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Abstract

The valorization of straw waste as a sustainable and eco-friendly resource in polymer composites is critical for resource
recycling and environmental preservation. Therefore, many research works are being carried out regarding the develop-
ment of wheat straw-based polymer composites to identify the reinforcing potential of these sustainable resources. In this
study, three different sizes of wheat straw fibers (60—120 mesh, 35-60 mesh, and 18-35 mesh) were used, and their differ-
ent ratios (0, 2.5, 5, 10, and 20% by weight) were systematically investigated for the physical and mechanical properties of
polypropylene-based sustainable composites. The results indicated that the evaluated composites’ properties are strongly
dependent on the quantity and size of the utilized wheat straw. Therefore, a preference selection index was applied to rank
the developed sustainable polymer composites to select the best composition. Various properties of the composite materi-
als were considered as criteria for ranking the alternatives, namely tensile strength and modulus, flexural stress at conven-
tional deflection and flexural modulus, impact strength, density, water absorption, material cost, and carbon footprint. The
decision-making analysis suggests the alternative with wheat straw content of 20 wt.% (35-60 mesh size) dominating the
performance by maximizing the beneficial criteria and minimizing the non-beneficial criteria, making it the most suitable
alternative. This study will significantly help formulation designers to deal with the amount and size issues when develop-
ing polymeric composites.

Keywords Natural fiber - Sustainable composites - Wheat straw - Polypropylene - Multi-criteria decision-making -
Preference selection index

1 Introduction

By 2050, worldwide grain output must rise by almost 50%
to meet the rising demand, which will result in increased
harvesting waste generation [1]. According to statistics,
agricultural waste is generated annually in excess of
2.9 billion tons globally [2]. One of the most frequently
produced crops in the world, wheat, is grown in 122
countries, and under a variety of environmental conditions
(https://worldpopulationreview.com/country-rankings/
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wheat-production-by-country). For 2021/2022, the global
wheat output reached 778.6 million tons, with the quantity
of generated wheat residues (e.g., stubble, straw) predicted
to be about one billion tons [2] (https://www.statista.com/
topics/1668/wheat/#topicHeader__wrapper). The handling
of waste wheat straw (WS) is an urgent and challenging
social concern. A portion of the WS produced is utilized
as animal feed, agricultural fertilizer, mushroom compost,
and a source of bio-energy [3, 4]. However, despite the
fact that burning WS has been outlawed by a number of
nations, considerable amounts of straw are still burnt openly
[5]. The open-air combustion of straw waste can produce a
substantial quantity of particulate matter, and toxic gases,
such as nitrides, sulfur, methane, carbon dioxide, and carbon
monoxide, resulting in severe air pollution [3-5]. The
burning of straw waste in the field also endangers highway,
railway, and aviation traffic safety and gravely harms human
health and security [2]. Therefore, a novel strategy to
transform WS into a useful end product is urgently required
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to lessen its detrimental effects on the environment. It is
notable that the global market for WS, which was predicted
to be worth 643.6 million USD in 2021, is expected to
increase to 1330.24 million USD by 2029, with a forecasted
compound annual growth rate of 9.5% from 2022 to 2029
(https://www.databridgemarketresearch.com/reports/global-
wheat-straw-market). Therefore, utilizing WS in new, eco-
friendly ways to make products and materials makes it a
great zero-waste alternative.

Currently, considerable efforts are being devoted to
replacing petrochemical plastics using vegetable-based poly-
meric materials, such as biopolymers [6] and natural fiber-
filled composites [7]. These latter integrate the vegetable
fillers — including straw — with polymers and enable the
resulting composites to be structural materials with vari-
ous uses [7-9]. The demand for such materials is constantly
growing. Particularly, in the automotive industry, it is an
ideal approach to utilize WS as a commodity and resource.

In a recent study, the authors investigated the impact of
micron-sized WS particles (0-50 phr at steps of 10 phr) on
the mechanical properties of natural rubber-based com-
posites [10]. An improvement of ~62% in tensile strength
was reported for 20 phr WS-loaded natural rubber com-
posites, which decreased with further loading. The hard-
ness and storage modulus of the investigated composites
was found to increase with increased WS-content and
noted largest for 50 phr WS-loaded natural rubber com-
posites. In another research work [11], the authors studied
the effect of WS particle size and amount on the mechani-
cal properties of polyhydroxy-co-3-butyrate-co-3-valerate
(PHBV)-based composites. Three particle sizes of WS such
as~17 um, ~ 109 pm, and ~469 pm were selected and varied
from O to 30 wt.% in the PHBV matrix. The strain, stress,
and energy at break were found to decrease with increasing
particle size and WS loading. Almost 15% enhancement in
Young’s modulus was noted for the composites having 20
wt.% of 17 pm-sized WS. Ahankari et al. [12] studied the
effect of WS (average length=250 um) on the mechani-
cal properties of PHBV and polypropylene (PP)-based
composites, respectively. The amount of WS was 30 wt.%
and 40 wt.% in PHBYV, while it was 30 wt.% for PP. The
inclusion of WS resulted in the deterioration of elongation
at break, tensile, and impact strength, while a steep incre-
ment in tensile and flexural modulus was noted. Notably,
a relative enhancement of almost 52% in flexural strength
of PHBV composite was recorded at 30 wt.% WS-content.
Meanwhile, the addition of 30 wt.% WS into the PP-based
composite resulted in an almost the same flexural strength
as that of neat PP. While investigating the influence of
WS loading (20 wt.%) on PHBV-based composites, M.-A.
Berthet et al. [13] investigated the effect of fiber moisture
content of PHBV/WS composites with 20 wt.% WS content.
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The authors showed that the mechanical properties are barely
affected by the initial moisture content. In the research work
of Mu et al. [14], various agricultural wastes, including WS
(length=588.4+418.2 um) were assessed for their influence on
high-density polyethylene-based composites. The inclusion of
WS resulted in a~44%,~332%,~110%, and~512% enhance-
ment in tensile strength, Young’s modulus, flexural strength,
and flexural modulus, respectively. Ming-Zhu Pan et al. [15]
studied the impact of WS size (9, 28, and 35 mesh) and content
(0-50 wt.% at steps of 10 wt.%) on the mechanical proper-
ties of PP-based composites. The Young’s modulus, tensile,
and flexural strength of the composites increased linearly with
increasing WS content up to 40%. Compared with the com-
posites prepared with the longer WS, the composites made the
finest ones (> 35 mesh) had a slightly higher tensile strength.
According to the reviewed literature, WS quantity and
size have a significant influence on the ultimate performance
of such polymer composites. Because of its good strength-
to-weight ratio, low cost, versatility, and simplicity of
processing, PP is a polymer that is widely utilized in the
automobile sector, often paired with various additives,
including agricultural by-products [16, 17]. Nowadays,
choosing the components of binary/ternary materials
in the right quantities and designing the formulation for
optimal qualities are real-world issues that a researcher in
the field of polymer composites must deal with. The reason
for this is that each manufactured composite has its own
performance for each individual characteristic. Hence, a
judgment on the optimal composite with the highest degree
of satisfaction for all material attributes is necessary. In these
circumstances, multi-criteria decision-making (MCDM)
has been regarded as a reliable and quick decision-making
tool. MCDM techniques are prospective quantitative ways
to solve decision issues with a finite number of alternatives
and criteria (that are material properties) [18, 19]. Over
the past years, several researchers have investigated the
problem of polymer composite selection optimization with
different techniques, including AHP, ARAS, TOPSIS,
MAIRCA, WASPAS, MABAC, MEW, MOORA, and
VIKOR, to name a few [20-27]. The criteria weight affects
the alternative rankings in most of these techniques that are
hard to understand and difficult to apply since they need
much mathematical expertise. The preference selection
index (PSI) technique is simpler to understand than any
other MCDM method since there is no consideration of the
relative relevance of the criteria, and the total preference
value is determined by using the statistical notion [28].
The exquisiteness of the PSI technique is that it is useful in
evaluating optimal alternatives when there is disagreement
about the relative relevance of the criteria, and it also
requires less numerical calculations. The PSI technique
was prosperously utilized in the ranking of polyamides by
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Haoues et al. [25], in the selection of ship body materials by
Gangwar et al. [29], in the selection of materials for marine
applications by Yadav et al. [30], optimizing solar air heater
parameters by Chauhan et al. [31], ranking barriers to green
human resource management implementation by Tweneboa
Kodua et al. [32] and in several other studies too [33, 34].

The current paper explores the effects of adding waste
WS at various weight percentages and sizes to PP compos-
ites by evaluating their physicomechanical characteristics.
In the present study, a series of PP-based composites with
varying concentrations (0, 2.5, 5, 10, and 20% by weight)
of different sized (60—120 mesh, 35-60 mesh, and 18-35
mesh) waste WS has been designed, fabricated, and assessed
for various properties (density, hardness, impact strength,
tensile strength, flexural stress at conventional deflection,
tensile modulus, flexural modulus, material cost, and carbon
footprint). According to the best knowledge of the authors,
no previous studies dealt with using MCDM techniques for
the evaluation of such composite materials. Therefore, the
PSI approach has been used to select the best possible alter-
native among the fabricated composites.

2 Materials and methods
2.1 Materials

The PP used as matrix material in this work was a commercial
product of MOL Petrochemicals Co. Ltd. under the trade
name TIPPLEN H145F. It is an injection molding grade

Fig. 1 Optical microscopic
images of wheat straws with a
size of a 60-120 mesh, b 35-60
mesh, and ¢ 18-35 mesh

polymer with a melt flow rate of 29 g/10 min (measured at
230 °C and 2.16 kg load). The WS used as filler was kindly
provided by Miké Stroh Borotai-Laska Ltd. The straw fibers
were washed with distilled water, then dried, ground, and
sieved. The ground fibers were separated into three fractions
to analyze the influence of particle size on the properties of
PP/WS composites. The shortest fraction consisted of WS
particles collected from between the sieves of 60 and 120
mesh (125-250 pm). The intermediate group was obtained
from the sieves between 35 and 60 mesh (250-500 pm),
while the largest ones from between 18 and 35 mesh
(500-1000 pm). Composites with 10 wt.% WS content were
prepared from the different-sized straws, while the effect of
WS concentration was also analyzed by fabricating samples of
0-20 wt.% straw content, using the fibers with a size between
60 and 120 mesh. Optical microscopic images of the different
WS fractions are shown in Fig. 1. No chemicals or any further
additives were incorporated into the prepared composites.

2.2 Composite fabrication

The components of the fabricated composites were dried
for 6 h before melt compounding at 80 °C using a Faithful
WGLL-125BE model drying chamber. Subsequently, they
were fed into a Labtech LTE 20—44 twin-screw extrusion
machine with a barrel of increasing temperature (160 to
180 °C). The extrusion rotational speed was set to 40 1/
min. The designation and the composition of the prepared
samples are collected in Table 1.
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Table 1 The designation and composition of the fabricated samples

Designation PP content Wheat straw ~ Wheat straw size

[wt.%] content

[wt.%]

A-1 100 0 -
A-2 97.5 2.5 60-120 mesh
A-3 95 5 60-120 mesh
A-4 90 10 60-120 mesh
A-5 80 20 60-120 mesh
A-6 90 10 35-60 mesh
A7 90 10 18-35 mesh

A

Fig.2 Photographic image of the prepared specimens

Injection molding of dogbone-shaped specimens was
carried out with an Arburg Allrounder 420C type injection
molding machine. The barrel of the injection unit was heated
with increasing heating sections from the feeder to the noz-
zle in the temperature range of 170-200 °C. The nozzle was
heated up to 210 °C, while the mold was kept at 25 °C. The
injection rate was set to 30 cm®/s. The injection pressure was
set to 1000 bar, while the holding pressure was 750, 650,
and 250 bar. Examples of the prepared specimens with their
designations are shown in Fig. 2.

2.3 Characterization

Tensile properties were determined according to ISO 527, while
the flexural properties were according to the ISO 178 stand-
ard. Both measurements were carried out with an Instron 5582
universal testing machine equipped with a 10 kN load cell The
theoretical cross-section of the samples was 10x4 mm?; how-
ever, each specimen was measured individually with a caliper,
and the measured values were used for strength and modulus
calculations. During the tensile test, the initial gripped length
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of the specimens was 100 mm. The crosshead speed was 1 mm/
min for the measurement of the modulus and 25 mm/min for the
general testing. For the flexural test, the machine was equipped
with a 3-point bending setup of 64 mm span length. Likewise,
1 mm/min initial crosshead speed was used for determining
the modulus, which was increased to 5 mm/min. The results
reported for both tensile and flexural tests are the averages of
five parallel measurements carried out at ambient temperature.

Charpy impact test was performed according to the ISO 179
standard with a Ceast 6545 impact testing device. The tests
were executed on un-notched, rectangular specimens (10 x4
mm? cross-section and 80 mm length), with a span length
of 62 mm. A 15 J pendulum hammer was used as a measur-
ing tool. The results reported are the averages of five parallel
measurements carried out at ambient temperature.

Water absorption of the samples was tested by immersing
them in distilled water. Specimens were prepared for water
absorption test by drying them overnight at 80 °C in advance.
The absorption test was performed for 30 days. The weight of
the composite specimens was measured right before the immer-
sion and after 30 days. The percentage-based water uptake (M,)
of the specimens was calculated according to Eq. 1:

w,-W,
M,[%] = Td * 100 (1)
where W, is the weight of the specimens after 30 days, and
W, is their initial dry weight. The results reported are the
averages of three parallel measurements.

The density of the fabricated samples was determined
by measuring the weight of samples of known volume
(~10x 10x4 mm?). The exact volume size of each specimen
was validated by computed tomographic (CT)-based 3D scans
of high accuracy. The results reported are the averages of three
parallel measurements.

The developed composites were further analyzed for their
carbon footprint and price. Carbon footprint is a useful indica-
tor for determining how any material or product activity affects
the environment. The carbon footprint of PP and WS is taken
into account in this study. Price (€/kg) was related to the cost
of the PP and WS used to develop the composite.

Analysis of variance (ANOVA) and Tukey’s honestly sig-
nificant difference (HSD) test at a significance level of 5%
(p<0.05) were used to statistically evaluate the data obtained
through the measurements.

3 Results and discussion
3.1 Criteria interpretation

The results of WS loading and size on the performance of each
analyzed attribute are presented in Table 2. Table 2 consists of
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the seven composite alternatives (A-1 to A-7, as described in
Table 1) and nine properties (tensile strength, Young’s modu-
lus, flexural stress at conventional deflection, flexural modu-
lus, impact strength, density, material price, water absorption,
and carbon footprint).

The tensile and flexural mechanical properties of
PP/WS composites are depicted in Fig. 3a. The tensile
strength of unfilled PP (A-1) and its composites contain-
ing 2.5 wt.% (A-2), 5 wt.% (A-3), 10 wt.% (A-4), and 20
wt.% (A-5) WS of 60-120 mesh are 30.7 MPa, 29.2 MPa,
29.1 MPa, 27.6 MPa, and 26.1 MPa, respectively. This
indicates a notable decrement in tensile strength with the
increasing amount of WS filler. Similar trends have already
been reported in the literature for WS-containing polymer
composites [35] and are generally attributed to the poor
adhesion between the components. The limited interaction
between PP and the straw particles can be explained by the
differences in polarity. While PP is a non-polar material,
WS is greatly polar due to the numerous -OH groups on
its surface. Throughout the last decades, numerous studies
have been devoted to overcoming this issue by introducing
additional chemicals as coupling agents, thereby improv-
ing compatibility. These measures, however, greatly

Table 2 Experimental data of the prepared samples. The used desig-
nations are the following: A-1: PP, A-2: PP+ WS (2.5wt.%, 60-120
mesh), A-3: PP+ WS (5wt.%, 60-120 mesh), A-4: PP+ WS (10wt.%,
60-120 mesh), A-5: PP+ WS (20wt.%, 60-120 mesh), A-6: PP+ WS

reduce the “green” characteristics of the developed mate-
rials, making them less environmentally friendly. About
the size of the WS, it can be concluded, that using the
smaller particles generally led to higher strength. The low-
est strength was exhibited by composites filled with straw
particles of 18-35 mesh (sample A-7: 26.2 MPa), while
the highest one remained for the 60-120 mesh-sized WS
containing sample (sample A-4. 27.6 MPa).

Contrary to the tensile strength, Young’s modulus values
of the WS-containing composites were markedly improved
in comparison with PP. More specifically, sample A-1 exhib-
ited the poorest modulus of 1.62 GPa, while it gradually
improved with increasing WS loading to 1.69 GPa, 1.74
GPa, 1.75 GPa, and 1.91 GPa for samples A-2, A-3, A-4,
and A-5, respectively. This is not unexpected in view of the
fact that the modulus of WS greatly exceeds that of PPs.
According to the literature, the modulus of the WS crop
straw cell wall exceeds 20 GPa [36]. Besides, unlike the ten-
sile strength, the modulus is generally not influenced by the
interphase bonding quality between the components for the
reason that in the early stage of the measurement — where
the modulus is calculated — there is barely any deforma-
tion present. These results are in good accord with previous

(10wt.%, 35-60 mesh), A-7: PP+ WS (10wt.%, 18-35 mesh). Differ-
ent letters in the superscripts (“>%°) indicate significant differences
between the composites according to Tukey’s HSD test

Designation Tensile Young’s Flex. str.at  Flexural Impact Density [g/  Water uptake Carbon Material

strength modulus conv. def. modulus strength [kJ/ cm?) [%] footprint  price [€/

[MPa] [GPa] [MPa] [GPa] m?] [-] kg]
A-1 30.8 +0.3 1.62+0.02°  42.0+05"  1.66+0.02° 56.9+62*  0.90+0.00° 0.08+0.04* 5 (VH) 1.2
A2 29.2+0.2° 1.69+0.04*" 424403  1.72+0.04* 195+1.1"  091+0.00° 0.24+0.02° 4 (H) 1.18
A-3 29.1+0.4° 1.74+0.04>  429+03% 1.81+0.02° 17.7+1.1°  0.92+0.00° 0.31+£0.00° 3 (M) 1.15
A-4 27.6+0.8° 1.75£0.04>  43.0+05°¢ 1.89+0.03° 17.9+1.4% 0.94+0.00° 0.5+0.02¢ 2(L) 1.11
A-5 26.1+0.3¢ 1.91+£0.04° 45603  231+0.06% 152+1.0" 096+0.00° 1.3+0.04° 1(VL) 1.01
A-6 27.5+0.2° 1.76£0.02° 43303  1.92+0.02° 144+1.8> 0.94+0.00° 0.52+0.05¢ 2(L) 1.11
A-7 26.2+0.49 1.89+£0.03° 43.6+04°  1.95+0.03° 12.8+2.3°  0.93+0.00° 0.56+0.0° 2(L) 1.11
Fig.3 Variation of a tensile 32 - 2 48 2.5
strength; tensile modulus and b m Tensile strength M Young's modulus = mFSCD ® Flexural modulus

5 > =)

flexural stress at conventional —_ = = i | =
deflection; flexural modulus. nc: % : 46 23 %
The used designations are = - 2 -
the following: A-1: PP, A-2: = 2 2 44 L 2.1 %
PP+WS (2.5wt.%, 60—120 g § 5 3
mesh), A-3: PP+ WS (5wt.%, & E =, Lo E
60-120 mesh), A-4: PP+ WS o 22 T
(10wt.%, 60—120 mesh), A-5: g £ g g
PP+ WS (20wt.%, 60—120 = g “ 40 F 1.7 5
mesh), A-6: PP+ WS (10wt.%, s
35-60 mesh), A-7: PP+ WS " s

(10wt.%, 18-35 mesh)
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studies published on the topic of natural fiber-reinforced
polymer composites including the ones with polyolefin
matrices [12, 37].

PP is a highly ductile material, as such it barely tends to
break under 3-point bending circumstances at ambient tem-
perature and above. For materials of this kind, the correspond-
ing standards (ISO 178 and ASTM D790) prescribe the flex-
ural stress at conventional deflection (FSCD) to be reported
instead of flexural strength in order to eradicate the effect of
slipping of the specimen during the bending. Accordingly,
in this study, the stress values at the conventional deflection
(3.5%) were evaluated, following the ISO 178 standard. As
Fig. 3b shows, the FSCD of the prepared samples gradually
improves with increasing filler content. The FSCD value of
sample A-1 (virgin PP) increased from the initial 42.0 up to
45.6 MPa when 20 wt.% straw was incorporated into it (sam-
ple A-5). This is exactly the opposite of what was observed
during the tensile tests. The explanation for this contradiction
is twofold. Firstly, since the WS particles tend to increase
the stiffness of the polymer matrix (see modulus values), the
initial region of the stress—strain curves tends to be steeper,
resulting in higher stress values at the conventional limit of
3.5%, unless the fillers are deteriorating the mechanical prop-
erties of the polymer matrix so much that it breaks before
reaching the conventional deflection. Apparently, WS was a
proper filler from this aspect, since early failure did not occur.
Secondly, 3-point bending exposes specimens to a special
kind of load, where tension and compression are combined.
Filled polymer systems generally tend to perform better
against compressive forces than tensile ones, which might also
explain the improved FSCD values of the PP/WS composites
against the virgin PP. Similar observations have already been
shown for polymer composites of various matrices [26].

Overall, the flexural modulus values of all composites
were enhanced compared to sample A-1 (1.66 GPa). In this
regard, sample A-5 with its 20 wt.% of WS showed to be
superior against all the other composites with a modulus of
2.31 GPa, which isrelatively ~40% higher than that of A-1.
This is in good agreement with the tensile tests’ results, and

it can be attributed to the rigid characteristics of the straw
particles used as filler materials in this study.

Unlike the tensile and flexural properties, the impact
behavior of the PP deteriorated drastically when WS
particles were incorporated into it, even in the lowest
amount (Fig. 4a). While the initial impact strength of neat
PP (sample A-1) was ~57 kJ/m?, it dropped to ~20 kJ/m?
for sample A-2, even though the filler content was only
2.5 wt.%. Lignocellulosic particles, such as straw, are
considered rigid organic fillers, and as such, they tend to
decrease the toughness of the polymer matrices markedly
[38]. Combining this brittle characteristic of WS with the
poor interfacial adhesion between the components explains
this immense drop in impact resistance. For composites with
further WS content, only a slight decrease was observed,
bottoming at ~ 13 kJ/m? for sample A-7 (10 wt.% WS of
18-35 mesh particle size).

The density of the fabricated samples is presented in
Fig. 4a. While PP-s of various grades tend to have a sta-
ble density (0.9 g/cm?), for organic particles like WS, the
bulk density is reported to be greatly varying and depends
on multiple factors (porosity, size, origin, etc.) [39]. In
this current study, the density of the particles was deter-
mined to be 1.49 g/cm3, 1.47 g/cm3, and 1.43 g/cm3 for the
particles of 60—120 mesh, 35-60 mesh, and 18-35 mesh,
respectively. The decreasing density with increasing par-
ticle size can be attributed to the greater porosity in the
larger particles. Overall, the density of the filler fractions
was similar, and all of them exceeded that of PPs. Consid-
ering this fact, obviously, sample A-1 exhibited the lowest
density (0.9 g/cm?), and it gradually increased with higher
WS content, peaking at 0.96 g/cm® for sample A-5 (20
wt.% WS).

The water uptake of PP and the PP/WS composites
after 30 days of immersion in distilled water is shown in
Fig. 4b. Based on the diagram, it can be safely assumed
that absorbed water is continuously increasing with
increasing straw content. The higher water uptake of the
WS-containing samples can be attributed to the large

Fig.4 Variation of a impact 70
strength; density and b material
price; water absorption. The
used designations are the fol-
lowing: A-1: PP, A-2: PP+ WS
(2.5wt.%, 60-120 mesh), A-3:
PP+ WS (5wt.%, 60-120
mesh), A-4: PP+ WS (10wt.%,
60-120 mesh), A-5: PP+ WS
(20wt.%, 60—120 mesh), A-6:
PP+ WS (10wt.%, 35-60
mesh), A-7: PP+ WS (10wt.%,
18-35 mesh)

B Impact strength

Impact strength [kJ/m?]
s 8 8 & g8

(=]

A-1 A2 A3 A4 A5 A6 A-7
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number of —OH groups on the straw fibers’ surface that
formed hydrogen bonds with the water molecules, thereby
promoting the absorption. Additionally, straw particles
tend to have a cellular structure, where water can pen-
etrate through capillarity; thereby, it also contributes to the
overall water uptake of the composites [40]. Comparing
the samples with identical straw content of different sizes
(A-4, A-6, A-7), it can be assumed that the composite sam-
ples with larger particles generally absorbed slightly more
water referring to more voids in these fibers.

The price of composite A-1 is the highest (1.20 €/kg)
as it contains the cost of PP. With the inclusion of WS,
the price of the composites decreased due to its lower cost
(0.25 €/kg) and remained lowest for A-5 composite with
20 wt.% WS content. A five-point scale (Table 2) has been
considered for carbon footprint as 1, very low (VL); 2,
low (L); 3, medium (M); 4, high (H); and 5, very high
(VH). The carbon footprint for alternative A-1 containing
PP was VH (5), while for alternative A-5, it was VL (1).
The carbon footprint of PP (~1.34 kg CO,-eq/kg) is much
higher compared to WS (~0.14 kg CO,-eq/kg) [41, 42].

It is clear from Table 2 and Figs. 3 and 4 that changes
in WS loading significantly affect the evaluated properties.
No single composite sample performed best concerning all
properties at a time. For example, composite sample A-1
exhibited the highest tensile strength, impact strength, and
lowest density and water absorption. However, it showed
the worst performance for tensile modulus, flexural modu-
lus, carbon footprint, and price. In addition, the carbon
footprint, price, flexural stress at conventional deflection,
and flexural modulus of A-5 were superior to all compos-
ite samples but displayed the worst performance for den-
sity, water absorption, and tensile strength. Therefore, to
choose the best candidate that satisfies all these conflicting
properties at a time, these composite samples were ranked
using the PSI-based MCDM approach. The performance
criteria used in the ranking were selected as C-1 (tensile
strength, higher-is-good), C-2 (Young’s modulus, higher-
is-good), C-3 (flexural stress at conventional deflection,
higher-is-good), C-4 (flexural modulus, higher-is-good),
C-5 (impact strength, higher-is-good), C-6 (density,
lower-is-good), C-7 (water absorption, lower-is-good),
C-8 (carbon footprint, lower-is-good), and C-9 (price,
lower-is-good).

3.2 Proposed MCDM methodology

The PSI technique proposed by Maniya and Bhatt [28]
uses the overall preference value to assign an index rat-
ing to each alternative, and the alternative with the higher
index value is selected as the best option. Figure 5 depicts
the MCDM methodology adopted to rank the alternatives
of the WS-filled PP composites.

The detailed steps for the PSI method are given as
follows:

Step 1: Decision matrix < 16;] Mm) construction.

For n alternatives (A;i=1,2,---n) and m criteria
(CJ =1,2,- m), the decision matrix is structured as:

C, Cy,  C; &

j m
A 011 61p - 51_,‘ Oy
A2 521 522 52j 52m
I — o b @
A, 8y by v B e 6

ij im

An 5n1 6n2 6nj émm
Here, 6; = ith alternative performance based on jth
criteria.

Step 2: Normalized decision matrix (Lénijjnxm>

construction.
The structured decision matrix (L&UJ nxm) is normalized

using Eq. 3 as follows:

6 s : . . .
3 ~—if j € beneficial criteria
Umin (3)
5 ij opo. . . .
5—if j € non — beneficial criteria

i

(6] e =

I Identify the alternatives Problem identific

l omposite fabrication
imental evaluation

| Set up criteria

|

Decision matrix constructionl

| Normalized decision matrix |

| Compute mean va lue | =

I Compute preference value |

I Compute overall preference |

| Compute index value |

I Rank the alternatives |

Fig.5 Algorithm of the used PSI methodology
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Step 3: Mean of the normalized value of criteria (9{ j)
The mean of the normalized value of criteria (ER) is deter-

j
mined using the following equation (Eq. 4):
IR
%j=225nij;]=1,2,---m )

Step 4: Derive the preference variation value (Rv;)
The preference variation value (mvj) is derived for each
criterion using Eq. 5 as follows:

n

Ry = 3 oy =] = 1,2, )

i=1

Step 5: Compute the deviation (7;) in Rv; using the follow-
ing equation (Eq. 6):

Step 6: Determine the overall preference value (‘{’]) using
n; as follows (Eq. 7):
i

j m 2 < 7
Zj:l h; @

Step 7: Compute the index value (le-) as given in Eq. 8:

@, =) (n;x¥)si=1,2,n ®)

J=1

Step 8: Assign rank to the alternatives as per the descending
order of index value.

3.3 Assessment of composites using PSI
methodology

The present study considered 7 composite alternatives (i.e.,
n="7) and 9 assessment criteria (i.e., m=9). A decision matrix
16;] o 18 constructed for seven rows and nine columns as:

mp=1-Ryj=12--m (6)
3075  1.62 4199 166 56.93  0.90
29.18  1.69 4236 172 1951 091
29.14 174 4287 181 1767 092

8]0 =| 2760 175 4301 189 17.87 094
2610 191 4562 232 1517 096
2754 176 4331 192 1441 094
26.16 189 4355 195 1280 0.93

0.08 5 1.2
024 4 118
0.31 3 1.15
0.50 2 111
1.30 1 101
0.52 2 111
0.56 2 111

After constructing the decision matrix, the maximum and
minimum values for the selected nine criteria were determined.

[5;“]9 = |3o.75 191 45.62 232 56.96 0.96 1.30 5 1.20 ‘

1.000 0848 0920 0.716  1.000
0949  0.885 0929 0.741 0343
0948 0911 0940 0.780 0310
6n],,=| 0898 0916 0943 0815 0314
0.849  1.000  1.000 1.000  0.266
0.896 0921 0949 0828  0.253
0.851 0990 0955 0841  0.225

[5;11“] = |26.1O 1.62 41.99 1.66 12.80 0.90 0.08 1 1.01 ‘
9

Next, the normalized decision matrix ( |6n > was con-

UJ7x9
structed using Eq. 3.

1.000 1.000  0.200  0.842
0989 0333 0.250 0.856
0978 0258 0.333 0.878
0957 0.160 0.500 0.910
0938  0.062 1.000 1.000
0957  0.154 0.500 0910
0968  0.143 0.500 0.910

After normalization, the mean of the normalized value of
criteria (iRj) was computed using Eq. 4.

%], = ‘ 0.913 0.924 0948 0.817 0.387 0.970 0301 0.469 0.901

@ Springer

Next, the preference variation value Rv; for each criterion
was determined using Eq. 5.

[Rv;], =|0.0185 0.0177 0.0040 0.0516 0.4478 0.0028 0.6150 0.4239 0.0161
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For example, it can be determined for the first, second, and
last criteria as follows:

[Rv,] = (1.000 — 0.913)> + (0.949 — 0.913) + -+ + (0.851 — 0.913)* = 0.0815
[Rv,] = (0.848 — 0.924)% + (0.885 — 0.924) + -+ + (0.990 — 0.924)* = 0.0177

[Rv] = (0.842 — 0.901)* + (0.856 — 0.901) + -+ + (0.910 — 0.901)* = 0.0161

Next, the deviation (;1j) was computed in Rv; using Eq. 6.

U?qu = (09815 0.9823 0.9960 0.9484 0.5522 0.9972 (.3850 0.5761 0.9839

Next, the overall preference value (‘I’]) was determined
for each criterion using Eq. 7.

[¥;], = [0.1326 0.1327 0.1345 0.1281 0.0746 0.1347 0.0520 0.0778 0.1329

After that, the index value (®;) of the composite alterna-
tives was calculated using Eq. 8 and is listed in Table 3. For
example, the @, can be determined for the first, second, and
last alternatives as follows:

@, = (1.000 X 0.1326) + (0.848 X 0.1327) + --- + (0.842 X 0.1329) = 0.8494
@, = (0.949 X 0.1326) + (0.885 X 0.1327) + -+ + (0.856 X 0.1329) = 0.7725

@, = (0.851 X 0.1326) + (0.990 X 0.1327) + -+ + (0.910 x 0.1329) = 0.7948

Finally, the overall alternatives were ranked in descending
order based on the index values given in Table 3. Table 3
shows that the index value of A-5 is maximum (0.8680),
which shows that it is the best among all the available
alternatives. While alternatives A-2 and A-3 are showing the
least preferences with index values of 0.7725 and 0.7838,
respectively. From the results, it can be inferred that as the
60-120 mesh-sized WS content increases from 2.5 wt.% in
A-2 to 20 wt.% in A-5, the overall performance generally
improves. The samples with identical WS-loadings of
different-sized fibers (A-4, A-6, A-7) exhibited rather similar
index values.

4 Conclusions

Using agricultural waste to develop polymer compos-
ites offers low-cost, sustainable, and viable alternatives
for various applications. In the present study, PP-based

Table 3 The index values (®;) and ranks of the composite alterna-
tives

Alternatives ®, = ZJ”;I (5%, X \Pj) Rank
A-5 0.8680 1
A-1 0.8494 2
AT 0.7948 3
A-4 0.7923 4
A-6 0.7904 5
A-3 0.7838 6
A-2 0.7725 7

composites were produced using WS waste as filler material.
Seven different composites were fabricated using particles
of three different mesh sizes (18-35 mesh, 35-60 mesh, and
60-120 mesh) of WS with varying weight proportions (0, 2.5, 5,
10, and 20 wt.%). The properties, such as density, water absorp-
tion, tensile, and impact strength, were best for neat PP, while
poor for WS-containing composites. However, an enhancement
of ~ 18% in tensile modulus, ~9% in flexural stress at conven-
tional deflection, and ~40% in flexural modulus was recorded
for the 60—120 mesh-sized WS-filled (20 wt.%) composite
(A-5) compared to neat PP (A-1). The evaluated physical and
mechanical properties showed a dependence on the size and
quantity of WS, making the composite selection process a cum-
bersome task. Therefore, the evaluated physical and mechani-
cal properties, material cost, and carbon footprint were fixed
as criteria in the composite selection. The preference selec-
tion index technique was employed to deal with the selection
problem of WS-filled PP composites. Consequently, 20 wt.%
of 60—120 mesh-sized WS-filled PP composite was considered
the best candidate under the given alternatives and criteria. The
proposed decision-making approach could be implemented in
various product design and development elements. The study
can be extended by adding different compositions, properties
(such as chemical, dynamic mechanical, thermal), and decision-
making techniques that remain in scope for future study.
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