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Cellulose fibers have attracted interest as a suitable candidate for manufacturing composites. In the present work, 
cellulose derived from waste pistachio shell was used to prepare composite membranes with poly(ethylene-co-vinyl 
acetate (EVA) via solution casting, and their morphological, mechanical, organic vapour permeation characteristics and 
biodegradability were evaluated. Scanning electron micrographs showed that the voids in the EVA polymer were filled 
effectively by cellulose fibers. The mechanical testing of the composites revealed an improvement in Young’s modulus 
with the increase in cellulose loading. The permeation of polar and non-polar solvents through the membranes was 
studied and explained by molar size, molecular mass and polarity of the solvents. Nielson’s permeability equation as 
modified by Baradwaj was used to analyse the relative permeability of the membranes. Soil burial degradation 
experiments of the composite membranes showed a decrease in weight and tensile strength, revealing the 
biodegradability of the membranes.  
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INTRODUCTION 

Increased concerns over the environmental 
issues caused by synthetic fiber based polymer 
composites have led scientists to search for 
renewable eco-friendly materials for a sustainable 
world. Natural fibers, such as kenaf, hump, jute, 
sisal, coconut, banana etc., were identified as 
suitable materials having properties that match 
those of synthetic fibers. Moreover, the lower 
weight, high strength, good resistance to 
corrosion and fatigue, lower cost and wide 
availability of cellulose fibers have promoted 
their use in place of synthetic fibers to produce 
cellulose fiber polymer composites.1 Such 
composites have found applications in aerospace 
and building industries, in automotive 
components and packaging applications to name 
just a few.2 

 

 
Packaging materials for food and medicine 

require superior barrier resistance against oxygen, 
moisture, carbon dioxide and organic vapours. 
Commonly used packaging materials include 
synthetic polymers, such as ethyl vinyl alcohol, 
poly(ethylene terephthalate), polyolefin, 
polyamide etc., due to their advantageous 
mechanical, thermal and barrier properties.3 The 
barrier properties of packaging materials can be 
enhanced through strategies, such as blending or 
coating of substances with high barrier materials, 
developing filler-polymer systems and the use of 
multi-layered membranes containing high barrier 
materials.4  

The addition of fillers into the polymer matrix 
accompanies the inclusion of voids by the filler 
particle and thus inhibits permeation of various 
substances through the composite membranes. 
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The homogenous dispersion of impermeable 
particles acts as an obstacle for penetrating 
molecules. The penetrant must go around these 
impermeable flakes, creating a tortuous path for 
the molecules. This tortuosity depends on various 
factors related to the filler, such as size, shape, 
orientation and aspect ratio.5 When fiber size 
decreases, the dispersion of the filler in the 
polymer becomes more effective, which inhibits 
agglomeration and fills up the voids of the 
polymer successfully, thus makes the polymer 
membrane impermeable to gases and vapours. 
The effect of filler shape on the barrier properties 
of polymer/non-porous particles nanocomposites 
was studied and it was found that the relative 
permeability is reduced significantly with layered 
nanoparticles.6 The filler particles can take 
perpendicular, parallel and random orientation in 
a polymer matrix, but an optimal decrease in 
permeability is obtained when the alignment of 
the filler surface is perpendicular to the direction 
of gas/vapour permeation.7 Nanocomposites of 
hydrogenated acrylonitrile butadiene rubber with 
montmorillonites were prepared and 
fluorohectorite, both modified with 
octadecylamine, and it was found that 
fluorohectorite with high aspect ratio causes a 
decrease in oxygen permeability to a greater 
extent.8 We cannot attribute the tortuosity effect 
to a single factor, modifications in tortuosity 
occur due to on each and every factor described 
above, as well as the molecular mass of the 
polymer, the free volume, voids, crystallinity, the 
creation of interphase etc., thereby, permeability 
also changes. 

Poly(ethylene co-vinyl acetate) – EVA – is an 
advanced material having fascinating 
applications, such as packaging, biomedical 
devices, toys, footwear, cable insulation and 
others.9 EVA has been studied by researchers due 
to its gas separation performance, as well as gas 
barrier properties.10-12 The amorphous filler 
increases the gas permeability performance of 
EVA composite membranes, while more 
crystalline filler increases their barrier 
performance. EVA/clay nanocomposite 
membranes were prepared and studied in terms of 
the permeation of oxygen and nitrogen gases 
through the membranes.13 The study confirmed 
that 3% clay loading exhibited better 
homogeneous dispersion and lower oxygen and 
nitrogen gas permeability. The authors also found 
that agglomeration increased at higher clay 
loading. A comparison of experimental and 

theoretical permeability using the Baradwaj 
model confirmed agreeability with the model at 
lower percentage of clay loading. The oxygen 
barrier performance of EVA/calcium phosphate 
nanocomposites was studied and it was found that 
the tortuous path produced by the nanosized filler 
particles caused a decrease in oxygen 
permeability.14 The performance of gas separation 
attributed to EVA/nanosilica composite 
membranes was investigated and the results 
showed an increased permeability of all gases and 
selectivity of CO2/CH4 and CO2/N2 gases with an 
increase in silica content.10 

Cellulose is an abundant biopolymer, which is 
a major component of natural fibers. Cellulosic 
materials, such as nanofibrillated cellulose, 
nanocrystalline cellulose, microcrystalline 
cellulose, bacterial cellulose etc., are used to 
prepare high barrier performance composite 
membranes.15 Biodegradable membranes from 
tapioca starch as matrix and microcrystalline 
cellulose as filler were developed and their 
oxygen and water vapour permeation performance 
were studied.16 The researchers found that the 
incorporation of 3% of microcrystalline cellulose 
into starch results in greater barrier performance. 
The reactive extrusion process to fabricate 
polylactic acid (PLA)/nanocrystalline cellulose 
(CNC) membranes for the applications in food 
packaging was used.17 The addition of acid 
derived CNCs (H2SO4 derived CNCs and HCl 
derived CNCs) to the PLA matrix showed a drop 
in oxygen permeation values of the membrane. It 
was about 20% for H2SO4 derived CNCs and 
∼40% for HCl derived CNCs. The decrease in 
oxygen permeation of H2SO4 derived CNCs/PLA 
membrane is due to the more tortuous pathway 
created by the filler with a higher aspect ratio 
compared to that of HCl derived CNCs. The study 
also showed a reduction in water vapour 
permeability by 42% for both CNC membranes.17 
Apart from the studies mentioned above, various 
research endeavours have underscored the 
efficacy of EVA18-20 and cellulose21-23 as 
formidable contributors to barrier performance. 
Notably, semicrystalline EVA exhibits enhanced 
permeation characteristics when reinforced with 
impermeable cellulose fibers, and natural fibers 
are recognized as optimal sources of cellulose.  

Pistachio shells are one of the most abundantly 
available agricultural wastes, and it is often 
discarded or fed to animals or incinerated. 
Pistachio shells are a by-product of the pistachio 
nut industry, and they can offer a multitude of 
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benefits – they can be utilized for mulch, 
compost, crafts, fuel, and animal padding. 
Extracts from pistachio shells hold promise 
considering their antioxidant, anti-inflammatory 
and other medicinal properties.24 After 
appropriate processing, they can be incorporated 
into animal feed, providing a source of nutrients.25 
Additionally, these shells serve as a valuable 
source of cellulose. The composition of pistachio 
shells allows the biosynthetic development of 
various products, such as biofuels, bioplastics or 
other biochemicals.26 The porous nature of 
pistachio shells also enables the filtration and 
adsorption of pollutants during waste water 
treatment.27 In the current study, pistachio shells 
serve as a cellulose source for the fabrication of 
composite membranes with EVA.  

Numerous studies discuss the viability of 
incorporating pistachio shells as fillers in polymer 
composites. Nayek et al. observed that the 
introduction of pistachio shell flakes resulted in 
enhanced flexural and impact properties in 
polyester composites, however, it led to a 
reduction in tensile properties.28 Karaağaç et al. 
found that incorporating ground pistachio shell as 
a filler in natural rubber/styrene butadiene 
compounds improved abrasion resistance, but 
resulted in lower tensile strength.29 Thiagarajan et 
al. demonstrated that the inclusion of pistachio 
shell particles enhanced the tensile and flexural 
strength of glass fiber/epoxy polymer 
composites.30 Beyond mechanical improvements, 
pistachio shells serve as valuable resources of 
cellulose, promoting sustainability, minimizing 
environmental impact, supporting economic 
efficiency, contributing to a circular economy by 
closing the loop on waste streams.  

Interestingly, while the utilization of waste 
pistachio shells for cellulose production is 
recognized, there remains an unexplored avenue 
in employing this cellulose to enhance the barrier 
properties of ethylene-vinyl acetate (EVA) 
membranes. The current study intends to fill this 
gap by preparing composite membranes of EVA 
and cellulose derived from waste pistachio shells. 
The research seeks to explore the reinforcing 
capacity of this filler, to investigate the 
characteristics of the composite membranes in 
organic vapour permeation and their 
biodegradability. This research endeavours to 
contribute to the broader understanding of 
sustainable materials and their potential 
applications in membrane technology.  
 

EXPERIMENTAL  
Materials 

Approximately 2 kg of pistachio shells, generated 
after the consumption of nuts, were procured from 
various bakery shops. Poly(ethylene-co-vinyl acetate 
(EVA-28) was purchased from N. Shashikant & Co. 
Speciality Chemicals, Mumbai, India. The reagents 
used for the pretreatments of pistachio shells were of 
analytical grade. Tetrahydrofuran (THF) was supplied 
by Qualigens, Thermofisher Scientific India Pvt. Ltd., 
Mumbai, India. The solvents used in the vapour 
permeation studies were of analytical purity. 
 
Extraction of cellulose fibers from pistachio shells 

The filler used for EVA matrix composite 
membrane production was cellulose derived from 
pistachio shells. Collected pistachio shells were 
washed thoroughly and dried well. The dried pistachio 
shells were ground well to get fine powder and sieved 
through 250 μm mesh. The pistachio shell powder was 
subjected to treatment with 1M sodium hydroxide at 
80 °C for 4 hours to remove hemicelluloses and lignin. 
The product obtained was washed many times with 
distilled water and well dried. The alkali treated 
pistachio shell powder was then bleached using 2% 
sodium hypochlorite and 5% acetic acid at 80 °C for 5 
hours, washed well and dried until constant weight. 
The total removal of lignin and hemicelluloses was 
ensured by repeating the process five times. 
 
Fabrication of EVA/cellulose composite membranes 

EVA28/cellulose composite membranes were 
fabricated using the solution casting technique. 
Initially, 6 g of EVA was weighed and then dissolved 
in 80 mL THF under heating at 50 °C for a duration of 
3 hours. Subsequently, varying amounts of cellulose 
(0, 0.15 g, 0.3 g, 0.45 g, and 0.6 g representing 
different weight percentages) were dispersed in the 
same solvent. This cellulose dispersion was then 
combined with the EVA and THF solution and treated 
once again at 50 °C for 10 minutes. The resulting 
solution was cast in a glass Petri dish of 16 cm 
diameter, and the solvent was allowed to evaporate at 
room temperature in a fume hood. Five types of 
composite membranes were prepared with varying 
weights of cellulose, namely 0, 0.15 g, 0.3 g, 0.45 g, 
and 0.6 g, corresponding to 0, 2.5, 5, 7.5, and 10 
weight percentages, respectively. The formulations of 
these five types of composites are given in Table 1. 
The fabricated membranes had 0.3 ± 0.03 mm 
thickness. 
 
Vapour permeability of membranes 

Vapour permeability measurements were done 
using specially designed vials. A particular amount of 
solvent was introduced in small vials and the 
composite membrane was placed tightly on the mouth 
of the vials. The weight loss was monitored at 10 
minutes intervals over a span of two hours. The 
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selected solvents for permeation included: 
dichloromethane, chloroform, carbon tetra chloride 
(polar solvents/chlorosolvents), as well as benzene, 
toluene and xylene (non-polar solvents/BTX solvents). 
The membrane area in the permeation study was 1.76 
cm2. 

The investigation focused on the permeation of 
both polar and non-polar solvents through the prepared 

composite membranes. The permeation coefficients 
and relative permeability of polymer composite 
membranes were also determined to get a quantitative 
measure of permeation and gain insights into the 
underlying transport mechanisms. The equations 
employed for calculating permeation coefficients and 
relative permeability are provided below. 

 
Table 1  

Composition of membranes 
 

Sample code  EVA28 
(g) 

Cellulose 
(wt%) 

EVAC0  6 0 
EVAC1  6 2.5 
EVAC2  6 5 
EVAC3  6 7.5 
EVAC4  6 10 

 
The permeation coefficients of composite 

membranes were calculated using the equation:31 
                (1) 

where the molar quantity of solvent permeated is 
represented by Q, L indicates the thickness of the 
membrane, ∆P is the difference in partial pressure, A is 
the membrane area through which the solvent 
molecules permeated and t is the time taken by the 
vapour to permeate. 

Relative permeability of the EVA/cellulose 
composites was calculated theoretically and 
determined experimentally, and the values were 
compared. It was calculated using Nielson’s 
permeability equation modified by Baradwaj:32  

                (2) 

where Pc and Pm are the permeation coefficient of the 
EVA/cellulose composite and the permeation 
coefficient of the pure EVA membrane, respectively, φ 
and 𝛼𝛼 indicate the volume fraction and the aspect ratio 
of the filler in the EVA matrix. S is the order 
parameter indicating the orientation of the filler in the 
matrix (S = (3cos2𝛉𝛉-1)). The aspect ratio (𝛼𝛼) is given 

by the equation where l and w are the length and 

width of the cellulose fiber. S can have values of 1, 0 
or  corresponding to parallel, random and 

perpendicular orientation of the filler in the matrix. 
Here, parallel and random orientations of the filler in 
the matrix were considered. 
 
Soil burial test 

Biodegradation studies of EVA/cellulose composite 
membranes were carried out by the soil burial test. The 
soil burial test was done with the primary objective of 
examining the influence of cellulose on the non-

biodegradable EVA polymer. The samples of EVA 
pure polymer membrane (EVAC0), EVA/cellulose 5% 
composite membrane (EVAC2) and EVA/cellulose 
7.5% composite membrane (EVAC3) were selected for 
studies. Rectangular specimens for tensile strength 
analysis and circular discs for weight loss 
measurements were cut from the samples, buried under 
the soil for two months at a depth of 20 cm, and 
allowed to biodegrade. After two months, the samples 
were taken out, washed with distilled water thoroughly 
to remove dirt and dried until constant weight. The 
weight loss of the samples was measured using the 
equation:  
Percentage weight loss                (3) 

where wi and wf are the initial and final weight of the 
samples buried in the soil.33 The tensile strength of the 
samples was also evaluated before and after the soil 
burial test and loss in tensile strength was also 
calculated.  
 
Fourier transform infrared spectral analysis  

An FTIR spectrophotometer (IR Affinity 1S-
Shimadzu) was used to record the FTIR spectra of 
composite membranes, pistachio shell powder and 
cellulose in the range of 600 and 4000 cm-1, with an 
average of 45 scans and resolution of 4 cm-1. 
 
Scanning electron microscopic analysis 

A scanning electron microscope (Model ZEISS 
Gemini SEM 300) was used to study the surface 
morphology of composite membranes and cellulose, at 
an acceleration voltage ranging within 0.02-30 kV. All 
the specimens were sputter coated with gold before 
imaging to enhance the conductivity and mitigate 
charging effects. 
 
X-ray diffraction analysis 

X-ray diffraction was carried out using a Malvern-
Panalytical X’pert3 powder diffractometer. Pistachio 
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shells were ground in a spice grinder (Model: 
NSG500B, Nilsan prime India Pvt. Ltd.). The 
powdered pistachio shells and extracted cellulose 
powder were scanned between 5 to 600 at a step size of 
0.040. The diffractometer was operated at a voltage of 
40 kV and the current was 15 mA with CuKα radiation 
of wavelength 1.54 Å. The crystallinity index of the 
materials was calculated using Segal’s equation based 
on the reflected intensity data:34  
CrI (%)                 (4) 

where I200 is maximum reflected intensity of the 002 
lattice plane attributed to the crystalline part of 
cellulose, and Iam is minimum reflected intensity at  
= 180 attributed to the amorphous part of cellulose. 
 
Mechanical properties 

The tensile properties, encompassing tensile 
strength, elongation at break and Young’s modulus of 
the EVA/cellulose composites were studied using a 
Universal Testing Machine (Instron 5965, USA), 
equipped with a 5 kN load cell. The tests were 
conducted in accordance with the ASTM D-882 
standard, at a tensile speed of 50 mm/min.  

 
RESULTS AND DISCUSSION 
Structure and morphology of cellulose and 
EVA/cellulose composite membranes 

Figure 1 shows the images of pistachio shell 
powder, alkali treated pistachio shell powder and 
cellulose prepared from pistachio shells. The 
creamy light beige coloured pistachio powder 

changed to white coloured cellulose after alkali 
and bleaching treatments. Figures 2 and 3 show 
the SEM images under different magnifications of 
pistachio shells and isolated cellulose, 
respectively. It shows that the softer pistachio 
shell powder became rougher and possessed a 
network-like structure in isolated cellulose. It also 
reveals that cellulose isolated from the pistachio 
shell is irregular in shape. The length and width of 
cellulose fibers were calculated from SEM images 
using imageJ software. The average length of the 
cellulose fiber was 123.48 μm and the average 
width was 60.35μm.  

The cellulose was further characterized by 
FTIR and XRD. The FTIR spectra (see Fig. 4) 
show the successful removal of lignin and 
hemicelluloses from pistachio shell powder. 
Lignin contains several phenyl propane groups 
and its FTIR spectra show the peaks of -OH 
groups, aromatic rings, methylene and methyl 
group. Hemicelluloses contain several five-carbon 
and six-carbon sugars and uronic acids. Lignin, 
hemicelluloses and cellulose show FTIR peaks in 
the range 3000-3600 cm-1, which indicates broad 
band stretching vibrations of OH groups, the 
frequency in the range 2800-2900 cm-1 comes 
from the stretching vibrations of C-H bonds in 
methylene and methyl groups. 

 

 
Figure 1: Photographs of pistachio shell powder, alkali treated pistachio shell powder and isolated cellulose 

 
a) 

 
b) 

Figure 2: SEM images of pistachio shell powder under different magnifications (a and b) 
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a) 

 
b) 

Figure 3: SEM images of cellulose under different magnifications (a and b) 
 
The peak around 1500 cm-1 is attributed to the 

C=C stretching in the aromatic rings of lignin, the 
peak at 1734 cm-1 is assigned to the carbonyl, 
ester and acetyl groups of hemicelluloses and 
lignin, the frequency at 1241 cm-1 is caused by the 
C-O-C stretching of hemicelluloses and lignin. 
These three peaks are absent in the FTIR 
spectrum of cellulose, which shows the 
elimination of hemicelluloses and lignin. The 
frequencies at 1022 cm-1 and 897 cm-1 were 
ascribed to the C-O-C pyranose ring skeletal 
vibrations and the C-H rock vibrations in 
cellulose, respectively. 

X-ray diffractograms (Fig. 5) show an 
improvement in the crystallinity index, as well as 
an increase in intensity of the crystalline peaks 
after the alkali and bleaching treatment. Pistachio 
shell powder has three diffraction peaks at 2θ = 
16, 22 and 34.7°, which were assigned to the 
planes (1 1 0), (0 0 2) and (0 0 4), respectively.35 
The intensity of the crystalline peaks of cellulose 
at 2θ = 16, 22 and 34.7° was increased after alkali 
and bleaching treatments. The crystallinity index 

of pistachio shell was 27% and that of the 
prepared cellulose was 58%, which was 
determined by the Segal method from the XRD 
spectra (Fig. 5). It also provides evidence for the 
elimination of the amorphous parts, such as lignin 
and hemicelluloses, from the pistachio shell 
powder. 

Five types of EVA composite membranes 
were prepared by varying the weight of cellulose. 
FTIR spectra of the EVA pure polymer membrane 
and EVA/cellulose (10%) composite membrane 
are shown in Figure 6. The characteristic peaks of 
the vinyl acetate group in EVA can be seen at 
1740 cm-1, 1244 cm-1, 1025 cm-1 and those of the 
ethylene groups of EVA are at 2925 cm-1, 2849 
cm-1, 1462 cm-1, 1367 cm-1 and 720 cm-1. After 
the addition of cellulose to EVA, there is an 
increase in the intensity and width of the peaks 
around 3600-3000 cm-1 and 1025 cm-1, which 
indicate the vibration of O-H groups and C-O-C 
pyranose ring skeletal vibration in cellulose, 
respectively. It clearly indicates the interaction of 
cellulose fibers with the polar groups of EVA. 

 

  
Figure 4: FTIR spectra of pistachio shell and 

cellulose fiber 
Figure 5: X-ray diffractograms of pistachio shell 
powder and cellulose from pistachio shell powder 



Composites 

1139 
 

 
Figure 6: FTIR spectra of EVA and EVA/cellulose composite membranes 

 
The morphology of EVA/cellulose composite 

membranes was studied using SEM images, 
which are shown in Figure 7. It describes the 
interaction and distribution of the cellulose filler 
in the EVA polymer. Figure 7a shows the 
scanning electron micrograph of the pure EVA 
polymer membrane, where the presence of pores 
is visible. Figure 7b shows the SEM micrograph 
of the EVA/cellulose 5% composite membrane, 
where particles are distributed in the polymer 
matrix in a good manner, without any 
considerable agglomeration.36 The cellulose 
particles are agglomerated at a greater percentage 
of cellulose loading, as visible from the SEM 
micrograph of EVA/cellulose 10% composite 
membrane in Figure 7c. 
 
Mechanical properties of EVA/cellulose 
composite membranes 

Figure 8 (a, b and c) shows the plots of tensile 
strength, elongation at break and Young’s 
modulus of EVA/cellulose composite membranes 
at various cellulose loading. The EVA/cellulose 
composite membranes have lower tensile strength 
compared to the pure EVA membrane. The added 

filler particles have microsized dimension 
(average length = 123.48 μm and average width = 
60.35 μm), the low aspect ratio results in lower 
tensile strength of the composite membranes. The 
nanocrystalline cellulose or cellulose in 
nanodimension was proven to be the best filler to 
reinforce polymer membranes.37 The shape of the 
filler also affects the tensile strength of the 
composite membranes. The loaded cellulose is 
irregular in shape and has low ability to support 
the stress transfer from the polymer matrix, and 
thus, the tensile strength decreases. Elongation at 
break also shows a decrease for cellulose loaded 
EVA composite membranes. It is a measure of 
deformation of a material before rupture or 
breaking. Here, the added cellulose filler makes 
the polymer composite stiffer and breaks the 
composite membrane more easily. The Young’s 
modulus of the composite membranes shows a 
gradual increase with filler loading. It is the 
measure of the relative stiffness of the 
composites. The increase in the Young’s modulus 
of the membranes is due to the stiffness of the 
cellulose fibers added.38 

 

 a)  b) 
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 c) 
 

Figure 7: SEM micrographs of (a) EVA, (b) EVA/cellulose (5%) composite and (c) EVA/cellulose (10%) 
composite membranes 

a) b) 

c) 
Figure 8: (a) Tensile strength, (b) elongation at break and (c) Young’s modulus of composites 

 
Vapour permeability measurements 

The addition of cellulose fibers to the EVA 
polymer matrix introduces a tortuous pathway for 
the diffusing molecules. The permeation of two 
groups of organic solvents through the 
EVA/cellulose composite membranes was 
studied. The solvents from the first group were 
benzene, toluene and xylene (BTX solvents), 
which are non-polar solvents, and those from the 
second group were dichloromethane, chloroform 
and carbon tetrachloride (chlorosolvents), which 

are polar solvents. At a given temperature, the 
evaporated solvent molecules undergo three 
processes: the vapour molecules first adsorb onto 
the polymer membrane, then they diffuse through 
the thickness of the membrane and finally get 
desorbed from the system. Here, the impermeable 
cellulose fibers increase the barrier property of the 
composite membranes, compared to the pure 
EVA membrane. This improvement can be 
attributed to two phenomena: a reduced diffusion 
area and lengthened diffusion time. The diffusion 
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area available for permeation of solvent 
molecules is decreased due to the occupation of 
the space within the permeable polymer matrix by 
impermeable cellulose fibers. Similarly, 
impermeable filler particles create a tortuous 
pathway in the matrix and the diffusing solvent 
molecules need to pass through these twists and 
turns, resulting in a prolonged diffusion time.  
 
Permeation of non-polar solvents through the 
composite membranes  

Figure 9 shows the permeation characteristics 
of EVA and EVA/cellulose composite 
membranes, where benzene is selected as the 
permeating solvent. It is evident from the plots 
that the permeation through the cellulose loaded 
EVA composite membrane is lower than through 
the pure EVA polymer membrane. A regular 
decrease in permeation is observed up to a filler 
loading of 5% in the composite membranes, 
followed by an increase in permeation above 5% 
loading of cellulose, but it is still lower than that 
of the pure EVA polymer membrane.  

The lowering of permeation for the cellulose 
loading up to 5% is observed due to the uniform 
distribution of cellulose particles, while higher 
loading resulted in the agglomeration of filler 
particles. The porous nature of EVA can be seen 
in the SEM micrographs of the pure polymer 
membrane. These pores are filled by the 
incorporated cellulose fibers, creating a tortuous 
path for the solvent vapours. The polar -OH 
groups of cellulose have polar–polar interaction 
with the acetate groups in the EVA matrix, and 
good compatibility between EVA and cellulose 
creates a homogenous distribution of the cellulose 
filler up to an optimum loading. The vapour 

molecule has to pass a longer distance in between 
the cellulose particles in the EVA/cellulose 
composite membranes. So, the permeation of the 
solvent through the composite membrane 
decreases. At higher loading of the filler, the 
cellulose–cellulose interaction dominates, and 
effective distribution of the filler in the polymer 
matrix becomes difficult, so the fibers start to 
agglomerate. So, the permeation of the solvent 
through the EVA/cellulose composite membranes 
increases beyond 5% loading of cellulose. 

Figure 10 shows the permeation plots of 
benzene, toluene and xylene (non-polar solvents) 
through the EVAC2 composite membrane. The 
permeation of benzene vapours through the 
membrane is greater than the permeation of 
toluene and xylene vapours. This can be 
explained by the molar size and molecular mass 
of the penetrating solvents. The molar size and 
molecular mass of benzene are smaller than those 
of toluene and xylene, and so the vapour 
molecules with lower size will penetrate faster 
than large sized ones. Thus, the penetration of the 
studied solvents through the membrane was in the 
following order: benzene > toluene > xylene. 

 
Permeation of polar solvents through the 
composite membranes  

Permeation of chlorosolvents through the 
EVA/cellulose composite membrane gives similar 
results. The permeation plots of dichloromethane 
are shown in Figure 11. A regular lowering of 
permeation was observed up to 5% loading of 
cellulose in the EVA polymer, followed by an 
increase in permeation at higher loading. This is 
because uniform distribution of the filler is 
possible only up to 5% loading of cellulose.  

 

  
Figure 9: Permeation plots of composite membranes for 

benzene 
Figure 10: Comparison of vapour permeation of non-

polar solvents through EVAC2 
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Figure 11: Permeation plots of composite membranes 

for dichloromethane 
Figure 12: Comparison of vapour permeation of polar 

solvents through EVAC2 

 
Figure 13: Permeation of benzene and dichloromethane through EVAC2 

 
Agglomeration of cellulose particles occurs in 

the matrix with an increase in the weight of 
cellulose, which results in an increase in the 
permeation of polar solvents, as observed in the 
case of non-polar solvents.  

Figure 12 shows the permeation plots of 
dichloromethane, chloroform and carbon 
tetrachloride (polar solvents) through the EVAC2 
composite membrane. The permeation of 
dichloromethane vapours through the membrane 
is greater than the permeation of chloroform and 
carbon tetrachloride vapours. The permeation of 
different polar solvents through the membrane 
depends on the polarity, molar size and molecular 
mass of the penetrating solvents.39 Thus, vapour 
permeation was found to be in the order: 
dichloromethane > chloroform > carbon tetra 
chloride.  

Another finding regarding the permeation of 
two groups of solvents through the membranes is 
that the permeation values of polar solvents 
(chlorosolvents) are higher than that of the non-
polar solvents (BTX solvents). Figure 13 
compares the permeation of benzene and 

dichloromethane through EVAC2, where the 
permeation of dichloromethane occurs to a higher 
extent than that of benzene. This is probably due 
to the polar nature of the EVA/cellulose 
composite membrane, which has higher affinity 
towards the polar chlorosolvents compared, to the 
BTX solvents. 
 
Permeation coefficients 

Studying the permeation coefficients of 
polymer membranes holds significant importance 
for assessing and optimizing their barrier 
properties. In material science and engineering, 
this tailored membrane design is vital in areas like 
packaging, where controlled permeability is 
essential. In the context of barrier properties, a 
lower permeation coefficient indicates a more 
effective barrier, as it suggests reduced 
permeability to certain substances. This is 
particularly important in industries, such as 
packaging for preserving the integrity, freshness 
and shelf life of products. Figures 14 and 15 give 
the permeation coefficients of BTX solvents and 
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chlorosolvents at different weight percentage of 
cellulose filler.  

Examining the permeation coefficients of the 
EVA/cellulose composite membranes, a regular 
decrease can be observed for the membranes 
incorporating up to 5% cellulose loading, 
compared to the pure EVA polymer membrane, 
followed by an increasing tendency at higher 
loading of cellulose. For each penetrant, the 
permeation coefficient of the EVA/cellulose 
composites is less than that of the pure EVA 
polymer membrane. The decrease in permeation 
coefficient was due to the effective filling of 
pores in the EVA by cellulose particles. The 
increase in permeation coefficients beyond 5% 
loading of cellulose was attributed to the 
agglomeration of cellulose particles, which 
hindered the effective filling of pores in EVA. 
The permeation coefficients of the polymer 
membranes were also compared for polar and 
non-polar solvents, and the following order was 
found: benzene > toluene > xylene for non-polar 
solvents, and dichloromethane > chloroform > 
carbon tetrachloride for polar solvents. It indicates 
that the permeation coefficient depends on the 
molar size and molecular mass of penetrating 
solvents. It was also found that the permeation 
coefficients of composites for chlorosolvents are 
higher than those for BTX solvents. It is ascribed 

to the fact that polar solvents are more attracted to 
the polar EVA/cellulose composite membranes. 
 
Relative permeability 

Examining the relative permeability of 
polymer membranes allows researchers to 
optimize their barrier properties. By tailoring the 
membrane’s composition, structure or surface 
properties, they can enhance its ability to resist 
the permeation of unwanted substances. This 
knowledge is fundamental and contributes to 
advancements in areas, such as packaging, 
environmental protection, and the preservation of 
product quality and integrity. Tables 2 and 3 show 
the theoretical and experimental values of relative 
permeability of composites for chlorosolvents and 
BTX solvents. Figures 16 and 17 provide a 
comparison of theoretical and experimental values 
of relative permeabilities. 

Theoretical relative permeability has a gradual 
decline in its values for parallel and random 
orientations of the filler. Experimental values of 
relative permeability decrease with cellulose 
loading up to 5% and then increase for both 
groups of solvents. The experimental and 
theoretical permeability values are nearly in the 
same range for lower loading of cellulose. 
percentage.  

 

  
Figure 14: Permeation coefficients of composite 

membranes for non-polar solvents 
Figure 15: Permeation coefficients of composite 

membranes for polar solvents 
 

 
This trend is seen up to 5% loading of cellulose 
due to uniform distribution of cellulose fiber in 
the EVA matrix, which is possible until this 
weight . For higher loading, cellulose–cellulose 
interactions lead to the aggregation of the filler in 
the matrix, there resulting higher permeability 

values. The experimental value of relative 
permeability is in higher agreement with the 
theoretical value for S=1. So, we can conclude 
that the cellulose fibers have a parallel 
distribution in the EVA matrix.

. 
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Table 2 
Experimental and theoretical values of relative permeability of composites for non-polar solvents 

 

Samples Experimental Theoretical 
Xylene Toluene Benzene S = 1 S = 0 

EVAC0 1 1 1 1 1 
EVAC1 0.8305 0.9265 0.9045 0.9689 0.9792 
EVAC2 0.7446 0.8926 0.8954 0.9396 0.9591 
EVAC3 0.8305 0.9604 0.9636 0.9121 0.9462 
EVAC4 0.8595 0.9604 0.9863 0.8861 0.9214 

 
Table 3 

Experimental and theoretical values of relative permeability of composites for polar solvents 
 

Samples Experimental Theoretical 
Xylene Toluene Benzene S = 1 S = 0 

EVAC0 1 1 1 1 1 
EVAC1 0.8305 0.9265 0.9045 0.9689 0.9792 
EVAC2 0.7446 0.8926 0.8954 0.9396 0.9591 
EVAC3 0.8305 0.9604 0.9636 0.9121 0.9462 
EVAC4 0.8595 0.9604 0.9863 0.8861 0.9214 

 

  
Figure 16: Relative permeability of composites with 

benzene as solvent 
Figure 17: Relative permeability of composites with 

dichloromethane as solvent 
 
Biodegradability of the composite membranes  

The soil burial test was conducted under 
natural atmospheric conditions in a home garden 
situated in the Edavanna village of Malappuram 
district, Kerala, India. Visual examination of 
cellulose containing samples (see Fig. 18), which 
were taken out from the soil, revealed microbial 
colonies on the specimen. It indicates that the 
added cellulose fillers allow microbes to enter 
inside the EVA polymer, leading to 
biodegradation. Weight loss measurements and 
tensile strength analysis of the EVA/cellulose 
composites also revealed that the addition of 
cellulose to thermoplastic EVA is a good method 
to make the polymer composites partially 
degradable. After one month, 3.8% of weight loss 
and, after two months, 4.7% weight loss were 

observed for the EVA/cellulose 5% composite 
membrane. When the percentage of the filler in 
the matrix was increased, an increased weight loss 
of the composites was observed. Namely, the 
EVA/cellulose 7.5% composite membrane had a 
higher weight loss – of about 6.8% after one 
month and of 7.8% after two months. The 
changes in weight loss of different membranes are 
shown in Figure 19. The pure EVA polymer 
membrane had no weight loss, which indicates 
that the microbes have no capacity to attack EVA 
plastic membrane, while the cellulose added to 
the EVA was consumed by microorganisms in the 
soil, which is the reason for the weight loss 
observed. If we increase the duration of the soil 
burial test, it will lead to the fragmentation of the 
EVA polymer and the formation of the low 
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molecular weight compounds by the action of 
microorganisms. 

The tensile strength of the specimens was also 
evaluated before and after the soil burial and the 
percentage loss in tensile strength was calculated 
for two months. The tensile strength of a material 
is the key mechanical property that measures its 
ability to withstand stretching or pulling forces. 
By testing the polymer membranes after soil 
burial, it is possible to gain an insight into how 
well the materials maintain their structural 

integrity and strength under the influence of soil-
related environmental factors. So, this 
examination will help to evaluate the materials’ 
performance under harsh real-world conditions 
and it is crucial for sustainable material 
development and effective waste management 
practices. Figure 20 shows the loss in tensile 
strength of the pure EVA membrane, 
EVA/cellulose 5% composite membrane and 
EVA/cellulose 7.5% composite membrane after 
the soil burial test. 

 

 
Figure 18: EVA/cellulose 7.5% composite membranes before and after the soil burial test 

  
Figure 19: Percentage weight loss of pure EVA 

membrane and EVA/cellulose composite membranes 
Figure 20: Loss of tensile strength of pure EVA and 

EVA/cellulose composite membranes after two months 
 
The tensile strength decreased in three types of 

membranes and the loss in tensile strength was 
higher for the cellulose filled composites. The 
decrease in tensile strength is attributed to the 
action of temperature, microorganisms and 
moisture of the soil, affecting the pure EVA 
membrane and the EVA/cellulose composite 
membranes differently. Specifically, the tensile 
strength decreased by approximately 30% for the 
EVA/cellulose 5% composite membrane and by 
around 24% for EVA/cellulose 7.5% composite 
membranes. The weight loss measurements and 
tensile strength analysis of composite membranes 
indicate the partial degradation of the EVA 
polymer composite membranes, transforming the 

non-biodegradable EVA into a material with 
reduced environmental impact. 
 
CONCLUSION 

Composite membranes were prepared with 
cellulose derived from pistachio shell and EVA at 
different loading of cellulose, and their structure, 
morphology, mechanical properties, vapour 
permeation properties and biodegradability were 
examined. FTIR and SEM analyses revealed the 
formation of composite membranes and uniform 
distribution of cellulose fibers up to 5% loading in 
the EVA matrix. Analysis of mechanical 
properties showed an increase in Young’s 
modulus and a decrease in tensile strength and 
elongation at break. This trend can be explained 
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based on the ineffective stress transfer between 
EVA polymer and microsized cellulose fibers. 
Organic vapour permeability of the composite 
membranes gradually decreased with the increase 
in cellulose loading up to 5%, due to an 
increasingly tortuous path created by the filler 
impeding the diffusion of the penetrant. The 
increase in permeability at higher loading was 
caused by the agglomeration of cellulose, as 
evident from the SEM analysis. The permeation 
coefficients and relative permeability values of 
composites for chlorosolvents and BTX solvents 
were also calculated and they followed the same 
trend. Chlorosolvents were found to be more 
easily penetrating than BTX solvents owing to the 
polarity of EVA/cellulose composite membranes. 
The experimental values of relative permeability 
were discovered to be in good agreement with the 
theoretical values calculated using Baradwaj’s 
permeability model, especially at lower loading of 
cellulose. It can be concluded that microcellulose 
fibers can improve the barrier performance of the 
EVA polymer. A decrease in tensile strength of 
the EVA polymer will be a disadvantage, but it 
can be improved by producing cellulose 
nanofibers from microcellulose. Cellulose fibers 
incorporated in the EVA polymer made the 
EVA/cellulose polymer composite membranes 
partially biodegradable, and thus, such fibers are 
good candidates for producing eco-friendly 
packaging materials. 
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