic waste, a particular interest has been brought to the pistachio shell filler, as vegetable filler in 

the manufacture of high-density polyethylene matrix composite materials with a filler rate of 5% to 15%. The 

HDPE/FCP composites were initially mixed in a calendar before preparing the different sample shapes with a 

thickness of 2 and 3mm by compression at 190°C. The latter were characterized by various techniques: 

rheological, mechanical, physical tests, and morphological. 
 

Keywords Pistachio shell fillers, High-density polyethylene, composite materials, mechanical properties, 

Physical properties. 

 
 

 

 

 

I. Introduction 

For several years, the emergence of concepts such as 

sustainable development, industrial ecology, and green 

chemistry has been accompanied by the development of new 

generations of materials. Among these materials, composites 

continue to evolve into high-performance and cost-effective 

products while meeting environmental constraints and 

regulatory requirements regarding recycling. Polymer matrix-

based composite materials reinforced with natural fillers have 

garnered increasing attention due to their resulting final 

properties, allowing broad access to various high-value-added 

application areas. This is in contrast to materials derived from 

petroleum resources, which have environmental constraints, 

not to mention the limited availability of raw materials that 

appear to be depleting and whose cost is very high [1]. 

The depletion of petroleum resources, along with the rise in 

environmental awareness that emerged in 1990, has made 

various populations realize the importance of their actions on 

the health of our planet. It has become necessary to reduce 

our CO2 emissions and waste quantities, improve recycling 

processes, and limit our dependence on fossil-based 

materials. As a result, many environmental standards have 

emerged in recent years to ensure the sustainability of our 

planet. These changes are not without impact on our daily 

lives and those of industries. 

To better address these environmental concerns, the 

composite materials sector has turned to a new range of more 

environmentally friendly products: bio-composites. These 

materials have the advantage of incorporating all or part of 

bio-based elements and are therefore recyclable and 

biodegradable [2]. 

Incorporating natural fibers as fillers or reinforcements in 

plastics could also be a feasible solution to reduce cost, 

improve performance, reduce weight, and address 

environmental concerns [3]. 

Natural fiber-reinforced composites have, therefore, garnered 

increasing attention due to their low cost, low density, 

biodegradability, availability, ease of processing, high 

specific modulus, and ability to be recycled [4]. 

Like all natural fibers, pistachio shell fiber is hydrophilic 

because it is composed of lignocellulose, which contains 

hydroxyl groups. Therefore, it is incompatible with 

hydrophobic thermoplastics, which is a weak point for its use 

as a polymer reinforcement. It is necessary to create 

interactions at the interface between the polymer matrix and 

the fibers to avoid compromising mechanical properties. 

Among the numerous methods used to improve fiber-matrix 

compatibility, alkaline treatment [5, 6] and maleic anhydride 
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grafting onto the polymer matrix [7, 8] are the most 

commonly used. 

The objective of this study is the development and 

characterization of a new biocomposite material based on 

high-density polyethylene (HDPE) reinforced with waste 

pistachio shell fibers. 

II. Material and methods 

The high-density polyethylene of type PEHD 5502, with a 

melt flow index of 0.35g/10min is produced by the CP2K 

complex (Skikda). In addition, Pistachio shell flour is used as 

a filler in the composite preparation. 

1.1 Blend preparation  

The pre-mixing of HDPE/PSF composites with different 

pistachio shell fiber content (5%, 10%, and 15%) is carried 

out in a two-roll mixer from the IQAP LAP brand at the 

"CP2K, Skikda" unit. The rotation speed of the two rolls is set 

at 32 rpm, and the temperature is maintained at 170°C. After 

10 minutes, composite sheets with a thickness of 3 mm are 

obtained, which will be used to prepare various samples 

through the compression molding process. 

After the mixing process, we obtained a blend of HDPE and 

pistachio shell flour, which we cut into small pieces (2 to 3 

cm) using a manual cutter. These pieces are then placed into 

molds to fabricate samples in the form of dumbbells and 

squares, which will later be used in various characterization 

tests. 

The films obtained from the mixing process are cut and then 

placed between the plates of a CARVER hydraulic press. 

They are heated to a temperature of 190°C for 14 minutes to 

prepare 3 mm thick sheets, which will be used to cut samples 

for various characterization tests. 

Table 1: Formulations of HDPE/ PSF. 

Percentage of pistachio 

shell fibers (%). 

0 5 10 15 

Parentage of HDPE (%). 100 95 90 85 

2 Characterization 

2.1 Tensile test 

The mechanical properties at the break of the samples are 

measured using a TesT GmbH tensile testing machine at 

room temperature. The samples are cut in a dumbbell shape 

of type "H" with dimensions (3 x 20 x 100) mm³, following 

the ASTM D638 standard. The strain rate is set at 20 

mm/min. 

2.2 Shore D hardness test  

According to the ASTM D-2240 standard, 3 mm thick plate 

samples are prepared using a press and then placed under the 

penetrator. By operating the lever arm until the steel ball or 

diamond cone penetrates, the value indicated by the device 

can be read. Three tests are conducted at different points, and 

the average value is calculated. 

 

2.3 IZOD impact test 

 The most common method is known by the reference IZOD 

(ISO 180). It is widely used in the United States (ASTM D-

256), however in France, it is limited to the characterization 

of polystyrene (T51-911, identical to the ISO 180 standard 

and similar to the ASTM D256 standard). 

 

2.4 Measurement of the fluidity index 

The principle of this test is to measure the mass of molten 

thermoplastic material passing through a die over a certain 

period under the action of a defined load applied to the 

piston. The melt flow index, expressed in g/10min, provides 

information about the polymer's viscosity and, therefore, its 

molecular mass. 

The melt flow index was determined using an extrusion 

plastometer (rheometer) containing a heated barrel at 190°C. 

A 3g sample of the material to be analyzed is introduced into 

the barrel, and it is pushed toward the die by a piston loaded 

with a weight of 2.16 kg, according to the standard: ISO 

1133. 

2.5 Water absorption test 

The water absorption test involves drying the samples in an 

oven at 80°C for 24 hours. After drying, the samples are 

weighed using an analytical balance with a precision of 

0.0001g. The samples are then immersed in distilled water at 

room temperature. The percentage increase in their weight is 

measured every 24 hours, representing their water absorption 

percentage during that period. Every 24 hours, the samples 

are removed from the water and quickly dried to remove 

excess surface water. Their weight is recorded within 10 to 

15 seconds to minimize errors due to evaporation. The 

difference between the weight after each 24-hour immersion 

and the initial dried weight from the oven, relative to the 

initial dried weight, is used to determine the water absorption 

of the composite for that day. This value is recorded for 30 

days to observe the trend in water absorption in the 

composites. 

2.6 Determination of density  

The apparent density is measured by the pycnometric 

method, according to the NFT 51-063 standard. Distilled 

water is used as the displacement solvent, ensuring the good 

wettability of the sample. 

To study the morphology of the materials and verify the 

dispersion of fibers in the composite materials, optical 

microscopy is used to take surface photos of the obtained 

films. The equipment used is an optical microscope from 

OPTIKA Microscopes, ITALY. 

III. Results and discussion 

III.1 Mechanical Properties 

1.1. Tensile test 

 Evolution of the Stress at Break 
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Figure 1: Evolution of the stress at break of HDPE/PSF composites as a 

function of the loading rate. 

According to Figure 1, a decrease in the stress at break is 

observed with the increase in loading rate. This decrease 

becomes more significant as the amount of pistachio shell 

flour increases. These results are predictable and are 

consistent with many studies, such as those by S.M.B. 

Nachtigall et al. [9], Demir et al. [10], Khalid et al. [11], and 

Kaci et al. [12], who attributed this reduction to a weakening 

of the bond strength between the fiber and the matrix. This 

weakening obstructs the propagation of stress. This can be 

explained by the tendency of pistachio shell flour particles to 

cluster together, forming agglomerates that introduce 

heterogeneities and lead to uneven stress transfer within the 

matrix. As a result, the composite material becomes more 

brittle and fragile. 

 Evolution of elongation at break 
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Figure 2: Variations in elongation at break of HDPE/PSF composites 

developed depending on the charging rate. 
A significant decrease in the elongation at break is observed 

as the loading rate increases. Pasquini et al. [13] explained 

this decrease, from one perspective, by the hydrophilic nature 

of pistachio shell flour, which absorbs more moisture and 

causes swelling within the PEHD matrix, leading to material 

weakening. On the other hand, it is due to the increasing 

volume occupied by the filler particles, which creates defects 

in the system and reduces the inter-chain interactions. This 

results in a transition from ductile to brittle behavior in the 

material. 
 

 Evolution of Young’s modulus 
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Figure 3: Variations in Young’s modulus of HDPE/PSF composites as a 

function of rate dump. 
According to Figure 3, a significant increase in the elastic 

modulus is observed with the increase in the loading rate. 

This mechanical property depends on the rigidity of the 

pistachio shell flour incorporated into the HDPE matrix [14].  

1.2. Shore D hardness 
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 Figure 4: Evolution of the Shore D hardness of HDPE/PSF composites as a 

function of the charge rate. 

We can observe that the incorporation of pistachio shell flour 

into the high-density polyethylene matrix (Figure 4) is 

accompanied by an increase in the hardness of the 

PEHD/PSF composites. This increase is more significant as 

the loading rate rises. These results are predictable since 

pistachio shell particles are composed of microfibrils of 
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cellulose, which are classified as hard fibers. This results in 

greater resistance to penetration by the durometer needle into 

the composite material. This outcome was confirmed by 

N.Stark, and R.E. Rowlands [15]. 

 

1.3. IZOD impact resistance 
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Figure 5: Evolution of the resilience of HDPE/PSF composites as a function 

of the rate of charge. 

 

Figure 5 shows the variations in the impact resistance of 

PEHD/PSF composites as a function of the loading rate. 

According to this figure, the incorporation of pistachio shell 

flour into the PEHD matrix led to a decrease in the impact 

resistance of the composites. This can be explained by the 

incompatibility between the matrix and the pistachio shell 

particles reduces the adhesion between the two phases, which 

weakens the system, resulting in a decrease in the impact 

resistance of the composites. Additionally, the addition of 

FCP fibers, which are stiffer than PEHD, significantly 

increases the rigidity of the composite material, which also 

contributes to the reduction in impact resistance. These 

results are consistent with the ones presented by 

Petchwattana et al. [16] and Zheng et al. [17]. 

III.2 Rheological characterization 

2.1Melt Flow Index: MFI 

Figure 6 illustrates the evolution of the melt flow index of 

PEHD/PSF composites as a function of the loading rate. A 

decrease in the melt flow index is observed with the increase 

in pistachio flour content. This is due to the agglomeration of 

pistachio shell particles, which create obstacles to the free 

movement of the polymer chains and prevent the flow of the 

material. These results are consistent with M.N. ICHAZO et 

al [18] ones. 
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Figure 6. The fluidity index of HDPE/PSF composites evolution according 

to the rate dump. 

 

Figure 6 illustrates the evolution of the melt flow index of 

PEHD/PSF composites as a function of the loading rate. A 

decrease in the melt flow index is observed with the increase 

in pistachio flour content. This is due to the agglomeration of 

pistachio shell particles, which create obstacles to the free 

movement of the polymer chains and prevent the flow of the 

material. These results are consistent with M.N. ICHAZO et 

al [18] ones. 

III.3 Physical characterizations 

3.1. Density 
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Figure 7: Evolution of the density of HDPE/PSF composites as a function of 

the charge rate. 

The results of the density test for the composites PEHD, 

PEHD/PSF 5%, PEHD/PSF 10%, and PEHD/PSF 15% are 

presented in Figure 7. The measurement reveals that the 

density of pistachio shell particles is around 0.6254. In this 

regard, the incorporation of pistachio shell fibers into 

polyethylene results in composites with low density. The 
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density profiles of the PEHD/PSF composites decrease as the 

loading rate increases, ranging from 0.95 for pure PEHD to 

0.89, 0.85, and 0.63 for PEHD/PSF composites with 5%, 

10%, and 15% pistachio flour, respectively [19]. 

III.4  Water absorption test 
 

0 10 20

0

2

4

6

8

10

12

14

16

18

20

22

24

26

28

A
b

s
o

rp
ti
o
n

 r
a

te
 (

%
)

Immersion time (days)

 HDPE

 HDPE/PSF5

 HDPE/PSF10

 HDPE/PSF15

Figure 8: Evolution of the water absorption rate of HDPE/PSF composites 

depending on the immersion time. 

We can observe an increase in the water absorption rate with 

immersion time and the pistachio shell flour content in the 

high-density polyethylene matrix. This is entirely expected 

since pistachio shell flour is highly rich in hydroxyl groups, 

which form hydrogen bonds with water molecules. 

Consequently, the higher the flour content, the greater the OH 

concentration, and thus, the water absorption rate increase. It 

is also noticeable that the water absorption rate of 

PEHD/FCP samples is initially rapid, and then slows down as 

time progresses until saturation is reached, where the water 

absorption rate becomes constant. For composites with 5%, 

10%, and 15% pistachio shell flour, the maximum swelling 

rates are estimated at 13.7443%, 14.9659%, and 24.2842%, 

respectively. For virgin PEHD, a very low water absorption 

rate is recorded due to the non-polar nature of this polymer, 

which gives it hydrophobic characteristics. Water absorption 

is approximately 0.082% within 24 hours and does not 

exceed 0.033% after 15 days. These values are confirmed by 

S. Boufi et al. [20] and D. PASQUINI et al. [21]. 

III.5 Analysis of morphology by optical microscopy 

The micrographs of the composites (Figure 10) related to the 

incorporation of 5%, 10%, and 15% by mass of pistachio 

shell particles into the HDPE matrix clearly show a 

heterogeneous and irregular surface, as well as the presence 

of pistachio shell particle aggregates completely separated 

from the high-density polyethylene matrix. These aggregates 

increase in number with the rise in the percentage of 

pistachio shell powder incorporated into the HDPE matrix. 

This is due to the incompatibility of the two phases resulting 

from the weak interfacial adhesion between the hydrophilic 

pistachio shell particles and the hydrophobic HDPE. These 

results are in good agreement with those reported by El-

Shekeil et al [22], Al Maadeed et al [23], and Panaitescu et al 

[24]. 

 
Figure 9: Optical microscopy micrograph of the Virgin 

HDPE surface. 

 

 
Figure 10: Optical microscopy micrograph of the surfaces of HDPE/PSF 

composites at different charging rates (5%, 10%, and 15% respectively). 

 

IV Conclusion  

 

This study aimed to develop and study filler/matrix 

composite materials, produced by conventional 

transformation processes (kneading followed by molding by 

compression). These composites consist of a high-density 

polyethylene matrix and 

Pistachio shell charge with dimensions less than 90 μm and 

rates varying 5%, 10%, and 15% by weight. The composites 

obtained are then characterized by determining the 

rheological properties, physical, mechanical, and 

morphological. 

The analysis of the experimental results allowed us to draw 

the following conclusions: 

 Rheological characterization by measuring the 

fluidity index made it possible to deduce that: 

- The HDPE/FCP composites fluidity index is decreased as a 

function of loading rate. 

 The physical characterization by measuring the 

water absorption rate made it possible to deduce that 

: 
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- The increase in water absorption rate depends on the 

immersion time and the concentration of pistachio shell 

fillers. 

 The mechanical characterization of HDPE/FCP 

composites made it possible to deduce that there are: 

- An increase in the Shore D hardness of composites 

compared to the value of HDPE virgin. 

- A decrease in the resilience of HDPE/PSF composites with 

the increase in rate dump. 
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Abstract 

This study successfully extracted chitosan from waste generated by local shrimp shells. Functional and 

physicochemical properties of Chitosan produced have been evaluated by several methods such as FTIR, 

XRD and DSC. The obtained chitosan showed similar physicochemical properties compared to commercial 

one prepared. Structure was confirmed by Fourier transform infrared spectroscopy; X-ray diffraction and 

differential scanning calorimeter have same differences to refer to the effect of methods of extractions and 

type of shrimp shells waste. 

Keywords: Chitosan, Extraction, shrimp shells, Commercial chitosan. 

 

 

 

I. Introduction 

Chitosan, a linear polysaccharide generated from the partial 

deacetylation of chitin, has sparked widespread attention due 

to its many uses in biomedicine, pharmacology, and 

agriculture. Its distinct features, including as 

biocompatibility, biodegradability, and antibacterial activity, 

have made it an important material in a variety of 

applications. Chitin, the precursor to chitosan, is one of the 

most prevalent biopolymers on Earth, essentially extracted 

from crustacean exoskeletons, insect cuticles, and fungal cell 

walls [1]. Shrimp shells represent a significant source of 

chitin, largely because of their widespread use as a by-

product of the seafood industry [2]. 

Chitosan utilized in industrial applications is predominantly 

sourced from crustaceans, particularly the shells of crabs, 

prawns, and shrimp, which are readily available as 

byproducts of the food processing industry. However, it is 

increasingly available as a side-stream.  

A product derived from the breeding of cocoons within the 

silk industry, serving as a by-product of protein extraction 

from insects for food and animal feed industries, as well as 

fungal fermentation. Fish scales, composed of chitin, are 

frequently discarded due to their low yield, representing only 

1 wt% of the total weight [3]. 

 

Chitosan is commonly extracted from shrimp shells using 

three steps: demineralization, deproteination, and 

deacetylation. In one research, chitosan was extracted from 

Penaeus monodon shells using an optimized method that 

included 1 N HCl for demineralization at 50 °C, NaOH for 

deproteination, and an alkaline process for deacetylation. The 

ultimate chitosan production was 82%, with outstanding 

physicochemical qualities [4]. The extraction of chitosan is 

conducted through a stepwise procedure that incorporates 

both acid and alkaline treatments, producing high purity and 

yield [5]. The selection of reagents, temperatures, and 

reaction durations during extraction markedly affects the 

characteristics of the resulting chitosan. The application of 

concentrated NaOH at elevated temperatures increases the 

extent of deacetylation; however, it may also lead to a 

reduction in the molecular weight of chitosan [1]. 

Furthermore, the application of H₂O₂ for bleaching has 

demonstrated an enhancement in the whiteness and purity of 

chitosan, thereby rendering it more suitable for uses that 

necessitate elevated optical clarity, particularly within the 

pharmaceutical domain [6]. This research investigation 

outlines an enhanced protocol for the extraction of chitosan 

from shrimp shell waste, detailing each step and comparing 

the results with commercial methods. The objective is to 

demonstrate the effectiveness and reproducibility of this 

protocol in producing high-quality chitosan, while also 

suggesting its potential as a sustainable material for industrial 

applications. 

 

II. Material and methods 

II.1  Used biomass origin  

The used shrimp shell waste for the extraction of chitosan 

was collected from Mers El phare port on the Mediterranean 

Sea, (Algeria). Commercial chitosan from shrimp shells 75% 

deacetylation Min 75%   Ash 1.0% moisture 10.0% viscosity 

(1% solution) Min 200cpc from Loba Chemie Ltd 107. 

 

II.2  Extraction of chitosan 

The extraction procedure that is being used is a laboratory 

modification of the industrial procedure [7,8]. 

a) Demineralization 

Shrimp shells were gathered, cleaned, and dehydrated. The 

dried shells were subsequently pulverized into a fine powder. 

Fifty grams of the resultant powder were hydrated in a 1 N 
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HCl aqueous solution, with continuous stirring for six hours 

at 50 °C. The liquid phase was subsequently removed, and 

the solid material was washed with distilled water until a 

neutral pH was achieved. The demineralized material was 

dried overnight at 50 °C and subsequently utilized in the next 

step without additional purification. 

b) Deproteination 

The dried, demineralized material was immersed in an 8% 

NaOH solution and continuously stirred at 80-100 °C for a 

duration of 6 hours. The solution underwent filtration, 

followed by multiple washes of the solid phase with distilled 

water until a neutral pH was attained. The deproteinized 

material was then dried overnight in an oven at 45 °C. 

c) Bleaching 

The dried, deproteinized material underwent bleaching by 

immersion in a 0.3% H₂O₂ solution with continuous stirring 

for a duration of 2 hours. The bleached material underwent 

filtration, followed by washing with distilled water, and was 

subsequently dried in an oven overnight. 

d) Additional HCl Treatment 

The bleached powder was subsequently incorporated into a 

12.5 M HCl solution and stirred for 2 hours at a temperature 

range of 80-100 °C. Following treatment, the material 

underwent several washes with distilled water until a neutral 

pH was attained. The final product was dried overnight in an 

oven at 45 °C. 

II.3  Fourier transform infrared spectroscopy (FTIR) 

Infrared spectra of powders were obtained over frequency 

range of 400–4000 cm−1 using a FTIR Spectra (Bruker 

alpha-P) (with KBr).  

 

II.4 Thermal analysis ATG/DTG 

Thermal analysis was carried out by a differential scanning 

calorimeter (Netzsch DSC-214 polyma) where 10 mg of the 

samples was put in the crucible with a heating. 

 

III. Results and discussion 

 

III.1 Fourier transforms infrared spectroscopy (FTIR) 

Spectra resulting from FTIR analysis of chitosan samples are 

shown in Figure 1 in comparison with the commercial one; 

all the characteristic peaks of chitosan were detected in all 

samples at their specific wavelengths: 3490, 2971, 

2910,1643,1552,1421, 1022, 893 and 752 cm
-1

 .Several bands 

have been proposed as internal reference bands of chitosan: A 

peak at 3480 cm
−1

 corresponds to the −OH stretching 

vibrations of water and hydroxyls, as well as the NH2 

stretching vibrations of free amino groups; Symmetric CH3 

stretching and asymmetric CH2 stretching bands within 2971-

2910 cm
−1

; The amide I and amide II bands absorption bands 

in the chitosan spectrum were around 1643 and 1552 cm-
1
, 

respectively. The ethylene group's scissoring band was also 

seen at 1421 cm
-1

. The absorption bands around 1022 and 

893 cm
-1 

correspond to vibration C-O-C bonds, confirming 

monomer bonding via -glycosidic links.  This result is in 

agreement with those found by different authors [9-14]. 

Certain variations in peak wavelengths are most likely caused 

by variations in natural sources and the extraction technique. 

The presence of a band stretching pattern in the extracted 

chitosan that corresponds to the band stretching of 

commercial standard chitosan indicates that the extracted 

material is indeed chitosan. 

4000 3500 3000 2500 2000 1500 1000 500

 

 

Wavenumber (cm-1)

 Chitosan extract 

 commercial chitosan

 
Figure 1: FTIR spectrum of the extracted chitosan and commercial chitosan 
 

III.2 Thermal analysis ATG/DTG 

The TGA curves of the Chitosan samples were plotted at two 

main stages of decomposition. The first was at 100 °C with a 

mass loss of 6.2% for Chitosan extracted and 12.5% for 

commercial Chitosan. Such loss is due to the evaporation of 

water molecules [15]. The second was variable, at 320 °C 

with a loss of 48.2% for Chitosan extracted, a loss of 49.2% 

for commercial Chitosan. This loss was caused by the 

depolymerization of the Chitosan chains [16]. Additionally, 

the details of the TGA are shown in the table below (Table 1) 

 
Table 1: TGA Analysis results of extracted Chitosan and commercial 

Chitosan 

TGA 

analysis 

Extracted chitosan Commercial chitosan 

Temperature    

(°C) 

10

0 

320 650 100 320 650 

Weight loss 

(%) 

6.2 48.2  93.4 12.5 49.2 85.8 

 

 

IV. Conclusions 

In this study, chitosan was extracted from shrimp shell waste 

The extracted chitosan was characterized. 

The results showed that the extracted chitosan had similar 

trends in the FTIR spectrum and TGA/DTG behavior 

compared to commercial chitosan indicating that extracted 

chitosan has comparable properties to commercial chitosan. 
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Abstract 

 

This work focuses on the experimental study and numerical modeling of the effect of UV aging on the 

macroscopic and microscopic behavior of Polymethyl Methacrylate (PMMA). The PMMA specimens, 

elaborated with the plastic molding process, were exposed to UV radiation in a chamber for two aging times: 

120h and 250h. Thereafter, the specimens before and after exposures to UV radiation were visually analyzed 

and weighed on an analytical balance. Compression tests were carried out on the specimens with a strain rate 

of 10-3s-1. The effect of UV radiation on PMMA specimens was manifested at the macroscopic scale by: 

yellowing of the specimens, loss of mass, and decrease of some mechanical properties such as Young's 

modulus, and at the microscopic scale by breaking the c=o chains. UV aging was modeled by introducing 

mass loss into Young's modulus values. The model was implemented in the finite element code using the 

VUMAT subroutine. Simulations were conducted on PMMA specimens with different periods of exposure to 

UV radiation. Comparisons with experimental results demonstrated the capability of the implemented model 

to simulate the UV aging effect. 

Keywords : Polymethyl Methacrylate (PMMA), UV aging, VUMAT, Abaqus/Explicit 

 

 

I. Introduction 

Due to their good specific mechanical properties and ease of 

processing, the application of industrial polymeric materials 

has considerably increased. The use of PMMA materials 

presents many advantages due to their low cost and their 

generally good mechanical properties, their low production 

cost, and their low density. They are used in all industry 

sectors, either as structural materials (aeronautics, cars, etc.) 

or as insulating materials (electronics and electrical 

engineering. 

Plastics occupy a prominent place in our environment and are 

now present everywhere, PMMA is one of them. Since it is a 

completely amorphous polymer, its glass transition 

temperature is 105°C; this relatively high temperature allows 

it to work at a fairly high processing temperature [1] and thus 

has an exquisite visual appearance. Hence its major use 

outdoors, these materials degrade when exposed to 

temperature variations, rain or sunlight, and water or oils. 

A wealth of literature has been reported on the degradation 

mechanisms of PMMA [2-5]. It is well recognized that 

ultraviolet (UV) irradiation causes significant 

physicochemical changes in polymers, resulting in a decrease 

in their mechanical performance through a drop in masse 

weights [6]. 

II.1 Background on photodegradation 

 

Degradation of polymers significantly affects their 

mechanical behavior and the evolution of their 

microstructure. Two types of process can be distinguished, 

chemical (chain breaking) and physical (mass loss, and both 

strongly related). The degradation may be, for example, 

induced by physico-chemical attacks (water, oxygen, etc.), 

temperature, mechanical stress, and UV irradiation. The 

degradation mechanisms depend on the type of polymer 

(amorphous, semi-crystalline,…etc. ) and the environment 

(temperature, chemical medium….etc.). 

In general, these mechanisms are controlled by a variety of 

factors, including diffusion processes (e.g. diffusion of 

oxygen and/or water), the polymer morphology, and the 

concentration of impurities in the polymer. 

In the last decades, many studies have reported that in many 

thermoplastic polymers such as polypropylene, 

polycarbonate, and PMMA, when exposed to Ultraviolet 

light, the primary structure undergoes considerable 

modifications due to chain scission and the creation of 

molecular defects such as carbonyl groups and crosslinking 

[7-9]. 

Polycarbonate (PC) subjected to UV irradiation shows 

important modifications in the optical properties by reducing 

its transparency and microhardness through the thickness 

proving a gradual deterioration in the depth [7]. Shyichuk et 

al., 2001; Craig et al., 2005 [10, 11] confirmed that when 

Polypropylene (PP) is exposed to UV radiation, the size of 
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the crystalline domains changes significantly, and chain 

scission events cause chain segments in the amorphous phase 

to become untangled, which improves crystallisability. 

The mechanical characteristics of PLA decrease due to 

photodegradation. In particular, a loss of stiffness and 

strength was observed by S. Belbachir and al (2008) [12]. Ho 

and Pometto (1999) [13] and Ho et al. (1999) [14] 

demonstrate that prolonged exposure to UV light reduces the 

molecular weights and mechanical characteristics of PLA 

films, such as the young modulus, stress, and strain at break. 

 

II.2 Scope of this work 

This work is divided into two parts: the first part is 

experimental, which consists of studying the impact of aging 

by UV radiation on the behavior of PMMA. The second part 

is numerical which consists of modeling the effect of UV 

irradiation on the elastic–viscoelastic behavior of amorphous 

PMMA. A semi-phenomenological model able to capture the 

finite strain behavior of PMMA is elaborate to predict the 

photodegradation effect on the overall stress-strain response. 

Several models were elaborated and developed to describe 

the elastic–viscoelastic deformation of polymers [15-28]. 

In this study, the effect of degradation by UV radiation is 

introduced in Young's modulus as a function of mass loss. 

The model was implemented in the Abaqus/explicit finite 

element code using the VUMAT subroutine. Uni-axial 

compression simulations were conducted at different 

exposure times to UV radiation. The numerical results were 

compared with the experimental results. 

The various experiments carried out in the present work have 

revealed the effect of UV radiation on the macroscopic and 

microscopic behavior of PMMA specimens. A loss of mass is 

observed after many hours under UV radiation. The 

degradation of the mechanical properties of PMMA such as 

the Young's modulus was noted. The comparisons between 

numerical predictions and experimental results demonstrated 

the capability of the implemented model to match the 

experimental results. 

 

III. Results and discussion 

III.1 Transparency 

Figure 2 shows an increase in the yellowing aspect and a 

decrease in transparency of the irradiation PMMA, as the UV 

exposure time increase. This yellowing is the result of a 

chemical reaction caused by UV radiation. The UV energy 

absorbed by PMMA macromolecules generates a rupture of 

the most susceptible bonds, which can oxidize in the presence 

of oxygen. This mechanism is responsible for the formation 

of substances that cause the yellowing observed in the 

irradiation samples. 

 

 

Figure 1: Transparency of the virgin and aged materials 

 

II.2 Weighing measure 

The evolution of mass loss as a function of UV exposure time 

is presented in Figure 2. The decrease in the mass of the 

specimens was observed with prolonged exposure to UV 

radiation. At 250h of exposure to UV radiation, the mass of 

the specimens was dropped from 1.11806g to 1.08534g (- 

0.03272g), equivalent to a loss of 3% of its initial mass. This 

loss of mass can be explained by the breaking of molecular 

chains. 
 

 
Figure 2: Mass evolution after UV irradiation. 

It appears that most of the mechanical properties of PMMA 

have been affected by the degradation. Indeed, significant 

changes in Young’s modulus (Figure 3). 
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Figure 3: Young Modulus. 

III.3 Numerical modeling 

The isotropic and symmetric elastic behavior is a Hooke’s 

law that is expressed as a function (1): 

(1) 

𝜎 = 𝐸.   

 
Where 𝜎 the elastic stress tensor,   the elastic strain tensor, 

and 𝐸 the Young modulus. 

The model developed by Tervoort [29] and modified by 

Mirkhalaf [26, 30] for thermoplastic materials is described in 

this section. The plastic strain rate tensor  ˙𝑣𝑝 is given by the 

equation (2): 

 
𝜎𝑑 

 ˙𝑣𝑝 = 
2𝜒 

(2) 

 

Where 𝜎𝑑the deviatory part of the stresses is, 𝜒 is viscosity 

function 3 [26, 30-32] is given by: 

 
𝛥𝐻 𝜇𝜎ℎ 

𝜒 = 𝜑0 𝑒𝑥𝑝 (
𝑅𝑇 

+ 
𝜎 0 

 
 

𝑠𝑜𝑓𝑡 −ℎ√3  𝑣𝑝 

− 𝜎∞ (1 − 𝑒𝑥𝑝 ( 𝑠𝑜𝑓𝑡 ))) 
√2𝜎∞ 

 
𝜎𝑒𝑞 

× ( ) 
𝑠𝑖𝑛ℎ (

σ𝑒𝚐
) 

σ0 

 

 

 

 

(3) 

 

 

The viscosity function depends only on the equivalent plastic 

strain   𝑣𝑝 defined by equation (4): 

Where 𝜎0 is a material constant, 𝑅 is the universal gas 

constant; 𝑇 is the constant temperature; 𝛥𝐻 is the activation 

energy. 𝜑0 is a pre-exponential factor,   is the pressure 

coefficient. 𝜎𝑠𝑜𝑓𝑡 is the softening parameter and h is The 

softening slope parameter. 

III.4 UV aging equations of the model 

Exposure of PMMA to UV radiation causes degradation of 

the mass and the values of Young's modulus (Figure 3 and 

Figure 4). This degradation was introduced into the numerical 

model by adding the effect of mass loss into Young's 

modulus. The law of Young's modulus degradation is 

expressed by the following equation (5): 

𝐸 = 𝐸0 − 𝐸𝑡 (5) 

 
Where E is the degradation value of Young's modulus under 
UV radiation 𝐸0 expresses the initial value of Young's 

modulus in the pristine state and 𝐸𝑡 presents the value of 

Young's modulus as a function of the time of exposure to UV 
radiation and mass loss. It is expressed by equation 6: 

 
1 

𝑚𝑡 𝑛 

𝐸𝑡 = 𝐸0. 𝑒𝑥𝑝 (− 
𝑚 

) 
0 

(6) 

 

𝑚𝑡 is the mass of the PMMA specimens after each exposure 

time to ultraviolet (UV) radiation, 𝑚0 is the mass of the 
specimens without exposure to UV radiation, and n is a 
parameter depending on the exposure time of the specimens 
to UV radiation, it acquires values between 0 and 1. After 
substituting equation 6 into equation 5, we obtained an 
equation 7: 

 
1 

𝑚𝑡 𝑛 

𝐸 = 𝐸0. (1 − 𝑒𝑥𝑝 (− 
𝑚 

) ) 
0 

(7) 

 

Young's modulus condition of the degradation and its 

implementation will be shown in the figure below (Figure 4). 
 

Figure: Diagram of the implementation conditions for the UV degradation 
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Figure 6: Organigram of the resolution model [31]. 

 

The model's equations were solved using the return mapping 

method. This method is described in detail in Mirakhalef's 

paper [26]. The model was implemented using the VUMAT 

subroutine in the Abaqus/Explicit well described in the 

following figure (Figure 6 ). 

All the details of the development of this model, including 

the information, approximations, and adjustments to the 

equations used to ensure its performance in achieving our 

objective, are reported in the recently published article [31]. 
 

III.5 Mesh and Boundary Conditions 

Figure 7 gives the boundary conditions imposed on the tested 

specimens (Dimension: 10x10x6 mm) in axial compression. 

Le maillage utilisé dans cette étude est de type C3D8R (3D 

finite element with reduced integration). The bottom rigid 

body has been fixed in the loading direction and an axial 

displacement of 2.5 mm has been imposed on the top rigid 

body. 

 
 

 

 
 

 

 
Figure 7: Boundary conditions were applied to the tested specimen 

The material parameters used in this work have been listed in 

Table 1. The values of these parameters have been obtained 

after a parametric study [26, 30] and [32]. 
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Table 1 Elasto-viscoplasticity model parameter’s 

 

𝐸0 𝜐 𝜎𝑦 
0 H 𝜎0 𝜑0 𝜎𝑠𝑜𝑓𝑡 

∞ h 𝜇 ∆𝐻 R n 

M 

Pa 
/ 

M 

Pa 

M 

Pa 
MPa s 

   𝑀𝐽 

/𝑚𝑜𝑙 

  

22 

00 

0. 

4 

1. 

95 

4. 

6 

00.6 

517 

3.6 
e- 

25 

29. 

7 

8 

0 

0.0 

10 

3.e 

+08 

831 

4.3 

0. 
5 

III.5 Numerical and experimental confrontation 

In this section, comparisons between the experimental and 

numerical results have been carried out. Figure 8 illustrates 

the comparison between the numerical predictions and the 

experimental results for different exposure times to UV 

radiation. The implemented model correctly reproduced the 

behavior of the PMMA specimens under uniaxial 

compression and for the different UV exposure times. The 

divergence observed at the level of the maximum stress is 

explained by some limitations of the implemented model. 
 

 
Figure 8: Comparison of true stress-true strain curves for each UV exposure 

time. 

Figure gives the distribution of the von stresses in the PMMA 

specimens after deformation obtained with the implemented 

model. The deformation of the specimens is symmetrical and 

the maximum value of the stresses was reported at the 

thickness region. The result also shows a physical mesh 

deformation. 
 

Figure 9: Von Mises stress distribution in the specimens after compression 

 

Erreur ! Source du renvoi introuvable.-a shows the 

superposition of the true strain-true stress curves obtained by 

the implemented model. Erreur ! Source du renvoi 

introuvable.-b shows the superposition of the resulting 

experimental true strain-true stress curves. These 

superpositions have revealed the effect of the degradation of 

Young's modulus and the elastic limit introduced in the 

numerical model. 

The comparison between the experimental and numerical 

degradation of Young's modulus is presented in Erreur ! 

Source du renvoi introuvable.-c. The results obtained show 

a good consistency between the experimental and numerical 

values. The degradation relation (equations 7) applied to 

Young's modulus gives a good prediction of the experimental 

data. 
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Figure 10: Comparing results for each holds time exposure: (a) numerical 

true strain-true stress curves, (b) experimental true strain-true stress curves, 

(c) numerical and theoretical degrading Young's modulus. 

 

IV. Conclusions 

Experimental investigations were conducted in this work 

concerning the effect of UV radiation on the macroscopic and 

microscopic behavior of PMMA specimens. These specimens 

were exposed to UV radiation for various hours: 120h and 

250h. A series of tests were carried out on the specimens 

before and after exposure to UV radiation such as the uni- 

axial compression test. A loss of mass was observed on the 

specimens exposed to UV radiation. Compression test results 

revealed that some mechanical properties of PMMA such as 

Young's modulus and yield strength dropped after exposure 

to UV radiation. The effect of degradation of Young's 

modulus was modeled by an exponential law as a function of 

mass loss. The modified model was implemented in the 

Abaqus/Explicit finite element code using the VUMAT 

subroutine. Simulations were carried out on PMMA 

specimens at different times of exposure to UV radiation. The 

numerical results obtained were compared with the 

experimental results. This comparison showed the ability of 

the implemented model to simulate the effect of Young's 

modulus degradation. In the future, we plan to extend the 

Tervoort model to take into account the maximum stress and 

to carry out experimental investigations on a wide range of 

polymers. 

Nomenclatur 

𝜎 : Stress tensor,   : Strain tensor, 

𝐸: the Young modulus 

 ˙𝑣 : Rate of viscoplastic strain tensor, 

𝜎𝑑: Deviatoric part of the stress tensor, 

𝜎0 : material constant, 

𝑅: Universal gas constant, 

𝑇: Constant temperature, 

𝜇: pressure coefficient, 

𝜎𝑒𝑞: Effective or equivalent stress, 

𝜎ℎ: Hydrostatic stress tensor, 

𝜎 : initial yield strength, 

𝜐: Poisson's ratio, 

𝜎𝑠𝑜𝑓𝑡: softening parameter, 

ℎ: softening slope parameter, 

𝛥𝐻: activation energy, 

𝜑0: Pre-exponential factor, 

  𝑣 : Equivalent viscoplastic strain, 

𝜎ℎ𝑎𝑟𝑑: Linear isotropic hardening, 

𝐻: Hardening parameter, 

 𝑑: Deviatoric strain, 

𝑚0: mass of the specimens without exposure to UV radiation, 

𝑚𝑡: mass of the PMMA specimens after each exposure time 
to ultraviolet (UV) radiation, 

𝑛: parameter depending on the exposure time of the 
specimens to UV radiation, it acquires values between 0 and 

1. 
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