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The waste paper poses environmental problems because it is a wood-based resource.
Recovering it as fiber for the preparation of low-cost and environmentally-friendly composite
materials offers significant environmental benefits, including reducing deforestation and the
preservation of fossil resources. Our study presents an innovative approach by using waste
inked and deinked paper as a reinforcement in thermoplastic polymer. Polyvinyl chloride
(PVC)-based composites reinforced with waste inked paper (WIP) and waste de-inked paper
(WDIP) fibers with loading rates ranging from 10% to 30% (Wt.%) were prepared. The effect
of paper deinking processes on the mechanical, morphological, and physicochemical
properties of the resulting composites was studied. Fourier Transform Infrared Spectroscopy
(FTIR) analysis revealed the de-inking of paper after alkali-treatment. This result was
confirmed by morphological analysis using optical spectroscopy. The results for the PVC/WIP
and PVC/WDIP composites showed an improvement in the mechanical properties after the
de-inking of the paper fiber. The tensile strength and the Young's modulus were increased by
16.90% and 37.80%, respectively, when 30% (Wt.%) of WDIP was added to PVC compared
to WIP fiber. These results were confirmed by the optical spectroscopy (0S) analysis, where
a better surface was observed in the PVC/WDIP composites. The water uptake test showed
that the introduction of WDIP in PVC reduced water absorption by 18.38% compared with
WIP fiber at a load charge of 30% (Wt.%). However, an increase in density was recorded.
These results demonstrate that the incorporation of WDIP into PVC is not only feasible but
also beneficial to environmental sustainability and economic growth.

© 2025 The Author(s). Mechanics of Advanced Composite Structures published by Semnan University Press.
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1. Introduction

The polymeric materials, also known as
plastics, are present in the life of every individual;
they are used in many applications that it would
be very difficult to pass [1]. Increase significantly
the use of these materials of synthetic origin, and
their intensive exploitation for the current
practice has resulted in the accumulation of non-
biodegradable waste in the environment. This
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has caused a footprint of the landfill and pollution
of soil and marine environments. Several
solutions have been put in place to reduce their
impact on the environment. For example, it has
been given a new life to these polymers by
recycling for the manufacture of new materials or
enhancing the product by incineration in order to
produce energy. However, the first method
suffers from the difficulty of sorting and cleaning
rejected materials and leads to recycled materials
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with degraded properties [2]. The introduction of
natural fibers in these plastics offers a promising
solution to reduce pollution and preserve fossil
resources by providing sustainable alternatives
to traditional polymers like polyethylene (PE),
polypropylene (PP), and rubber [3]. These
materials aim to maintain comparable properties
to  conventional plastics while being
environmentally friendly. This new class of
materials is characterized by properties such as
high stiffness, a low price, low density, and an
ecological nature due to the fact that they are
derived from renewable and biodegradable
resources. Moreover, it requires less energy to be
produced, offers good thermal and sound
insulation, and presents a range of benefits over
traditional materials [4].

The development of composites made from
thermoplastics and lignocellulosic waste could be
an interesting way of reducing the impact of
synthetic polymers on the environment. Waste
paper is a good source of inexpensive
lignocellulosic fiber, principally composed of
cellulose, hemicellulose, and lignin [5-7]. Papers
reinforced materials can be used in a number of
areas, including construction (windows, doors,
and furniture), automobile parts, and interior
design [8]. The production of paper was more
than 412 million tons in the world in 2019, and
the recycling of paper from cardboard, old
newspapers, and printed white paper has
become an important method of reducing
environmental waste [9]. In recent years,
different research has highlighted the great
prospective of waste paper as an attractive
resource for recycling paper from packaging, old
newspapers, and printed white paper, which has
become a very important method to reduce waste
in the environment [10].

Waste paper has wide prospects in the field of
composites, since it can be used as a
lignocellulosic fiber for the preparation of new
composite materials [11], and even more for
improving the performance properties of
different synthetic polymers [12-20]. Research in
this field is now relatively well-developed, which
evidences the viability of the application of waste
paper as fibers in the production of polymer
composites, and gives rise to significant
perspectives for the composites industry [9].
Lépez et al. [21] reported that the recycled
newspaper fibers performed efficiently as a
reinforcement agent, enhancing the tensile
strength and Young's modulus of thermoplastic
starch by over 260%. Valente et al. [22]
introduced recycled paper into composites with a
high-density polyethylene (HDPE) matrix. They
observed agglomeration and poor dispersion of
the paper fibers on the matrix, attributed to the
formation of hydrogen bonds between them. The
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tensile tests indicated that rigidity was fairly
constant and that there was a slight increase in
strength over the pure matrix. Another study
tested waste paper (5% by weight) and chopped
basalt (5% by weight) in the HDPE to replace the
glazing in the HDPE double-walled greenhouses
[23]. The results on composites showed a
marginal increase in melting temperature (4°C)
and tensile characteristics (8.2% and 11.4% in
tensile strength and in Young's modulus,
respectively) compared with pure HDPE.

However, the main disadvantage of
lignocellulosic fibers as reinforcement in
composite materials is their incompatibility with
synthetic thermoplastics, due to the fact that
these fibers have a hydrophilic character because
of the abundance of hydroxyl (OH) groups in their
cellulose and hemicellulose components, and
thermoplastics have a hydrophobic character,
which results in poor interfacial interaction
between the fibers and the matrix, which leads to
poor mechanical properties of the composites
[24]. Therefore, Several researchers indicated
that the modification of the surface of
lignocellulosic fibers is necessary in order to
reduce their hydrophilic nature and improve
fiber-matrix interfacial adhesion on the one hand
and on the other hand, to remove impurities and
the lignin and hemicellulose coating on the
surface of these fibers, thus generating a better
distribution of the fibre in the matrix and,
consequently, an improvement in the mechanical
properties of the composites [25-28].

Recycling inked paper has traditionally
focused on the majority of the previous research
to transform waste paper into new paper
products. However, our study presents an
innovative approach by using recycled inked
paper as a reinforcement in polyvinyl chloride
(PVC). This method not only promotes recycling
but also contributes to the development of
environmentally friendly composite materials.

The aim of this study was: (1) to investigate a
recycling process for waste inked paper (WIP)
that includes a cost-effective and efficient de-
inking method which will use a 2% alkaline
solution and 1% of hydrogen peroxide “H202"; (2)
preserving forests and  therefore the
environment; in fact, each ton of recycled paper
can save significant quantities of wood, water,
and energy compared to the production of a new
paper made from virgin resources and recovering
this waste also reduces greenhouse gas emissions
[29]; (3) study the effect of the incorporation of
the inked (WIP) and deinked (WDIP) in the
polyvinyl chloride (PVC) as the matrix, one of the
most usually used thermoplastic polymers in the
world [30] to prepare new composite materials.
The influence of the de-inking of WIP and the
effect of its incorporation from 10% to 30%
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(Wt.%) on the morphological, structural, and
physico-mechanical properties of the resulting
composites was studied.

2. Experimental
2.1.Materials

The matrix used in this study is based on PVC,
type SE-120 supplied by the CABEL company for
“Electrical Cablerie” in Algiers, Algeria. This
polymer has the following properties: K-Wert,
from 70.2 to 72.0, with a density of 0.52.
Additives were added to this polymer before the
preparation of the various composites, namely
dioctyl phthalate (DOP) as a plasticizer, a Ca/Zn-
based thermal stabiliser, and stearic acid as a
lubricant. Waste inked paper (WIP) was collected
from the administrative offices of various
companies in Algiers, Algeria. The chemical
composition of waste paper is as follows: 80%
cellulose, 5 to 15% hemicellulose, and minor
proportions of lignin and proteins [31].

2.2.Preparation of Fibers and Composites

e  Preparation of Waste Inked Paper Fiber

The waste inked paper fiber was prepared as
follows: after collecting, the WIP was cut into
small pieces and crushed with an electric crusher.

e  Preparation of Waste De-inked Paper Fiber

The paper was de-inked using the method
proposed by Nedjema et al. [25]. 10 grams of
paper were cut into small pieces of about 5 mm?2
and then de-inked in distilled water for 24 hours,
after which they were filtered and placed in an
aqueous solution (2% of sodium hydroxide
“NaOH” and 1% of hydrogen peroxide “H202") at
a temperature of 45°C for 3 hours with magnetic
stirring. Finally, the paper pulp was washed with
distilled water until the pH of the wash water was
7, filtered, and left to dry at room temperature.
Finally, it was crushed with an electric crusher.

e  Preparation of Composites

The PVC/WIP and PVC/WDIP composites
were prepared at the CABEL “Electrical Cablerie”
company in Algiers, Algeria. The different
formulations presented in Table 1 were prepared
by two transformation processes: calendaring
and compression moulding. The PVC (50%),
lubricant (44%), and Ca/Zn stabilizer (4%) were
introduced into a T6HK8 type turbo-mixer at a
speed of 2000 rpm. The temperature of the
mixture gradually increased, and as soon as it
reached 80°C, the plasticizer (DOP) was added
(2%), and mixing continued for 15 minutes.
Before unloading, the mixture is cooled to 40°C to
prevent pre-gelling. The PVC and its additives are
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introduced into a two-cylinder mixer at a
temperature of 140°C. Next, the fiber (WIP
and/or WDIP) was added to obtain the mixture
for each formulation. The prepared mixture is
introduced into the platens of the TON]JINE table-
top press at a temperature of 170°C, under a
pressure of 300 kN, and for a residence time of 5
min. To avoid the presence of air bubbles,
degassing is carried out before the final pressure
is applied.

Plates measuring 250*%250*2 mm3 were
obtained and cooled to room temperature, which
will be used for cutting out samples in the form of
dumbbells to be wused in the various
characterization tests.

Table 1. Weight composition (%) of the different
formulations (PVC/WIP and PVC/WDIP)

Compositions FO F10 F20 F30
PVC (%) 100 90 80 70
WIP (%) 0 10 20 30
WDIP (%) 0 10 20 30

2.3.Characterization Methods

e Determination of Dry Matter and Moisture
Content of Inked and De-inked Paper

Two grams of sample are weighed (Wo) into a
ceramic crucible (W1). It is placed in an oven at
105°C for 24 hours. The crucible is then removed
from the oven, placed in a desiccator, and
weighed (W2). The dry matter (DM) content is
given by the following formula:

w2-wi
wo

Wo: Weight of test sample (g).
Wi: Weight of empty crucible (gr).
W2: Weight of crucible with residue (gr).

DM = * 100 (D

The moisture content (MC) is determined by
the following expression:

%MC = 100 — %MS (2)

e  Analyse Spectroscopique (IRTF-ATR)

FTIR analysis was carried out using a
SHIMADZU FTIR-8400 Fourier transform
infrared spectrophotometer controlled by a
computer equipped with processing software
with a resolution of 4 cm? in the 4000 to
400 cm'! region.

e Morphological Analysis
Spectroscopy

Through Optical

Morphology tests on the various samples
were carried out using an optical microscope
combined with Optika software at room
temperature.
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e  Mechanical Properties

- Tensile Test

The tensile test assesses a material's
mechanical strength and determines its elastic
properties related to rigidity and rupture by
measuring parameters like Young's modulus,
elongation, and tensile strength. The tensile test
was carried out on an MTS Criterion machine in
accordance with standard NFC 32-200,
controlled by a computer using TXW-type
software. The specimens were stretched at a
constant speed of 50 mm/min.

- Shore D Hardness Test

The objective of shore D hardness
measurement is to measure the hardness of
plastics and elastomers and to provide an
overview of the material's surface properties in
accordance with standard NF T51-109. The test
consists of subjecting a sample measuring 5x5
cm? and weighing 5 g to a force tending to push
down the pointed steel needle. The durometer
measures between 100 and 0 (100 maximum
hardness, zero penetration, 0 maximum
penetration). Penetration is indicated by a direct
reading on the durometer after 15 seconds.

- Density Test

The density of WIP and WDIP is determined in
accordance with standard NFT 51-063, using a
pycnometer with a volume of 10 cm3. The
pycnometer is weighed (W1), then a weight of the
fiber (W2) is introduced into the pycnometer,
filled with distilled water, and weighed (W3).

The density of the sample (dfiver) is
determined by the following expression:

Wy

Afiver = e, * Qwater (3)

The density of samples was determined by
measuring the Archimedes' pressure exerted on
the volume of the sample immersed in distilled
water at a specific temperature. The density was
determined using a DSM densimeter.

- Water Uptake Test

The samples were dried in an oven at 60°C for
24 h. After cooling the specimens in a desiccator,
they were weighed (Wo) to a precision of 0.0001
gr. The samples were then immersed in distilled
water at a temperature of 23°C, in accordance
with standard NF 51-002. Every 24 hours, a
samples are taken and all surface water is
removed with absorbent paper and reweighed
(W). This test continues until the weight (W) does
not change. Three samples were tested for each
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formulation. The percentage (or variation) in
weight is given by the following formula:

W - WO
AW (%) = —— x 100 4)

0
with:
Wo: Sample weight before immersing.

W: Sample weight after immersing.

3. Results and Discussion

3.1.Characterization of WIP and WDIP Fibers

e Physical and Chemical Characterization

The results obtained (Table 2) show that the
inked paper has a low density, which increased
after deinking. This result is due to the grafted
molecules filling during the alkaline treatment. In
fact, this treatment eliminates most of the less
dense content, such as hemicellulose, lignin, and
other extractives in the cellulose fibers that
contribute to a less compact structure, resulting
in an increase in the content of a-cellulose, which
is denser than the other constituents. Also, the
chemical modification of the fiber led to the
contraction of the fibril. As the fibrils become
tighter under the effect of contraction, the overall
mass per unit volume of the fiber will increase.
This leads to an increase in density [32].

The density differences between WIP and
WDIP can have a considerable impact on the
composites' performance, in particular in their
mechanical properties. The higher density of
WDIP contributes to the stiffness of composites
and leads to increased hardness. Indeed, higher
densities can improve mechanical properties and
offer specific advantages in terms of durability
and performance in different applications [33].

The dry matter content recorded is 93.35%
and 86.14% for WIP and WDIP, respectively, and
the moisture content result showed that WDIP is
wetter than WIP, with values of 13.86% and
6.65%, respectively. This is probably due to the
increase in the accessible surface area of the
WDIP fiber caused by swelling of the fibers. This
treatment has altered the physical properties of
the paper fibers, leading to higher moisture levels
in WDIP. In effect, the application of an aqueous
solution can increase the retention capacity of
water molecules by the paper fibers, resulting in
higher water absorption in the case of WDIP [34,
35], which can lead to better bonding between
fibers and other materials in composite
applications. These result in enhanced
mechanical properties, such as tensile strength
and flexibility [36].
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Table 2. Physical and chemical characteristics of

WIP and WDIP
Characteristics Type of paper
WIP WDIP
Density 00.65 00.90
Dry matter (%) 93.35 86.14
Water content (%) 06.65 13.86

e  Spectroscopic Analysis (FTIR-ATR)

Figure 1 shows the FTIR spectra recorded on
the WIP and WDIP fibers. From this figure, we can
see the characteristic band of hydroxyl groups in
the paper fiber located between 3600-3000 cm-!
[7], and the area of this peak is more intense for
the WIP fiber. This is attributed to the decrease in
the concentration of hydroxyl groups after the
deinking of the paper and to the elimination of a
certain quantity of hemicelluloses and lignin, and
the establishment of a new bond between Na*
and the fiber. This is also probably due to the
elimination of the ink, which has an absorption
band at 3373 cm™ [26].

In addition, a decrease in the intensity of
several bands showed that deinking removes
some of the paper's hemicellulose and lignin as
follows [37]:

- At 2920 cm!, which can be assigned to the
vibrations of asymmetric elongation of the C-
H bonds of the CHz group.

- At 1500-1400 cm-1, which can be assigned to
the vibrations of the aromatic ring.

- At 1235-1270 cm-!, which can be assigned to
the vibration of asymmetric deformation of
the C-H bonds of the aromatic ring.

- At 1039 cm'!, which may be assigned to the
deformation vibrations of the C-O-C bonds of
cellulose and hemicellulose.

- At600 cmt, which may be assigned to out-of-
plane O-H hydroxyl elongation vibrations in
polysaccharides.

- At 1421 cm, which is assigned to CH20H
groups.

By eliminating hydrophobic components and
modifying the fiber surface (equation 5), alkali
treatment improves the compatibility between
hydrophilic natural fibers and the hydrophobic
polymer matrix, which can enhance interfacial
adhesion between the fiber and the polymer
matrix and lead to improvements in the
mechanical properties of the composites, such as
tensile strength, elongation at break and tensile
modulus [23, 29].

Fiber-OH + NaOH — Fiber-O-Na + H20 5
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Fig. 1. The FTIR-ATR spectra of WIP and WDIP

e Morphological Analysis

Figures 2 and 3 show optical microscope
images of waste inked paper and waste deinked
paper fibers, respectively, at different
amplifications. The images (Figure 2) show that
the WIP fibers form agglomerates with a random
orientation, and where the ink can be clearly seen
on the fibers. On the other hand, the images
recorded on the WDIF (Figure 3) show that the
fibers are distinctly visible, are long, and have a
cleaner appearance, which is explained by the
elimination of the ink during the deinking
process with the hydroxyl solution [38, 39]. This
confirms the results recorded in FTIR analysis on
the decrease in the concentration of hydroxyl
groups (which show an absorption band at 3373
cm1) after the paper deinking process, which is
explained by the removal of the ink. This
observation probably also involves eliminating
the impurities, lignin, and other non-fibrous
components present in the inked paper, allowing
for better visibility of the structure of cellulose
fiber, which can lead to good wettability between
the fiber and the polymer matrix and facilitate a
more uniform distribution of the fibers within the
matrix. Madueke et al. [27] indicated that fewer
hydroxyl groups lead to decreased moisture
absorption and better compatibility with coir
fibers and PVC matrix, which contributes to a
more cohesive bond between the fibers and the
polymer matrix, therefore, enhanced mechanical
properties of the resulting composites.

Fig. 2. Morphological analysis of the WIP using a light
microscope at magnifications of (a)x4, (b)x10, and (c)x40
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Fig. 3. Morphological analysis of the WDIP using a light
microscope at magnifications of (a)x4, (b)x10, and (c)x40

3.2.Characterization of PVC/WIP
PVC/WDIP Composites

and

e Tensile Properties

The tensile strength and Young’s Modulus of
different composites prepared with treated and
untreated waste paper are presented in Figures 4
and 5, respectively.

For the variation in the tensile strength of
PVC/WIP and PVC/WDIP composites as a
function of filler content (Figure 4), it can be seen
that this property tends to decrease with the
addition and increase in the filler content of
treated and untreated fibers in the PVC matrix.
This decrease is probably due to the non-
reinforcement of the matrix by the fibers, which
can be explained by the tendency of the fibers to
group and form agglomerates that induce
heterogeneity and non-uniform stress transfer
within the matrix, resulting in embrittlement of
the material [35, 40]. Comparing the different
results recorded on treated and untreated
composites, it can be noted that composites
prepared with treated fiber (WDIP) recorded an
improvement in tensile strength compared with
composites filled with untreated fiber (WIP). For
loadings of 10, 20, and 30% (Wt.%), an increase
of 14.39%, 18.39%, and 21.74%, respectively,
was obtained after chemical treatment of fibers.
This is explained by better adhesion and
interaction between the WDIP and the matrix,
which is the result of the elimination of surface
impurities and the partial treatment of the fibers
as well as amorphous hemicellulose and lignin,
which ultimately improve the mechanical
properties of the composites [27, 42, 43]. Several
studies have shown that the alkali treatment
improves the compatibility between hydrophilic
natural fibers and the hydrophobic polymer
matrix, which can enhance interfacial adhesion
between the fiber and the polymer matrix and
lead to improvements in the tensile strength of
the composites [25-27, 32, 36]. Seisa et al. [45]

reported that treatment of date palm fibers with
2% NaOH for 2 hours resulted in a 27.74%
improvement in fiber tensile strength compared
to untreated fibers. This decreases the humidity
affinity of the fiber and also enhances mechanical
properties by providing a high level of interfacial
are used as

adhesion when these fibers
reinforcement with a polymer matrix.

16 4 =t PVC/WIP

Tensile strength (MPa)
5
L

—a— PVC/WDIP

FO Fl0 F20 F30

Type of formulation

Fig. 4. Tensile strength of PVC, PVC/WIP,
and PVC/WDIP composites

The evolution of Young's modulus (Figure 5)
indicates that the introduction of WIP and WDIP
into the PVC matrix increases the stiffness of the
materials, which is reflected in a substantial
increase in Young's modulus with the increase in
the loading rate. This is explained by the fact that
paper fiber is stiffer than PVC, which leads to a
higher stiffness of the materials [7, 25, 26]. These
results also show that the introduction of WDIP
into the matrix results in stiffer materials than
increase of
23.16%, 24.37%, and 87.04% in Young’s moduli,
respectively, was obtained. Various studies have
reported an increase in the Young's modulus of
composites after treatment of the fibers with
sodium hydroxide [27, 44, 45]. They indicate that
interfacial adhesion
between the fibers and the matrix, which leads to
better mechanical properties in composites
produced using these fibers. In fact, the alkaline
treatment eliminates most of the lignin and wax,
which have a malleable character. This leads to an
increase in the cellulose content, which has a

those reinforced with WIP. An

this treatment enhances

rigid character [43].

—s—PVC/WIP —s—PVC/WDIP

Young's Modulus (MPa)

FO F10 F20 F30
Type of formulation

Fig. 5. Young’s Modulus of PVC, PVC/WIP,
and PVC/WDIP composites
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e Hardness Test

It can be seen (Figure 6) that the hardness
increases with the increase in the loading of
treated and untreated fiber, compared with
virgin PVC. This result is to be expected, as
newsprint fiber is made up of cellulose
microfibrils, which are classified as hard fibers,
making it difficult for the durometer needle to
penetrate the composite material.

It was also observed that composites
prepared with WDIP are harder than those
prepared with WIP. This is due to the good
dispersion of the fiber in the matrix, with greater
fiber-matrix interfacial adhesion, which is
explained by the deinking of the paper with
hydroxide sodium, which eliminates the lignin
and wax from the fiber, leaving only the cellulose,
which has a hard and rigid character [46, 47].

60
55 =t PVC/WIP —a— PVC/WDIP
50 4
45

40

Hardness

35

30 4

25

T T T T T T |
(1] 3 10 13 20 25 30 335
Loading rate (%)

Fig. 6. Hardness of PVC, PVC/WIP,
and PVC/WDIP composites

e  Morphological Analysis

Figure 7 shows the surface appearance of PVC,
PVC/WIP, and PVC/WDIP with a 30% (Wt.%)
loading rate, obtained using an optical
microscope at 10x magnification. It can be seen
that the introduction of WDIP fibers makes the
surface smoother and more homogeneous than
that of PVC/WIP composites. This can be
explained by the better dispersion of the fibers on
the matrix after chemical treatment of inked
paper, which reduces hydroxyl groups and
removes most of the ink in the paper, as shown in
Figure 3, filling the voids on the PVC surface.

Fig. 7. Morphological analysis of (a) PVC and (b) PVC/WIP,
(c) PVC/WDIP composites using a light microscope
at magnifications of 10.
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e Spectroscopic Analysis (FTIR-ATR)

An analysis of the FTIR spectra of PVC and
PVC/WIP, and PVC/WDIP composites would
provide a better understanding of how these
composites modify or retain the spectral
characteristics of virgin PVC. FTIR analysis of PVC
and composites with PVC/WIP and PVC/WDIP
(Figure 8) reveals absorption peaks that
correspond to specific molecular vibrations
within the PVC structure of the lignocellulosic
fibers of paper. The main absorption peaks in the
PVC spectrum are a peak at 614 cm* assigned to
C-Cl bond elongation, a peak at 1259 cm-
attributed to C-H deformation vibrations in the
polymer chain, and two peaks at 2853 cm-* and
2924 cm* corresponding to stretching vibrations
of the CHz and C-H groups, respectively. These
absorption peaks recorded in the spectrum of
virgin PVC correspond well to those given in the
literature [48].

By comparing the FTIR spectra of the
composites with those of virgin PVC, we can see
that we have not recorded any new peaks apart
from those corresponding to virgin PVC and
those of the WIP and WDIP fibers already shown
in Figure 1. We can therefore conclude that the
addition of these fibers does not modify the
absorption peaks characteristic of PVC and that
there are only physical interactions between the
PVC matrix and these fibers.

—PVC

——PVC/WDIP

——PVC/WIP

Transmitance (%)

4000 3500 3000 2500 2000 1500 1000 500
Wave number (cm™)

Fig. 8. FTIR-ATR spectra of PVC, PVC/WIP, and PVC/WDIP
composites with 30% (Wt.%) fiber charge.

e Density Test

The results of the density test of the materials
produced as a function of the loading rate for
treated and untreated fiber are shown in Figure
9. These results show a slight increase in density
for the filled materials compared with virgin PVC.
It can also be seen that the PVC/WDIP composites
are denser than the composites prepared with
untreated fiber. This result is explained by the
fact that the density of the WDIP fiber is greater
than that of the WIP (Table 1). Some researchers
explain this increase by the improved
reinforcement of the matrix by the filler after the
chemical treatment of the fiber, which eliminates
most of the less dense content, such as
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hemicellulose, lignin, and other extractives in the
cellulose fibers. This improvement in the
interaction between the fiber and the PVC matrix
results in a denser material, as the treated fibers
offer  better = mechanical bonding and
reinforcement within the composite structure
[49]. Baghloul et al. indicated that higher
densities in materials can significantly enhance
their mechanical properties, leading to increased
durability and performance across various
applications [33].

14 q
EPVC/WIP - PVC/WDIP

Density

0.8

0.6

0.4

FD

Type of formulation

Fig. 9. Density of PVC, PVC/WIP, and PVC/WDIP composites.

o  Water Uptake Test

Water uptake properties are very useful in
understanding the characteristics of composite
materials, and it is a crucial parameter affecting
their mechanical properties and durability.
Figure 10 shows the water uptake of composites
prepared with treated (T) and untreated (UT)
fiber as a function of fiber loading rate and
immersion time in distilled water. We can see
that the absorption rate increases with
immersion time and with the increase in the fiber
content of the paper, inked and de-inked in the
matrix. This result is to be expected, as paper
fibers are rich in hydroxyl groups, which form
hydrogen bonds with water molecules. So the
higher the loading, the higher the OH
concentration, and consequently, the higher the
rate of water absorption. It can therefore be said
that the presence of fibers is responsible for the
increased sensitivity of composites exposed to
water. It can also be noticed that the rate of water
uptake of the samples is rapid in the time interval
[0-6 days], then decreases as a function of time
until saturation, where the rate of water
absorption becomes constant for a few days.

Comparing the water absorption of the
different composites, it is clear that the
absorption rate of composites with WIP fiber is
higher than that of composites filled with WDIP
fiber. A decrease of 13.37%, 17.52%, and 18.38%
is recorded for materials filled with 10, 20, and
30% (Wt.%) respectively, of WDIP fiber
compared with composites filled with untreated
fiber for the same loading rate and for the same
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duration of immersion. The observed reduction
in water absorption rates for composites filled
with WDIP fiber can be attributed to the
treatment process relating to deinking with
sodium hydroxide. This process alters the fiber's
surface properties, leading to a decrease in its
hydrophilic character, which is attributed to the
decrease in the concentration of hydroxyl groups
after the deinking of the paper as observed on
FTIR spectra (Figure 1). As a result, the treated
WDIP fibers become less capable of absorbing
water compared to untreated WIP fibers.

Less uptake of water generally results in an
improvement in the mechanical properties of the
composite, including tensile strength. Reduced
water content minimizes hydrolytic degradation
of the polymer matrix, helping to maintain the
structural integrity of the composite over time
[50]. This explains the improved tensile
mechanical properties of PVC/WDIP composites
compared to untreated composites (Figures 4
and 5). Therefore, the overall water absorption of
the composites was reduced by the alkaline
treatment, and the tensile strength increased.
However, an increase in fiber loading increased
the amount of water absorbed and reduced the
overall tensile strength. Prabhakar et al. [35]
reported similar results for banyan/banana
composites, untreated and treated with 5%
NaOH, which they attributed to the interaction
between the fibers and the matrix, to the removal
of impurities from the fiber surfaces, and to the
increase in the crystallinity due to NaOH
treatment.
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Fig. 10. Density of PVC, PVC/WIP, and PVC/WDIP

4. Conclusions

One of the major objectives of this work is to
focus on the change in the properties between
chemically treated and untreated fiber
composites. This relationship underscores the
importance of fiber treatment in enhancing the
mechanical properties of polymer composites,
making them suitable for various applications
where increased stiffness is desirable.
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The results (FTIR and optical spectroscopy
analysis) show a change in fiber structure after
alkaline treatment of inked paper by reducing the
intensity of the hydroxyl group band. Alkaline
treatment leads to the elimination of the ink and
the partial disappearance of hemicellulose and
lignin.

The results of PVC/WIP and PVC/WDIP
composites indicate that :

1. The use of deinked paper fiber in the PVC
matrix improves the mechanical properties
of the composite by improving the interfacial
adhesion between the surface of the fibers
and the PVC matrix compared with
composites prepared with untreated fiber.
For example, the tensile strength, the Young's
modulus, and the hardness were increased
by 1690% and 37.80%, and 7.06%,
respectively, when 30% (Wt.%) of WDIP was
added to PVC compared to WIP fiber.

2. Both immersion time and fiber content
significantly influence the water absorption
characteristics of paper-based composites.
The findings indicate that incorporating
WDIP fiber into composites can effectively
reduce water absorption compared to using
untreated WIP fiber (a decrease of 18.38% is
recorded for materials filled with 30%
(Wt.%) after treatment). This reduction is
beneficial for enhancing the longevity and
performance of composite materials in
applications where moisture exposure is a
concern.

3. The results of the density show that the
PVC/WDIP composites are denser than the
composites prepared with untreated fiber.

In conclusion, the recovery of waste inked
paper for the preparation of new composite
materials is a sustainable approach to materials
science that can have a significantimpact on their
applicability in various industries to partially
replace or reduce the consumption of wood and
the synthetic polymers obtained from petroleum,
which are harmful to the environment and
human health, offering an environmentally-
friendly alternative to traditional materials.

PVC-based composites reinforced with de-
inked paper fibers have a number of potential
applications in the construction industry in
flooring, screens, exterior applications for
decking, panels, fencing, and other elements.
Their chlorine composition can give them a
better fire classification, which is advantageous
for facade applications. These materials can also
be used in interior applications for furniture, for
example.

65

Funding Statement

This research did not receive any specific
grant from funding agencies in the public,
commercial, or not-for-profit sectors.

Conflicts of Interest

The author declares that there is no conflict of
interest regarding the publication of this article.

References

[1] Namazi, H,, 2017. Polymers in our daily life.
Biolmpacts, 7(2), pp. 73-74.

[2] Gubanova, E., Kupinets, L., Deforzh, H., Koval,
V. and Gaska, K., 2019. Recycling of polymer
waste in the context of developing circular
economy. Architecture Civil Engineering
Environment, 12(4), pp. 99-108.

[3] Samir, A., Ashour, F.H., Abedel Hakim, A.A.
and Basseyouni, A., 2022. Recent advances in
biodegradable polymers for sustainable
applications. NP] Materials Degradation,
6(1), pp. 68.

[4] Oliveira, D.M. Bomfim, A.S.C, Carvalho
Benini, K.C.C., Cioffi, M.0.H., Voorwald, H.].C.
and Rodrigue, D., 2023. Waste Paper as a
Valuable Resource: An Overview of Recent
Trends in the Polymeric Composites Field.
Polymers, 15(2), p. 426.

[5] Zhou, W., Gong, Z., Zhang, L., Liu, Y., Yan, J.
and Zhao, M., 2017. Lipids from waste paper.
BioResources, 12(3), pp- 5249-5263.

[6] Nair, A.S. Al-Battashi, H. Al-Akzawi, A,
Annamalai, N., Gujarathi, A, Al-Bahry, S,
Dhillon, G.S. and Sivakumar, N., 2018. Waste
office paper: A potential feedstock for
cellulase production by a novel strain
Bacillus velezensis ASN1. Waste
Management, 79, pp. 491-500.

[7] Su, Ji., Jiang, Z., Fang, C.; Zheng, Y., Yang, M,,
Pei, L. and Huang, Z., 2022. The Reinforcing
Effect of Waste Corrugated Paper Fiber on
Polylactic Acid. Polymers, 14, p. 3562.

[8] Abdollahiparsa, H., Shahmirzaloo, A., Teuffel,
P. and Blok, R., 2023. A review of recent
developments in structural applications of
natural fiber-Reinforced composites
(NFRCs).  Composites and  Advanced
Materials, 32(1), pp- 1-18.

[9] Zhang, X, Dj, J., Xu, L., Lv, ., Duan, J., Zhu, X,
Li, X. and Bo, X., 2022. High-value utilization
method of digital printing waste paper
fibers-Co-blending filled HDPE composites
and performance improvement. Polymer
Testing, 116, pp. 107790.


https://www-sciencedirect-com.sndl1.arn.dz/science/journal/01429418
https://www-sciencedirect-com.sndl1.arn.dz/science/journal/01429418

Sahi / Mechanics of Advanced Composite Structures 13 (2026) 57 - 68

[10] Espinach, F.X.,, Chamorro-Trenado, M.A,
Llorens, ., Tresserras, |, Pellicer, N., Vilaseca,
F. and Pelach, A., 2019. Study of the flexural
modulus and the micromechanics of old
newspaper  reinforced  polypropylene
composites. BioResources, 14(2), pp. 3578-
3593.

[11] Luo, Y., Xiao, S., Li, C.,, and Chen, Y., 2017.
Relationships between bubble parameters
and mechanical properties of fiber porous
cushioning packaging material. Scientia
Silvae Sinicae, 53(5), pp. 116-124.

[12] Alamri, H. and Low, .M., 2012. Mechanical
properties and water absorption behavior of
recycled cellulose fibre reinforced epoxy
composites. Polymer Testing, 31(5), pp. 620-
628.

[13]Das, S., Basak, S, Bhowmick, M,
Chattopadhyay, S.K. and Ambare, M.G., 2016.
Waste paper as a cheap source of natural
fibre to reinforce polyester resin in
production of bio-composites. Journal of
Polymer Engineering, 36(5), pp- 441-447.

[14] Zheng, B., Huy, C., Guan, L., Gu, ., Guo, H. and
Zhang, W., 2019. Structural characterization
and analysis of high-strength laminated
composites from recycled newspaper and
HDPE. Polymers, 11(8), pp. 1311.

[15] Guan, N., Hy, C,, Guan, L., Zhang, W,, Yun, H.
and Hu, X., 2020. A process optimization and
performance study of environmentally
friendly waste newspaper/polypropylene
film layered composites. Materials, 13(2), p.
413.

[16] Das, S., 2017. Mechanical and water swelling
properties of waste paper reinforced
unsaturated polyester composites.
Construction and Building Materials,138, pp.
469-478.

[17] Lei, W., Zhou, X, Fang, C, Li, Y., Song, Y.,
Wang, C. and Huang, Z., 2019. New approach
to recycle office waste paper: reinforcement
for polyurethane with nano cellulose
crystals extracted from waste paper. Waste
Management, 95(38), pp. 59-69.

[18] Zhao, L., Huang, H., Han, Q., Yu, Q. Lin, P,
Huang, S., Yin, X, Yang, F., Zhan, J., Wang, H.
and Wang, L., 2020. A novel approach to
fabricate fully biodegradable poly(butylene
succinate) biocomposites using a paper-
manufacturing and compression molding
method. Composites part A: Applied Science
and Manufacturing, 139, pp. 106-117.

[19] Zhang, X, Li, S., Li, J., Fu, B,, Dj, J., Xu, L. and
Zhu, X, 2021. Reinforcing effect of
nanocrystalline cellulose and office waste

66

paper fibers on mechanical and thermal
properties of poly (lactic acid) composites.
Journal of Applied Polymer and Science,
138(21), pp. 50462.

[20] Baroulaki, I, Karakasi, 0. Pappa, G,
Tarantili, P.A., Economides, D. and Magoulas,
K. 2006. Preparation and study of plastic
compounds containing polyolefins and post
used newspaper fibers. Composites part A:
Applied Science and Manufacturing, 37(10),
pp. 1613-1625.

[21] Lépez, J.P., Mutjé, P., Carvalho, A.J.F., Curvelo,
A.AS.and Girones, J., 2013. Newspaper fiber-
reinforced thermoplastic starch
biocomposites obtained by melt processing:
Evaluation of the mechanical, thermal and
water sorption properties. Industrial Crops
and Products, 44, pp. 300-305.

[22] Valente, M., Tirilld, ]., Quitadamo, A. and
Santulli, C,, 2017. Paper fiber filled polymer.
Mechanical evaluation and interfaces
modification. Composites Part B:
Engineering, 110, pp. 520-529

[23] Sfarra, S.; Perilli, S.; Ambrosini, D.; Paoletti,
D.; Nardi, I.; De Rubeis, T. and Santulli, C.A.,
2017. Proposal of a new material for
greenhouses on the basis of numerical,
optical, thermal and mechanical approaches.
Construction and Building Materials, 155, pp.
332-347.

[24] Thyavihalli-Girijappa, Y.G,  Mavinkere-
Rangappa S. Parameswaranpillai J. and
Siengchin S, 2019. Natural Fibers as
Sustainable and Renewable Resource for
Development of Eco-Friendly Composites: A
Comprehensive  Review. Frontiers in
Materials, 6, Article 226.

[25] Nedjma, S. Djidjelli, H., Boukerrou, A. et
Chibani, N., 2012. Effet du désencrage et d'un
traitement de surface sur les propriétés
mécaniques des composites PVC/fibre de
papier journal. Annales de Chimie Science des
Matériaux, 37(6), pp. 201-214.

[26] Nedjma, S., Djidjelli, H. Boukerrou A,
Benachour, D. and Chibani, N., 2012. Deinked
and Acetylated fiber of newspapars. Journal
of Applied Polymer Science, 127(6), pp. 4795-
4801.

[27] Madueke, C.I, Pandita, S.D., Biddlestone, F.
and G.F., Fernando., 2024. Effects of NaOH
treatment and NaOH treatment conditions
on the mechanical properties of coir fibres
for use in composites manufacture. Journal
of the Indian Academy of Wood Science, 21(6),
pp. 100-111.



Sahi / Mechanics of Advanced Composite Structures 13 (2026) 57 - 68

[28] Elfaleh, 1., Abbassi, F., Habibi, M., Ahmad, F.,
Guedri, M., Nasri, M. and Garnier, C., 2023. A
comprehensive review of natural fibers and
their composites: An eco-friendly alternative
to conventional materials. Results in
Engineering, 19, p. 101271.

[29] Chowdhury, M.D.A., Nowshin, N., Uddin, M.M.
and Aquib, T.I., 2024. Recovery of Cellulose
Fibers from Waste Books and Writing Paper
by Flotation De-inking. North American
Academic Research, 7(1), pp- 55-68.

[30] Elgharbawy, A.S., 2022. Poly Vinyl Chloride
Additives and Applications-A Review.
Journal of Risk Analysis Crisis Response;
12(3), pp. 143-151.

[31] Zhou, W., Gong, Z., Zhang, L., Liy, Y., Yan, J.
and Zhao, M., 2017. Feasibility of lipid
production from waste paper by the

oleaginous yeast cryptococcus
curvatus. BioResources, 12(3), pp. 5249-
5263.

[32] Acharya, P., Pai, D., Bhat, K.S. and Mahesha,
G.T., 2024. Effect of Surface Chemical
Modifications on Thermo-Physical and
Mechanical Properties of Helicteres isora
Natural Fiber. journal of Natural Fibers,
21(1), p- 2406454.

[33] Baghloul, R. Babouri, L., Hebhoub, H.,
Boukhelf, F. and El Mendili, Y., 2024.
Assessment of Mechanical Behavior and
Microstructure of Unsaturated Polyester
Resin Composites Reinforced with Recycled
Marble Waste. Buildings, 14(12), p. 3877.

[34] Bretzel, F., Tassi, E.L., Rosellini, L., Bretzel, F.,
Marouani, E., Khouaja, A. and Koubaa, A,
2024. Evaluating the properties of deinking
paper sludge from the Mediterranean area
for recycling in local areas as a soil
amendment and to enhance growth
substrates. Euro-Mediterranian Journal of
Environmental Integration, 9(4), pp-1-12.

[35] Prabhakar, C.G., Reddy, M.S., Rajendrachari,
S., Mahale, R.S., Mahesh, V. and Pandith, A.,
2024. The Behavior of Banyan (B)/Banana
(Ba) Fibers Reinforced Hybrid Composites
Influenced by Chemical Treatment on
Tensile, Bending and Water Absorption
Behavior: An Experimental and FEA
Investigation. Journal of Composites Science,
8(31), pp. 1-20.

[36] Prome, F.S., Hossain,M.F., Rana, M.S,, Islam,
M.M. and Ferdous, M.S. 2025. Different
chemical treatments of natural fiber
composites and their impact on water
absorption behavior and mechanical
strength, Hybrid Advances, 8(1), p. 100379.

67

[37] Bernal-Lugo, I, Jacinto-Hernandez, C,
Gimeno, M., Montiel, C.C., Rivero-Cruz, F. and
Velasco, 0., 2019. Highly efficient single-step
pretreatment to remove lignin and
hemicellulose from softwood. BioResources,
14(2), pp- 3567-3577.

[38] Hanafiah, S.F.M., Danial, W.H., Samah, M.A.A,,
Samad, W.Z., Susanti, D., Salim, R.M. and
Majid, ZA., 2019. Extraction and
characterization of microfibrillated and
nanofibrillated cellulose from office paper
waste. Malaysian Journal Analytical Science,
23(5), pp-901-913.

[39] Monteiro, S.N., Terrones, L.A.H. and
D’Almeida J., 2008. Mechanical performance
of coir fiber/polyester composites. Polymer
Testing, 27(5), pp. 591-595.

[40] Vinod, A., Vijay, R, Singaravelu, D.L., Khan,
A.S,, Siengchin, S., Verpoor, F., Alamry, K.A.
and Asiri, AM., 2022. Effect of alkali
treatment on performance characterization
of Ziziphus mauritiana fiber and its epoxy
composites. Journal of Industrials Textiles,
51(2), pp.- 2444-2466.

[41] Huang, S., Fu, Q., Yan, L., and Kasal, B., 2021.
Characterization of interfacial properties
between fibre and polymer matrix in
composite materials-A critical review.
Journal of Materials Research and
Technology, 13(9), pp. 1441-1484.

[42] Serra-Parareda, F., Espinach, F.X, Pelach,
M.A, Méndez, J.A., Vilaseca, F. and Tarrés, Q.,
2020. Effect of NaOH Treatment on the
Flexural Modulus of Hemp Core Reinforced
Composites and on the Intrinsic Flexural
Moduli of the Fibers. Polymers, 12(6), p.
1428.

[43] Islam, M.S., Pickering, K.L. and Foreman, N.].,
2011. Influence of alkali fiber treatment and
fiber processing on the mechanical
properties of hemp/epoxy composites.
Journal of Applied Polymer Science, 119(6),
pp- 3696-3707.

[44] Kumar, V.J.B,, Raj, ].B., Karuppasamy, R. and

Thanigaivelan, R. 2022. Influence of
Chemical Treatment and  Moisture
Absorption on Tensile Behavior of

Neem/banana Fibers Reinforced Hybrid
Composites: An Experimental Investigation.
Journal of Natural Fibers, 19(8), pp. 3051-
3062.

[45] Seisa, K., Chinnasamy, V. and Ude, A.U., 2022.
Surface Treatments of Natural Fibres in
Fibre Reinforced Composites: A Review.
Fibres & Textiles in Eastern Europe, 30(2), pp.
82-89.



Sahi / Mechanics of Advanced Composite Structures 13 (2026) 57 - 68

[46] Mohammed, M.M., Rasidi, M., Mohammed,

A.M., Rahman, R.B., Osman, A.F.,, Adam, T.,
Betar, B.0. and Dahham, O.S., 2022.
Interfacial bonding mechanisms of natural

Aged Cables via Thermogravimetric
Analysis-Fourier Transform Infrared (TG-
FTIR) and Calorimeter. Materials, 11(10), p.
1997.

fibre-matrix composites: An overview.
BioResources, 17(4), pp- 7031-7090.

[47] Boussehel, H.,, Mazouzi, D.E.,, Belghar, N,
Guerira, B. and Lachi, M., 2019. Effect of
chemicals treatments on the morphological,
mechanical, thermal and water uptake
properties of polyvinyl chloride/palm fibers
composites. Revue des Composites et des
Matériaux Avancés, 29(1), pp. 1-8.

[48] Wang, Z., Wei, R, Wang, X., He, ]. and Wang,
J, 2018. Pyrolysis and Combustion of
Polyvinyl Chloride (PVC) Sheath for New and

[49] Siekierka, P., Makarewicz, E., Wilczewski, S.,
Lewandowski, K, Skorczewska, K.,
MirowskKi, ., and Osial, M., 2023. Composite
of Poly (Vinyl Chloride) Plastisol and Wood
Flour as a Potential Coating Material.
Coatings, 13(11), p. 1892.

[50] Niem, T., Hiibner, A. and Wostmann, B., 2024.
Water absorption in artificial composites:
Curse or blessing. Dental Materias, 40(8), pp.
1097-1112.

68



