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Preface

With the increasing global awareness of the need for a sustainable world, the careful processing

of different natural wastes and biomass has become an important area of research. The valuation

of these resources is not only economically viable but also ensures the minimization of waste in the

environment, making our world cleaner. This reprint brings together some recent advances in the

sustainable re-design of natural waste and biomass in different material productions for both textile

and non-textile applications.

These include a wide array of topics, such as the following: the use of textile waste fibers,

i.e., wool as a fertilizer to promote plant growth; the potential of cellulose textiles from hemp

biomass; the use of green wood adhesives from sustainable proteins; optimization of the pyrolysis

process of biomass; the use of natural wastes in composites preparation, including cellulosic waste

as well as leather waste; dye adsorbents prepared from cellulosic wastes; some new methods of

environmentally friendly dyeing; and imparting functionality to textiles by using natural ingredients.

Abu Naser Md Ahsanul Haque

Editor
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Waste Wool Powder for Promoting Plant Growth by Moisture
Retention
Abu Naser Md Ahsanul Haque and Maryam Naebe *

Institute for Frontier Materials, Deakin University, Waurn Ponds, VIC 3216, Australia
* Correspondence: maryam.naebe@deakin.edu.au; Tel.: +61-3-522-72783

Abstract: Natural wastes are widely used as composts for plant growth. However, wool waste has
received little attention in this regard, despite its nitrogen-rich chemical structure owing to amide
groups. A few studies have been conducted for soil amendment using wool, mostly in raw or pellet
form. However, despite the possible consistent mixing and more uniform effect of powders inside
soil, wool has never been implemented in powder form in soil for improving moisture. This study
demonstrates the effectiveness of using wool as a powder, facilitating better mixing and spreading in
soil. Results show that wool powders are more effective in retaining soil moisture compared to wool
pellets and are comparable to commercial fertiliser. The findings further indicate that a balanced
amount of wool is required to maintain a proper moisture level (not too wet or dry) to promote actual
plant growth.

Keywords: wool powder; wool pellet; soil amendment; keratin waste; plant growth; sustainability

1. Introduction

Wool is a natural keratin fibre sourced from sheep in numerous countries, and more
than 1.16 million tonnes are produced each year worldwide [1]. The countries that produce
wool are widespread and from different continents, including Australia, New Zealand,
China, the United States, the United Kingdom, Iran, Turkey, Argentina, and India. The
estimated amount of wool production is mainly the total of the clean or traded wool, while
the amount of waste wool is rarely counted. According to a report from 2019, it is predicted
that around 10–15% of wool is wasted during its sorting and cleaning, and an added 12–15%
is lost during spinning and weaving [2]. The annual combined generation of wool waste
from the nine key countries listed above is estimated at around 317 thousand tonnes per
year, which is mostly the pile of low-grade wool that is not possible to spin into textiles.
These wastes are frequently discarded without any care, thus often causing environmental
pollution. For example, the disposal of wool waste through incineration and landfilling
causes air and soil pollution when the amount of wool is not wisely controlled [3,4].

To combat this pollution and utilise this massive waste as a resource, waste wool has
been proposed over the years for numerous applications, such as insulation [5], building
materials [6], adsorbents [7], and composites [8]. However, wool is rich in nitrogen due to its
amide groups [1], and it possesses a moisture retention ability 3.5 times its weight [9]; both
are beneficial for plant growth. There are some other resources that have been proposed for
soil moisture retention, such as the use of biochar from coconut fibre [10], walnut shells [11],
water hyacinths [12], mixed wood [13], superabsorbent nanocomposites from silica [14],
Sphagnum moss [15], compost [16–19], and minerals including vermiculite [20], bentonite,
and zeolite [21]. However, the advantage of wool in comparison with other resources is
its amide structure, which can simultaneously benefit the soil with moisture retention,
such as by nitrogen mineralisation. Wool is also biodegradable within six months in ideal
conditions [22].
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Though commercial fertilisers are widely used for plant cultivation, often, they include
heavy metal impurities, such as cadmium, mercury, and lead [23], that can accumulate
in the soil or even be transferred into the ultimate plant products [24]. Further, there is
no previous evidence on the release of nitrogen oxides or nitric acid from wool to soil,
while nitrogen is mainly transformed as non-hazardous nitrogen–ammonia (NO3–N) or
ammonium nitrogen (NH4–N). Therefore, the use of wool for plant growth is sustainable
and can benefit the soil if sensibly used, which can reduce the fertiliser amount to a
minimum, if not totally replacing it. Each year, around 317 thousand tonnes of wool waste
are discarded in major wool-growing countries around the world. The majority of these
wool wastes (including consumed wool garments) currently enter landfill [25], and their
proper use in plant cultivation has received little attention.

A few studies have previously shown the prospects of wool in soil amendment. An
increased yield of basil, thorn apple, peppermint, and garden sage when using raw wool
fibre was reported, where wool was found to raise the NH4–N and NO3–N content in soil,
mainly related to the nitrogen mineralisation from wool [26]. Around 40 g wool waste
was observed to be sufficient for 6 kg of soil, supporting 2–3 harvests. Further, nitrogen
mineralisation in plant tissue was also evident, e.g., nitrogen in thorn apple and mint
tissue increased from 19.5 to 44.3 g/kg and 13.2 to 30.3 g/kg, respectively, when using
wool waste, and soil microbial biomass also increased [26]. Wool has also been reported
as an organic fertiliser for tomato and broccoli in the form of pellets [9,27]. However,
using wool in powder form is more advantageous than using its raw form (fibre) or pellets.
The use of pellets can only provide a localised benefit in soil, while the fibres can hinder
proper spreading in soil due to entanglement. The use of wool powders could deliver more
convenient and consistent mixing in soil and evenly enhance the soil properties.

In the past, authors have demonstrated several methods of preparing powders from
different keratin fibres, such as wool [1] and alpaca [28]. Powders have been prepared
from these resources from a coarse level (particle size around 70 µm) to an ultra-fine size of
particles, such as 2.6 µm [28]. To develop these powders, both mechanical [28] and chemical
methods [1] were used. However, the preparation of ultra-fine powders from wool requires
either prolonged mechanical processing, such as ball milling and air jet milling [28], or
intensive chemical treatment [1]. Nevertheless, coarse powder preparation from wool is
rather quick, sustainable, and less energy-intensive, while the prepared powders are still
suitable for handling and uniform mixing with soil.

The aim of this preliminary work was to evaluate the effectiveness of coarse wool
powder for soil moisture retention compared to wool pellets. The morphology of the
powder and pellets was analysed and the moisture retention ability was observed over
a 5-day period and compared with the results obtained with commercial fertiliser and
non-fertilised soil. The further impact of these soil variants on the plant growth was also
assessed by a 40-day experiment on actual plants.

2. Materials and Methods

Waste wool fibre sourced from a local farm was collected from the Commonwealth
Scientific and Industrial Research Organisation (CSIRO), Geelong Waurn Ponds Campus,
Australia. Garden soil mix (Australian Standard AS4454), all-purpose NPK fertiliser,
and Stock Marionette (Matthiola incana) seedlings were purchased from the Bunnings
Warehouse, Waurn Ponds, Australia.

Waste wool fibres were ground to a powder by a cutting mill (Pulverisette 19, Fritsch,
Idar-Oberstein, Germany) using a 200 µm sieve. Part of the wool powder (WP) was
converted into pellets using a hydraulic pellet press (Atlas Auto touch, Specac, Orpington,
UK) using 8T pressure. The weight of each pellet was 165 ± 1 mg. The morphology
of wool powder and pellets was observed using a DP71 optical microscope (Olympus,
Tokyo, Japan).
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Six separate 10 × 10 cm garden pots were each filled with around 150 ± 2 g soil. The
soils differed in terms of mixing wool powder, wool pellets, and commercial fertiliser, and
were named as per Table 1. One of the soil samples was kept untreated as the control. The
amount of the fertiliser was chosen based on the recommended levels provided on the
commercial fertiliser package (10 g per 40 cm pot).

Table 1. Combinations of soil prepared with wool powder and pellets and commercial fertiliser, and
control sample with no fertiliser.

Sample Name Fertiliser
(mg)

Wool Powder
(mg)

Wool Pellets
(mg)

Commercial fertiliser CF 2500 0 0
No fertiliser NF 0 0 0

Wool powder W-3PW 0 165 0
W-7PW 0 385 0

Wool pellets W-3PL 0 0 165 (3 pellets)
W-7PL 0 0 385 (7 pellets)

The soils were watered until they all reached a moisture rating of 7 (measured by a
soil moisture meter, Brunnings, Australia) [29]. The soil was then kept unwatered for the
next 4 days and changes in the rating were measured. The overall process was conducted
in three batches, and average and standard deviation values reported. The statistical
significance of the difference in datasets was calculated using a two-tailed t test, where
p ≤ 0.05 indicated a significant difference and p > 0.05 indicated no significant difference.

To investigate the impact of wool powder and pellets on plant growth, a further six
soil samples were prepared using the same combinations as in Table 1 to identify the
impact of the wool amount and form of wool in relation to no fertiliser and commercial
fertiliser. Six Marionette seedlings of the same height (~7 cm) were planted and their growth
up to 40 days was monitored. The plants were watered every 5 days, by spraying with
water (20 ± 1 mL). The garden pots were kept indoors under a transparent roof, receiving
~2000 lumen during daytime. The average temperature was recorded at a maximum of
21–24 ◦C and a minimum of 11–13 ◦C. The average relative humidity and daylight hours
were 68% and 12.3 h, respectively.

3. Results
3.1. Surface Morphology of Wool Powder and Pellets

Figure 1 shows the surface morphology of the wool powder and the prepared pellet.
The wool powder (Figure 1a) retained the fibrous structure of the wool, although there
was a combination of random lengths. The diameter of the wool mostly remained similar
(mostly around 20–23 µm), though some fibres at a lower limit were also seen (such as
11 µm). The length of the fibre widely varied due to the cutting operation, starting from
around 82 µm to 690 µm. On the other hand, the morphology of the wool pellet (Figure 1b)
showed a dense, fibrous structure, where ribbon-shaped fibres were attached to each other.
The aggregation of the particles in the pellet was presumably much higher, compared to
the randomly distributed fibres in the wool powder.

3
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Figure 1. Morphology of the prepared (a) wool powder and (b) wool pellet under optical microscope.

3.2. Moisture Retention Ability of Wool Powder and Pellets

Figure 2 shows the moisture rating of the soil prepared with the samples over a 5-day
period. The moisture meter provides data on three regions: wet, moist, and dry. The wet
region (moisture rating 8–10) is suitable for aquatic plants, the dry region (moisture rating
0–3) is suitable for low-water plants such as Cactus and Sanseviera, and the moist region
(moisture rating 4–7) is ideal for most common plants [29]. The results showed that the
commercial fertiliser (CF) was more effective in holding the moisture and remained in
the ideal region even after 5 days. This was probably because of some chemical elements
present in the composition, such as ammonium (7.8%) [24], responsible for the high hygro-
scopicity [30]. Both the wool powders (W-3PW and W-7PW) also retained the moisture
in the ideal region for all 5 days, although the amount was lower than CF. The moisture
gained in soil due to the presence of wool powders was probably related to the lower
particle size and higher surface area of the powders. Powders prepared from keratinous
resources commonly show a higher moisture absorption ability compared to raw fibres
(an 18% increase was reported), due to the enhanced surface area, which provides more
space for the moisture to accumulate [28]. A smaller size leads to a higher surface area and
thus can accumulate more moisture. In the current experiment, the soil with no fertiliser or
wool (NF) radically dried up over this period and mostly stayed in the dry region in the
last 3 days, identical to the result obtained from three wool pellets (W-3PL). Comparing
the wool pellets and wool powder, powders were more effective in moisture retention,
while the pellets allowed the soil to reach to dry region mostly after 2–3 days. This was
probably because the wool powder was spread throughout the soil and completely mixed
with it, while the pellets were mainly concentrated in specific places. The decrease in the
soil moisture was found insignificant (p > 0.05) among days 3, 4, and 5 for W-3PW and
W-7PW samples, showing a consistent water-holding ability. However, the samples with
wool pellets, as well as the NF sample, showed a drastic soil moisture reduction over the
5-day period (p ≤ 0.05). A higher amount of wool in either powder or pellet form was
more effective in moisture retention compared with a lower amount of wool. For example,
W-7PW maintained the soil moisture at an average rating of 5.8 after 5 days, while W-3PW
was at the average rating of 4.8 after the same period.

4
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Figure 2. Moisture rating over 5-day period for soils prepared from wool powder (PW) and pellets
(PL) of different amounts, 165 mg (3) and 385 mg (7), compared to commercial fertiliser (CF) and
no fertiliser (NF). Error bars show standard deviation; different superscripts indicate that data are
significantly different (p ≤ 0.05).

3.3. Effect on Actual Plant Growth by Wool Powder and Pellets

Figure 3 shows the growth of plants over 40 days using the six types of soil. Common
plants such as stock flowers need a balanced, moist soil for appropriate growth. In line
with the findings in Figure 2, although the moisture retention from W-3PW was lower than
that of W-7PW and CF, it showed a more balanced effect (not excessive low/high moisture
retention). This could be the reason that W-3PW showed the greatest influence on the plant
growth (around 43% increase in 10 days and around 160% increase over 40 days), compared
to other samples. The lowest value was obtained for NF, which showed around a 14%
increase in 10 days and around a 114% increase in 40 days. The samples with pelletised
wool, CF and W-7PW, showed moderate growth. It is probable that the pelletised wool was
not as effective as the wool powders in terms of moisture retention and allowed the sample
to dry up sooner. However, the lower value for CF and W-7PW, compared to W-3PW, was
probably related to the higher moisture in the soil, caused by greater moisture retention.
Although this plant growth process was not replicated in simultaneous batches, the positive
impact of wool was steady for all the wool-included samples, and it was consistent with
the soil moisture retention findings and with the literature [26]. The difference achieved in
the plant height data for the W-3PW sample after 40 days was more than 5%, except for CF
and NF (error bars in Figure 3a). The higher impact observed with a lower amount of wool
could be explained by the similar result noted for the wool pellets as well. Based on these
initial findings, future trials using multiple batches of plants and different species should
be performed to further validate this impact.
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Figure 3. Plant height (a) from first day to up to 40 days, affected by commercial fertiliser (CF), no
fertiliser (NF), and wool powders (PW) and pellets (PL) of different amounts, and (b) photograph of
plant growth after 40 days, when comparing NF with the samples prepared with wool powders of
two different amounts, 3PW (165 mg) and 7PW (385 mg). Error bars show 5% deviation of actual data.

4. Summary

Due to the nitrogen and protein content of wool waste and its moisture retention ability,
its use can lead to sustainable cultivation, partly or fully replacing common fertilisers that
possess the risk of transferring heavy metal impurities to both soil and plants. Wool waste
can achieve reasonable use in soil as a low-cost, feasible, and environmentally friendly
option. This is likely to be an industrially applicable solution, given the amount of wool
waste generated worldwide. This can also potentially eliminate the current additional
costs related to waste wool disposal. This study presents the usefulness of using wool
powder for soil moisture retention compared to wool pellets and commercial fertilisers. The
morphology of wool powders showed the fibrous structure of wool, with a combination of
random lengths and widths, while the pellets showed a dense, fibrous surface. In 150 g soil,
the moisture retention performance of both 165 and 385 mg wool powders was comparable
to that of the commercial fertiliser. However, the plant height after 40 days was observed
to be higher when using a lower amount of wool (165 mg), due to its balanced moisture
retention ability. Therefore, the results show that the use of an optimised amount of wool
powder can be effective for both moisture retention ability in soil and the promotion of
plant growth. This initial study indicates the potential of wool powders for soil amendment,
which should encourage future research, such as changes in the characteristics of particles
and pellets by hydration and the presumable nutritional benefits for the soil and plants.
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Abstract: The health risks associated with formaldehyde have propelled relevant stakeholders to
push for the production of non-toxic wood adhesives. Several countries including the USA, Japan,
and Germany have implemented policies mandating manufacturers to reduce the emissions of
formaldehyde to lower levels. Protein adhesives stand out due to their sustainability, renewable
sources, and biodegradability. However, they are limited by poor wet strength and water resistance,
which affect their wide acceptability in the marketplace. Researchers have developed multiple
strategies to mitigate these issues to advance protein adhesives so they may compete more favorably
with their petroleum-based counterparts. This review paper explores these strategies including
cross-linking, modified fillers, and the removal of hydrophilic content while providing insights
into the methodological approaches utilized in recent literature with a comparison of the resultant
protein adhesives.

Keywords: formaldehyde; wood adhesives; protein adhesives; soybean; water resistance

1. Introduction

The wood adhesive market is estimated to be worth over $6 billion by 2025 [1,2].
Despite the huge market, synthetic adhesives constitute a greater proportion of adhesives
due to their superior adhesive performance and low cost [3]. Yet, historically, glues, resins,
and composite binders were made using plant- and animal-based proteins until the mid-
1900s when petroleum-based products, mainly formaldehyde, urea, and phenolics, became
the mainstay feedstocks for industrial adhesives [4].

Urea–formaldehyde resins are the most utilized synthetic adhesives due to their
desirable properties, including good bonding strength, clear color, low cost, fast curing,
and resistance to moisture [5]. However, the major challenge associated with synthetic
adhesives is the emissions of toxic substances including formaldehyde during manufacture
and use [6]. Recent years have witnessed an increase in global public sensitivity and
awareness about health and environmental concerns [7]. Over time, stricter laws setting
new toxic emissions limits for wood panels have been implemented [8,9]. These are
incorporated into standards in the United States, Japan, and Europe [7].

This increasingly tightening of regulations and concerns over pollutant volatilization
and the manufacturing ecological footprint (sustainability) of these formaldehyde and
phenolics-based adhesives creates an opportunity for the development of renewable and
“environmentally-friendly” protein adhesives in the market [10]. However, protein adhe-
sives only constitute a small market portion due to a number of challenges preventing their
wider application [2,11]. The primary reason protein adhesives cannot be utilized in more
applications is their lack of water resistance [4] and wet strength [12,13], yet there is still a
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growing interest in protein adhesives as evidenced by the increasing rate of publication,
which is shown in Figure 1.
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Figure 1. Publication of articles indexed by the ScienceDirect database found under the search term
“Protein adhesives” since 2010.

Proteins are the most abundant class of bio-based adhesive feedstocks [4]; they are
primarily linear polyamides composed of polypeptides linkages of amino acids [14]. The
fundamental structure is determined by the polypeptide structure of the protein [15]. Side
chains of amino acids can form bonds with several substances, including cellulose and
lignocellulose [16]. Yet, certain potentially reactive side chains are not on the surface of the
protein. Moreover, the loss of the adhesive bond under moist conditions occurs within the
adhesive itself (cohesive failure) and not between the wood and the adhesive [16]. Proteins
have to be denatured to expose the functional groups, facilitate stronger bonding to wood,
and enable the aggregation of protein molecules [16].

The overall mechanism to produce protein-based adhesives is a denaturing process
that involves an aqueous reaction matrix [17]. The goal of the denaturation process for the
formation of adhesives is to dissolve the quaternary, tertiary, and secondary structures of
the protein [17,18]. The addition of a strong base increases the pH of the proteins above their
isoelectric point [19]. Under this condition, the ions in the solution interfere with the hydro-
gen bonds and the electrostatic dipole–dipole interactions that allow the proteins to retain
their shape and higher-order structures [20]. Many of the natural, covalent cross-linking
groups (including cysteine and disulfide bonds) that maintain the tertiary structure in these
proteins are also vulnerable to disassociation under alkaline conditions [21]. By splitting the
cross-linking groups and interfering with the secondary bonding, this denaturation process
exposes the hydrophilic portions of proteins, which allows these adhesive groups to adsorb
strongly onto substrates (as a glue) and filler materials (as a binder/resin) [22]. The condi-
tions commonly used to denature proteins, especially temperature and pH modification,
also catalyze the hydrolysis of the proteins [23]. This results in lower-molecular-weight
protein fragments that suffer a significant loss of shear strength, especially when the chains
become too short to entangle with each other [24]. Reaction time, temperature, and pH can
be optimized and controlled to achieve denaturation without significant hydrolysis result-
ing in high-quality adhesives and a chemical foundation for other polymeric substances
(such as resins and coatings) [25].
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The quantity of amino acid residue and its position along the polypeptide chain are
the primary determinants of the physical and chemical properties of proteins [15]. Figure 2
shows how the primary structure of proteins is naturally folded into secondary structures
such as α-helices or β-sheets as triggered by the specific amino acid sequences. This process
leads to the presentation of some polar groups that may associate with other polar groups
to create a stable tertiary structure. Thus, several varieties of sequences can be formed
based on the amino acid’s number, chaining, and percentage [4]. The functional groups
present in the side chains of the polypeptide structure determine the hydrophilicity or
hydrophobicity of the amino acid. It offers interactions with carboxyl or hydroxyl groups
in wood coupled with its cross-linking sites [26].
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Water can degrade protein adhesives by altering the adhesive’s physical and chemical
characteristics. Protein adhesives are primarily composed of water-sensitive animal or
plant proteins that undergo structural changes when exposed to moisture, even after
conversion into adhesives, thus the adhesive also suffers from water-exposure-based
structural failures [27].

When water interacts with protein adhesives, it can break the hydrogen bonds and
other intermolecular interactions that hold the protein structure together [27]. This can
result in the adhesive losing its strength, becoming brittle, and losing its ability to adhere
to surfaces [27].
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The poor water resistance is linked to the multiple polar groups of most of the proteins
which make the adhesives absorb water and weaken the bond between the two surfaces [28].
Another author ascribed the reason to the large constituent of carbohydrates in soy flour
which contains abundant hydroxyl groups [18]. Fourier Transform Infrared (FTIR) analysis
has shown that water quickly forms hydrogen bonds with hydrophilic groups, thereby
resulting in poor water resistance [29]. The reduction in the carbohydrate content decreased
the hydrophilicity [29]. Protein adhesives especially soy-based adhesives are expected to
witness significant growth with a compound annual growth rate of around 7% from 2019
to 2025 [11]. The expansion is due to the environmental benefits offered by the products
which is the major factor for the increasing demand [30].

Protein adhesives have the potential to overtake an increased share of the wood
adhesives market in the future if the problem of poor water resistance can be mitigated.
There have also been some promising results in the use of bio-based adhesives based on
tannins [31], lignins [32], and starch [33]. The use of these bio-based materials will also be
discussed in this paper, especially as used as additives or modifiers for protein adhesives.

2. Strategies to Improve Water Resistance in Protein Adhesives

Generally, the applications of protein adhesives are limited by their low water resis-
tance. Several strategies are utilized to mitigate or overcome this challenge, including
thermochemical treatment, cross-linking networks, and using modified fillers. This paper
will review contemporary strategies including bio-based and synthetic treatments.

2.1. Cross-Linking Networks

Cross-linking is a common method for creating or enhancing a network structure,
hence improving the protein structural stability and adhesive capabilities of soy protein-
based adhesives [34]. These materials are added to protein adhesives during their prepa-
ration or before their application [31]. Cross-linking modifications using latex, synthetic
resin, polyamide-epichlorohydrin, and isocyanate have been shown to be efficient methods
for increasing the water resistance of an adhesive [32,33,35,36].

2.1.1. Synthetic Cross-Linking Agent Sources

There are numerous advantages to synthetic sources including their ease of use, wide
range of applications, and low cost [37]. Most of these synthetic sources are derived
from petroleum and are known for releasing volatile organic compounds that are likely to
contaminate the environment and offer possible health problems [38,39]. These sources also
do not offer highly sustainable, green production options which have become a priority in
many manufacturing sectors, including the adhesives markets.

The effects of the storage stability of polyamidoamine-epichlorohydrin (PAE) resin on
the properties of defatted soybean-flour-based adhesives were explored by Gao et al. [36].
Polyamidoamine-epichlorohydrin is a water-soluble polymeric resin widely utilized in pa-
per sheets as a wet strength enhancer [40,41]. The team explored different modifications of
PAE like a polyamidoamine (PA) without incorporating epichlorohydrin and two samples
of epichlorohydrin-modified polyamidoamine with different solid contents of 25% (PAE-25)
and 12% (PAE-12), respectively [36].

The blending of polyamidoamine-epichlorohydrin and defatted soybean flour (DSF)
revealed the cross-linking reactions of both constituents, thereby indicating that the azeti-
dinium units of polyamidoamine-epichlorohydrin can effectively cross-link with the amines
group and the DSF’s carboxyl groups to form three-dimensional cross-linking structures to
enhance the water resistance of the DSF-based adhesives [36]. The wet shear strength of
plywood panels bonded with DSF adhesive and fresh PAE-25 and PAE-12 is 1.22 MPa and
1.30 MPa, respectively, and reduces by around 30% after 56 days of storage to 0.79 MPa,
whereas that of plywood bound with adhesive DSF-PAE-12 decreases by around 17% to
1.07 MPa, thereby demonstrating the effective stability of PAE-12 compared to PAE-25 [36].
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Kan et al. explored the possibility of using both polyamidoamine-epichlorohydrin
and melamine–urea–glyoxal resins to formulate double-network structures through their
cross-linking to soybean-meal-based adhesive with stable and required water resistance for
structural use and several analyses, including Nuclear Magnetic Resonance (NMR), Ther-
mogravimetric Analysis (TGA), X-ray Photoelectron Spectroscopy (XPS), and FTIR, which
revealed the double-network structure [42,43]. Co-cross-linking between polyamidoamine-
epichlorohydrin and melamine–urea–glyoxal resins by aldehyde-amino and azetidinium-
amino reactions expanded the three-dimensional networks even further [42]. The advan-
tage is that more than 35% of the expensive polyamidoamine-epichlorohydrin could be
replaced by low-cost melamine–urea–glyoxal resin, thereby resulting in an adhesive at a
16% reduced cost [42]. The co-cross-linker and soybean meal adhesive had superior storage
stability than melamine–urea–glyoxal and polyamidoamine-epichlorohydrin resins with a
wet strength of around 0.95 MPa after 60 days [42].

The impacts of cross-linked phenol–formaldehyde resin and the reaction between
glutamic acid and hydroxymethyl phenol (HPF) on the performance of soy-based adhesives
were studied by Wu et al. [33]. The addition of HPF increased the dry shear strength from
0.98 MPa up to 1.81 MPa and the wet strength from zero to 1.18 MPa [33]. HPF-containing
formulations prepared by the researchers had a higher content of hydroxymethyl groups,
which are the main reactive groups that affect the adhesive properties, compared to a normal
PF resin [38]. The results from several experiments based on resultant products derived
from model compounds revealed that the soy-protein-based adhesive modified with phenol-
to formaldehyde-based resin exhibited improved water resistance, indicating a reaction
between soy protein and phenol–formaldehyde resin [33]. Although phenol–formaldehyde
resin is hazardous, this research gave light on how aldehyde and its derivatives modify
soy-based adhesives.

The introduction of wheat gluten protein hydrolysate for the preparation of non-toxic
protein-based adhesives was evaluated by Xi et al. [44]. Glutaraldehyde was modified to
prepare the adhesive [44]. Also, they explored polyethyleneimine as the cross-linking agent.
Thermomechanical analysis showed that the modulus of the adhesive increased due to the
addition of PEI, which also increases the wet shear strength from 0.91 MPa to 2.02 MPa.
Glutaraldehyde modification also increased the dry strength from 0.76 MPa to 1.14 MPa.
The authors attributed the motivation to use these materials to the water solubility proper-
ties of polyethyleneimine because it is very reactive and has been discovered to improve
wet strength in paper preparation [45,46]. Aside from improving the bonding performance
of the adhesives, polyethyleneimine improves its storage modulus and toughness.

Lei et al. studied the effect of several cross-linkers (melamine–formaldehyde, epoxy
resin, and their mixture) on the water resistance of soy protein adhesives. Aside from
preparing an adhesive product with excellent water resistance, they also intended to im-
prove and optimize the composition of components of multiple cross-linkers [43]. The
results showed that all three cross-linkers enhanced the performance of the protein ad-
hesive [43]. The mixture of both epoxy resin and melamine–formaldehyde cross-linker
stood out from the individual product and was confirmed by different mechanical tests as
having the best water resistance of the formulation systems tested [43]. The improvement
of water resistance modified by these cross-linkers might be due to the reaction between
melamine–formaldehyde and –NH, as well as the reaction between epoxy and –OH [43].
Thus, this research was able to prepare an adhesive with excellent water resistance as well
as effectively optimize the proportion of its components.

Zeng et al. introduced a tailor-made cross-linker containing flexible long chains and
multiple epoxy groups [47]. The multiple epoxy groups joined together with the hydrophilic
groups to design dense cross-linking networks, thereby improving the water resistance and
wet bonding strength of the protein adhesive [47]. Another cross-linker bis(hexamethylene)
triamine was synthesized by adding triethylenetetramine and 1, 6 hexadiol glycidyl ether
to a flask followed by continuous stirring under controlled temperature [47]. Additionally,
the flexible long chains contributed to the enhancement of the toughness of the adhesive,
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which increased the dry bonding strength and wet bonding strength from 1.11 MPa and
0.22 MPa to 2.79 MPa and 1.12 MPa, respectively [47]. Thus, this research provided a novel
strategy for developing environmentally friendly material and bio-based adhesives with
excellent water resistance and bonding strength.

Previous research has shown that developing a hyper-branched, cross-linked structure
considerably raises the adhesive’s cross-link density in the cured adhesive, thereby blocking
moisture intrusion [48]. Zhang et al. improved on this research and subsequently built
a flexible long-chain biopolymer with a hyper-branched structure and used it to create a
unique, high-performance soymeal adhesive with a highly cross-linked structure and wet
strength of 1.00 MPa, which is around 300% higher compared to soymeal adhesive with a
wet strength of 0.22 MPa [49]. The team synthesized a long-chain dialdehyde starch grafted
with hyper-branched polyamide to produce hyper-branched amino starch [49]. Thus, the
resulting adhesive was found to be economical with great water resistance and outstanding
mechanical qualities, and it has been successfully put to industrial pilot-scale manufac-
turing with the resulting plywood meeting the standards for interior usage [49]. Wheat
flour adhesives can be made more water-resistant through the simultaneous modification
of its two primary components, wheat starch and wheat protein, into a water-resistant,
three-dimensional, cross-linked network structure [50]. For the most part, raising the
temperature causes carbohydrates and proteins to undergo a Maillard reaction, resulting in
self-cross-linked network structures [50].

It has been confirmed that thermal treatment of wheat protein is an effective method for
unfolding the glutenin protein structure, which enhances the aggregation of the structure
and inter-molecular disulfide/sulfhydryl exchange reactions [51]. An anionic surfactant,
sodium dodecyl sulfate could be utilized to alter the wheat flour’s protein and starch
content [51]. Because sodium dodecyl sulfate can react with the hydrophobic groups of the
wheat protein to obliterate the hydrophobic reactions and efficiently open up the protein
structure, as well as interact with the wheat starch component to form starch–sodium
dodecyl sulfate complexes, sodium dodecyl sulfate modification may lead to improved
mobility and storage stability of starch-based adhesives [52–54].

Thus, Bai et al. worked on investigating the possibility of preparing water-resistant
wheat-flour-based adhesives for wood applications by subjecting wheat flour to
thermal–sodium dodecyl sulfate (SDS) or thermal–acid treatment, followed by cross-linking
with a reactive polymeric diphenylmethane disocyanate (p MDI) resin coupled with the
addition of a polyvinyl alcohol solution as an aqueous polymer [55].

Improved cross-linking density from self-aggregation and inter-change reaction be-
tween wheat proteins, the Maillard reaction between wheat starch and wheat protein,
and the cross-linking reaction between thermal–SDS-treated wheat flour and cross-linker
p-MDI all contributed to the adhesive’s increased water resistance, which increased the wet
strength from 0.29 MPa to 1.22 MPa [55]. Nevertheless, the thermal–chemical treatment
should be performed in the presence of non-toxic chemical substances. It is noteworthy that
many crude/raw sources of proteins also contain appreciable levels of carbohydrates, which
offers the Maillard reaction enhancement pathway for the resulting adhesives produced
from these protein sources.

The strategies for improving the water resistance of protein adhesives, particularly soy-
based product, was investigated by Wang et al. [56]. The team modified defatted soy flour
by applying waterborne polyurethane resin and investigated the impact of the waterborne
polyurethane on the water resistance of the adhesive through several experimental tests,
including tensile tests, thermogravimetric analyzer analysis, scanning electron microscopy,
and Fourier transform infrared spectroscopy [56]. Waterborne polyurethane was selected
for this research due to its non-toxicity and excellent chemical and mechanical properties;
also, waterborne polyurethane is widely used in adhesive, textile, building materials,
paint, and leather processing industries [57]. The results showed that the initial denature
temperature of the adhesive with waterborne polyurethane modification was lesser than the
initial denature temperature without waterborne polyurethane modification [56]. Thus, this
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implied that the initial denature temperature with waterborne polyurethane modification
showed better water resistance and mechanical performance, which increased the wet shear
strength from 0.65 MPa to 1.1 MPa [56]. Aside from the fact that waterborne polyurethane
reacts with the reducing sugar and active groups in soy protein structures, it also forms a
reaction with the active groups in the wood structure, thereby facilitating the significant
improvement of the water resistance [56]. The waterborne polyurethane-modified protein
adhesive has shown a potential to replace the conventional formaldehyde-based resin,
thereby reducing the dependency on petrol-based products.

Xu et al. explored cottonseed meal as the raw material for protein adhesives [58].
They studied the effects of modifier reaction conditions and additions on the bonding
properties of the adhesive as well as the modification mechanism [58]. Cottonseed protein
has not been fully utilized by other markets (access product resulting in low cost); thus, it
can help reduce the cost of adhesive, as it is cheaper than soy protein. At the same time,
this excess supply of cottonseed protein can be used to overcome the demand and supply
limits of soybean protein, thereby providing an additional high-value usage of cottonseed
meal [59]. Figure 3 shows the cross-linking mechanism between soy protein isolate (SPI),
polyacrylamide (PAM), and 1,2,3-propanetriol-diglycidyl-ether (PTGE) through which the
components form a larger network structure [60].
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2023, Industrial Crops and Products.

The team blended different proportions of isocyanate with cottonseed protein adhe-
sive [58]. The results showed that the solid content and viscosity of the adhesive increased
with the addition of isocyanate proportion, and the researchers confirmed that the solid
content of adhesive has impacts on the viscosity of the adhesive, thereby affecting the bond-
ing strength, wettability, sizing effect, and amount of glue [58]. The wet bonding strength
increased from 0.65 MPa to 1.68 MPa. The increase in the amount of isocyanate translated
to a reduction in the application period of the adhesive [58]. Thus, this implies that the
preparation process of the constituents (cottonseed protein adhesive and isocyanate) needs
to be further explored [58]. Nevertheless, this research provides practical and theoretical
guidance and a basis for the preparation of novel low-cost bio-based adhesives and explores
a new way for utilizing the waste cottonseed meal.

15



Sustainability 2023, 15, 14779

A summary of the wet strengths found from various proteins combined with cross-
linking agents is given in Table 1.

Table 1. Summary of wet bond strengths of proteins with their cross-linking agents.

Protein and Cross-Linking Agent Wet Bonding Strength (MPa) Reference

Wheat protein 0.44
[44]GPPEI 2.02

Soy protein 0
[43]EPR + MF/SP 0.85

Soy protein 0.22
[47]EG/SP 1.12

Soymeal 0.22
[49]SM/TGIC/HD 1.0

Wheat flour 0.29
[55]T-SDS-WF 1.22

Soy protein 0.65
[56]WPU/SP 1.1

Cottonmeal 0.65
[58]CM/Isocyanate 1.68

Abbreviations: GPPEI—glutaraldehyde-polyethyleneimine-modified wheat protein; EPR + MF—epoxy resin
and melamine–formaldehyde modified soy protein; EG/SP—epoxy groups modified soy protein; SM/TGIC/
HD—hyperbranched triglycidyl isocyanurate modified soybean meal; T-SDS-WF—thermally treated sodium
dodecyl sulfate modified wheat flour; WPU/SP—waterborne epoxy emulsion modified soy protein;
CM/Isocyanate—isocyanate-modified cottonmeal.

2.1.2. Bio-Based Cross-linking Agent Sources

Bio-based sources are synthesized from biomass and renewable materials. Thus, it
potentially has the advantages of lower environmental toxicity, renewability, and sustain-
ability.

Pang et al. successfully prepared waterborne epoxy emulsion through graft polymer-
ization to generate an oil-in-water emulsion [61]. As determined by different character-
ization tests including Fourier Transform Infrared Spectroscopy (FTIR), the synthesized
waterborne epoxy emulsion (WEU) had good dispersibility and stability and was deemed
an efficient cross-linker for generating multiple stable cross-linking networks with soy
protein molecules [61]. The results showed a significant water resistance improvement with
a wet shear strength of 0.71 MPa compared to unmodified soy-protein-based adhesive with
a wet shear strength of 0.39 MPa and meet the requirements of interior-usage plywood
which is either greater than or equal to 0.7 MPa [61].

A group of researchers worked on exploring an enzyme complex (Aspergillus niger) by
using soybean hulls as a substrate for the development of the protein adhesive. An inex-
pensive Aspergillus niger fermentation broth contains an enzyme complex that performed
exceptionally well at hydrolyzing the polysaccharides in defatted soy flour [62,63]. The
decreased quantity of water-insoluble materials and the weakened rheological properties of
the slurry were evidence that this enzyme complex effectively hydrolyzed polysaccharides
in defatted soy flour [64]. In this study, different soy polysaccharides were hydrolyzed into
reducing sugars using an enzyme broth made up of A. niger which is particularly effective
for doing so. The exposed functional groups of the modified soy protein reacted with the
reducing sugars, significantly enhancing the soy adhesive’s water resistance. The reaction
between reducing sugars and soy protein increased the strength and water resistance of
soy adhesives, which together helped to increase wet bonding strength [64]. Although
the synthesis process is quite complicated, there is a lot of potential for the self-cross-
linked soy adhesive created by this practical and affordable technology to replace synthetic
wood adhesives.
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Due to their catechol composition, marine mussels possess excellent adhesive char-
acteristics [61]. This catechol structure is capable of forming strong hydrogen bonds with
the substrate and reacting with amino groups after oxidation to quinones [65,66]. Thus,
catechol-structured biomass raw materials appear to offer an excellent option for cross-
linking soybean protein adhesives.

Zheng et al. built on previous research by developing a lignin with a catechol structure
using a single-step demethylation [67]. Copper ions, lignin, and soybean protein isolate
were combined to produce a bio-based adhesive with a triple network structure without
the use of an epoxy cross-linking agent derived from petroleum, thereby expanding the
potential value of bio-based adhesives in industrial applications and production while
increasing the overall sustainability of the potential process [67]. Catechols were randomly
oxidized into quinones, and lignin’s self-bonding properties made it possible to form both
covalent- and hydrogen-bond cross-links with just the addition of lignin [67]. Due to
the abundance of metal coordination and hydrogen bonds in the system, which serves
as a mechanism for energy dissipation, the adhesive demonstrated the ideal viscosity,
outstanding coating characteristics, and tensile strength [67]. The increased number of
glue nails and lower viscosity helped create a strong adhesive bond in the wood while the
adhesive’s water resistance can be attributed to its dense cross-linked structure [67].

Tung oil is extracted from the tung tree’s seeds or kernels [68,69]. Most commonly, it
is found in inks, coatings, and resins, but it is also used as a natural varnish for wood [68].
About 80% of its fatty acid content is a conjugated, trienoic fatty acid, which gives it its
distinctive drying properties [68]. Tung oil’s high iodine value, rapid drying time, increased
water resistance, and increased hardness as a result of its high level of unsaturation make
it a desirable protective coating material [70,71]. He et al. worked on the application
of tung oil on adhesives produced from cottonseed protein isolate and water-washed
cottonseed meal [72]. The water resistance test was performed by immersing the glued
wood specimens in a water bath followed by drying at room temperature for more than
18 h [72]. Water-washed cottonseed meal and cotton-seed protein isolate with tung oil
showed improved adhesive strength, compared to tung oil-free adhesive controls [72].
The addition of tung oil to water-washed cottonseed meal and cotton-seed protein isolate
also increased their resistance to water by over 40%. Optical microscopic photographs of
bond lines of these bonded wood pairs demonstrate that the improvement was mostly
attributable to the tung oil’s ability to prevent the adhesives from diffusing away from the
bond joints [72]. This research has shown that promoting cottonseed protein products as
wood adhesives over wheat and soy protein products will alleviate long-term concerns
about global food security.

Another bio-based material for cross-linking is tannic acid processed from vegetable
tannins [73]. Tannic acid has been widely used as a cross-linking material for different
biopolymers like chitin whiskers, chitosan, collagen, casein, albumin, and gelatin [73–79].
Tannic acid is categorized as a tannin which is processed through hydrolysis under mild
alkaline or acidic conditions to obtain phenolic acids and carbohydrates [73].

For their research, Ghahri et al. worked on the application of tannic acid for modifying
soy flour adhesives, thereby increasing their moisture resistance for wood applications [80].
The tannic acid solution was mixed with the soy slurry and reacted with soy flour to
form a cross-linked network, thereby increasing the water resistance and mechanical
properties of manufactured wood panels. Figure 4 shows the cross-linking mechanism
between amino acids and tannic acids, where the protein–tannin complexes self-associate
through hydrogen bonding [80]. The modulus of elasticity was increased from 3213 MPa
to 3590 MPa, the modulus of rupture increased from 17 MPa to 18 MPa, and the shear
strength increased from 1.43 MPa to 1.96 MPa [31]. The delamination test was successfully
completed by plywood manufactured using adhesives produced from tannic-acid-modified
soy flour [80]. Adding tannic acid to the soy glue recipe enhanced the plywood’s shear
strength [80]. Fiberboard tests revealed that the modified soy-based glue improved the
resulting board’s water resistance and thickness swelling in addition to enhancing its
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mechanical properties [80]. This has shown to be a good way to bring new eco-friendly
and water-resistant soy-based adhesives to the wood composites industry.
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Lignin-based resin reacted with itself and protein molecules to form an interpenetrat-
ing and cross-linking network [81]. Lignin exists in plant materials/products like sorghum,
corncob, and wood and has a cross-linked and aromatic structure comprising of several
building units [81]. Due to the availability of aromatic compounds derived from plants
which are renewable products, the de-polymerization of lignin can be applied to make
bio-based polymers [82,83]. Another property of lignin is that some of the compositional
structures have similar features to phenol, thus providing the potential to replace phenol in
the phenol–formaldehyde resin preparation [81].

The use of lignin-based resin increased the wet shear strength and the water resistance
of the resulting soymeal-based adhesive [84]. The researchers attributed the successes
to the following reasons: the formation of a cross-linking network due to the reaction
between the soy protein molecules and the lignin-based resin; the formation of a smoother
fracture surface, thereby preventing the intrusion of moisture; the formation of an interpen-
etrated network by self-cross-linking lignin-based resin molecules and cross-linked protein
molecules; an improvement in the thermal stability of the adhesive; and the resultant
appropriate viscosity, thereby benefiting the adhesive distribution and forming a stronger
interlock [84].

Pradyawong et al. worked on studying the effects of Kraft lignin on lignin and protein
interactions through thermal and rheological properties and the adhesion performance of
the protein product [85]. Previous research has shown that Kraft lignin is hydrophobic in
nature and has a high content of aliphatic hydroxyl groups allowing for reactive modifica-
tion and serving as a superb substrate for lignin-derived products [86,87]. Lignin and soy
protein were mixed at different weight ratios, and the results showed an improvement in
water resistance due to the unfolding of the hydrophobic group to the protein structure [85].
Another advantage is that the lignin increased the thermal stability and dispersal of the
soy protein adhesives [85]. The team explored more research on Kraft lignin by modify-
ing laccase/TEMPO lignin to study its adhesion properties and performance [88]. The
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synthesis process involves depolymerizing kraft lignin by laccase enzyme and TEMPO to
enhance the oxidation reaction of both non-phenolic and phenolic compounds [88]. The
unique advantage of this process is that it enhances the lignin–protein interaction [88]. The
simplified process of mixing the soy protein, kraft lignin, and laccase enzymes increased the
wet shear strength by 106% and strengthened the protein structure due to the interaction
between the –NH2 and –COO− group [88]. However, these interactions led to a decrease
in the spreadability and flowability [88]. Thus, we can conclude from this research that
it revealed a simplified synthesis process for adhesives’ preparation and shows that the
combination of these materials has great potential to fulfil the massive demand for green
products [88].

Another team of researchers led by Zhu also explored depolymerized lignin to improve
the water resistance of camelina protein [89]. In this case, the depolymerization of Kraft
lignin was completed by H2O2-induced oxidation via ultrasound irradiation to reduce the
thermal stability and particle size of the lignin and increase the hydroxyl content [89]. The
modified lignin contained more hydroxyl groups and smaller particles [89]. Ultrasound-
induced oxidation was more effective in inducing the disintegration of the lignin structure
and enhancing its reactivity [89]. Thus, the team developed a bio-based wood adhesive
from camelina proteins and copolymerized the product with the modified lignin [89]. Also,
they compared the product with the most commonly used adhesives like polymeric amine
epichlorohydrine, urea-formaldehyde-based adhesives, and NaHSO3-modified soy protein
adhesives [89]. The results showed that the oxidation-pretreated lignin-based adhesive
produced by this team had the highest water resistance and strongest intermolecular
interaction evaluated when compared to the other adhesives [89]. Industrial adhesive
uses of the non-edible camelina protein copolymerized with oxidized kraft lignin would
be beneficial to both the camelina oil-based energy business and the paper industry [89].
However, the synthesis process should be simplified for large-scale production.

Xiao et al. also worked on improving the water resistance of soy protein adhesives by
adding lignin. In this case, the researchers added extruded sorghum lignin and sorghum
lignin and investigated the adhesion properties [83]. They added extruded sorghum lignin
and sorghum lignin to soy protein adhesives in four different reaction solutions, namely,
modified soy protein, soy protein isolate, alkaline solution, and neutral water [83]. The
glued wood samples were soaked in tap water at room temperature for 48 h before being
air-dried in a fume hood [83]. When the combined amount of sorghum lignin and extruded
sorghum lignin grew from 30% to 50%, the water resistance improved [83]. This finding
suggests that when sorghum lignin or extruded sorghum lignin is blended into soy protein
adhesives at higher concentrations, the advantage of entrapping interaction between lignin
molecules and modified soy protein predominates, as opposed to being the driving force
behind the blended sorghum lignin and extruded sorghum lignin at lower percentages [83].
Soy protein adhesives combined with extruded sorghum lignin from modified soy protein
fared better in water resistance tests than those blended with sorghum lignin, whereas
the inverse was true for the range of blending percentages between 30% and 50% [83]. By
blending with sorghum lignin, soy protein adhesives’ shear strength and water resistance
were considerably enhanced, but the improvement with extruded sorghum lignin was
more pronounced when the mixed soy protein adhesives were suspended in water [83].
Further tests should be carried out by using other lignin. However, this research further
certified the potential of lignin for protein adhesives.

Lignin processed from the waste product of fermenting cellulosic-based sugars into
bioethanol was explored for protein adhesive by Xin et al. [90]. The researchers used Fenton
oxidation at room temperature in a basic aqueous solution to change the hydroxyl groups
in lignin into carbonyl groups (like ketones or aldehydes) [91,92]. Compared to previous
research projects, this particular lignin was insoluble in water and most organic solvents due
to its original highly branched structure [93]. In organic chemistry, reductive amination is a
highly efficient process for obtaining amino substituted products [93]. The team prepared
both unmodified lignin and partially depolymerized lignin and used both products for
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the preparation of lignin amines [90]. The results showed that the amine prepared via the
unmodified lignin has a greater effect on the water resistance and adhesion strength of soy
protein adhesives [90]. This research demonstrated a novel way of preparing adhesives
through the Fenton oxidation and reductive animation method [90]. This process provides
competitive advantages of non-toxic, high conversion, environmentally friendly reactions
and solvents at room temperatures [90]. The lignin amine might have a potential for usage
in other bio-based materials, such as polyurethanes and epoxy resins [90].

There are several issues associated with soy adhesives, such as high viscosity, the
requirement of cross-linking modification, and denaturation agent due to its high molecular
weight [94]. Due to the use of petrochemical agents, modified soy protein glue is not a
completely sustainable product [94]. The unstable performance of the soy protein glue
restricts its widespread use in the wood panel manufacturing business [94]. Therefore, a
soy protein adhesive with high bonding strength and water resistance, low cross-linker
addition, moderate viscosity, and consistent bonding performance must be developed [94].

This interest in enhancing the sustainability of soy-protein-based adhesives was the
basis for the research performed by Xu et al. to improve the qualities of soy protein
glues by using the recombination strategy [95]. Molecular recombination is simply the
deterioration of a substance followed by a recombination process to achieve excellent prop-
erties [96]. Through a process involving both biological and chemical alteration, molecular
recombination theory served as a guiding principle for the modification of the soy protein
adhesive [96]. Soy protein adhesives of varying molecular weights were manufactured by
breaking down soy protein molecules into tiny peptide chains using bromelain of varying
concentrations [96]. Using enzymatic hydrolysis, the protein endonuclease-bromelain
disrupted the peptide bonds in the soy protein molecules, resulting in the degradation of
the protein into short molecular polypeptide chains and a lower molecular weight [95].
Triglycidylamine, a bio-derived cross-linking agent, was used at low concentrations to
recombine these polypeptide chains [95]. Using a two-step procedure, the adhesive’s per-
formance and bond stability were enhanced by creating a consistent and stable cross-linked
network structure [95]. Meanwhile, the adhesive’s viscosity was lowered by employing
bromelain [95]. By replacing the weak hydrogen bond with a chemical bond during the
cross-linking step, water resistance in adhesives is enhanced [95]. After enzymatic hy-
drolysis, the molecular weight of the soy protein was measured [95]. The resulting soy
protein adhesives were analyzed for their viscosity, adhesive layer homogeneity, thermal
stability, functional groups, and micro-structure of the fracture surface [95]. Soy protein
adhesive plywood samples were fabricated, and their wet shear strength was evaluated [95].
These findings provided evidence for the beneficial effects and underlying mechanism of
molecular recombination involving soy proteins in the adhesives [95].

Mussel-inspired polydopamine coating utilizing dopamine chemistry has been demon-
strated to be an efficient method for enhancing the surface reactivity of diverse materials,
including hydrophilic and hydrophobic surfaces as well as inorganic and organic sub-
strates [97,98]. Also, solutions containing catechols had the highest adhesion energy,
indicating that adhesives containing catechols should also exhibit exceptional adhesion
energy [99]. The catechol groups of dopamine can oxidize to generate a reactive quinone
capable of undergoing Schiff base reactions or Michael-type additions with radical coupling
and nucleophiles with other amines or catechol in alkaline conditions without the use of
complicated equipment [100,101].

Pang et al. worked on the surface functional modification of mussel proteins to
enhance the weak surface reactivity of silkworm silk fiber [102]. The next step was the
application of the as-fabricated silkworm silk fiber to improve soy-based adhesives, thereby
generating a compact structure [102]. Several experimental analyses confirmed that tannic
acid, dopamine, and alkali lignin were successfully coated onto silkworm silk fiber [102].
The soy protein composite had improvements in properties like toughness and wet shear
strength. The results showed that the adhesive sample attained a high wet shear strength
that is far greater than the interior use standards.
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Undecylenic acid (UA) is a green chemical generated from castor oil by pressure-
cracking and is extensively utilized in the perfume, cosmetic, and pharmaceutical indus-
tries [103]. Undecylenic acid is non-soluble in water and has long hydrophobic chains,
thereby preventing water from gaining access into the interfacial surface of the wood
and adhesive coupled with a significant improvement of the wet shear adhesion strength
in the range of 35–62% [104]. Liu et al. focused on the development and characteriza-
tion of UA-modified soy proteins to enhance their water resistance for the production of
adhesives [104]. The team successfully incorporated undecylenic acid into soy protein
via the reaction between NH2 and COOH, which was confirmed by FTIR [104]. Also,
it confirmed the reduction in amino group concentration via the use of the ninhydrin
reagent [104]. Thus, this formulation created an effective pathway to develop biodegradable
and cost-effective adhesives.

2.1.3. Synthetic and Bio-Based Cross-linking Sources

Zhou et al. produced flame retardant and high-strength adhesive by combining the
effect of cross-linking strategy and borate chemistry [105]. Here, oxidized soybean polysac-
charide was complexed with borax to form an in situ cross-linking skeleton with periodate
oxidation–adipic acid dihydrazide via a Schiff base reaction; chitosan was introduced
for the purpose of improving the active sites as well as the water resistance; and the
process was inspired by borate chemistry in plants and the periodate oxidation–adipic
acid dihydrazide cross-linking strategy [105]. Hydrogen bonding and the covalent bonds
of acylhydrazone and borate ester are just two of the cross-linking networks that were
built into the soy-protein-based glue [105]. The researchers also aimed to develop an
environmentally friendly and effective cross-linking technique of polysaccharides, which
is crucial for their use in wood adhesives. The strength of borate-chelated polysaccharide
adhesive must be enhanced [105]. In recent years, the periodate oxidation–adipic acid
dihydrazide cross-linking technique has been applied successfully to the development
of robust polysaccharide-based composites, such as cellulose, starch, and pectin [106].
Also, periodate oxidation–adipic acid dihydrazide is environmentally friendly, and the
cross-linked polysaccharide material exhibits outstanding biocompatibility and mechanical
strength [107]. Thus, this cross-linking strategy has the potential to develop soy protein
adhesive with high cohesiveness, which was greatly enhanced by the double-network
structure resulting from multiple cross-linking [105]. The results showed that the wet and
dry shear strength increased significantly which was accompanied by a reduction in the
moisture absorption rate and an increase in the residual rate, thereby signifying excellent
water resistance and bonding strength [105]. The novel soy-protein-based adhesive signifi-
cantly reduced health threat and environmental emissions [105]. Although the synthesis
process is quite complicated, the process of producing excellent polysaccharide-based
materials does support its use [105].

Phenol-amine chemistry was applied toward the preparation of novel organic–in-
organic protein-based adhesives [108]. Li et al. developed a versatile and green strategy
for the development of a robust soy protein adhesive through bio-mineralization reinforce-
ment and phenol-amine synergy [108]. Thus, the researchers co-assembled hydroxyapatite
and gallic acid via calcium ion phenolic coordination bonds to synthesize gallic-acid-
functionalized hydroxyapatite [108]. In addition, a Schiff base reaction was used to graft
ε-polylysine with numerous amino groups to the phenolic gallic-acid-functionalized hy-
droxyapatite nanoparticles [108]. Several researchers have worked on synthesizing hydrox-
yapatite to prepare strong adhesives. For instance, Yu et al. incorporated hydroxyapatite
and polyvinyl alcohol to develop a composite microfiber with significant improvement
in flexibility and toughness [109]. In a similar vein, Jiang et al. developed a superior
gelatin-based adhesive via the incorporation of polydopamine-designed hydroxyapatite
nanoparticles [110]. The disadvantage is that these methods require tedious and com-
plex processes, the use of harmful chemicals and expensive raw materials. Li et al. have
been able to mitigate these challenges by developing a sustainable and simple strategy
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for preparing organic–inorganic biopolymer materials [108]. The results showed that the
synergistic effect of phenolic gallic-acid-functionalized hydroxyapatite with amine-rich
ε-polylysine and soy protein chains simultaneously increased the hybrid adhesive’s cohe-
sion and adhesion strength [108]. Also, the phenol-amine synergy and solid bio-mineralized
structure conferred water resistance and thermal stability to the resulting glue [108]. Thus,
the biomimetic approach offers a flexible method for producing biopolymer materials for
adhesives, films, coatings, and hydrogels [108].

2.2. Water Resistance from Modified Fillers

The addition of fillers can significantly impact the thermal and mechanical properties
of protein adhesive, and the mechanism involves the interaction between the protein
matrix and the filler material [111,112]. The incorporation of sodium montmorillonite (Na
MMT) into soy protein adhesives at different concentrations was explored by Qi et al. [113].
Sodium montmorillonite is the most extensively utilized kind of silicate clay in polymer
nanocomposites with properties, such as thermal and chemical stability, natural abundance,
and non-toxicity [114]. The material is widely employed as a reinforcing and nano-filler
material to produce nanocomposites owing to its high aspect ratio and unusual layered and
nanoscale structure [115]. Thus, Qi et al. worked on developing a novel soy protein and clay
system with excellent flowability and strong adhesion at high protein content [113]. Sodium
bisulfite (NaHSO3) was used in these formulations, and hydroxyethyl cellulose was used as
a suspension agent [113]. NaHSO3 can be utilized as a reducing agent to break the disulfide
bonds in protein molecules, thereby resulting in an increase in surface hydrophobicity,
solubility, and flexibility [116]. Another researcher, Zhang and Sun, corroborated this
claim by using NaHSO3 to break the disulfide bonds of soy glycinin to increase the surface
hydrophobicity [117].

The results showed that the addition of Na MMT significantly improved the adhesion
strength of the soy protein adhesives due to the adsorption of the soy protein molecules
on the surface of the interlayer of Na MMT via electrostatic interaction and hydrogen
bonding [113]. Thus, the water resistance of the soy protein/Na MMT increased to 4.3 MPa
compared to the 2.9 MPa of control SP at 8% Na MMT and the dry shear strength from
5.7 MPa to 6.38 MPa [113]. This research shows an innovative way to develop an adhesive
with excellent adhesion with the incorporation of silicate clay materials.

Ciannamea et al. prepared soy protein concentrate (SPC)-based adhesives and rice
husks (RCs) to produce particleboards with the main goal of upgrading the final water
resistance and mechanical properties of RH-SPC particleboards via the alkali treatment of
soy protein concentrate and rice husks, coupled with bleaching of rice husks with hydrogen
peroxide [118]. This facilitated chemical interactions via hydrogen bonds between the
more exposed hydroxyl groups of cellulose from rice husks and the polar groups of the
unfolded proteins of soy protein concentrate treated with alkali [118]. The particleboards
met the mechanical properties requirements for commercial use consideration but failed to
achieve the minimum requirements for water resistance as recommended by US Standard
ANSI/A208.1 [118,119]. The limitation was linked to the increase in the amorphous content
of the cellulose after dispersing rice husk in NaOH for a short period [118]. This drawback
is counterbalanced by the adhesive’s lack of formaldehyde and the use of complete rice
husks in particleboard production, which eliminates milling and screening procedures,
resulting in cost savings [118].

2.3. Removal of Hydrophilic Content

Gui et al. centered their research on the preparation of water-resistant soy flour ad-
hesives through the reduction in the water-soluble constituents [120]. Previous research
has shown that poor water resistance is mainly caused by feedstock water-soluble com-
ponents [29]. The design approach involved suspending the defatted soy flour in water
followed by the adjustment of the dispersion pH at different temperatures and time points
to 4.5 by adding NaOH and HCl solution, respectively [120]. Then, the sample with less
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water-soluble constituents was separated through a centrifugation [120]. The application
of the modified soy flour adhesive on poplar plywood shows that it had a wet strength of
1.02 MPa [120]. The remaining multi-level structures of soy protein contributed positively
to soy adhesives’ water resistance [120]. Although this is a simple and novel way of devel-
oping water-resistant soy adhesives, the product is still limited by low solid content and
fluidity compared to formaldehyde adhesives [120]. Thus, further research is required to
enhance these properties.

Zhang et al. subjected defatted soybean flour (DSF) adhesive to thermal treatment
at different test temperatures to improve its water resistance and investigate the effects
of the thermal pretreatment on increasing the water-insoluble content, crystalline degree,
and chemical structure [121]. The team also tested the thermal stabilities and bonding
qualities of soy adhesives made from thermal treatment DSF (T-DSF) and cross-linker
epichlorohydrin-modified polyamide (EMPA) [121]. The test result showed that the thermal
treatment facilitated the increase in the acetaldehyde value and water-soluble content
of T-DSF [121]. Thus, thermal treatment can enhance protein–carbohydrate Maillard
reactions, protein–protein self-cross-linking, and protein–EMPA cross-linking by unfolding
the globular form of soy protein and releasing hidden functional groups [121]. Uncertain are
the quantitative contributions of protein–protein self-cross-linking, protein–carbohydrate
Maillard processes, and protein–EMPA cross-linking, as well as their impact on the water
resistance of T-DSF-based adhesives [121].

Qi et al. investigated the effect of liquid 2-octen-1-ylsuccinic anhydride (OSA) on soy
protein adhesives [122]. The OSA possesses a long alkyl chain and oily nature coupled with
a succinylation reaction that can help enhance protein adhesion strength [122]. Thus, the
team studied the adhesive properties of soy protein adhesives modified by OSA at different
concentrations as well as characterized its physicochemical properties like morphological,
rheological, thermal, and turbidity properties [122]. The OSA modification increased the
wet shear strength in plywood samples up to 3.2 MPa with up to 60% wood cohesive failure
in comparison to 1.8 MPa of wet strength for the control. They found that the modification
of the soy protein adhesives with OSA facilitated the introduction of hydrophobic materials
to the protein structures [122]. Due to OSA’s hydrophobic properties, hollow cavities could
not form since water could not penetrate the interface between the wood surface and the
adhesive [122]. The researchers stated that this could be the primary factor for the soy
protein adhesives’ significantly improved water resistance [122].

Zhang et al. worked on the modification of soy protein adhesives using epoxidized
oleic acid and prepared the chemically modified adhesive soy protein and rice straw for-
mulation to produce a fiberboard that might serve as a viable substitute for wood-based
fiberboard [123]. The utilized epoxidized oleic acid contains many free epoxy groups that
could have a reaction with the functional amino groups in the SPI molecule. Epoxidized
oleic acid was utilized to react with the amino groups in SPI molecules to increase the
mechanical and water resistance qualities of the adhesive [123]. The team investigated
modified-SPI adhesive addition, the effects of NaOH concentration, and fiberboard density
on the water resistance and mechanical properties of rice straw fiberboards [123]. The
results showed that the fiberboards have optimal water resistance and mechanical perfor-
mance, which is due to the reaction between the soy protein and the epoxidized oleic acid,
and the removal of the wax layer using NaOH with a water resistance value of around
64% [123]. The advantage is that the raw materials are low-cost and easily biodegradable;
thus, these fiberboards are an excellent substitute for petroleum-based panels and can be
utilized in indoor furniture and decoration.

3. Conclusions

This review paper has outlined recent strategies for improving the water resistance of
protein adhesives, which are categorized into cross-linking networks, separation techniques,
and modifications with different reagents. In each case, the researchers explored the use of
synthetic, bio-based, or a combination of both.
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Cross-linking improves the water resistance and adhesive strength of protein adhe-
sives [124]. However, this strategy can increase the complexity of the manufacturing process
while some of the agents are harmful to the environment [33]. The use of naturally occur-
ring modified fillers has shown to be effective in improving the water resistance of wood
adhesives; however, the challenge is that they may require additional processing steps [113].
The most promising strategy is the removal of hydrophilic content because it does not
require a complex synthesis process and is suitable for large-scale applications [120].

The trends have shown that many researchers have started to explore the possibili-
ties of bio-based sources for improving water resistance in protein adhesives due to their
sustainability and renewability [125]. However, the researchers should try to simplify
the synthesis process for large-scale applications. The combination of both tried to opti-
mize its advantages but came with a more complicated synthesis process and expensive
raw materials.

An epoxy cross-linking agent has been shown to be efficient for interior plywood
use (≥0.7 MPa) like flooring, ceiling, etc., but its exterior usage has not been fully estab-
lished [124]. The complete replacement of petrol-based wood adhesives with protein is not
feasible unless the limitations of protein adhesives are eliminated. Thus, it is essential for
the industry stakeholders to continue to develop viable ways to overcome these challenges
to move from a petroleum-based economy to a more sustainable economy and to minimize
the use of formaldehyde-based adhesives.

While continuing to improve water resistance and wet strength, future research should
also include reducing the complexity and reaction times of these water-resistance amend-
ments because wood composite industries need to make products using fewer steps with
short press times in order to be cost-competitive. The combination of proteins with starches,
lignin, tannins, and other biomass sources is likely to be a continued area of interest with
great potential. Further research should also be conducted to assess the environmental
impacts of these novel modifications. One would expect that if the protein adhesives are
made more water-resistant, the biodegradability will be affected. The likely environmental
fate of the modified proteins, cross-linking agents, and other additives should also be
determined before commercializing on a large scale.

Author Contributions: Conceptualization, W.M.C., O.V.O. and M.E.Z.; writing—original draft prepa-
ration, O.V.O., M.A.L., W.M.C. and M.E.Z.; writing—review and editing, W.M.C. and M.E.Z.; supervi-
sion, W.M.C. and M.E.Z.; funding acquisition, M.E.Z. and W.M.C. All authors have read and agreed
to the published version of the manuscript.

Funding: This review was funded by the Energy Institute of Louisiana, the University of Louisiana,
and the Industrial Ties Research Subprogram (contract number: LEQSF (2022-25)-RD-B-06) of the
Louisiana Board of Regents. The APC was funded by the Energy Institute of Louisiana.

Acknowledgments: The authors thank Isabel Dacdac for her assistance with the literature search.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Grand View Research. Wood Adhesives Market Growth & Trends. Grand View Research. Available online: https://www.

grandviewresearch.com/press-release/global-wood-adhesives-market (accessed on 21 March 2023).
2. Pradyawong, S.; Li, J.; He, Z.; Sun, X.S.; Wang, D.; Cheng, H.N.; Klasson, K.T. Blending Cottonseed Meal Products with Different

Protein Contents for Cost-Effective Wood Adhesive Performances. Ind. Crop. Prod. 2018, 126, 31–37. [CrossRef]
3. Antonio Pizzi, K.M. Wood Adhesives, 1st ed.; CRC Press: London, UK, 2011; p. 462. [CrossRef]
4. Raydan, N.D.V.; Leroyer, L.; Charrier, B.; Robles, E. Recent Advances on the Development of Protein-Based Adhesives for Wood

Composite Materials—A Review. Molecules 2021, 26, 7617. [CrossRef]
5. Wibowo, E.S.; Lubis, M.A.R.; Park, B.D.; Kim, J.S.; Causin, V. Converting Crystalline Thermosetting Urea–Formaldehyde Resins

to Amorphous Polymer Using Modified Nanoclay. J. Ind. Eng. Chem. 2020, 87, 78–89. [CrossRef]
6. He, Z.; Zhang, Y.; Wei, W. Formaldehyde and VOC Emissions at Different Manufacturing Stages of Wood-Based Panels. Build.

Environ. 2012, 47, 197–204. [CrossRef]
7. Kumar, R.N.; Pizzi, A. Environmental Aspects of Adhesives—Emission of Formaldehyde. Adhes. Wood Lignocellul. Mater. 2019, 1,

293–315. [CrossRef]

24



Sustainability 2023, 15, 14779

8. Congress. Formaldehyde Standards for Composite Wood Products. Public Law, 2010, Title VI (II). Available online: https:
//www.congress.gov/111/plaws/publ199/PLAW-111publ199.pdf (accessed on 21 March 2023).

9. Kristak, L.; Antov, P.; Bekhta, P.; Lubis, M.A.R.; Iswanto, A.H.; Reh, R.; Sedliacik, J.; Savov, V.; Taghiyari, H.R.; Papadopoulos, A.N.;
et al. Recent Progress in Ultra-Low Formaldehyde Emitting Adhesive Systems and Formaldehyde Scavengers in Wood-Based
Panels: A Review. Wood Mater. Sci. Eng. 2023, 18, 763–782. [CrossRef]

10. Podlena, M.; Böhm, M.; Saloni, D.; Velarde, G.; Salas, C. Tuning the Adhesive Properties of Soy Protein Wood Adhesives with
Different Coadjutant Polymers, Nanocellulose and Lignin. Polymers 2021, 13, 1972. [CrossRef] [PubMed]

11. Grand View Research. Wood Adhesives Market Size. Grand View Research. Available online: https://www.grandviewresearch.
com/industry-analysis/wood-adhesives-market (accessed on 21 March 2023).

12. Cholewinski, A.; Yang, F.; Zhao, B. Algae-Mussel-Inspired Hydrogel Composite Glue for Underwater Bonding. Mater. Horiz.
2019, 6, 285–293. [CrossRef]

13. North, M.A.; Del Grosso, C.A.; Wilker, J.J. High Strength Underwater Bonding with Polymer Mimics of Mussel Adhesive Proteins.
ACS Appl. Mater. Interfaces 2017, 9, 7866–7872. [CrossRef] [PubMed]

14. Tsujimoto, Y. Molecular Biology of Cell Death. Jpn. J. Cancer Chemother. 1994, 21, 591–595.
15. Diani, J.; Gall, K. Finite Strain 3D Thermoviscoelastic Constitutive Model. Polym. Eng. Sci. 2006, 46, 486–492. [CrossRef]
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Abstract: Worldwide demand for man-made cellulosic fibres (MMCF) are increasing as availability
of cotton fibre declines due to climate change. Feedstock for MMCF include virgin wood, agricultural
residues (e.g., straw), and pre- and post-consumer cellulosic materials high in alpha-cellulose content.
Lyocell MMCF (L-MMCF) offer large advantages over other MMCF processes in terms of both
environmental and social impacts: the solvent for cellulosic dissolution, n-methyl-morpholine-n-
oxide, can be recycled, and the process utilizes non-toxic chemicals and low amounts of water. Hemp
can be a preferential cellulosic feedstock for L-MMCF as hemp cultivation results in carbon dioxide
sequestration, and it requires less water, fertilizers, pesticides, and herbicides than other L-MMCF
feedstock crops. These factors contribute to hemp being an environmentally conscious crop. The
increased legalization of industrial hemp cultivation, as well as recent lifts on cannabis restrictions
worldwide, allows accessibility to local sources of cellulose for the L-MMCF process. In addition,
hemp biomass can offer a much larger feedstock for L-MMCF production per annum than other
cellulosic sources, such as eucalyptus trees and bamboo. This paper offers perspectives on the
agricultural, manufacturing, and economic opportunities and challenges of utilizing hemp biomass
for the manufacturing of L-MMCF.

Keywords: man-made cellulosic fibres; lyocell process; hemp biomass; environmental impact; regenerated
cellulose fibres

1. Introduction

Worldwide fibre production has nearly quadrupled since 1970, leading to numerous
environmental impacts including air and water pollution, textile waste and microplastic
creation [1]. Of the over 100 millions tonnes of fibres produced annually, polyester—an
energy intensive, petrochemical-based fibre—and cotton—a cultivated fibre requiring large
volumes of water and chemical resources to grow—account for the greatest share of fibre
volume at 54% and 22%, respectively [1–3]. Lyocell, a man-made cellulosic fibre (MMCF),
is created by directly dissolving cellulose in n-methyl-morpholine-n-oxide (NMMO), a
non-derivative, non-toxic solvent of which 99.5% can be recovered in the Lyocell MMCF
(L-MMCF) process [4,5]. Feedstock for the L-MMCF process can come from any high
alpha-cellulose-based material including wood, plants, and even pre- and post-consumer
textiles (e.g., cotton garments). However, the use of virgin resources, such as eucalyptus
trees or bamboo, as L-MMCF feedstock has been linked to deforestation [6–8]; farming
methods can use large amounts of water, fertilizers, and herbicides, as well as lead to
soil erosion [9]; and the use of pre- and post-consumer cellulosics can be challenging due
to textile sorting, removal of dyes and finishing additives, having consistent feedstock,
and reduction in fibre strength after regeneration [10]. Therefore, while the L-MMCF
process is itself more sustainable, improvements can be made in terms of utilizing a more
environmentally conscious source of feedstock to produce the L-MMCF dissolving pulp.
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One such feedstock is hemp, which has been cultivated for textile applications for
millennia. Hemp has a high alpha-cellulose content and offers higher cellulose yield than
wood sources [11], which is ideal for the L-MMCF process. It also offers an alternative and
potentially preferable source of cellulose for L-MMCF as it requires less water, fertilizers,
pesticides, and herbicides to grow than other crops such as cotton. Hemp cultivation
also aids in carbon dioxide (CO2) sequestration [12] and is considered carbon neutral [13],
leading to regenerative agricultural practices [14]. Unfortunately, hemp cultivation and
subsequent fibre usage is sparse in the current textile landscape. Prohibition, restrictions
on growing cannabis, and a general stigma towards hemp have halted the sowing of this
crop. However, the legalization of industrial hemp and cannabinoid cultivation on a global
scale has allowed society to once again capitalize on this multi-purpose plant [3,15,16].

Currently, there are no North American (NA) sources of filament or staple L-MMCF
despite growing demand for the fibre. It is estimated that global demand for L-MMCF
will grow to a $2B industry by 2027 (745,900 tonne/year) [17] due to the vast consumer
and commercial market applications of this high tenacity, absorbent, and biodegradable
fibre [12]. On the other hand, NA hemp is a readily accessible commodity that is being
farmed primarily for oil and seed applications. L-MMCF from residual hemp oilseed straw
would assist in whole plant utilization, thus allowing the cultivation of industrial hemp
for multiple purposes to be more economically sustainable. In addition, blending the
properties of hemp bast and hurd at various ratios may alter the degree of polymerization
and thus the properties of the extruded fibre based on desired end-use.

This article gives a critical look at the opportunities and challenges of MMCF, L-MMCF,
and L-MMCF from hemp biomass as an alternative to cotton and other natural fibers. It
considers different perspectives: environmental, agricultural, manufacturing, and economic.
Additional research is also suggested to address the challenges with manufacturing L-
MMCF from hemp biomass, as well as how manufacturers can take advantage of the
opportunities it provides.

2. Environmental Challenges and MMCF

As of 2021, global textile consumption has risen to an average of 15 kg per capita, with
petroleum-based synthetic fibres accounting for the largest segment of textile purchasing at
64% [18]. Consumption is estimated to further increase by 3% every year until 2030, with
70% utilized towards consumer textiles (e.g., clothing, household) due to their versatility
and low market price [19,20]. Petroleum-based synthetic fibre usage leads to high emissions
of greenhouse gas (GHG), bioaccumulation of microplastics, and contamination of water,
amongst other detrimental environmental and social impacts [20]. At end-of-life stage, it is
estimated that over 275 million metric tonnes of petroleum-based textiles were landfilled in
2010, with 4.8 to 12.7 million metric tonnes entering oceans [21]. These synthetic textiles are
non-biodegradable and require hundreds to thousands of years before they begin to break
down [22]; unfortunately, petroleum-based synthetic textile breakdown leads to further
bioaccumulation of microplastics within aquatic and terrestrial habitats.

Due to the rising global population and enhanced awareness of “sustainable” natural
cellulosic fibres, fibres such as cotton are increasing in demand [23]. However, cotton cannot
be grown in northern climates, such as in Canada or the northern United States (US), and
its cultivation is highly reliant on pesticides and large quantities of water [24], resulting in
loss of arable land throughout the world. Haemmerle estimates that by 2030, the maximum
cotton production, based on available arable land, will be approximately 26 million tonnes
(Figure 1) [23]. This maximum available production will eventually decline as global arable
landmass decreases by an estimated 0.8% to 4.4% due to climate change (e.g., increase in
global temperatures, reduced water availability, frequent weather events, and increasing
population) [25]. The per capita consumption of cellulosic fibres is estimated to increase
from 3.7 kg to 5.4 kg in 2030 [23]. As the world population is expected to reach 8.5 billion by
2030 [26], this will result in a staggering cellulose fibre demand of 45.9 million tonnes. With
cellulose fibre demands rising, it is estimated that this would lead to a 19 million tonne
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cotton fibre deficit due to unavailability of arable land (i.e., considering that all available
land for cotton cultivation is currently being used). Moreover, cotton cultivation consumes
“11% of the world’s pesticides while it is grown on only 2.4% of the world’s arable land” [2].
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The World Wildlife Foundation has stated that cotton cultivation results in soil erosion
and degradation (e.g., loss of topsoil from conventional tillage), pollution (e.g., use of
herbicides and pesticides), and water contamination (e.g., nitrate-contaminated leachate
from fertilizers) [27]. Furthermore, with every centimeter of top soil erosion, cotton fibre
yield reduces by approximately 4% [28]. While there are initiatives to reduce these en-
vironmental concerns, including cover crops, conservation tillage, and crop rotations to
reduce soil erosion, as well as implementation of water conservation measures, cotton still
requires extensive resources to cultivate and process into textiles [28,29]. 70% of the world’s
consumption of water is used in the agricultural industry [30], with cotton requiring a
large volume of water to grow, as well as process into end-use textiles. For instance, it
takes nearly 2700 litres of water to produce one cotton t-shirt [31]. Considering that a
t-shirt weighs approximately 150 g, this equates to 18,000 litres of water to produce 1 kg of
cotton textile. In comparison, the water footprint of industrial hemp textiles is 2820 m3/ton
(3108 L/kg) (Table 1) [32]. While this number is considerably lower than cotton, it is higher
than the water footprint for MMCF since these fibres do not have to go through additional
water processes (e.g., chemical retting, cottonization).

Table 1. Water footprint of various fibres (data from [32,33]).

Staple Fibre Water Footprint (L/kg)

Polyester 84–143
Cotton 4342–6902

Hemp (bast) 3108
MMCF 351–520

L-MMCF 290
Hemp L-MMCF <290 (estimate)
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In a life cycle assessment study on MMCF, Shen and Patel [33] determined that the
water footprint for staple fibre production was between 84–143 L/kg for petroleum-based
synthetics, between 351–520 L/kg for MMCF, 290 L/kg for L-MMCF, and between 4342
and 6902 L/kg for cotton (Table 1). These numbers indicate the opportunity for MMCF in
the consumer-based cellulosics market as they have a water footprint that is less than 10%
than that of cotton. Shen and Patel [33] noted that they did not include data for finished
textile products as finishing processes vary considerably depending on the end product.
As such, the water footprint would be higher when including additional processes such as
bleaching, dyeing, and finishing. Finally, Shen and Patel [33] based their study on typical
MMCF feedstock (i.e., wood and eucalyptus trees), which may require irrigation. The water
footprint for L-MMCF from hemp would likely be lower than for L-MMCF from other
sources as irrigiation is not required for hemp cultivation (Table 1).

Increased natural fibre demand, in addition to an international shortage of cellulosic
fibres for consumer and commercial demand (i.e., the Cellulose Gap [19,23], Figure 1), is
encouraging manufacturers to seek alternatives to naturally cultivated cellulosic fibres.
MMCF provide an alternative to natural cellulosic fibres, such as cotton and flax. Cellu-
losic feedstock for MMCF production is abundantly available, through agricultural crops,
agricultural residues and wastes, pre- and post-consumer textiles, wood wastes, etc.

Unfortunately, manufacturing processes for some MMCF lead to additional environ-
mental and social implications. A report published by Changing Markets in 2017 titled Dirty
Fashion: How pollution in the global textiles supply chain is making viscose toxic, outlines the
environmental and social impacts linked to viscose fibre production [34]. The report details
how chemicals used in the production of viscose (Figure 2), such as carbon disulphide and
hydrogen sulphide, have been linked to function impairment, neurological changes, and
even death in factory workers. In addition, the viscose process uses large amounts of sodium
hydroxide and sulphuric acid, which are considered highly toxic. The report further states
that “20–30 g of carbon disulphide and 4–6 g of hydrogen sulphide are emitted” for every
kilogram of viscose produced (p. 14). Furthermore, viscose fibre manufacturing leads to water
and air pollution, and has been linked to acute aquatic toxicity, as well as increased cancer
rates in individuals living in proximity to viscose manufacturing facilities.
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Viscose MMCF is produced via a derivatizing process, where xanthate is formed (i.e.,
xanthation) by the reaction of cellulose with carbon disulphide [5,8,35,36]. The original
cellulosic molecule is modified for the regeneration process, where the derivative chemicals
are dissolved following regeneration [5,36]. These derivative waste chemicals end up enter-
ing waterways, air, and soil, leading to the environmental and social impacts mentioned
above [37]. The viscose process is used to manufacture viscose rayon, cellulose acetate,
modal, and triacetate MMCF. Cellulose sources for the viscose process include bamboo,
wood, and cotton linters [35].

Some sources of cellulose such as bamboo are considered more environmentally sustain-
able than others [38]. Bamboo is a rhizome that regenerates growth after harvest and does
not require irrigation, pesticides, or herbicides for cultivation [38,39]. In addition, a bamboo
rhizome stand can replenish every three to four years and can survive for many decades.
While there are varieties of bamboo that grow in temperate climates, the majority of large
scale bamboo cultivation is in tropical and warmer temperature climactic zones [40,41], and
whole plant utilization is not common. Moreover, while the use of feedstock such as bamboo
in the viscose process creates sustainability from an agricultural perspective, all the other
environmental and social implications from the viscose process still arise.

Direct dissolution is another process for producing MMCF, whereby cellulose is dis-
solved in an organic solvent, producing a dope solution without the formation of intermedi-
ate compounds [5,8]. Cuprammonium MMCF [42] and lithium chloride/dimethylacetamide
(LiCl/DMAc) [43] are two examples of this process; unfortunately, both manufacturing
processes do not provide any advantages over the viscose process regarding environmental
or social impacts.

A third example of direct dissolution is the production of L-MMCF via dissolution
in NMMO [44], which was first developed in 1969 by Eastman Kodak and later com-
mercialized by both Courtauld and Lenzing in the 1990’s. This process is sustainable,
environmentally friendly, and socially responsible. L-MMCF is made by dissolution in
the NMMO solvent, which is greater than 99% recoverable, making it a closed-loop sys-
tem [39,45]. While the dissolution of cellulose in the L-MMCF process does take longer and
is more expensive than the viscose process, exposure to toxic chemicals and development
of toxic effluents are avoided [4]. The viscose MMCF process and L-MMCF process are
illustrated side by side in Figure 3.
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The feedstock for L-MMCF has traditionally been beech and eucalyptus trees, which
are fast growing and can be harvested using a technique called coppicing [47,48]. Coppicing
involves leaving viable stumps for regeneration when the trees are cut down within a
thicket, or copse [49]. Each copse is sectioned into coups, which are harvested on an
annual rotation, allowing for complete regeneration of the first coups by the time the
last coup is harvested. However, growing and harvesting eucalyptus trees consumes
3200 litres of water per tree; additionally, eucalyptus trees only grow in certain climactic
regions [47]. Other cellulosic sources, including bamboo, kudzu, cereal crop agricultural
residues (e.g., wheat and barley straw) and sugarcane bagasse [50–54], have been utilized
as feedstock; however, all of these cellulosic sources have similar drawbacks. Agricultural
crops, including sustainable tree farming, lead to deforestation, excess water consumption
(i.e., irrigation), changes to ecological diversity (e.g., use of herbicides and pesticides),
freshwater pollution, and soil erosion [9,55]. Bamboo stands in Amazonian forests have
resulted in anthropogenically induced climate change [40]. Furthermore, these cellulose
sources cannot be grown in a multitude of climactic regions. Table 2 outlines the advantages
and drawbacks of the various MMCF manufacturing processes.

Table 2. Advantages and drawbacks of MMCF manufacturing processes.

Solvent Process Advantages Drawbacks

Viscose MMCF
(viscose rayon,

cellulose acetate,
modal, triacetate)

Derivitized α-cellulose feedstock
readily available.

Waste chemicals (e.g., carbon
disulphide), leading to

contamination of water, air,
and soil, and health concerns.

L-MMCF Direct Dissolution

Environmentally
friendly (NMMO 99%

recoverable).
α-cellulose feedstock

readily available.

More expensive to produce
than viscose MMCF.

Longer manufacturing process.

3. Hemp Biomass Feedstock for MMCF

An alternate cellulose source for L-MMCF is hemp. Two parts of the hemp plant
may be utilized for fibre production—the bast (bark) and the hurd (shive) (Figure 4) [56].
In the fibre preparation stage, the bast fibre is separated from the hurd through decor-
tication, scutching, or milling [45]. The process of retting then breaks down lignin (i.e.,
delignification) and pectin to facilitate further processing.
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Both the bast fibres and the hurd may be further dissolved in the NMMO solvent or
blended in various ratios, forming a dope solution. The dope solution would then be spun
into filaments, which are drawn and washed, mechanically or chemically treated for various
properties (e.g., reduction of fibrillation), and dried [46,57,58]. The Thuringian Institute for
Textiles and Plastics Research (TITK) has demonstrated this novel use of hemp biomass in
the development of Lyohemp® [59]. Using high alpha-cellulose pulps from hemp allows
for production of high tenacity L-MMCF [44] that would be applicable for use in various
applications such as industrial textiles and apparel (e.g., personal protective clothing),
dental floss, healthcare products (e.g., disposable masks, gowns, cleaning wipes), airlaid
and wetlaid nonwoven consumer products (e.g., disposable sanitary products, cleaning
wipes), nonwoven industrial products (e.g., biodegradable geotextiles, carpet backings),
and consumer apparel.

Furthermore, manipulating the bast to hurd blend ratios may alter the viscosity and
degree of polymerization of the dissolving pulp, resulting in unique fibre properties for
varying end-use applications [19,60]. Organoleptic, or sensory, properties such as com-
fort (e.g., cold/warm), hand (e.g., thin/thick, heavy/light), and texture (e.g., smooth,
rough) [61], may be adjusted based on end-user requirements by varying the amount of
bast and hurd within the pulp, resulting in unique fibre and yarn blends. Technical perfor-
mance, such as tensile strength, abrasion resistance, elongation, moisture management, and
antimicrobial properties, may also be adjusted depending on application. Hemp biomass
offers a single plant cellulosic source for varying pulp viscosity, which is not possible from
other plant feedstocks such as eucalyptus and beech trees or bamboo.

Research by the authors has determined the alpha-cellulose content of Canadian-
grown hemp hurd and bast-bleached kraft pulps to be 83.3% and 96.2%, respectively. The
whole plant stem has an alpha-cellulose content of 70%, with the bast at 55–72% and the
hurd at 34–44% [62]. In contrast, eucalyptus sawdust has a cellulose content of 41.6% [63],
and eucalyptus kraft pulp has an alpha-cellulose content of approximately 92% [64]. Futher-
more, bamboo chips have a cellulose content of approximately 48% [65], with a kraft pulp
alpha-cellulose content of approximately 90% [66]. These results suggest that hemp is a
viable alternate cellulose source for L-MMCF production with a greater potential alpha-
cellulosic yield than eucalyptus or bamboo. This higher alpha-cellulosic content allows
for more versatility for altering the viscosity of the dope solution to potentially modify
organoleptic properties and technical fibre performance. Table 3 summarizes the cellulosic
content of various cellulosic feedstocks.

Table 3. Cellulosic content of various feedstocks (data from authors and [62–66]).

Feedstock Cellulosic Content (%) Kraft Pulp, α-Cellulose (%)

Hemp stalk 70 n/a
Hemp hurd 34–44 83.3
Hemp bast 55–72 96.2
Eucalyptus 41.6 92

Bamboo 48 90

4. Agricultural Opportunities and Challenges

Industrial hemp in Canada and Europe is defined as a herbaceous cannabinoid annual
plant containing a maximum of 0.3% delta-9-trans-tetrahyrocannabinol (THC) [67]. While
hemp grows in many different climates, hemp flourishes in temperate climates, with growth
rates proportional to the available daytime hours. Hemp can also be grown in tropical
and sub-tropical climates, and it is currently being researched for agricultural diversity in
these regions [68–70]. As of 2022, there are at least 70 countries growing industrial hemp
for commercial or research purposes, an increase of 49% from approximately 47 countries
in 2021 [71]. Hemp fibre yields range from 1 to 5 metric ton/hectare (0.4 to 2.2 metric
ton/acre) (note—this is not whole plant yield; it is just fibre), whereas cotton fibre yields
range from 0.8 to 0.9 metric ton/hectare (0.32 to 0.36 metric ton/acre) [72]; additionally,
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hemp fibre cultivation can lead to a 77% cost savings due to higher yield and reduced water,
fertilizer, and pesticide use on one third of the land mass required for cotton cultivation.
The estimated global cultivation of industrial hemp in 2021 was 510,000 acres [71], and with
a compound annual growth rate (CAGR) of the industrial hemp market estimated at 16.8%
(2022–2030) [73], cultivation rates will be increasing annually. Northern temperate climates,
as found in central and northern Alberta, Canada, can grow industrial hemp plants that
are 20% to 30% taller than in more southern regions due to longer sunlight hours [74].
Furthermore, industrial hemp grows extremely fast, coming second to bamboo in growth
rate, and yields four times the biomass of a 25-year tree stand in just 90 days [74].

This “northern advantage”, combined with the ability of whole plant utilization for
multiple end products, such as fibre, nutraceuticals, food, and bio-fuel, makes industrial
hemp a diverse and economically viable agricultural crop [74]. Cultivation and use of hemp
for L-MMCF contributes to whole-plant utilization, providing incentives for industrial
hemp farmers to grow hemp as an agricultural crop. Agricultural biomass traditionally
seen as waste can be diverted to L-MMCF manufacturing, creating value and additional
revenue for the hemp industry.

In the 2022 Canadian agricultural growing season, there were 83 approved cultivars
of industrial hemp, each grown for specific end uses [75]. Canadian cultivars are typi-
cally grown for one of two end products: nutritional seed and oil or nutraceuticals (i.e.,
cannabidiol oil). Plants grown for nutritional seed and oil are harvested at maturity (e.g.,
seed stage), resulting in coarser bast fibres that require additional delignification to obtain
textile fibres [76]. While these plants are considered dual purpose (e.g., seed and fibre), the
coarse fibres are difficult to process into spinnable fibre for flexible textile applications; they
require additional processing to “cottonize” or soften the fibre, and field retting results in
inconsistent fibres for processing [77]. These fibres are typically utilized towards techni-
cal applications (e.g., composites) and paper pulps due to the difficulty in processing to
usable textile fibre [78,79]. Nutraceutical plants do not have the stalk growth for quality
fibre manufacturing as these plants are harvested at the flowering stage [76,80]; fibres
from these plants are often too immature and short to produce quality textile fibre. Other
growing conditions influencing fibre quality include rainfall, temperature, and sunlight
exposure [80,81]. Producing quality hemp bast fibre for textile applications is additionally
challenged in an industry that is growing plants for nutritional and nutraceutical needs,
not specifically for textile fibre [62,67,82].

Hemp L-MMCF addresses these fibre concerns since the biomass from both nutritional
seed and nutraceutical plants could be used as L-MMCF feedstock, allowing for whole
plant utilization. The hemp L-MMCF process avoids additional hemp bast fibre processing
requirements, such as retting and decortication, which can damage fibre quality. As a result,
the L-MMCF process offers consistent, reliable, and repeatable fibre quality. In summary,
hemp biomass may be a preferable feedstock for L-MMCF due to:

• Cultivation in temperate, subtropical, and tropical climates;
• Increased global cultivation (49% increase by country from 2021–2022) at a CAGR of

16.8% (2022–2030);
• Hemp fibre yield 25–500% higher than that of cotton;
• Low pesticide, herbicide, and water consumption requirements;
• High biomass yields in 90 days (4× that of equivalent 25-year tree stand);
• Whole plant utilization.

5. Manufacturing Opportunities and Challenges

Industrial hemp can be grown in a multitude of climates, including temperate, sub-
tropical, and tropical regions, enabling a local-sourced raw feedstock supply for L-MMCF
manufacturers [69]. Local supply allows for increased manufacturing traceability, reduced
transportation costs, and reduced lead times for product manufacturing. As previously
mentioned, both bast and hurd components of the hemp plant may be used for L-MMCF
production [83]. These two parts of the plant possess different characteristics [84]; the hurd

37



Sustainability 2022, 14, 15337

is comprised of 40–48% cellulose, 18–24% hemicellulose and 21–24% lignin, while the bast
includes 57–77% cellulose, 9–14% hemicellulose and 5–9% lignin. Hurd pulp is generally
associated with a higher kappa number, which determines the degree of fibrous pulp diges-
tion and gives an indication of the lignin content [85]. In the case of bast pulp produced by
organosolv pulping using ethanol, a large stability of the crystalline structure of cellulose
was observed [86]. By blending different ratios of pulp from the alpha-cellulosic-rich
bast and the hemi-cellulosic-rich hurd raw materials, different organoleptic and physical
properties may be achieved depending on end-use applications.

One of the main concerns with manufacturing L-MMCF from hemp is the presence of
transition metals in the hemp fibres. Hemp plants are fast growing and are often used for
contaminated soil remediation due to their quick take-up of nutrients from the soil [87,88].
This leads to accumulation of heavy metals in all parts of the hemp plant. Hemp stalks have
been observed to contain high concentrations of heavy metals such as mercury, chromium,
nickel, cadmium, lead, and arsenic, as well as high percentages of earth-alkali salts (i.e.,
sodium, magnesium, potassium, and calcium) [87–91]. The percentage and type of metal
and salt content are specific to the soil the hemp plant is grown in, and the percentage of
heavy metals and salts in hemp plants can be substantially higher than slower-growing
plants and trees, such as eucalyptus.

These latent transition metals can pose significant safety concerns during the L-MMCF
manufacturing process as the oxidation states of transition metals can be a catalyst for ex-
plosive radical decomposition reactions of NMMO [92,93]. Rosenau et al. have extensively
researched these oxidative states, which result in “fast exothermic processes” or radical
reactions. To mitigate reactive risks, research has identified stabilizers, such as propyl
gallate, to incorporate into the L-MMCF manufacturing process. TITK has performed
extensive research to further mitigate risks of transition metal content in hemp cellulose
during the L-MMCF production process [13,91,94]. They determined that washing the
crude pulps prior to dissolution in NMMO with deionized water successfully isolated metal
ions (i.e., iron, copper) below hazardous levels. Additionally, calcium and magnesium
ions are addressed within large-scale manufacturing and the use of sequestrants to form
complex compounds [91].

Hemp is a novel feedstock for the L-MMCF manufacturing process. As such, addi-
tional research is required to determine the effects of the pulping parameters, such as the
solid content to NMMO solvent ratio and cooking time, to determine the quality of the dis-
solving pulp produced. The carbohydrate component content, kappa value, viscosity, and
degree of polymerization of the cellulosic raw material and corresponding dissolving pulp
solutions need to be characterized to determine the effect of the degree of polymerization
of the source of cellulose on the quality of the dissolving pulp and its preservation through
the pulping process [95,96].

Additional research is also required to prepare dissolving pulps with the different
blend ratios of hemp bast and hurd to manufacture L-MMCF with varying organoleptic
and physical properties. Manufacturing processes need to include washing steps for
NMMO removal. Process parameters, including extrusion rate, temperature, and residence
time in the coagulation bath, need to be evaluated and optimal values determined, based
on the performance of the filaments, including tensile strength, elongation, moisture
content/regain, and residual NMMO content. This research will determine the effect of the
processing parameters and type of cellulose produced by the pulping process (type I, II,
III, and IV depending on the location of hydrogen bonds between and within the cellulose
molecules) on the properties of the hemp-based L-MMCF.

To further improve the L-MMCF performance to match the requirements of the dif-
ferent end-use applications, one of the proposed solutions considers the introduction of
additives into the regenerated cellulose dope before filament extrusion. The introduction
of solid particles, in particular nanoparticles, into polymer fibres has been shown to im-
prove fibre mechanical performance [97]. For instance, a concentration of 3 wt% cellulose
nanocrystals was shown to produce an increase of 24% in the tensile strength of cellulose
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acetate without negatively affecting its elongation at break [98]. In terms of flammability,
additives functionalized with zinc oxide nanoparticles were shown to improve the flame
resistance of high-density polyethylene matrix composites [99].

Manufacturing opportunities also exist for the exploration of properties naturally occur-
ring within the cellulose fibers, such as biocidal activity in hemp fibers [100], and to determine
whether these properties can be preserved through the L-MMCF process. It has been shown
that the activity of bamboo’s natural antimicrobial agent, bamboo kun, is maintained through
the cellulose dissolution process [53,101]. Hemp hurd contains a high concentration of
cannabinoids and similar phenolic compounds as bamboo; its antibacterial activity has been
demonstrated against bacteria Escherichia coli [100,102]. Hemp hurd powder exposed to heat
treatments of up to 160 ◦C for up to 3 h did not lower its antibacterial efficiency, but rather
increased its antibacterial properties by reducing cross-contamination that had occurred at
the retting stage. While challenges exist for hemp-based L-MMCF, the opportunities for fibre
manipulation towards end-use applications are endless.

6. Economic Opportunities

Dissolving pulps are produced in NA; however, they are derived primarily from wood
and are not considered environmentally sustainable for textile manufacturing. Dissolving
pulp from alternate cellulose sources (e.g., hemp, post-consumer cellulosic textiles) would
be beneficial from an NA agricultural and environmental vantage. Industrial hemp is a
readily accessible commodity already being cultivated for various end usages. Therefore,
L-MMCF derived from residual hemp biomass are inherently more sustainable due to the
use of waste product as feedstock and aids in whole plant utilization. In addition, hemp
biomass harvested from 1 acre produces the same as a 20-year tree stand grown on 4 to
10 acres [103]. The crop is environmentally conscious, requiring less water, fertilizers, pesti-
cides, and herbicides than other cellulosic crops. Manufacturing hemp-based L-MMCF aids
in whole plant utilization, and growing agricultural hemp for multiple purposes provides
greater economic opportunity and environmental sustainability. In addition, end-users of
hemp L-MMCF could have their products dissolved and extruded though the L-MMCF
process again to create new L-MMCF, lending to a circular economy. Unfortunately, each
time these textiles are recycled via dissolution, the degree of polymerization of the cellulose
molecular chain is reduced; however, these recycled L-MMCF textiles could be blended
with new raw feedstock (i.e., agricultural biomass) to create unique fibre properties.

Textiles are the second most environmentally damaging commodities following oil
and gas production [103], and currently, only 15.2% of textiles are recycled [104]. By utiliz-
ing hemp as a feedstock, and by creating a circular economy by post-consumer cellulosic
recycling via the L-MMCF process, cellulosic textiles can be diverted from landfills, there-
fore reducing GHG emissions. The estimated CO2e (CO2 equivalent) emissions per ton of
cotton fibre is 2.35 to 4.05 kg [105], which would be reduced substantially when recycled in
the L-MMCF process. Replacing cotton cellulosics with industrial hemp and hemp-based
L-MMCF would lead to increased carbon sequestration and further reduction in GHG emis-
sions. Industrial hemp is capable of sequestering 22 tonnes of CO2e per acre, making it ideal
for regenerative agriculture practices [14]. According to Vosper [12], 0.445 tonnes of carbon
are sequestered from the atmosphere for each tonne of industrial hemp grown. Therefore,
we can estimate that 44 tonnes of carbon would be sequestered for every 100 tonnes of
hemp biomass used for L-MMCF extrusion. Furthermore, manufacturing hemp L-MMCF
can offset the use of petroleum-based synthetics, reducing the overall global GHG footprint.
In 2021, global market demand for cotton was 22% and MMCF was at 6.4%, with L-MMCF
only accounting for 0.28% of the global textile fibre demand [3]. The estimated CAGR for
cellulosic fibres, including both natural and MMCF, is 4.2% [106].

Worldwide market size for L-MMCF is estimated at $1.13B [107] with the NA market
size estimated at $199.4M [108]. These demands are increasing annually as demands for
cellulosic fibres rise (i.e., the Cellulose Gap) [19,23]. The manufacturing cost of L-MMCF
compared to other MMCF, such as viscose, is substantially higher due to raw material
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costs (i.e., NMMO solvent and pulp feedstock) and specialized equipment requirements [4].
Based on global fibre production of viscose and L-MMCF in 2021 of 5.8 and 0.3 million
tonnes, respectively [3], and on the global fibre market of viscose and L-MMCF in 2021 of
$13.05B [109] and $1.13B [107], respectively, it can be estimated that L-MMCF are approxi-
mately 68% more expensive than viscose. However, demand for more sustainable fibres, as
well as the use of less expensive, locally sourced feedstocks such as hemp (due to biomass
availability and whole plant utilization), will lead to increase market share of L-MMCF [57].
Hemp-based L-MMCF could be a fibre source for the following markets:

1. Personal Protective Equipment (PPE): The current worldwide market for commercial
PPE is valued at $52.7 B, with $140 M serviceable towards flame resistant (FR) PPE
in oil/gas, mining, electrical, and construction applications [110]. The PPE market
is expected to increase to $92.5 B by 2025 [110] and $110.85 B by 2029 [111]. The NA
market for commercial PPE is $2.9 B, from which $83 M serviceable towards FR PPE
applications [112]. Targeted market for FR hemp-based L-MMCF at commercialization
is initially estimated at $12.5 M worldwide and $2 M in NA, increasing at scale-up
production of hemp-based L-MMCF.

2. Filtration media/Disposable Consumer Products: Single-use disposable non-wovens
(e.g., facemasks, gowns, flushable wipes, hygiene/sanitation products) are a high-
demand commodity. The global non-woven medical textiles market is estimated
to exhibit a CAGR of 3.9% with $27.7 B in sales by 2030 [113]. Targeted market for
L-MMCF from hemp and post-consumer cellulosic textiles at commercialization for
use in filtration media/disposable consumer products is estimated at $23 B world-
wide and $8.3B in NA [114], increasing at scale-up. Consumption of cotton, other
natural fibres, wood pulp, and rayon fibres for nonwoven applications in NA in
2021 was estimated at 1 million tonnes [115]. Considering a CAGR of 3.9%, the esti-
mated consumption for L-MMCF staple fibres for nonwoven applications in NA at
commercialization is 1.2 million tonnes.

3. Apparel: The current global hemp apparel market is estimated to be $23.02 B by 2031
(CAGR of 27.1%), with NA and Europe accounting for 65% of global consumption
($15 B by 2030) [116]. The global L-MMCF market for apparel is approximately
$447 M US (45% of currently L-MMCF market share) [117]. The global ethical fashion
market size is estimated to grow from $6.35 B in 2019 to $15.7 B in 2030 with a CAGR
of 9.1% [118]. Targeted market for L-MMCF from hemp and post-consumer cellulosic
textiles at commercialization for use in apparel at commercialization is estimated
between $6.9 B globally ($4.5 NA) and $10.2 B globally ($6.6 NA).

4. Dental products: The global market for dental floss was valued to $540 M US in 2018,
with a projected growth to $750 M US in 2025 [119]. There is a growing demand for envi-
ronmentally friendly alternatives to the plastic-based products currently available [120].

7. Conclusions

Global demand for cellulosic fibres is increasing annually due to greater awareness of
sustainability in textile products. Currently, cotton is the most frequently utilized cellulosic
fibre; however, due to cultivation restrictions, the maximum global production for this fibre
is estimated at 26 million metric tons. With the Cellulose Gap increasing, MMCFs offer
alternatives to cotton cellulosics. With increased awareness of hemp applicability to many
different industries, including textile fibre production, industrial hemp as an agricultural
crop is making a resurgence internationally. Hemp biomass as L-MMCF feedstock pro-
motes whole plant utilization, reduces deforestation, reduces water consumption, reduces
GHG emissions, promotes carbon sequestration, and can be cultivated via regenerative
agricultural processes, lending to an overall reduced environmental impact and reduced
environmental burden traditionally seen by the textile industry. While additional research
needs to be completed regionally to assess hemp biomass characteristics (i.e., composition
variance due to remediation properties of industrial hemp growth), the use of industrial
hemp biomass as a feedstock towards the production of L-MMCF is a promising prospect.
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Abstract: This investigation was focused on evaluating the utilization of Leather-waste, i.e., “Leather
Shavings”, to develop “Poly(ethylene-vinyl-acetate)” (EVA) based “polymer matrix composites”.
Composites with the highest ratio of 1:1 were developed using a rolling-mill, which was then sub-
jected to hot-press molding for value-added applications, notably in the “floor-covering”, “structural”,
“footwear”, and “transportation domain”. The specimens were examined for evaluating the “physico-
mechanical characteristics” such as, “Compressive and Tensile, strength, Abrasion-resistance, Density,
tear-resistance, hardness, adhesion-strength, compression, and resilience, damping, and water ab-
sorption” as per standard advanced testing techniques. Raising the leather-fiber fraction in the
composites culminated in considerable enhancement in “physico-mechanical characteristics” includ-
ing “modulus”, and a decline in “tensile-strain” at “fracture-breakage”. The thermo-analytic methods,
viz. TGA and DSC studies have evidenced that substantial enhancement of thermo-stability (up to
211.1–213.81 ◦C) has been observed in the newly developed PMCs. Additionally, the DSC study
showed that solid leather fibers lose water at an endothermic transition temperature of around 100 ◦C,
are thermo-stable at around 211 degrees centigrade, and begin to degrade at 332.56-degree centigrade
for neat recycled EVA samples and begin to degrade collagen at 318.47-degree centigrade for “leather
shavings/recycled EVA polymer composite samples”, respectively. Additionally, the “glass transition
temperature” (Tg) of the manufactured composites was determined to be between −16 and 30 ◦C.
Furthermore, SEM and EDAX analysis have been used to investigate the morphological characteris-
tics of the developed composites. Micrograph outcomes have confirmed the excellent “uniformity,
compatibility, stability and better-bonding” of leather-fibers within the base matrix. Additionally,
the “Attenuated-total-reflection” (ATR-FTIR) was carried out to test the “physicochemical chemical-
bonding”, “molecular-structure”, and “functional-groups” of the “base matrix”, and its “composites”
further affirm the “recycled EVA matrix” contained additives remain within the polymeric-matrix.
An “X-ray diffraction study” was also conducted to identify the “chemical-constituents” or “phases”
involved throughout the “crystal-structures” of the base matrix and PMCs. Additionally, AFM
analysis has also been utilized to explore the “interfacial adhesion properties” of mechanically tested
specimens of fabricated polymeric composite surfaces, their “surface topography mapping”, and
“phase-imaging analysis” of polymer composites that have leather-shavings fibers.

Keywords: leather shavings; recycled EVA; compression molding; rolling; footwear and leather
ancillaries(s) applications
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1. Introduction

A crucial worldwide commodity is leather. With an estimated USD 200 billion in annual
global trade value for leather and leather goods, the leather industry is a significant contributor
to the economy. However, the wastes (‘solid and liquid’) of such industries, such as buffing
dust sludge etc., regularly pose a threat to the industry [1]. Land disposal is the most common
method of treating solid waste [1,2]. Numerous waste-management options work to create
value from trash by creating new materials and technology [3–5]. The fibrous structure of the
leather is one of its key characteristics. It also offers excellent characteristics such as “high tear
resistance, flexibility, thermal insulation, water resistance, and form maintenance”. Therefore,
adding this leather waste (specifically leather shavings) to any appropriate polymer matrix
may result in composites with improved qualities for a variety of applications, including
‘footwear, leather ancillaries, automotive, transportation, packaging, etc. Making valuable
goods out of unused material would have a synergistic influence on the atmosphere and
add value to the wastes produced by the polymer and leather industries, respectively. By
using environmentally friendly polymers as matrix materials, numerous researchers have
attempted to use leather wastage to make bio-composite materials, including ‘films, sheets,
fibers, etc.’ [6–25].

The development of footwear and clothing made of thermoplastic elastomeric (TPE)
material is rapidly accelerating. Numerous factors and criteria have been made possible by
TPEs in order to meet consumer expectations [26–29]. EVA is used to make ‘inserts/soles
and midsoles’ throughout the industrial footwear sector, accounting for 18% to 28% of
the total. Prior to adding a mixture of Natural and Butadiene, rubbers possess better
mechanical characteristics such as “high capabilities, minimum slippage, shrinkage, slip-
ping, and delivers a ferocious compression-set,” EVA has “low compression-set, abrasion,
and tearing characteristics”. These materials have exceptional ‘physical and compression’
characteristics together with ‘least slippage’ when compared to EVA/BR and EVA/NR. In
the production of “hiking boots, basketball shoes, and virtually every other type of athletic
footwear”, the EVA midsole is an excellent ‘vibration-damping’ based cushioning material,
which is ‘light in weight, resists compression set, easily available in any color, and is made
conveniently’ [27,28,30].

For the current study, recycled EVA polymer matrix and leather shavings, two substan-
tial leather solid wastes that are produced in huge quantities globally, have been discovered.
Leather shavings are considered hazardous solid waste because they contain trivalent
chromium, which, in some circumstances, can transform into the poisonous form known as
hexavalent chromium. Traditional disposal techniques such as landfilling and incineration
can easily produce secondary contamination and can’t get rid of the hazardousness. In order
to significantly reduce the hazardousness, it may be best to impregnate this leather waste
into a recycled EVA polymer matrix. Additionally, the collagenous protein of the skins and
hides creates a 3D cross-linking structure with the chromium, resulting in so-called durable
leather. When this chrome-tanned leather waste is incorporated as reinforcement in the
recycled EVA matrix, the physicochemical strength and thermal resistance of the composite
blends will be enhanced. For instance, in the case of vegetable-tanned leather, where the
chromium is absent, the degradation temperature and physico-mechanical properties of
the composite blend will be inferior to that of chrome-tanned leather.

Finally, the literature review revealed that combining leather solid waste with recy-
cled thermoplastic elastomeric polymers should result in composites with outstanding
qualities [3,5,16,18,21,31]. No work related to leather-shaving fibers with recycled EVA
polymer matrix composites with a 1:1 ratio has been reported by any researcher. The
method of impregnating leather-shaving into a polymer in max. percent-wt. reinforce-
ment of 1:1 is undoubtedly difficult. To enhance the ‘homogeneity’/’proper blending’
of the polymer and leather, however, in this work, appropriate additives, including lu-
bricants/oils, paraffin and naphthalenes, have been used, resulting in composites with
superior qualities for the desired multifunctional “value-addition” applications. From
in-depth literary studies, it has been unveiled that no work has been made accessible
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on carrying-out experiments regarding the efficient utilization of leather waste (Leather
shavings) with max leather fiber-loading of 1:1 in combination with recycled EVA polymer
matrix for footwear, transportation applications, etc., ref. [16,32–44]. As a consequence, the
recommended suggestions of this research are valuable for the leather as well as polymeric
industries in order to significantly alleviate a load of disposal of solid waste to the greatest
extent possible. To date, no work has been reported on the utilization of solid leather waste
as a reinforcement in the reused “EVA thermoplastic” matrix for the fabrication of leather
waste-reinforced polymeric composites. Thus, the suggested concept of such research could
be substantially effective and compelling for the leather and polymeric sectors to eradicate
the strain of solid-waste management to the greatest extent practicable.

In addition, no literature has been made available in which researchers have tried to
modify the processing method of solid leather waste/recycled EVA thermoplastics matrix-
based polymeric composites by adding preferable additives, namely paraffin lubricants/oils
and naphthalene to enhance the appropriate blending of leather and polymer thus to produce
composites with better properties for proposed applications. Limited work is available on the
study of mechanical, thermal, structural, morphological, CRT, and cushioning characteristics
of leather waste-reinforced recycled/scrap thermoplastic polymer composites. Therefore, op-
portunities exist to investigate the characteristics of these leather waste reinforcement polymer
composites so as to explore their usage for multifunctional applications. It is also intended
to see the effect of additives and plasticizers on the physicochemical, mechanical, thermal,
volumetric wear-loss, damping, cushioning/shock absorption, compression, resilience, and
Morphology analysis on the fabricated polymer composites.

Thus, the study examines the potential use of “leather shaving waste” as reinforcing
fibers in “recycled EVA polymeric-matrix” in light of their “intrinsic fibrous-nature”, and
“renewability characteristics”. The intent was to explore the implications of “leather shav-
ing fibers” on the “recycled EVA matrix” based on its “physico-mechanical”, “thermal”,
“morphological”, “chemical”, “structural crystallization”, “elemental mapping”, and “to-
pographic image-mapping properties”. From an industrial standpoint, “EVA” is widely
employed in the production of “inserts”, and “soles” in the “footwear sector”, accounting
for 18% to 28% of total usage. “EVA” is known for its “low compression-set”, “abrasion”,
and “tearing resistance” and its exceptional “physical” and “compression characteristics”.
EVA is also used as a “cushioning material” in “athletic footwear” owing to its “light
weight”, “resistance to compression-set”, and “vibration-damping characteristics”. A com-
posite composed of “recycled-EVA polymer” combined with “leather shaving waste” is
undoubtedly an attractive option, as it has the significant merit of being in accordance with
the underlying concept of “circularity” throughout the underlying “production chain” for
“value-addition applications”.

2. Experimental
2.1. Materials

As far as the “sample location” is concerned, Laxmi Polymers, a company in Ba-
hadurgarh, India, has supplied recycled EVA granules from the footwear industries. After
confirming with the Gel Permeation Chromatography (GPC) analysis with the supplier
for the “recycled EVA polymer”, the average molecular weight of “Recycled polyethylene-
vinyl acetate polymer” (RPEVA) is 170,000 g/mol, and the “Melt flow index” (MFI) of
RPEVA can range from 0.1 to 45 g/10 min [45]. As shown in (Figure S1a,b), the solid leather
wastes (Leather-shaving fibers) were gathered from the ‘tanneries’ of “Leather Complex”,
“Jalandhar Leather India Pvt. Limited”, ‘Punjab’. Solid leather fibers have blended properly
with the recycled polymer matrix with the usage of ‘fillers’ and ‘plasticizers’ such as “zinc
octadecenoate” and “octadecanoic acid” that have been procured from a local source, Im-
pact Agencies, Industrial Estate, Jalandhar, Punjab. In the hot -press, “Poly-vinyl Alcohol”
(P.V.A.) and “Teflon” (P.T.F.E.) sheets wrapped around ‘steel-molds’ are used as “mold
release agents” provided by “Sigma Aldrich chemicals” as part of the ‘post-processing’ and
‘finishing operations’.
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2.2. Fabrication of Composites
Fabrication of Thermoplastic Elastomer Polymer Composites, including Leather Flakes
and Recycled EVA

The ratio of recycled EVA polymer and leather shavings in the compositions of leather
polymer composites is 1:1. (wt. percent). The current study’s methodology is shown in
sequential sequence in Figure S2. The following Table S1 presents the formulations of
“polymer composite” specimens in weight -ratios based on the maximal “leather-shaving”
fiber loading of 1:1.

As per a particle size analyzer, the leather shavings had an average particle size of
500 microns. In accordance with the sampling process is concerned, the two-roll mill (man-
ufactured/exported from the Ravi Engg. Works, New Delhi, India), normally employed
for rubber compounding, has been purposely used to mix the components, and the ex-
perimentation has been carried -out at local manufacturer, Impact Agencies, Industrial
Estate, Jalandhar, Punjab. Optimal huge-shear blending can be achieved by orienting two
rolls facing one another at 368.15 K with a user-specified preset, configurable, or customiz-
able gap to facilitate material permeation. The rollers’ spacing/gap has been kept at 1 to
1.5 mm [16,39,40,46–48]. Usually, a rear-roll rotates more quickly than a front-roll. In this
instance, the front roll rotates at 10 rpm while the back roll rotates at 15 rpm. To develop
the necessary flexible -sheet with specifications of 185 mm × 185 mm × 3.5 mm, dies have
been fabricated. After compounding, materials were introduced in lower-dies. The heat
was applied to the dies, reaching 368.15 K. After cooling in the die for 30 min, the upper die
was squeezed against the lower die with an applied -load of 20 tonnes. With the use of the
ejector pin, the composite material that had been compounded was removed from the die.

Two roll mills were used to mix the materials for the creation of flexible composites
under specific conditions. The uniform blend was transformed to a hot-press molding,
Manufacturer: Techno Search Instruments, Model PF M-15 containing preheated molds
with 20 cm × 20 cm with variation in thickness of 1, 2, 3, and 5 mm. Fillers and Plasticizers
such as “zinc octadecenoate” and “Octadecanoic acid” were also utilized to optimize the
processing variables. The necessary flexible visco-elastic damping composite sheets will be
produced by hot-press, die-molding the fine particulate-matter blended mix. To squeeze
out more water, a hydraulic press was used to push the moist sheet that had developed.
As shown in Figure S3a,b, the “leather-fibrous composites” were “dried and hot-pressed”
under the 90 to 120-degree centigrade temperature and 77 to 108 psi of pressure applied for
20 to 40 min.

2.3. Sample Preparation

The standards for the performance of leather-fiber composite materials are provided
by ASTM/ISO/SATRA. It is imperative to understand that ‘material characteristics’ differs
in relation to “specimen preparation”, “specimen dimension”, “speed”, and “environment
of testing”. A series of experiments are necessary for this research project. Hence, the
3–5 samples from each category were examined. The equipment utilized, the different
test techniques, and the specific standards employed in this investigation are all shown in
Table S2. As shown in Table S2, the specimens for each test were prepared in accordance
with SATRA/ISO/ASTM criteria.

To determine how much force it can withstand the fabricated material using the tensile
test according to ASTM/SATRA/ISO standards. By using Instron equipment, the maxi-
mum specimen elongation can be determined. The variations of Stress-displacement and
load-displacement can be calculated by using tensile test, which determines the tensile
modulus. From the tensile test readings, we can come to which material can be used to
withstand the load and design it so that it can pass the quality check control of materials.
High aspect ratio and young’s modulus with Tensile strength, in mixture with thermosta-
bility and other physico-mechanical characteristics, make them smart materials and open
new thoughts for Smart materials.
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The aforementioned artificial SATRA testing standards are preserved in a computer-
ized UTM machine. To determine the material’s elongation and strength, the specimen is
kept in the UTM at the right spacing and pulled until it breaks at a 60 mm/min speed.

2.4. Characterizations

To meet the specimen specifications set out by ASTM, SATRA, and ISO, strips of the base
matrix and its composites were prepared into different sizes. The samples were then measured
for thickness at a minimum of four randomly chosen places, with the findings averaged.
Table S2 lists the specimen dimensions for various mechanical testing in accordance with
ASTM/SATRA/ISO standards. The details of the specimen, test technique, test significance,
and testing equipment parameters are covered subsequently in the corresponding sections.

Moisture content, PH, chromium trivalent, and chromium content of leather shavings
that were chosen specifically for the creation of composites were measured in order to
ascertain their physicochemical properties.

2.4.1. pH of Leather-Shavings

To find the pH level, 5 g of the specimen was soaked in 100 mL “distilled water” for
about 16–24 h, and then the pH level was directly measured using the SLC 13 standard
procedures (SLC, 1996) [28].

2.4.2. Moisture Content of Leather-Shavings

A “physical sieve-shaker” is used to produce the “fine-grade micron-sized particles” of
the leather-fibers of less than 650 µm. The materials were heated for about 30 min at 100 ◦C
in an ‘oven’ to remove the ‘moisture’. These particles were initially dried to a moisture
level of % in a small dry kiln operating between 95 and 100 ◦C. At 23 degrees centigrade
and 0.5 “relative-humidity”, properties were then measured. By measuring “3 mg of the
sample in a crucible and then placing it in an oven for 5 to 6 h”, the moisture content of the
samples was then evaluated using the gravimetric method, SLC-3 (SLC, 1996). The results
showed that the moisture content of the samples was 9 ± 2% [28].

2.4.3. Chromium Trivalent of Leather-Shavings

Chromium trivalent was identified using “SLC 8 in SLC 1996” [28]. A “5 mL of H2SO4,
10 mL of HClO4, or 15 mL of the blend and 15 mL of HNO3 were added to 2 g of grind
chrome shaving”. Using a “hot plate heated to a moderate boil, a funnel was positioned on
the flask in anticipation of the reaction blend starting to convert into orange”. The ‘flame’ was
then reduced until the color change was complete. The mixture was then gently heated for an
additional two minutes, quickly cooled in air, and then diluted to about 200 mL. To remove
the chlorine interference, the mixture was further heated for about 10 min, allowed to cool,
and then 20 mL of 10% potassium iodide and 15 mL of orthophosphoric acid were added
to conceal the presence of any iron. This mixture was then allowed to stand for 10 min in a
dark area. Using 5 mL of a 1% starch indicator, “the sample was titrated against 0.1 N Sodium
thiosulphate until the solution in the flask turned light green (SLC, 1996)” [28].

“Cr2O3(%)” =
“titration volume× 0.00253× 100× correction factor”

“Sample weight”
(1)

where 0.1 N “Sodium thiosulphate (Na2S2O3.xH2O)” = 0.00253 g Cr2O3

3. Chemical Properties EVA-Based Composites

As per “IUC 8 and 18 test standards”, the UV-Visible spectrophotometry instrument
(Inkarp, Sican 2600 Series model) provides the most appropriate, efficient, and precise
methodology for analyzing “the chromium levels in leather savings and “Polymeric matrix
composites” (PMC’s) [29,30]. Therefore, “the chromium content of the control sample and
the leather fibrous composites was determined” as per “IUC 8 and 18 test-standards/ISO
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17072-1:2011(E): IULTCS/IUC 27-1:2011(E) test procedure” [29,30]. A 100 mL of the “acid
artificial-perspiration acid” (APA) solution was mixed with the precisely weighed 2 g
of ground leather board sample. The specimen was then slowly shaken in water at
37 ◦C ± 2 ◦C for 4 h ± 5 min. This APA solution was then made by blending 5 g of
NaCl, 2.2 g of H6NaO6P, and 0.5 g of L-histidine—monohydrochloride monohydrate. The
‘extracted mixture’ was filtered with a membrane filter before being filtered initially with
filter paper. An appropriate amount of extract was obtained for analysis, and nitric acid at
a concentration of 5% (by volume) was added for the direct measurement of the elements.
The dilution factor took this contribution into account. To control impurities using the same
process, blank samples were run concurrently with the sample. A sample container is used
to collect an aliquot of acid sweat, which is then treated as a sample for all tests. The amount
of chromium was measured as per the ‘IUC 8 test method’ with the help of a ‘UV-visible
spectrophotometry device (Agilent 700 Series)’ [30]. Nitric acid was added to a 2 g sample,
then 20 mL of a blend of perchloric acid and H2SO4 in a 70:30 ratio was added. Heat was
applied to the mixture until an orange color appeared. After cooling the digested sample,
100 mL of distilled water was introduced and boiled for 10 min to eliminate excess chlorine.
An additional 15 mL of orthophosphoric acid was added to prevent iron interference. To
avoid “light interference” to the ‘iodine’, 20 mL of 10% “Potassium iodide” was mixed
and preserved in a “dark area for 10 min”. Using starch as an indicator, “the sample was
titrated against 0.1 N Sodium Thiosulphate until a sky blue color was seen (IUC/SLC,
1996)” [28–30]”. By immersing “5 g sample in 100 mL of distilled water and keeping it in
an orbital shaking device for 16 to 24 h”, the pH of the reinforcing agent and its composites
were measured directly using the SLC 13 standard methods (SLC, 1996) [28–30].

4. Physico-Mechanical Characteristics
4.1. Tensile Strength

Tensile strength is one of the factors that can be evaluated as a generic feature even
though it has no direct impact on the properties and expectations of the soling materials.
The fracture force/cross sectional-area is referred to as tensile strength. After cross sectional-
area test specimen, the tensile tester is filled with both jaws, as shown in Figure S4. The
specimen is pulled with force to ascertain. The “percent-age of elongation at break” is also
calculated as it is an important parameter to determine the flexibility of the material. The
tensile test on composite sheets was conducted as per SATRA TM-137 1995, using a “computer-
controlled INSTRON apparatus, model 3369J7257, with an optical-extensometer gauge-length
of 50 mm” [49–53]. After that, the tensile tester was fastened to the leather composite sample.
Jaw separation was limited to 100 ± 20 mm per min. The leather composite sample breaking
point was recorded. Before beginning the instrument (L1) and when the test specimen broke
(L2), the tensile tester’s two separating jaws’ distances were measured. The %age elongation
at break and tensile strength were computed. These properties are crucially used to gauge
the durability of “leather and footwear-related items”. Four tests were conducted for every
developed composite, and their average was taken for analysis.

Tensile Strength
(

N
mm2

)
=

Fracture Force
cross− sectional area

(2)

“Elongation at break (%) =
L2 − L1

L1
× 100” (3)

“where, L2 = final length after fracture”, and L1 = initial length of the specimen.

4.2. Compressive Strength

The compressive test on composites was carried out in accordance with ASTM D-
3410 [54]. The experiments were conducted on “computer-controlled INSTRON equipment,
model 3369J7257, with an optical-extensometer gauge-length of 50 mm and a test-speed
of 50 mm/min”. Two cross heads are used to fix the test specimen in the loading unit,
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and the ‘drive unit’ supplies the force at the desired rate. Depending on the kind of tests,
replaceable load cells with capacities of 5 KN and higher are positioned above or below the
cross-heads. There are several ways to adjust, control, or vary the ‘speed’ of the moving
cross-head. The final physico-mechanical properties of the composites were calculated by
averaging results from several observational and measurement methods.

4.3. Tearing Resistance

Tearing resistance reflects the ability of polymer material to resist tearing. For this,
tearing test samples were made according to “SATRA TM-218 1999/ISO 20344:2011” [55].
Tests were performed at 50 mm/min speed, and four tests per composite were conducted.

4.4. Hardness

“The penetration of a rigid ball into the test pieces under particular conditions” is
measured using a device called a hardness tester to determine the hardness of a material.
The Shore Using a shore test, the composites’ hardness was evaluated by employing a
“Shore-A hardness tester model Digitest” using the “SATRA TM-205:2016/ISO 868:2013
test” standards [56].

4.5. Density

The density of the material is proportionate to its weight and is represented as “mass
per unit of volume”. This illustrates “how a material becomes lighter or heavier means
denser the material resulting larger its density” and vice versa. To estimate the ‘density’ of
flat materials, uniformly thick test specimens have been placed in a ‘circular’ or ‘square’
container. By measuring both the ‘thicknesses’ and the ‘diameter/length’, the volume may
be computed. The mass of a sample is furthermore evaluated, and “the density is derived
by dividing mass by volume”. It is hard to ascertain “the volume of a moulded unit-sole
dye to its uneven-surface”. Nevertheless, the volume of such specimen soles is measured
in both ‘normal’ and ‘immersed’ conditions. “As per the ASTM-D-792-00, the weight-loss
in water indicates the volume of water-replaced, which is identical to ‘sole-unit’, and the
‘density’ may then be computed” as per equation given as under:

ρ =
wa × 0.9975

wa − (ww − wb)
(4)

where ρ = Density of sample, wa = Wt. of the specimen while suspended in the atmosphere,
ww = Wt. of partially-immersed ‘wire-holding’ specimen, wb = Wt. of the specimen when
completely immersed in ‘distilled-water’, as well as the partially-immersed ‘wire-holding’
the sample, and the ‘density’ of the ‘distilled-water’ at 23 ◦C in gm/cm3.

Samples were acquired in any form with a volume to calculate a density using the
equation for volume, mass, and density.

4.6. Adhesion Strength

“The adhesion strength of the leather shaving and its PMCs was assessed Using
SATRA TM 401 2000 at room temperature” with an aim to determine how well the linings
adhered [57].

4.7. Compression and Resilience Test (CRT)

The Compression and Resilience Test (CRT) of the PMCs and leather savings was
performed on PMCs to evaluate their compressive characteristics. The tests were conducted
using “SATRA TM 64:1996 at room temperature” [46].

4.8. Abrasion Resistance

“The wear resistance of the leather shavings and its PMCs was evaluated using DuPont-
based unidirectional rotary drum abrasion model STM-140 UK tester” in accordance with
ISO20871:2001 requirements [58]. At 30 revolutions per minute, composites with the proper
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specifications were attached to the coarse wheel. There were 1000 cycles of testing. A
rotating cylinder filled with “50-mesh emery abrasive paper” was used to measure the
weight loss caused by the abrasive paper. “The specimen-holding limb was propelled by a
1500 gm weight that provided a 2.03943 Kgf contact normal force and moved parallel to
the (horizontal) cylinder axes”. An alternative method involved cutting leather composite
samples with a conventional die, weighing them, and clamping them firmly in an “abrasive
disc against emery paper”. The machine was now turned on, and measurements of weight
loss were made after 500, 1000, 1500, and 2000 rotations. Volumetric wear-loss is therefore
calculated based on the reduction in weight of the specimen prior to and after the testing.

4.9. Water-Absorption Test

The specimen used in this study is a sheet of composite plate measuring 25 mm by
25 mm. After thoroughly cleaning the composite plate, the sample of the specimen being
tested was measured, and the initial weight was retained for reference. The sample was
placed in a jar with one liter of fresh water, kept inside, and submerged entirely in water
for 12 h. After that, the water sample was taken, and the percentage of water absorption
was determined by monitoring the change in sample weight over time.

“Percentage water absorption” =
“Volume (mL) of water absorbed”
“Weight (gm)of leather specimens”

× 100 (5)

5. Thermal Properties

“The thermal properties of leather and its composites reflect its stability under high
temperature”. Given the high polarity of both the leather fibers and the matrix, interactions
between the two may influence how the leather fibers melt. Therefore, in this section,
thermogravimetry and DSC techniques are employed to investigate “the temperature-
dependent degradation of the leather-filled composites as well as the melting behaviour of
both neat, base polymer with/without leather fiber”.

5.1. Thermo-Gravimetric Analysis (TGA)

The thermo-stability testing of base material and their composites were performed
with the help of “TGA/DSC analyzer TA instrument, Waters Austria type Q50”. “In a
N2 atmosphere, a sample of 5 mg was treated in an aluminium pan and heated from
30–800 ◦C at a rate of 20 ◦C per minute. As a minimum weight loss of the sample, the
temperature in the TGA thermogram that corresponds to a 5% weight loss is used”. The
quantitative information on “reduction in weight decomposition, and the products created
on decomposition” is provided by the TGA thermogram of leather shaving and PMCs.

5.2. Differential Scanning Calorimetry (DSC)

The samples were conditioned for 24 h at room temperature after being pre-dried for
10 min at 100 ◦C in an air-circulating oven. With a thermo-gravimetric analyzer, the thermal
stability of leather shavings/recycled EVA composites and base matrix with/without any
leather fiber was monitored (TA instruments, Waters Austria, model Q50).

Utilizing differential scanning calorimetry, the thermal characteristics of leather-
shavings/recycled EVA polymer composites have been studied (DSC). The DSC2A-00837
(192.168.1.11) was used for the tests, along with standardized aluminum crucible pans and
lid coverings. The cell environment has been injected or pumped with nitrogen. The first
samples were evaluated at room temperature and then “quickly chilled to a temperature
of about −25 ◦C and then raised up to 400 ◦C at a rate of 10 ◦C per minute”. They were
maintained at this temperature for two minutes. The specimens were then cooled to−20 ◦C
and heated to 400 ◦C at a rate of 10 ◦C per minute. Re-crystallization and “melting temper-
atures” were calculated using “heat-flow indicators”, which were utilized to determine the
glass-transition temperature. The initial heating diminished the material’s manufacturing
background (Tg).
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DSC provides details on the thermal transitions that occur in polymers, including
melting, the transition to glass, oxidation, etc. Additionally, shifts or modifications in the
crystallization peaks can be used to analyze “the miscibility of the polymeric blend system”.

A Q200 from A TA Instruments, Waters Austria, DSC2A-00837 (192.168.1.11) The
melting behavior and thermal transitions of “neat recycled-EVA and leather fibers” when
blended with recycled EVA polymer were monitored using a “differential scanning calorime-
ter connected to a 990 thermal analyzer”. The material was put into the DSC cell in an
aluminum pan that contained around 20 mg of it. As a point of reference, an empty alu-
minum pan was used. “DSC examination was conducted under nitrogen environment with
a heating rate of 10 ◦C min−1 and temperature ranges of −25 ◦C to 400 ◦C”.

6. Fourier-Transform Infra-Red Spectroscopy (FT-IR)

The samples’ interfacial contact has been verified using FTIR (FT/IR-4700typeA Serial
Number C016661788). In transmission mode, FTIR has been performed in a humidity-free
environment at ambient temperature. For the powdered material, spectra between 4000 and
600 cm−1 were recorded. By using ATR, solid samples have been examined (Attenuated
Transmission Reflectance).

The chemical properties of the neat and leather shavings/recycled EVA polymer
samples were analyzed using the FT/IR-JASCO, model 4700typeA. Using a SHIMAZU IR
affinity -IS spectrometer, “the FTIR spectra for collagen hydrolysate were captured with
KBr pellet”. The samples were reduced to a fine powder, combined with KBr, and then put
in an IR cell that was stored in a container with a regular slit. As the IR and air spectra
were being captured, the reference was used. “With a resolution of 4 per cm and a scan
speed of 2 mm/s in the wavenumber range of 600–4000 cm−1 at room temperature, it was
captured in the transmittance-vibrational modes”. This method generates a constrained
compositional profile while measuring the surface composition, bonding, and structure.

7. Morphological and Elemental Analysis

Understanding the potential morphological changes in leather fibers during molding
at high temperatures, as well as the potential alterations at the interface between the matrix
and the fiber, was carried out using a “Scanning Electron Microscopy” (SEM) equipped
with “Energy-dispersive analysis of X-ray” (EDAX), “a Phenom World PhenomPro model,
and an accelerating voltage of 10 kV”. Gold ions were used to sputter-coat samples (1 cm2),
acting as a “conducting medium” when they were scanned with a “scanning microscope”
made by Phenom World, model PhenomPro. The surface morphology of leather fibers, the
x-section morphology of “leather fiber reinforced recycled EVA polymer composites”, the
“degree of fiber alignment, the degree of adhesion, the fusion of leather fibers with recycled
EVA polymer, the uniformity of fiber dispersion, and the extent of fiber polymer adhesion”
have all been studied using SEM analysis. To determine the occurrence or existence of
chemical-elemental compositions, E-DAX is examining the stoichiometric compounds and
percent chemical purity of the specimens.

Without any further additives, untreated leather fibers (Shaving wastes) were included
into “the recycled EVA polymer matrix and mixed either at ambient temperature or at
120 ◦C on a mixing mill that also served as a hot-press moulding machine”. The “neat
recycled-EVA” polymer with no leather fiber content and the composites made of leather
shavings and recycled EVA polymer was utilized for SEM morphological analyses after the
mixed samples were kept for a period of 24 h.

8. X-ray Diffraction Analysis

An “X-ray Diffraction (XRD) analysis” was conducted to identify the chemical constituents
or phases involved throughout the crystal structures of recycled EVA polymer composites.
The specimens were powdered with neat Recycled EVA material of 60 shore-hardness and
leather-shavings/recycled EVA polymer material of 90.5 shore-hardness on a wide-angle X-
ray diffractometer (XRD), made with model name (Bruker AXS, ECO D8 Advance) at the
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Chandigarh University, Mohali, India. Such diffractometer makes utilization of the copper (Cu-
K) radiation sources that have been driven by 25 mA, and 40 kV. For attenuating an interference
peak, K-beta filtering is employed. Divergence and scattering-slits of 0.4-degree were employed,
including a receivers-lit of 0.2 mm. The composite components were positioned in a sample
container, and the analysis was continued perpetually. The trial evaluation was performed by
observing the diffraction-patterns between in the 2-theta ranges from 5-degrees to 90-degrees at
a scanning-rate of 2-degrees/min and a scan-step of 0.05-degrees.

9. Atomic Force Microscopy (AFM) Analysis

An optical-microscopy, and an intermittent-contact atomic force microscopy (AFM,
Make NT-MDT, Ireland, Model name, NTEGRA PRIMA) were used to investigate its
molecular structure, leather-shavings/PMC phases; to analyze their cross sectioned area.

AFM has been utilized to study the adsorption of “neat recycled EVA and recycled
EVA polymer composites on the leather fibers”. The most powerful objective lenses and
phase contrast microscope (Leica DM 750) were used for the microscopic morphological
research (i.e., 100× lens).

A Cryomicrotome equipped with a diamonds-knife is being used to create test specimens
for AFM experiments, and the samples were kept at −80 ◦C. A microscope was used to record
“the AFM pictures in tapping mode (TM) under room-temperature”. Ambient-air (AFM, Make
NT-MDT, Ireland, Model name, NTEGRA PRIMA). “Commercial silicon-tips with a spring-
constant of 24–52 N/m, a resonating frequency of 264–339 kHz, and an average radius of the
curve throughout the 10–15 nm region was used as probing for the test”. This study used the
greatest sampled resolution accessible to generate phase-detection images. The recycled EVA
thermoplastic polymer matrix will be enhanced by incorporating fillers, plasticizers such as
stearic acid, zinc stearate, and other lubricants such as paraffins and naphthalene oils.

AFM has been utilized to determine the size (thickness, width etc.,) of the Interphases
and their stiffness relative to the bulk phase of PMCs and their constituents. AFM has been
utilized to examine the AFM Roughness Analysis and AFM Grain Analysis of the “neat
recycled EVA polymer composites, and leather-shaving fibers reinforced with the recycled
EVA polymer composites”.

10. Results and Discussions
10.1. Moisture Content, Chromium Trivalent and Chemical Composition

As a result of the uniform-ragged powdery form-structure, the leather-shavings exhibit
a “moisture content” of 5.12%. As a result, drying time for leather shavings waste must be
increased, or another “drying method” must be selected further.

Additionally, UV-Visible spectroscopy was used as a quick method of detecting Cr(VI)
in the “solid leather wastes/recycled EVA thermo-plastic polymer composites”. The ab-
sence of Cr(VI) in thermoplastic elastomer-based polymer composites made from recycled
materials or leather shavings is demonstrated by the results. Results from Tables S3 and S4
indicate that the tested leather shaving waste-reinforced recycled EVA thermoplastic elas-
tomeric polymer composite samples did not contain any hexavalent chromium.

10.2. Physicomechanical Characteristics

The tensile slabs were molded in a “hydraulic press with electrically heated platens
operating at 110 ◦C and 6 tonnes of pressure” to evaluate physical and mechanical prop-
erties. The mold was filled with the compounded sheet, which had a thickness of about
3.54 mm, and the platens were compressed to seal.

The percent leather shavings as fiber concentrations had an indispensable effect on the
“physico-mechanical characteristics of the solid leather wastes/recycled polymer compos-
ites”. The “neat recycled-EVA polymer” tensile strength was discovered to be 12.295 MPa.
However, it was discovered that recycled EVA polymer composites using leather shavings
as reinforcing fiber had an average tensile strength of 10.615 MPa. This behavior was
attributed to compelling interface bonding or adhesion strength and the fact that the fiber
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agglomerations are closer together with a 1:1 ratio of reinforcement and bas matrix. The
stress may have been transmitted from one aggregate to another as a result of the recycled
EVA polymer acting as an “adhesive-agent” between the “coalescence agglomerations”.
Thus, it is abundantly obvious that the addition of leather shavings as fiber causes enhances
ductility and a decrease in the “elongation at break” of the base matrix.

The elasticity of the composite materials can be shown in the % elongation at break.
As shown in Figure 1, the “leather shavings/recycled EVA polymer composites” showed
lower “percentage elongation at break” of 67.91 percent as compared to the control sample,
i.e., “neat recycled-EVA polymer”, which is discovered to be much higher at 192.16 percent.
This low value of “elongation at break” demonstrate how stiffer the leather fibers become
when combined with the recycled EVA polymer matrix. As the “leather loading in the
polymer” grows, the failure process becomes more brittle [16,18,35,37,46].
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Figure 1. Comparison of the “tensile strength” of “neat recycled EVA polymer composites” and
“Leather shavings/recycled EVA polymer composites”.

The production of “crevasses, deformations, perforations, microscopic cracks enclosing
the fillers, and the emergence of void cavities” due to a localized “detachment of the recycled
EVA matrices from the leather fabrics” could be blamed for the poor elongation at break
values [35,37,39,40,47,48]. As the composites get closer to brittle failure, there is a significant
reduction in the elongation at break values. When filler loading is large (1:1), voids develop that
compromise the structural integrity of the composites. The matrix and fiber become separated
when the voids expand and interact with one another. The reinforcement provided by the
leather fibers is outweighed by the increased contact between the nearby spaces. Additionally,
each filler particle experiences normal stresses while under a tensile load. The most vulnerable
locations are those where these pressures are greatest since that is where “the separation of
the recycled EVA matrix from the leather fiber is most likely to begin”. The leather fibers may
also selectively form a cohesive network between themselves as the loading increases and
reach up to 1:1, which causes a weak interfacial bonding with the “recycled EVA matrix” and
poor mechanical qualities. Even so, “the leather shavings reinforced recycled EVA polymer
composites” still display an exceptional outstanding mechanical strength when compared to
the features of these composites with the prior discoveries [16,18,35,37,39,40,46–48].

The related results in context with the distribution of stress from one aggregate to
another one have fervently been reported by Ambrósio et al. (2011), where, as the percent of
leather-particulates in the composite materials keeps increasing, the tensile-strength grad-
ually increases [37]. The physico-mechanical characteristics of leather-fibres/polymeric-
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composites have been ascertained not only from the properties of the polymer-matrix
and reinforcing leather-fibers, as well as by the interfacial seen among the matrix and
fiber-reinforcement, which would be absolutely crucial for the transmission of inter-facial
stress [37]. A sudden drop in the tensile-strength is a widespread occurrence in thermo-
plastic materials loaded with natural-filler particles; as the filler-content rises, thus also
continues to increase the interfacial contact-area, the interfacial-adhesion, and bonding-
strength between both the polar-solvents based-filling materials and the matrix-polymer
deteriorates/decomposes [59–61].

The coupling inhibitors and compatibilizing-agents enhance the tensile strength of compos-
ites by lowering the gap between the tensile strength of “neat polymer-composite matrices” and
that of the composites with “unprocessed natural fabrics” [37]. An enhancement in the tensile-
strength implies that stress is transmitted from the matrices to the filling additive materials [37].

According to the SEM-fractography analysis, the findings have indicated that only
certain cryogenic-fracturing cracks, fissures, and deformations of the leather/poly(vinyl
butyral) (PVB) specimens happened via aggregates or coalescence or agglomerations, re-
vealing that the interfacial-interaction transmitted the stresses of poly(vinyl butyral) (PVB)-
matrices to the leather-fibers [37]. Even though enhancing “the wt.% of leather-reinforcing
in the composite materials diminishes tensile-strength, excellent interfacial-bonding inter-
action among the PVB-matrix with the vinyl-alcohol-hydroxyl as well as R1-C(=O)-C-R2
functional-groups and the leather-fiber with their hygroscopic-collagenous fibril molecules
might well have improved strength properties” [37]. This could lead to a favorable equilib-
rium and, as a result, an enhancement in physico-mechanical characteristics.

As the wt.% of leather-fibers tends to increase, the gap-distances/spacing between
the fabric agglomerations reduces, which can be evident in the SEM-fractography analysis
for the composites with max. percent wt. of leather-loading [37]. Due to the obvious
superior interfacial-bonding and crosslinking-density mechanisms of poly(vinyl butyral)
(PVB) with the leather-fiber aggregates, the PVB may very well have behaved/functioned
as an adhesives binding-agent among both of the agglomerations, thereby distributing the
stresses of one coalescence conglomeration to the other one [37].

The leather-fiber content had a significant effect on the physic-mechanical properties
of leather/poly(vinyl butyral) (PVB) composites. The tensile strength of composites was
lower than those of base PVB. Whenever the volume of leather-fibers in the composites
has been raised, the tensile strength is considerably enhanced to a substantial extent [37].
This mechanism was attributed to strong interfacial interaction with a firm bonding and
the notion that perhaps the fabric-agglomerations get nearer to one another as the wt.%
of leather-loading rises. As a result, a PVB might well have functioned as a bonding
agent between the agglomerations, transmitting stress from one to the next [37]. The
tensile-modulus of the composites increased substantially as the quantity of leather-fiber
within composites increased. This phenomenon was supported based on the premise that
the leather-fiber agglomerations are rather near to one other, posing the possibility of
entanglement [37]. Because of the elasticity of the leather-fibers and the matrices of
plasticized-PVB, the leather-fiber agglomerations might even get nearer and undergo
tangling or entrapment as the wt.% of leather-loading increases [37]. The entanglement ag-
glomerations encompassed by the PVB-matrices have the potential to significantly improve
the elasticity, modulus, and strength of the composites and, thus, the young’s modulus [37].

If the matrix and the fiber have sufficient adhesion, the interfacial strength is often improved.
The internal resistive power to come apart the sample is controlled by the “stress-concentration”
across the region of the “nano-additives or nano-filling agent” if the “interfacial strength” is
greater than the matrix “cohesion force”. In these circumstances, it is common to see an increase
in modulus, a sharp decrease in elongation at break, and an increase in tear strength. Since the
variation of tensile strength relies on the loading, the kind of fiber, the makeup of the matrix,
and other factors, it normally does not show any particular trend. When the fiber concentration
is below the threshold volume percentage, composite materials can have tensile strengths that
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are even lower than those of the unfilled matrix [62]. However, as the fiber concentration rises
above the “critical volume fraction”, mechanical properties get better.

The comparable findings have been observed by Nanni et al., wherein, Poly(12-
aminododecanoic acid lactam) and thermoplastic poly-urethane-predicated compositions
revealed desired behavior (about +47 percent modulus and +40 percent creep-resistance)
even though not-optimum fabric-matrices interfacial-adhesion, as well as inadequate defi-
bration of leather-fiber wastes, substantially decreased strength along with elongation-at-
break [38]. Eventually, the thermoplastic elastomeric-based specimen behaved the poorest
leading to a complete lack/absence of compatibility interaction and affinity between both
the polar-molecules-based-leather-waste fibers as well as the non-polar based-polymer-
matrices [38].

Leather fiber agglomerates could be brought closer together and demonstrate an unbreak-
able link thanks to the flexibility and toughness of the “leather fibers and the plastic recycled
EVA matrix”, as depicted in Figure S5a,b. Leather shavings could also be entangled as much
as possible according to these properties. According to Ambrosio et al., the linked collective
“covered in the recycled EVA matrix could significantly improve the stiffness, elasticity, and
stability of the composites”, resulting in an elastic module (2011) [38].

Dodwell (1989) claims that “expensive and light footwear could have been made from
“leather-boards having a tensile strength of 4.0 MPa, fashionable, aesthetically pleasing,
and practical footwear could have been made from leather-boards having tensile strength
of 5.5 MPa” [63].

A wide range of behavior possibilities is also shown in Figure S5a,b, ranging from
“hard, brittle” to “ductile”, with a yield point similar to that of a “thermoplastic polymer”
when subjected to mechanical agitations (stresses) [64].

The matrix had already effectively received the stiffness of the reinforcement. Accord-
ing to Covington (2009), the higher-modulus at a 10% waste-content could be explained by
the HDPE90/Chrome tanned wastes’ amorphous form after being chilled from melt [47].

The “neat recycled-EVA” polymer sample’s tensile-fractured micrographs are shown in
Figure 2a,b. The surface is lined and filled with “bulged, twisted, and elongated materials”,
which appears to be a sign of such “lateral-pressure bearing strength, significant deforma-
tion capacities as might be anticipated for relatively flexible recycled EVA co-polymer”.
It also supports the “enormous strains as measured through experimental studies with
a tensile strength of 12.295 MPa and percent-elongation at break of 192.17 percent as the
comparable values by Stael et al. (2005)” [39]. Figure 2a,b has illustrated the fractography
surface-morphology analysis, which evidently unveiled that the surface is encompassed by
stretch material, which seems to be an indication of the significant distortion abilities that
might be envisaged with the exceptionally elastic and resilient EVA polymer, so it appears
to confirm the huge strains analytically reported. Comparable findings have been reported
in prior studies conducted [16,21,26,35,37,39,46–48,65].
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Figures 3a,b and 4a,b shows certain perforations, fractures, fissures, holes, and voids in
the surface as well as the cross-sectional area of the recycled EVA polymer surface in addition
to the collagen fibrils-bundles. This may be caused by fibers from leather shaving waste being
removed after tensile testing, as shown in Figures 1 and S5a,b. It was simple to identify the
cause or position of fiber rupture or deformation close to pull-out apertures, indicating poor
adhesion between leather shaving fibers and recycled EVA polymer. However, increasing the
number of leather shaving fibers in composites improved their permeability, bonding, and
interfacial-adherence to recycled EVA polymer. In fact, as demonstrated in Figures 1 and S5a,b,
the distribution of leather shaving fibers in composites made of recycled EVA polymer and
leather shaving fibers was fairly intense. The leather shaving fibers appeared to be getting
smaller, proving that the bundle of leather fibers had been broken up into individual single
fibers. As a result, every fiber in the recycled EVA polymer matrix can effectively shift and
reorient, resulting in a reasonable distribution of leather-shaving fibers. However, as leather
fiber volume increased, the region of the stress-relaxation gradient curvature was dramatically
boosted by a decrease in fiber-matrix interaction. Additionally, the strong bonding between
the leather shaving fibers and recycled EVA polymer shows a remarkably large improvement
in the physico-mechanical properties of the composite materials made from leather shavings
and recycled EVA.
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Leather shavings/recycled EVA polymer composite, a representative specimen, has
a lower average compressive modulus, measuring 63.63 MPa. As shown in Figure 5, the
average compressive modulus of “plain recycled EVA polymer” without fiber content
was determined to be 66.695 MPa. Though the compressive modulus is a measure of
“the material’s stiffness, and higher is the compressive modulus which leads to stiffer
in the recycled polymer composites” [16,21,26]. The comparable outcomes have been
unveiled by the prior studies wherein the investigators have enumerated that brittleness is
a characteristic of polymeric materials that have been simply cracked, fractured, distorted,
ruptured, and/or shattered [16,21,26,46]. As brittleness is characteristic of the materials that
fracture once stressed but seem to have minimal ability to degrade/deform prior to fracture
or breakage. Brittle materials exhibit minimal deformation/distortion/cracking, a lower-
capability to withstand/bear the shock as well as vibrating deformation, a relatively higher
compressive-strength, and a poor tensile-strength [16,21,26,35,37,39,46,47]. At the same
time, stiffness seems to be a property that indicates resistance to cracking and therefore
is considerably easier than physico-mechanical strength, which has been associated with
failure breakdown [16,21,26,35,37,39,46,47]. Also, stiffness is a polymeric characteristic
represented by the Flexural-modulus as well as bending elastic-modulus. The three-point
bending-test was utilized to measure a material’s stiffness/resistance to bending whenever
a loading is acting perpendicular towards the longest side of a specimen. The stiffer and
denser the materials, the significantly larger the bending modulus of elasticity; the lesser
the bending modulus, therefore the more flexibility it is indeed [16,21,26,35,37,39,46,47]. As
reported from the literary sources wherein the difference between stiffness and brittleness
has been reported in such a manner that the stiffness alludes toward the leather polymeric
composites that are rigid/stiff, inflexible, unyielding, difficult to bend, as well as inflexible,
whereas, brittle pertains to that of leather polymeric composites that would be inflexible
and likely to fracture, crack, shatter, or rupture quickly underneath applied stress or
pressure [35,37,39,46,47].
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Figure 5. Comparison of “Compressive modulus (MPa)” for “neat-recycled EVA” and “recycled-EVA
polymer composites”.

As shown in Figure S6, the compressive strength for the leather shavings/recycled
EVA polymer composite tends to be somewhat higher (9.88 MPa) than the plain recycled
EVA polymer (9.87 MPa).
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The “stress-strain profile of thermoplastic polymers” is consistent with the nonlinearity
of the stress-strain curve. According to Musa et al. (2017) [66], the control (HDPE) had a
higher strain than its composites because the filler had not been used to temper the ductility.
The stiffness and brittleness of a filler have infused its stringency into some of the “most
ductile matrix (HDPE)” that results in reducing strain at minimal waste content (within
10–20 wt.% of fiber). Results also demonstrate that the composite “HDPE90/Chrome-
tanned waste at 10% has higher stress and strain than the control (HDPE)”. Due to the
presence of natural rubber, the strain was further impacted (serving as an extender), and the
filling dispersion in the matrix was facilitated. As a result, “HDPE90/Chromium-tanned
waste with a 10% loading had become more robust and ductile”.

The “solid leather waste/recycled EVA composites” tear strength also shows how
dependent this feature is on the leather waste, which has the highest fiber concentration
in the composites. The average tear strength, however, was discovered to be around
17.5575 N/mm when leather shavings were used as reinforcement fibers. The average
tear strength for “the “neat recycled-EVA” polymer was determined to be 9.48 N/mm”, as
shown in Figure 6. According to Madera-Santana et al. (2004) [16], the highest leather fiber
percentage increases tear resistance. This is due to the collagenous (proteinous) fibrous
shredded form of “leather shavings” in the “recycled EVA matrix” being assimilated
(“uniformly dispersed/blended with matrix”).
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polymer composites”.

The presence of “additives, according to Ambrósio et al. (2011) and Musa et al. (2017),
has increased the fiber dispersion in HDPE-matrix, enabling superior compatibility and
interacting between the waste fibers and matrix” [38,66]. The main function of the additives
was “to act as a chemical group, creating an interface between the matrix and the fiber
surface that allowed for effective stress transfer”. A lack of a wetting surface could cause
the deterioration of greater waste contents by drastically reducing stress transfer through
the interface.

According to Ravichandran and Nmg (2005), the mechanical characteristics of “NBR/PVC
composites filled with treated leather fibers” have significantly improved [67]. The elasticity
modulus of the mixes is increased when leather fibers are added. Ammonia-treated leather
shavings significantly increase tensile strength and tear strength. It is possible to ascribe the
strong polymer-leather contact and effective vulcanization properties to the increased modu-
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lus and decreased elongation at break values. It is also well known that a composite always
has a larger effective surface fracture energy than an empty polymer. Dispersed leather fibers
lengthen or delay the crack propagation process. Additionally, they take in some of the energy,
which slows down the matrix’s deformation. The enhanced “tear strength” of the composites
with leather filling makes this process more obvious. This is generally in agreement with
the observation that short fiber additions enhance the “tear strength” of elastomers. “Low
elongation at break” values could be related to the development of crevasses, punctures,
microscopic cracks surrounding the fillers, and the “emergence of void cavities” induced by a
localized detachment of the matrix from the fibers [67].

The mean peel strength among the polymer to synthetic adhesive based-fabrics for
leather shavings as fiber in “recycled EVA matrix” was higher and was found to be around
1.3125 N/mm, according to Figure 7 “(as the “Adhesion-peel strength” is the ‘anti-stripping’
property from ‘polymers’ to ‘leather’/’Adhesive bond-strength’ or ‘peel-test’ is performed
to estimate the ‘strength’ of a ‘bond’ by ascertaining the force that the ‘force’ is necessary to
“peel-apart” the ‘fused materials’)”. This is because after milling, a significant amount of
leather shavings has been obtained, enhancing the interaction between shaving waste and
recycled -EVA. While the ‘neat recycled-EVA’ was found to have a reduced adhesive peel
strength of about 0.675 N/mm.
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According to the test results for ‘neat recycled-EVA’ polymer, the combination of an
upper and a sole has weak adherence. In this case, separation or disintegration of the
‘adhesive-film’ at the surface was noted in relation to textiles made of synthetic adhesive-
based materials. This may also be due to ‘insufficient roughing’, ‘inadequate surface-
preparation’, and ‘insufficient drying-time’.

When evaluating the adhesion among “recycled EVA polymer to synthetic adhesive
based-fabrics and solid leather waste reinforced recycled EVA polymer composites to
synthetic adhesive based-fabrics”, the results clearly show that the upper surface fabrics
failure occurs in the case of the ‘neat recycled-EVA’ polymer composites, as shown in
Figure 7. While throughout the experiment, the leather fibers in the ‘recycled-EVA’ polymer
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composites with synthetic adhesive-based fabrics and leather shaving waste experience
adhesion to top surface failure.

“Collagen-hydrolyzates” was produced by chrome-shaving during the early phase,
claim Ali Shaikh et al. (2017) [66]. It was a viscid, frequently sticky, slightly cream- or
pale-yellowish, odorless gel-like substance with a pH of 8.15. Due to its intense interfacial-
bonding strength, this solvent-based substance was extensively used in the leather and
garment industries. The drying process takes only around 10 to 15 min because the adhesive
is obviously present, which is helpful for future improvement, efficacy, and functioning. As
a result, there was a good chance of getting amazing results from the study that was done
to create solvent-borne sticking agents. The four samples were used in the studies, which
included different amounts of poly-vinyl alcohol (1 to 6 percent) and poly-vinyl acetate
(1 to 16 percent). All four of the aforementioned samples, including the one stated above,
showed average adhesiveness and bonding ability. After incorporating the adherent into a
leather specimen, the “SATRA-TM416 test” was used to measure the bonding strength. The
mean “peel strengths” of the specimens were “0.00312, 0.00325, 0.00295 and 0.0025 N/m”,
according to the results [68].

The thickness of the leather fabric has an impact on “compression resistance”, and
“hot-press/rolling mill processing”, which is intended to improve the finish, is likely to
improve the handle. The compressional resilience will decrease as the fiber becomes softer.

According to the findings in Figure 8, “the compression deformation property for
leather shaving wastes as fiber in the recycled EVA matrix was greater by about 6.69 percent
as compared to the neat recycled EVA matrix, which was found to be about 1”.
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EVA polymer composites”.

To determine “the compression deformation properties of “neat recycled-EVA”, as
well as leather waste/recycled EVA polymer composites, the Compression and Resilience
Tester (CRT) of the recycled EVA polymeric composites” was investigated.

This ‘CRT test’ demonstrates that the ‘resilience-energy’ and ‘load-compression’ capa-
bilities of the “leather shavings/recycled EVA composites” are noticeably better than those
of the “neat-recycled EVA polymer composites”.

Composite materials have superior elastic recovery when the compression set is lower.
The fullness and compressibility of shaved leather fibers increase with higher compression
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energy levels. The values of compression energy rise as the thickness values grow. One
possible indicator of softness is the compression-decompression curve’s linearity. A leather
fiber with a softer grip has a lower linearity of compression. It follows logically that “the
linearity of the compression and compression energy values” should be used to describe
the softness of solid leather fiber wastes.

It has been discovered that as the fiber thickness of solid leather waste increases, both
the “linearity of the compression” and “compression energy” values rise.

To increase compression and toughness, it is essential to prevent chain slides (CRT).
To lessen chain sliding, both the chemically-bonded polymer and organically modified
nanoclays can be employed (organo-clay). The reduced “molecular-mass tri-methoxy-silyl-
modified poly-butadiene (Silicon Hydride)” has been further used to chemically bond poly-
mer and organoclay, according to Park et al. (2008)’s analysis [69]. The “poly(ethylenevinyl-
acetate) co-polymer and the ethylene, polymer with 1-butene” can both be silane-grafted
using peroxide [70–76]. According to Park et al. (2008) [69], “polymer with 1-butene radi-
cals” was created as a result of peroxide interactions with “poly (ethylenevinyl-acetate) and
ethylene”. These produced radicals may combine with “poly-butadiene of silicon hydride”.
This led to the development of ethylene polymer with “1-butene” and “silicon hydride-
grafted poly (ethylenevinyl-acetate)” [69]. Organoclay hydroxyl groups and silicon hydride
silanol groups can react. Although CRT is one of the most important qualities for foam appli-
cations, “poly (ethylene vinyl acetate)/Ethylene, polymer” with “1-butene foams with clay
addition” should have better compression-set properties [69]. Park et al. (2008) employed
“chemical-bonded polymers and organoclays by Silicon Hydride in his research to restrict
chain-slip across the clay substrate material since it was stated that the polymeric backbone
chains slipping across the clay surface was the reason of the poor elastic recovery” [69].
Because of this, “poly(ethylenevinylacetate)”/’Ethylene’, ‘polymer with 1-butene’/’methyl
tallow bis(2-hydroxyethyl) quats-nanoclays’/’Silicon Hydride-foams’ either with or with-
out” ‘cis-Butenedioic anhydride-grafting’, and ‘poly(ethylenevinylacetate)’/’Ethylene’,
polymer containing 1-butene polymeric foams” have significantly lower compression
sets According to CRT results, “methyl tallow bis(2-hydroxyethyl) nanoclays” are supe-
rior to “di(hydrogenated tallow)di-methyl-ammonium-chloride nanoclays” for enhancing
compression-set because they contain hydroxyl-groups within the organo-clay layer and
“alkyl-ammonium ion hydroxyl” groups within the active layer [69]. Based on the absence
of the large pinnacle at 3398 cm−1 for “poly (ethylenevinyl-acetate)/Ethylene”, polymer
with “1-butene/methyl tallow bis(2-hydroxyethyl) quats-nanoclays/Silane” and “poly
(ethylenevinyl-acetate)/Ethylene”, polymer with “1-butene/Di(hydrogenated tallow)di-
methyl-ammonium-chloride” qu (2008) [69].

Abrasion resistance is a crucial quality requirement in any situation where resilience
is crucial, such as in “automobile” and “upholstery leathers”. Abrasion is significantly
influenced by the physical-mechanical properties and size of the leather particles. The main
determining factors that affect abrasion are the type of leather, its “fineness or flowability,
and the length of the fiber. Higher elongation, fatigue strength, strain rate, elastic recovery,
and work-of-rupture or breaking characteristics in leather fibers” enable them to withstand
frequent, repeating distortions and attain higher levels of abrasion resistance.

Abrasion resistance is significantly predisposed by the “leather fabric thickness” and
mass per square meter, which are important structural features of leather materials. The
enhanced values of these parameters determine the relatively greater abrasion resistance.
It yields improved “abrasion resistance” due to the high ‘surface-area’, which maximizes
‘contact-points’ with the recycled-EVA matrix.

Utilizing a rotating drum-type abrasion tester made of leather soles, “solid leather
waste/recycled EVA composites” was tested for abrasion resistance. Results showed that
“when compared to neat recycled-EVA polymer composites, the volumetric wear loss
for the leather shavings used as fibers in the recycled EVA matrix was higher at about
237.53 mm3”, as shown in Figure 9. “The thread-like collagenous fibrillary-like filaments
throughout the composite” have been worn almost in proportion to their content as the
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percent-wt. of leather has increased, revealing a confirmed “linear increase in wear-rate” as
described by Ambrósio et al. (2011) [38].
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Figure 9. Comparison of “abrasion-resistance (mm3)” for “neat-recycled EVA” and “recycled-EVA
polymer composites”.

The ‘neat recycled-EVA’ composites have exhibited a volumetric wear loss of about
101.75 mm3 due to their “high elongation, work fracture, and elastic recovery”.

“The shape, structure, and type of additive elements, such as zinc octadecanoate and
Octadecanoic acid, and the resulting discontinuities in the matrices may serve as evidence
of the reduction in wear resistance, tensile strength, percentage elongation, as well as
flexing resistance with increasing waste filler inclusion”. The void cavities can multiply
in size, form, and relationship to one another due to abrasion, strain, and stretch, which
results in materials debonding and fracture/rupture failure.

For testing composites’ hardness, an indenter driven into the material is used. The
modulus of elasticity and visco-elastic properties of materials has an impact on the hardness
indent because it is inversely proportional to a penetrating value.

“The Shore A Hardness strength for leather shaving waste used as fiber in the recycled
EVA matrix was determined to be approximately 90.5”, as shown in Figure 10.

However, when compared to composites made of “recycled EVA and leather shavings,
the ‘hardness strength’ for “neat recycled-EVA” was found to be much lower, at roughly
60. The Beach, The number of leather fibers added significantly increases the hardness of
composites made of recycledEVA and solid leather waste. According to Ambrósio et al.
(2011) [38], leather filaments have a harder surface than plasticized PVB matrices, which is
where the growing trend in hardness originates from.

But the increase in modulus and hardness suggests some degree of interaction between
the polymer and the fibers of the leather. These characteristics, together with “the high
hardness ratings of these blends, may be due to the uniform distribution of the leather fibers”.

“The composite’s resistance to elastic deformation on its surface increased as the
proportion of chrome-tanned wastes improved from 0 to 40% loading” [66].

This resilience, however, diminished as the proportion of wastes browned in
chromium rose.
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In general, the “density” and “voids content” of composites have a significant impact
on the amount of water absorption. There is a significant increase in “water holding
capacity” with increased leather-shavings ‘fiber-length’. As a consequence, it is clear that
the speed of water absorption increases with leather-fiber loading, and leather shavings
have a high percentage of water absorption (about 14.07 percent) compared to “neat
recycled EVA polymer composites” (1.56%), as shown in Figure 11.
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Given that the leather fibers are hydrophilic by nature, the composite rises in water
absorption as the percentage of leather shavings loading has been escalated to 1:1. In the
‘footwear’ and ‘apparel’ industries, this property has significant commercial significance.

Although a larger percentage of water uptake is observed in composites developed
of chrome-tanned wastes and HDPE, the percentage of water uptake increases when the
number of chrome-tanned wastes grows dramatically [66]. This suggested that certain
additives, such as zinc octadecanoate and octadecanoic acid, were, in fact, responsible for
the development of additional microgaps, abnormalities, irregularities, and other flaws in
composite materials. This might also take into account the reduced tensile-modulus that
Musa et al. (2017) [66] reported.

10.3. Thermal Studies
10.3.1. Thermo-Gravimetric Analysis (TGA)

The primary elements of leather filaments are “collagenous protein, which is composed
of long amino acid chains, chromic oxide, and other biological substances. To maintain
chemical stability, the right surface texture, and resistance to deterioration/decomposition
by fungus and micro-organisms/microbes during usage, these substances are added to
leather”. TGA and DSC were used, respectively, to evaluate the thermal properties of the
composites. A minimal weight loss of the sample is defined as the temperature in a TGA
thermogram that corresponds to a 5% weight loss.

“The lowest weight loss of all the samples was found to be in the 211–289 ◦C range,
indicating that the generated composites are quite thermally stable, at least up to 211 ◦C”.

Figure 12a,b illustrates the TG and DTG curves at distinct heating-rates of the leather-
shavings in the N2 environment, respectively. These graphs exhibit the characteristic form
pattern of leather specimens: three-phases could be identified throughout the heating-phase
(correlating to areas 1–3 as indicated in Figure 12a). As per the TG-FTIR findings, the very
first phase (from 25–150 ◦C) is predominantly attributable to the emission of water as well
as low–molecular–weight volatile chemical byproducts. The second phase ranges from
150–500 ◦C. This period is characterized by considerable weight-loss (around 50 percent of
overall volatile-matter), which correlates to the primary breakdown-phase of collagen-fiber
particles [16,21,26,35,37,39,46,47]. There seem to be two shoulders, one of these is noticeable
while the other one is feeble, which might well be detected on ‘DTG curvatures’ in this
area, which may have been induced by the collagenous with varying extent magnitudes of
cross-linking [16,21,26,35,37,39,46,47]. During the last phase (500–600 ◦C), the weight-loss
of leather-shavings steadily escalated with rising temperature, and the slow yet persis-
tent degradation of the carbon-containing compounds in residuals could be attributed
to this phase.
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According to TGA research, the weight of the specimen remains constant up to
213.47 ◦C, after which there is a large weight loss (99.09318 percent) for the leather particles
for “neat recycled-EVA” polymer composite specimens. In other words, 99.09 percent,
which also shows that the specimen is ‘thermally stable’ up to 213.47 ◦C and begins to lose
weight (95.651512 percent) after this temperature for the leather shavings/recycled EVA
Polymer combination. 95.65 percent, which is also evidence that the specimen is ‘thermally
stable’ up to 213.81 ◦C, as shown in Figure 13a,b.
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Acetic acid is released during the first stage of mass loss. “Acetic acid has already
been completely discharged in the second mass-loss step. The first weight loss (213.47 ◦C to
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300 ◦C for neat recycled-EVA and 213.81 ◦C to 300 ◦C for Leather shavings/recycled EVA
polymer composites) is a result of the formation of C=C all throughout the core-polymeric
framework structure and has been linked to similar findings” [16,21,26,35,37,39,46,47]. “The
second mass loss occurred as a result of the oxidation and volatilization of hydrocarbon
compounds as a result of the breakdown of the recycled EVA co-polymer network structure
(300 ◦C to 460 ◦C for neat recycled EVA and 300 ◦C to 465 ◦C for leather shaving/recycled
EVA polymer composites)”.

The level one degradation relates to the deacylation of the vinyl acetate group with the
removal of acetic acid, according to similar findings from in-depth literature. Additionally,
level one degradation of vinyl polyethylene chains gives way to level two degradation.
Rapid weight loss and a rise in temperature are also signs of the second stage of deteri-
oration. The loss of water molecules is visible in the degradation in the region of 100 ◦C.
According to Tegegn (2018) [48], there are three basic steps to weight loss caused by the heat
degradation of collagen hydrolysate. Between 46.05 ◦C and 220.24 ◦C, the first stage was
detected. There was a weight loss of 9.67%, which may have been caused by the gelatin’s
moisture evaporating. The degradation of proteins caused the second stage of weight
loss, which started at a temperature between 220.2 and 350.98 ◦C, to lose the most weight
(38.84 percent). This finding is marginally higher than that obtained by Camila de Campo
et al. in 2017 [40], who reported that the beginning degradation temperature was seen at
200 ◦C. Collagen hydrolysate degradation began at 220.2 ◦C. The third stage of weight loss
takes place between 350.98 and 431.35 ◦C in temperature. Using a temperature range of
431.4 to 587.06 ◦C and a weight reduction of 12.89 percent, the corresponding weight loss
was (7.24 percent). At 587.06 ◦C, it has a residual mass of 30.45%. The greatest weight loss
was recorded at 311.75 ◦C, or 0.766 percent/◦C [48].

According to Ravichandran et al. (2005) [78], the structure of leather is bound to alter
when leather particles are joined with scrap rubber and solidified at high temperatures
under pressure. Additionally, the degradation of the recycled rubber matrix is expected
to be accelerated by the leather’s breakdown products, particularly trivalent chromium.
There has been much discussion over the deterioration of leather-containing scrap rubber
vulcanizates [78]. Additionally, the decomposition products were listed in their investiga-
tions along with the degradation studies employing thermal gravimetric analysis of the
vulcanizates under inert and oxidizing atmospheric conditions.

Additionally, as reported by Ravichandran et al. (2005) [78], “TGA of leather samples
were tested between 0 ◦C and 400 ◦C in nitrogen environment in order to understand
the role of leather on the thermal stability of natural rubber vulcanizates. Two stages of
leather degradation below 400 ◦C were visible in the thermograms of treated and untreated
leather. The first stage of weight loss, which takes place below 100 ◦C, is attributed
to released water, while the second stage, which happens between 200 and 400 ◦C for
all samples, is assigned to leather degradation” [78]. Since the temperature at which
“all leather samples decomposed was almost the same (between 200 and 300 ◦C), it was
reasonable to assume that they would all have a similar impact on the thermal stability
of the parent natural rubber-scrap rubber vulcanisates”. The natural rubber vulcanizates’
breakdown is influenced by the pieces created during this stage’s decomposition [78].
“The TGA of natural rubber vulcanizates was carried out between 50 and 400 ◦C in a
nitrogen environment to examine the effects of untreated, sodium-hydrogen-carbonate
processed, azane processed, and carbamide processed leather parts on the ‘thermal stability’
of latex-reclaimed rubber-vulcanizates [78]”. The results of the relevant thermograms better
illustrated the thermal stability of latex-reclaimed rubber-vulcanizates up to 350 ◦C without
leather. Although the disintegration patterns for the vulcanizates, including untreated and
treated leather, are similar, as shown by the thermograms, a decrease in their ‘thermally
stable’ can be seen when compared to the vulcanizate in the absence of leather. Therefore,
it may be inferred that natural rubber vulcanizates without leather are more ‘thermally
stable’ than those that do. The % weight was measured in steps of 50 ◦C for all the samples
in order to compare the weight loss between 50 and 400 ◦C for the untreated and treated
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natural leather rubber-scrap rubber vulcanizates. For all of the samples, the TGA results
showed how much weight is retained for every 50 ◦C increase in temperature. The data
comparison showed that the latex-reclaimed rubber-vulcanizates, which contain untreated
leather up to 350 ◦C, retained more than 92 percent of their weight”. However, the data for
all the “latex-reclaimed rubber-vulcanizates” that made up the processed leather samples
revealed that merely at 300 ◦C were around 92 percent of the weight retain. The ‘thermally
stability’ of “treated leather natural rubber-scarp rubber vulcanizates” showed a 50 ◦C
temperature decrease, amply proving the perspective [78].

“The weight loss at 400 ◦C under isothermal conditions was also observed for 46 min
in increments of four minutes in order to compare the rates of deterioration for all the
samples. The measured weights for all the samples under isothermal conditions at 400 ◦C,
had revealed that there was a slight increase in the rate of degradation in the former
compared to the latter, despite the fact that the rate of degradation for latex-reclaimed
rubber-vulcanizates containing untreated leather appears to be similar to that for vul-
canizates containing treated leather”. Additionally, it was obvious that “latex-reclaimed
rubber-vulcanizates” without leather demonstrate a rapid weight loss at a temperature
that is significantly greater than those of “latex-reclaimed rubber-vulcanizates” that con-
tain ‘leather-particulates’, as reported by Ravichandran et al. 2005 [78]. At 400 ◦C, under
‘isothermal conditions’, a weight loss of around 50% was seen for all the samples [78].

The results of reclaimed rubber-only (without leather) TGA analyses of natural-rubber
(NR) vulcanizates were conducted between 0 and 600 ◦C in the air [78]. The investigation is
being done to determine how untreated leather affects the thermostability of vulcanizates
made from natural rubber and recycled rubber. There was no weight loss below 150 ◦C.
Hence the material does not appear to contain any water in the matrix. The in-situ FTIR is
applied to the TGA analysis effluents for vulcanizates that do not contain leather at various
time intervals [78]. The four spectra resemble their corresponding untreated leather-loaded
sample spectra almost perfectly. The thermogravimetric analysis (TGA) of latex-reclaimed
rubber-vulcanizates, including untreated leather particles, which was conducted between
0 ◦C and 600 ◦C in air, produced the following results.

Previous research revealed that the thermogram was there even though the present
case’s pace of rubber matrix disintegration and the beginning of water release from the rub-
ber matrix looked to be different [78]. “The rate of degradation is lower for the vulcanizate
without any leather than for the loaded sample with untreated leather. Additionally, the
thermogram shows the last residue of the leather-loaded sample below 500 ◦C. Its untreated
leather may be to blame for this variance in behaviour. According to Ravichandran et al.
(2005) [78] the structural water present in leather that takes time to get out of leather due to
the likely structural changes in leather may be to blame for the time-dependent water loss
that was shown to occur up to 200 ◦C”.

Due to the loss of poorly adsorbed water, the TGA trace has shown that weight loss
might start even below 100 ◦C [78]. But the material immediately starts to decompose.
Between 220–350 ◦C, there is a very slight weight loss (around 18%), followed by two
further stages between 350 and 500 ◦C. In this temperature range, the overall weight loss
was equivalent to about 42%. Starting at 500 ◦C, the final residue begins to lose weight
extremely quickly. Given that the TGA trace does not completely disappear, there must
be a thermally stable residue, most likely inorganic chromium oxide, as chromium is a
frequent element found in leather [78].

According to the TGA data for leather vulcanizates treated with sodium bicarbonate,
“water is continuously released below 200 ◦C, and the vulcanizates begin to decompose at
240 ◦C. From this, it can be inferred that the effect of sodium bicarbonate-treated leather
vulcanizates on the thermal properties of “latex-reclaimed rubber matrix” would be com-
parable to that of untreated leather vulcanisates” [78].

The TGA results of azane-processed leather vulcanizates were comparable to those
of urea-treated leather vulcanizates [78]. The discharged water remained unchanged, and
the rubber matrix’s breakdown had already begun. At 500 ◦C, the residue underwent
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two stages of disintegration. This finding demonstrated that the degradation of “latex-
reclaimed rubber-vulcanizates” including leather that had been azane-processed, would
behave almost identically to leather that had been urea-treated [78].

The TGA results of the composites made from urea-treated leather showed similarities
between them and the composites made from raw leather, but there were also clear discrep-
ancies [78]. The effect of leather treated with urea on the thermal durability of a natural
rubber-scrap rubber matrix was amply proven by this material’s two-stage disintegration
of the residue at temperatures of 500 and 540 ◦C. “The release of water was evident below
200 ◦C, and the rubber matrix started to break down at 240 ◦C, as with composites consist-
ing of raw leather. The second stage decomposition of the vulcanised containing carbamide
processed leather at 540 ◦C may be caused by the strong mixing and interaction between
the matrix and leather that leads to a co-operative deterioration that can only occur at a
high temperature” [78].

10.3.2. Differential Scanning Calorimetry (DSC)

According to research, a glass transition is, in fact, a second-order endothermic trans-
formation that manifests as a gradual changeover shift in consecutive DSC thermogram
heating graphs. At this moment, changes in chain mobility have caused a polymeric transi-
tion’s physical and mechanical properties to change from elastic to brittle. It was found
that the Tg values for the “neat recycled-EVA” were around –20 ◦C and were unaffected by
the cross-link density or vinyl acetate concentration. As shown in Figure 14a,b, the Tg of
leather shavings/recycled EVA polymer composites was discovered to be approximately
−16 ◦C.

Exothermic crystallization causes a significant exothermic peak to form during “the
quick cooling process at around 215 ◦C (for neat recycled EVA polymer composites) and
218 ◦C (for leather shavings/recycled EVA polymer composites)”.

An ‘endothermic peak maximal’ on ‘DSC heating graphs’ could be viewed as a melting-
temperature (Tm), a “first-order transformation”. The Tm of ‘neat recycled-EVA’ was
determined to be approximately 88.5 ◦C. At the same time, the Tm of the blend of recycled
EVA polymer and leather shaving composites was discovered to be about 118 ◦C.

The specimens with higher water content and more volatile chemicals in the gradually
progressing heating than the control-board could be the cause of the lower endothermic
transitioning result. Comparing “neat recycled-EVA” polymer composites to leather shav-
ings, the neat composites had greater endothermic values (Tm1) than the latter. This might
be a result of the fact that all the fibers were spread very equally throughout the leather
matrix, which caused their melting phase to shift toward a higher temperature. Due to the
structural heterogeneity of leather, which includes remnants of tanned components that
may interact with fibrous filaments, the second and third ‘endothermic peak values’ of
such a composite are also converted to exceptionally high-temperatures.

Regardless of the presence or absence of leather, the polymeric chain’s arrangement
loses its stability and homogeneity. The addition of a plasticizer inside of polymers increases
the chain motility, which in turn affects the Tg of the polymer.

The DSC analysis also revealed that “solid leather fibers lose water at an endother-
mic transition around 100 ◦C, are thermostable up to 211 ◦C, and start to break down
collagen around 332.56 ◦C for ‘neat recycled-EVA’ samples and 318.47 ◦C for leather
shavings/recycled EVA polymer composite samples, respectively. The glass transition
temperature (Tg), which was measured for the developed composites and was found to be
between −16 and 30 ◦C, is a valuable feature for understanding the processing parameters
as indicated by DSC”. Between 325 and 500 ◦C, during the leather preparation process,
a significant mass loss developed as a result of protein loss and the calcination of a ma-
terial. “This mass loss persisted between 130 and 150 ◦C and was attributed to unstable
volatile compounds such as lubricants (oils) and low molecular-weight greases observed
throughout the leather fibrils”.
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from the reference [45], and (b) Leather shavings/recycled EVA polymer composites”.

According to Joseph et al. (2017) [41], the leather waste was fully amorphous in nature
because “there was no melting peak for the pure leather sample according to comparable
results for the DSC melting thermograms”. A significant melting peak for the pure poly-
caprolactone (PCL) sample was noted at 57.14 ◦C. Other compositions that contained PCL
and leather only showed one peak, which is indicative of PCL melting, and there was
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no change in the peak’s position. This outcome also demonstrated that PCL and leather
wastes did not interact. With an increase in leather content, the peak’s intensity drops
proportionally. Leather has a very small impact on the ‘melting-temperature’ of composites.
The ‘melting-point’ is between 56.6 ◦C and 58.2 ◦C.

The influence of ‘leather content’ on the temperature of composite crystallization was
demonstrated using crystallization thermograms. The crystallization temperature was
raised to 34 ◦C by adding leather waste to the PCL matrix by 2 ◦C. Additionally, because
it will shorten the chilling process and consequently the entire cycle time, this trait can
be advantageous for processing this mixture by ‘extrusion’ or ‘injection molding’ in final
products [41].

“DSC analysis of latex-reclaimed rubber-vulcanizates without leather, untreated leather,
and urea-treated leather samples is carried out between 0–400 ◦C, at a heat-rate of 20 ◦C/min,
according to Ravichandran et al. (2005) [78]. DSC trace of latex-reclaimed rubber-vulcanizates
without leather, untreated leather, and urea-treated leather samples”. For natural rubber-
reclaimed-rubber and vulcanizates without leather as well as for all the samples treated with
leather, the modest endothermic elevations up to 200 ◦C are due to the release of retained
water. An endothermic hump has been observed between 200 and 250 ◦C for vulcanizates
that contain treated leather such as urea, sodium hydrogen carbonate, and azane, as well
as for vulcanizates devoid of leather [78]. The endothermic chain dis-entanglement of the
polymer chains is what causes this hump. In practically all of the samples, the subsequent
endothermic hump between 200 and 300 ◦C can be attributed to little decomposition. The
thermograms for ‘leather’ and “latex-reclaimed rubber-vulcanizates” that contained leather
could not adequately resolve this decomposition [78].

“The DSC traces of all the samples showed a significant endothermic elevation over
300 ◦C, which appeared to perfectly correlate with the ‘decomposition-stage’ of “latex-
reclaimed rubber-vulcanizates” contained with and without ‘leather samples’. A thorough
examination of the principal endotherm’s origin for each sample has revealed that “natural
rubber-scrap rubber vulcanizates” exhibit more stability in the absence of leather than
‘latex-reclaimed rubber vulcanizates’ do, as the former’s endotherm origin is located above
the latter [78].

11. Fourier-Transform Infrared-Spectroscopy (FT-IR)

As it is apparently observed in this monograph that surface-layer changes in ‘recycled-
EVA polymer’ may be correlated with absorption regions C-H (3100–2914.88 cm−1), which,
under humid conditions, increase in intensity. As a result of hydrogen bonding between
vinyl acetate and water, this increment occurs. The ‘stretching vibration’ of the ‘C=O’ is
caused by the terminal “trans-vinylene double bond” (1701.87–1736.58 cm−1), the ‘C=C’
and the “methylene stretch” (1432.85–1466.6 cm−1), ‘CH3

′ (1371.14 cm−1), and the ‘C-O’
(1296.89 cm−1). In comparison to the “deformation bands” of the ‘CH2′ group (1464 cm−1),
the band corresponds to a stretch mode in which ‘C-O-C’ is ascribed stretch mode. The
EVA with VA content in it can be monitored using this band as an integral standard. As
demonstrated in Figure 15a, there is a predominant absorption band at 1739 cm−1 for the
acetate function.

These peaks are attributed to the EVA groups of alcohols, phenols, and carboxylic
acids, which are primarily in a change of the material’s strength behavior. “The spectra of
the ‘neat recycled-EVA’ co-polymers show absorption peaks at approximately 2917.77 cm−1

and 2869.56 cm−1, which are connected to the asymmetric and symmetric stretching of
the co-polymers’ methylene group (-CH2). The VA groups’ distinctive absorption peaks
are as follows: The stretching vibration of the -C=O band is attributed to 1732.73 cm−1;
the asymmetric stretching vibration of the C-O band is attributed to 1130.08–1104.05 cm−1;
the symmetric stretching vibration of the C-O-C band is attributed to 996.053 cm−1; and
the inner rocking vibration of the methylene group is attributed to 810.92 cm−1. The
contributions from both VA and ethylene (CH2) units are substantially responsible for the
observed absorption maxima at 1379.82 cm−1. As shown in Table S5, it is expected that the
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intensities of the absorption peaks at 810.92, 996.053, 1130.08–1104.05, 1379.82, 2869.56, and
2917.77 cm−1 seem to rise as the VA concentration rises”.

“The solid leather wastes and recycled EVA composites treated using a combination
two-roll mill and hot press yielded the ATR-FTIR results”. The recycled EVA was created
when polyethylene and vinyl acetate reacted. The curve compares the spectra of recycled
EVA composites that were treated using both a hot press and a two-roll mill.
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“While in ATR-FTIR monograph, molecular structure of Leather shavings/recycled
EVA polymer composite are studied relative to the absorption regions O-H in side chains
and terminal groups (3200.15–3500.40 cm−1); (2914.88–2848.35 cm−1) indicating the absence
of fatty substances; A band of deformation vibration of first and second order amide
(-NH) appears at 1641.13–1732.73 cm−1; 1433.82–1461.78 cm−1 is due to -COO− groups;
1345.11–1378.85 cm−1 is due to -C-O- group; 1204.33–1296.89 cm−1 is due to deformation
vibration of -C=O group; 967.126–1051.01 cm−1 is due to -C-O-C- ether group and below
726.068 to 600 cm−1 is due to Cr-O bonds as demonstrated in the Figure 15b and Table S6”.

As the comparable outcomes previously documented by Ambrósio et al. (2011) [38]
have reported that “the co-polymer chains of the recycled EVA and of the plasticiz-
ers/additives do not lead to improvements in their molecular interaction geometries
after being manufactured by the combined processing effect of two-roll mill and hot press”.
“The spectra of recycled-EVA and solid leather waste processed in a two-roll mill appear to
be extremely similar”.

According to previous research by ‘Joseph et al. (2017)’, the intensity of these peaks
rises in leather-PCL composites as the wt.-composition of leather-fibers escalates. There are
no other peaks in the leather-PCL composite other than the distinctive peaks for leather
and PCL, confirming that there was no ‘chemical interaction’ between ‘leather’ and ‘PCL’,
as had previously been validated by the DSC data examined by Joseph et al. (2017) [41].

Tegegn (2018) reported an analogue result for the FT-IR spectra of the “gelatin-starch
cross-linked film” with ‘KBr pellets’ using the “Shimazu IR affinity-IS spectrometer” [75],
which were used to analyze chemical properties. “FTIR analysis of a cross-linked composite
film made of gelatin, starch, polyvinyl alcohol (PVA), and glucose from leather wastes
revealed the following amide: A (3254.05 cm−1) No discernible shift in the ‘absorbance’
of ‘band amide A’, it was (3252.12 cm−1) associated with “NH stretching”, and ‘amide B’
(2922.28 cm−1) band inextricably correlated with “stretching vibration” of ‘CH2 bonds’, it
was (2920.35 cm−1, 1645.35 cm−1, 1543.12 cm−1, and 1238.35 cm−1 inextricably correlated
with ‘amide: I, II, and III’, as well as ‘amide I’ associated with ‘C=O stretching’. As a result
of “CN stretching” and “NH bonding”, a slight shift is seen in ‘amide: I’ (1649.21 cm−1

to 1645.35 cm−1) and in ‘amide: II’ and ‘III’ (1649.21 cm−1 to 1645.35 cm−1). A minor
change occurred in ‘amide III’ (1238.35 cm−1 to 1242.21 cm−1), and a comparable alteration
occurred as a result of the interaction between cross-linked leather-waste reinforced com-
posite polymers” [79]. With ‘CH2 bending’, and ‘C-O-C stretching’, respectively, there are
bands at 1411.95 cm−1 and 1097.54 cm−1 [40].

According to Ravichandran et al. (2005) [78], “in-situ FTIR analysis of the breakdown
products for ‘vulcanizates’ including “untreated leather” was performed between 500 and
4000 cm−1 at varied time intervals in order to understand the “nature of decomposition”.
The IR spectra of the breakdown products recorded between 0 and 23 min were illustrated
using the spectra acquired for various time intervals. The thermal-property -based investi-
gation has revealed the emission of “hydrocarbon-waste fragments” by a very lesser-intense
peak slightly below 3000 cm−1.

Water was partially released at 3500 cm−1 due to -OH stretch, and CO2 was obviously
released at 2354.5 cm−1 due to its ‘stretching vibration’. At 666.7 cm−1, its ‘bending mode’
was also visible. These findings have unequivocally proven that the materials degraded
through combustion throughout the specified time period. The IR spectra showed more
intense peaks for the products released between 24 and 46 min, further demonstrating the
release of more fragments and oxidized products, including CO2 and water [78]. It could
be explained by increasing activation as the temperature escalates.

The IR spectra of the released-products between 46 and 52 min have shown that the
peaks caused by the aforementioned fragments were significantly more intense than those
between 24 and 46 min [78]. Additionally, the maxima of the characteristic curves for
water and CO2 are right above 3500 cm−1 and 2354. 3 cm−1, respectively, were very clear
indicators of the discharge of these gases. Once more, the high temperature may be to
inflict such dramatic peaks since more oxidation may occur [78].
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The IR spectra caused by the released products between 52 and 60 min revealed a
decrease in the intensity of CO2 vibration at 2354.3 cm−1 due to the number of released
hydrocarbon particles and water [78]. With this spectrum, it is important to note that less
water was released, as evidenced by the decline in peak intensity above 3500 cm−1. This
observation has demonstrated that because the majority of the decomposition was already
complete, the residue that has undergone decomposition at this specific stage may be of
lower quantity.

According to Ravichandran et al. (2005) [78], “the in-situ FTIR spectra of the combus-
tion products generated for vulcanizates containing sodium bicarbonate treated leather
at different time intervals showed more release of CO2 and water than organic particles”.
Between 46 and 52 min, there was an immense release of CO2 and water; as a result, the
temperature range associated with this decomposition may be more “combustion” and
more rubber matrix. Between 52 and 60 min of combustion, there is also a decreased
release of CO2 and water, which is demonstrated by the lower level of cross-linked matrix
residue [78].

The higher-volume of CO2, hydrocarbons, and water was released when in-situ FTIR
measurement of the combustion products for vulcanizates containing ammonia-treated
leather was performed at various time intervals. The possible causes include a rise in
temperature between periods of 30 and 50 min. The spectra also show that the residue
produced when these combustion products were released in smaller quantities had greater
thermal stability. However, the results have shown that more CO2 and water have been
released in some spectra and less volume of organic-fragments [78]. As a result, the residue
needed additional thermal energy as the combustion process came to an end.

According to Ravichandran et al. (2005) [78], the FTIR analysis of the combustion
products for vulcanizates comprising urea-treated leather over various time periods was
demonstrated, showing the emission of CO2, hydrocarbon fragments, and water. This
was confirmed by inflections in the spectrum caused by “-OH stretch of water” just above
3500 cm−1, “C-H stretch of organic-fragments” to just below 3000 cm−1, and CO2’s presence
at 2354.3 cm−1. The portion of the spectrum shows the well-dissolved sharper, more intense
peaks for CO2 at 2363.6 cm−1, hydrocarbon at 2927.6 cm−1, and water at 3600 cm−1. The
release of CO2 and water is higher, while the release of organic-fragments is less, as seen
by the other spectra. This could be a result of the cross-linked rubber matrix structure and
leather residue coming together well [78].

12. Scanning Electron Microscopy with Energy-Dispersive Analysis of X-ray
(SEM-EDAX)

The elemental composition and molecular dispersion of the entrapped solid leather
fibers were revealed by EDX tests. “The SEM images have indicated that the particles are
in the uniformly-dispersed and of spherical structure morphology, while E-DAX explores
the stoichiometric-compounds and percent-chemical purity of the specimens to establish
the occurrence/existence of chemical-elemental compositions”.

As depicted in the micro-images, “recycled-EVA polymer” with leather-shaving fibers
exhibits a structure that is characterized by the major elements (‘Carbon’, ‘Sulphur’, and
‘Oxygen’) as determined by EDAX analysis. According to Figure 16a, the surface of the ‘neat
recycled-EVA’ matrix comprises C, S, Cl, O, and P. Saikia et al. (2017) [41] revealed similar
results as well. “The incorporation of leather fibers and additives during the processing
of combined-effect of rolling as well as hot-press compression molding has led to the
removal of some chemical elements such as S, P, and Cl, according to the EDX of leather
shavings/recycled EVA polymer composite surfaces” (Figure 16b) [35,37,39,41,46,47].
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In the SEM-EDAX analysis, the occurrence of “trivalent chromium (0.1%)” in the
leather shaving fibers, which have a “proteinaceous collagenous fibril-type threaded-form
rugged structure”, was identified. This is believed to result from the “tanning-process”.
The existence of “oxygen” can be attributed to the “collagenous in the leather-shaving
fibers”, which can serve as an “actively binding-site” for “trivalent chromium”. These
“binding-sites” typically include “carboxylate groups”, which form “organic-salts” with
“trivalent chromium”. The appearance of “sulfur” and “chloride” is thought to be owing to
the existence of “inorganic-salts” of “trivalent chromium”. According to the EDX analysis
of the “leather shavings/recycled EVA polymeric composites”, the processing, which
involved the inclusion of “leather fibers” and “additives”, along with a combination of
“rolling”, and “hot-press compression molding”, resulted in the eradication of certain
“chemical elements” such as, “sulfur (S)”, “phosphorus (P)”, and “chloride (Cl)”. SEM,
as exhibited in Figure 16a, has illustrated that the recycled-EVA matrix typically reported
the ‘uniformity’ or ‘compatibility’ of the “recycled-EVA matrix,” revealing an excellent
“interfacial bonding strength”. The SEM, as exhibited in the Figure 16b, has illustrated the
‘trace fragments’ of recycled EVA on a layer of leather fabric aggregates, demonstrating
that the recycled EVA is binding the agglomeration along with the fact that the recycled
EVA and the leather fibers have a strong, reasonable interfacial bonding and adhesion
strength. The potential for the interface to transmit matrices stress to the coalescence of
leather fibers is shown because, in this case, the composites’ cryogenically breaking or
deformation/rupture would have occurred inside the coalescing amalgamates rather than
through the interfacial-framework.

13. SEM Morphological Analysis

The micrographs of the ‘neat recycled-EVA composites’ are shown in Figure 17a,b,
while the cross-sectional areas and microstructures of the leather shavings/recycled EVA
composites are shown in Figures 18a,b and 19a,b, respectively. The recycled-EVA matrix
typically contains an even distribution of the leather fiber ‘agglomeration’. However, the
‘uniformity’ or ‘compatibility’ of the ‘leather fibers’ aggregates within the “recycled-EVA
matrix” reveals an excellent “interfacial bonding strength”. Some ‘crevasses’, ‘openings’,
and ‘voids’ in the “surface morphology” are present and appear to be related to the
‘de-fibrillation’ and ‘extraction’ of the ‘leather fiber aggregates’. Figure 17a,b indicates
the locations of “interface-layer adhesion” or ‘bonding’ with ‘interface consistency’ or
‘cohesion’. Due to the physicochemical differences between ‘hydrophilic fibers’ (made of
“collagenous macro-molecules”) and ‘hydrophobic thermoplastic matrix’, it is typically
challenging to achieve strong ‘compatibility’, better ‘bonding’, excellent ‘stability’, and
strong ‘adherence binding’ between “thermoplastic matrices” and “leather fibers”. By
adding stabilizers, additives, binding agents, or compatibilization agents to ‘polypropylene
blends’ for finely ground wood, it is possible to increase the “interfacial bonding-strength”,
“biocompatibility”, “miscibility”, and produce “uniform”, “contiguous surface areas” in
‘thermoplastic composites’ made of ‘natural fabrics’. One such compatibilization agent has
been utilized, named “cis-butenedioic anhydride” [38,78,80].

Figures 18a,b and 19a,b shows the micrographs of the recycled EVA/leather shavings
composite with 50% leather fiber. In Figures 18a and 19a, an ‘agglomeration’ of leather
fibers is ‘encapsulated’ within a recycled EVA skin. Such recycled EVA skin implies strong
compatibility, interface adhesion, or close contact between the recycled EVA matrix and the
leather fiber, including the possibility that the interphase may actually be firmer than the
aggregation of leather fibers. The structural layout of leather fibers, including microfibrils
of size less than 1 m, has been illustrated by the higher-magnification representation of a
leather fabric thread-like, coalesces or ‘agglomerate’ in Figures 18b and 19b (symbolized
via agglomerations throughout Figures 18a and 19a) [38].
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Figures 18b and 19b show ‘trace fragments’ of recycled EVA on a layer of leather fabric
aggregates, demonstrating that the recycled EVA is binding the agglomeration along with
the fact that the recycled EVA and the leather fibers have a strong, reasonable interfacial
bonding and adhesion strength. The potential for the interface to transmit matrices stress to
the coalescence of leather fibers is shown because, in this case, the composites’ cryogenically
breaking or deformation/rupture would have occurred inside the coalescing amalgamates
rather than through the interfacial-framework.

As the proportion of leather-particles within recycled EVA matrix increases, as il-
lustrated in Figures 18a and 19a, the leather fibrous aggregates seem to be reasonably
close to and in contact with one another. If the leather particles were properly filled
with recycled EVA matrix, the grooves, discontinuities, and voids in the microstructure
seen in Figures 18a,b and 19a,b, which were reportedly generated by de-fibrillation and
isolated/detached, would be eased. A twin-screw extruder can improve the blend formu-
lation even though the blending employing the combined effects of two roll-milling and
hot-press compression molding operations was successful. For dissipating and diffusing
leather-fibrous agglomerations and then uniformly/homogeneously/spreading the leather
shavings textiles throughout the recycled EVA matrix, a twin-screw extrusion or injector
with conveying/kneading blocks are preferred.

The degree of fiber alignment, homogeneity of fiber dispersion, and degree of fiber
elastomer adherence have all been studied using scanning electron microscopy [81,82].
Excellent fiber orientation in cellulose fiber rubber composites has been found through SEM
analysis. Fibers are really close to being parallel [83]. The degree of fiber alignment and
fiber-elastomer adhesion is found to be poor with ‘nylon’ and ‘aramid fibers’ among the
‘short fibers’ such as ‘glass’, ‘carbon’, ‘aramid’, and ‘nylon’, and ‘cellulose’ [84]. Both good
dispersion and the good adherence of cellulose fibers to the elastomer matrix have been
demonstrated. Specific interactions between the ingredients may be partially responsible for
the increased adherence of cellulose fibers to elastomers. When used with polar polymers
such as nitrile rubber and its blends with PVC, leather, a highly polar material, may likewise
display comparable interactions. Additionally, it should be noted that the leather has a
very high cohesive strength relative to its adhesive strength with the matrix.

The cut-section of the neat recycled EVA matrix is smooth and even on the surface,
while the fibers of the leather shavings are evenly dispersed over the surface. However, in
some areas, the binding, bonding, and compaction of the leather shavings to the recycled
EVA matrix are insufficient. Contiguous split leather fibers are visible in smaller quantities;
this could be the result of shear stresses being applied during rolling and hot-pressing of the
composition, or it could be caused by twisting forces. More amalgamation, fragmentation,
and trapping of leather fibers are observed as the volume of fibers rises. The penetration of
recycled EVA matrix through entanglement, which is primarily attributed to the ‘physical
adherence’ between matrix and fibers, is shown. As a result, the tensile strength has been
enhanced with a maximum content of 1:1 in leather-fiber.

Incorporating leather shavings into recycled EVA composite has increased the amount
of fibrillar of recycled EVA matrix that was collected, and it has also caused the volume of
fibrillar-interaction structures to tend toward being higher in volume (1:1), as observed in
micrographs taken at a magnification of 5000×. Additionally, the lower magnification at
300× demonstrates the uniform distribution and intricate structure of the leather shavings,
which appear to be completely covered in fibrillar structures made from recycled EVA
matrix. This shows that the fibers made from recycled EVA matrix and leather shavings
have good binding and adherence.

Collagen strands are tightly woven together to form leather. Researchers have ex-
amined the degree of adhesion between leather shaving fibers and recycled EVA blends
using scanning electron microscopy (SEM). The interface between the fibers and the matrix
in recycled EVA polymer that has been blended with leather shaving fibers at high tem-
peratures is greatly dispersed, according to the material’s morphology. As the fibers are
incorporated into the matrix at high temperatures, a substantial fusion of the fibers with the
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matrix has been observed, revealing that the fibers are entirely covered by the matrix [85].
Even though leather shavings have been employed in this study in the form of particles, it
is anticipated that they will form a significant portion of the recycled-EVA polymer.

The physical characteristics of leather shavings as they are formed in the fibrous
form are shown in Figures 18a,b and 19a,b. The closely knitted fibrous leather is easily
disseminated into an EVA matrix, especially when there is a significant amount of recycled-
EVA polymer present.

According to Ravichandran et al. (2005) [67,78], the same result has been observed for
the effect of untreated as well as neutralized leather particle morphology of NR vulcanizates
included 500 parts of a scrap of the same particle size (200–300 µm). The leather appears
to have existed as a co-continuous stage across the matrix with well-defined boundaries
between the two phases in the morphology of scrap rubber vulcanizates, which contained
untreated leather particles. This was a direct effect of the ‘untreated leather particles’
‘rigid’ and ‘closely-knitted structure’. Although leather is typically a firmly knit fibrous
material, treated leather particles were discovered to have a loose-bounded structure [67,78].
Depending on the type of treatment, the treated leather particles appear to occur as a co-
continuous stage in the rubber matrices with various degrees of interfacial adhesion [67,78].

According to Joseph et al. (2017) [41], the comparable same SEM micrograph findings
showed that the leather fibers were evenly dispersed over the surface as well as a weak
adhesion, bond strength, and permeability of shavings to the Poly-caprolactone-matrix. A
confined, segregated, and isolated fiber may be seen at lower concentrations; this could be due
to shear tension loads applied during the different composition formulations in the extrusion
process. The above-mentioned ‘leather-fibers’ with enhanced composition have led to further
fiber accumulation, amalgamation, and entrapment. The improvement in tensile strength was
achieved by the PCL-matrix penetrating through entanglement, which was attributable to
forming of a physical adhesion between the matrix and fibers [41,77,79–84].

Huang et al. have examined the comparable findings about relevance with exist-
ing materials’ morphologies, thermostability, and multi-objective optimization of pro-
cess/operating parameters. With the use of a melt mixing technique and a variety of HDI
compounds, ref. [86] has developed PLA and PBS mixture-blends. Analysis of the impact of
HDI composition on the morphology and distinctive properties of the mixture was the aim
of the previous research. The investigators have noted from the SEM results that when the
HDI contents have increased, the size of PLA and PBS has decreased. In addition, the PBS
has contributed to accelerating the rate at which PLA crystallizes. “Additionally, because
of improved interface bonding between PLA and PBS, the ‘toughness’ of newly produced
composites’ has greatly increased. A comprehensive overview on the use of various catalyst
substances during the catalytic pyrolysis of waste materials including plastics (such as PP,
PE, PS, and PVC) along with the waste from the petroleum industries” was published by
Pan et al. in [87]. (petroleum mud). The authors investigated how to handle petroleum
waste and ‘plastic-wastes’ by using molecular sieves, carbons, metal oxides, and M-series
catalysts. In the review article, the mechanism, difficulties, and potential advancements
of CP were also discussed. The authors came to the conclusion that more emphasis needs
to be paid to systematic planning for the reuse of waste products from the petroleum and
plastics industries. Metal microcapsules (MMCs) and polymer microcapsules (PMCs) used
in epoxy-based composites were investigated by Sun et al. in terms of their tribological
behavior. The investigators noted that under typical conditions, MMCs have more com-
pressive strength, wear loss, and modulus than PMCs. In comparison to MMCs, PMCs
had a lower friction coefficient. Additionally, the friction value was decreased in PMCs
with an increase in microcapsule concentration. However, the MMCs exhibit the contrary
findings. The impact of nano clay in the glass fiber-reinforced PMCs was assessed by
Prabhu et al. [88]. Using the resin infusion technique under vacuum-conditions, the hybrid
polyester-based PMCs were fabricated. The composition of the clay was changed from
1 to 55 by weight in increments of 1. Various common testing methods were used to
investigate mechanical and machining behavior. The newly fabricated composites were
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characterized using TEM, tensile testing, impact testing, SEM testing, and fracture testing.
Drilling was used to carry-out the machining behavior. The investigators have found that
as clay content was increased, tensile strength also escalated. A composite with a 3% of
“clay-composition”, in comparison with the others, possessed better mechanical properties.
According to a microstructure study, this composite exhibits less delamination at a high
feed rate. Additionally, hybrid composites had higher fracture toughness and strain energy
than traditional composites. Using the hand lay-up technique, Gopinath et al. [89] have
developed glass and jute fiber-reinforced vinyl ester polymer matrix composites. The au-
thors have analyzed various ‘deck-configurations’, and the investigators have used ANSYS
and FEM to validate the findings. The authors noticed that the “stiffness” performed better
in the alteration of ‘responses’ when they were placed in the proper location and shape.
The ‘V’ form stiffener deck layout and the ‘V and U’ shape combination produced better
results than other configurations. Additionally, the web joint—where there was the least
deflection and strain—benefitted from the addition of stiffener, producing more remarkable
outcomes than other ‘locations’. Guo et al. [90] fabricated HDPE-based polymer matric
composites that had glass and wood fibers as reinforcements. When developing PMCs,
the authors used the injection molding process. The “mechanical behavior”, and “water-
absorption capability” of newly formed composites’ were tested. The same conditions
were used to compare hybrid composites to wood-fiber reinforced composites, and the
authors found that there has been an enhancement of 40% and 253% for the tensile strength
and modulus, respectively. The limitations of greater water absorption by WPCs are fiber
swelling and loss of interface bonding. Additionally, the mechanical characteristics of
the PMCs, as compared to WPC, were greatly enhanced by the addition of glass fibers.
The nHA-reinforced PEEK polymer matrix composites were developed by Ma et al. [91]
using the 3D braiding-self retention-hot pressing method. The weight percentage of the
nHA varied between 6.5 and 14.5 percent. The modulus, hardness, and strength attained
in the PMC with 6.5 percent nHA were 8.3 GPa, 3.34 GPA, and 155.32 MPa, respectively.
These values were significantly higher than those of the ‘base-matrix’, according to the
researchers. A reduction of 23.6 percent was observed with the addition of 14.5 percent;
however, the toughness was raised up to 54.9 percent with the addition of 6.5 percent HA.
This decrease was owing to the poor interfacial bonding that the rise in concentrations of
nHA has attained. Glass-fiber (GF), Kevlar-fiber (KF), and carbon-fiber (CF) reinforced
nylon polymeric matrix composites were developed by Mei et al. [92], and their effects on
the properties of the basic matrix were assessed. As a part of the fabrication process, the
‘rings’ and ‘layers’ of fiber were used. SEM and tensile testing were used to investigate
the newly developed composite materials. The investigators unveiled that, in comparison
with the others that the CF-reinforced composites had superior tensile strength (110 MPa)
and modulus (3941 MPa). The concentration of fiber rings and layers was increased, which
improved the mechanical behavior. Pan et al. [93] studied various methods for recycling
‘plastic-wastes’ in order to get rid of plastic waste. The researchers have also discussed the
benefits and drawbacks of the techniques used to recycle and get rid of ‘plastic-wastes’. The
authors argued that in order to reduce air pollution and protect human life, it is necessary
to develop innovative techniques for disposing of or recycling ‘plastic-wastes’. The related
outcomes have been revealed by the prior studies [59–61,65,94–128].

14. X-ray Diffraction Analysis (XRD)

An X-ray diffraction study was conducted to identify the chemical-constituents or
phases involved throughout the crystal-structures of recycled EVA polymer composites.

Figure 20 exhibits the X-ray analysis findings for the peak position of the recycled
polymer composite samples, respectively. The positional-angles, peaked-heights, peaked-
widths at half-maximal (FWHM), atomic d-spacing, and relative-intensity of each specimen
peaking have been presented. The results from Tables 1 and 2 have illustrated that the
main noteworthy variation between the spectrum seems to be the crystallinity value of
the neat-recycled EVA polymeric composite sample has been reported to be 7%, and the
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amorphous value has been unveiled to 93%. In contrast the crystallinity value of the
leather-shavings/recycled EVA Polymeric-composite sample has been reported to be 19.3%,
and the amorphous value has been unveiled to 80.7%, which corresponds to orthorhombic
crystalline-forms. This novel outcome furthermore shows that the crystallinity value of
leather-loaded recycled EVA composites is maximum and the neat-recycled EVA composites
are minimum, which eventually confirms that leather-filled recycled EVA composites
are having more hardness value as compared to neat recycled EVA composite samples.
Figure 20 displays the locations (2θ) of the recycled polymeric composite’s spectra, with its
inter-planar spacing and Miller-Indices. Among all samples, there was also a match for
stearic-acid, zinc-stearate, and other additives.
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The impact of leather wastes on the crystalline structure of recycled EVA polymer
composites was explored utilizing XRD-Diffraction. The intense reflections observed
in recycled EVA polymeric were seen to be in leather-wastes/recycled EVA Polymeric-
composites. Chen and Wu reported comparable outcomes utilizing PCL-multiwalled
carbon-nanotubes. Investigators discovered that incorporating MWCNT into PCL had
no influence on the crystalline formation of PCL [83,84]. Jiang et al. found that the size
of crystallites orthogonal to the (hkl) plane in PCL/silica composites rises progressively
as the PCL wt.% rises. This phenomenon has been ascribed to insufficiently crystallized-
macromolecules or tiny and metastable-crystalline that are firmly bound by rigid silica
network-frameworks [83,84].

This novel outcome furthermore shows that the crystallinity value of leather-loaded
recycled EVA composites is maximum and the neat-recycled EVA composites are minimum,
which eventually confirms that leather-filled recycled EVA composites have more hardness
value as compared to neat recycled EVA composite samples. The relative-intensity of a
peak on another peak was determined and recorded versus the leather-waste-loading as
depicted in Figure 20.

To recapitulate, the noisy lines observed from XRD Diffraction peaks are due to the
presence of the extracellular fibrous protein collagenous in the leather fibers. The XRD
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analysis of leather composite materials revealed distinct considerable diffraction noisy
pattern-peaks caused by the prolonged-range ordered sequence of collagenous fibrillar
molecules, with repetitive gap/overlap locations [118–124].

Table 1. XRD findings for chosen peak-regions with Net-intensity values, 2-theta values, relative-
intensities, full-width half-maximum values (FWHM), and lattice-parameters (d).

Neat-Recycled EVA Polymeric Composites Leather-Shavings/Recycled EVA Polymeric-Composites

2θ (◦) FWHM Net
Intensity

Relative
Intensity

d Line-
Spacing 2θ (◦) FWHM Net

Intensity
Relative
Intensity

d Line-
Spacing

21.722 1.032 145 100% 4.08798 Å

49.247 0.509 34.6 100% 1.84877 Å
22.768 0.903 122 84.2% 3.90256 Å

40.230 0.774 71.3 49.2% 2.23984 Å

40.907 1.011 77.5 53.5% 2.20434 Å

Table 2. %age Crystallinity test for the fabricated polymeric composites.

Samples Crystallinity % Age Amorphous % Age

Neat-recycled EVA polymeric composites 7.0 93.0

Leather-shavings/recycled EVA Polymeric-composites 19.3 80.7

Comparable findings have been unveiled in numerous studies. For instance, the XRD
patterns of composites containing leather shavings and hybrid leather powder reveal that
the crystalline structure collapsed due to the presence of SiO2 particles in hybrid leather
power-reinforced composites, which block the role between leather fibers in the ordered
region. However, both composites possessed the triple helical intrinsic fibrous structure, and it
is an indication of the use of ultrafine leather powder as a functional reinforcement [125]. The
leather fibrous powder can also be effectively used as an adsorbent to remove dyes from the
wastewater, and the X-ray diffraction analysis reveals that cow leather powders retain their
protein structure [126]. A thin film X-ray diffraction analysis is also performed by researchers
to examine the collagen fiber spacing and to identify the phases of isolated and commercial
collagens [127]. The results of this study suggested the elimination of acetic acid residues from
the isolated collagen for the purpose of a stable environment for the cells and their applications.
X-ray diffraction patterns of Bacterial Cellulose/collagen hydrogel confirm the introduction of
collagen in it and suggest a more amorphous structure than the Bacterial Cellulose alone [128].
When the XRD spectra of leather fibers with chromium-tanned, the intensity of Bragg peaks
continuously increases. There seem to be two probable reasons for this: an enhancement in
the overall long-order structural-arrangement of the collagenous fibrils and/or the inclusion
of Cr(III) ions in the collagenous framework, which further strengthens the electron-density
contrasts [119,121–124]. Thus accordingly, Maxwell et al., if the improvement in absorption
diffraction peak-intensities in the XRD-spectrum of chromium-tanned leather composites
was primarily exacerbated by the increased electronic-density contrasts induced by Cr(III),
therefore the adhesion-binding of Cr(III) all along the length of the collagenous-network
molecule must be considered to even affect the same absorption spectra intensity dispersal
of the peaks similar to that of the untanned leather fibers. If collagen binding is restricted to
specific amino acids, then these amino-acids. If collagen-binding interaction is restricted to
specific amino-acid residues, therefore these organic-molecules should always be dispersed
reasonably uniformly throughout the collagenous network molecule [119]. The amplitude
of the maxima peak attributable to intermolecular lateral packing was seen to reduce as
chromium content was increased. After the inclusion of chrome-content, the inter-molecular
laterally pack distances dropped somewhat, and the full-width at half-maximum (FWHM) of
such a peak-point increased, implying a significantly wider dispersion. The drop in diffraction
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absorption peak seemed to be associated with the decline in inter-molecular pack-distance
ordered arrangement [119].

Earlier studies have revealed the outcomes from a comparative assessment of previous
XRD-outcomes. Similarly, Ammasi et al. [129] proposed a new method to reuse solid waste
materials obtained from leather industries. The XRD patterns of untreated and polypeptide-
treated leather samples illustrated the high intensity of the diffraction peaks. This type of
pattern was obtained due to their highly e crystallinity. XRD patterns also indicated that
the crystallinity of treated samples was better than the untreated ones. The noisiness in
the patterns is also attributed to the alteration in the inter/intra molecular packing of the
leather molecules. Cardona et al. [43] utilized leather waste materials in the natural rubber
and characterized. The authors observed similar spectra of leather waste material and
urea-treated leather waste materials. This type of formation is due to the addition of sodium
carbide and sodium sulfate during leather tanning, which makes sure the interaction of
chrome into collagen networks. Wang and Jin [130] synthesized waterborne polyurethane
in the form of fillers, which were used in the development of synthetic leather. XRD
patterns revealed that the micro-phase was separated (increasing intensity in XRD peaks).
This is due to the enhancement in steric hindrance and hydrogen bonding of the ingredient
molecules. Ma et al. [131] prepared chromium-tanned leather porous carbon samples
using different mass ratios of alkali and carbon. The authors observed that as-prepared
carbon exhibits broad diffraction peaks from 15◦ to 30◦ of theta angle due to amorphous
crystalline structures. However, the pattern of BWLPC-2 indicated the presence of CrO at
36◦ and 64◦ theta angles. Also, with the introduction of KOH, diffraction peaks of activated
carbon weakened continuously until they disappeared. Kanagaraj et al. [132] prepared
protein-based material using trimming wastes; this material was then used in the chrome
tanning process to increase the exhaustion level of the Cr. The increasing intensity in XRD
patterns revealed enhanced exhaustion of the Cr contents. This improvement in exhaustion
was due to the increasing interaction among the collagen sites and Cr contents. Ribeiro
et al. [133] explored the utilization of tannery waste materials to resolve environmental
issues. Authors treated leather saving on immobilizing chromium ions from the Portland
cement matrix. XRD patterns revealed the loss of a large amount of organic material during
ignition, and Cr2O3 is the inorganic phase that existed in the material, which is formed due
to the oxidation of chromium. Dey et al. [134] introduced ZnO nano particulates in buffing
dust to develop anti-bacterial characteristic footwear sols. The broad diffraction peak at
2θ = 26◦ is observed in the XRD pattern of the ZnO-reinforced composite. This broadening
nature was due to the elongation of cross-linked chains and the interaction of collagen with
amorphous crystals that ensures the growth of ZnO particulates on the buffing dust. Li
et al. [44] developed polyvinyl alcohol-based composite films, which were reinforced with
leather fibers. Polyvinyl alcohol indicates strong peaks at 2θ = 19.5◦ due to better crystalline
performance and low-intensity peaks at 11.8◦ because of closer packing arrangement. Saikia
et al. [135] used industrial leather waste to prepare composite products and evaluated their
properties. Dye-trimmed waste materials, together with natural fibers (jute and cotton),
were used during fabrication. The authors observed a composite containing a 1:1 blend
ratio of leather waste and natural fiber waste possessed the best characteristic properties
among others. XRD pattern of fabricated composites indicated weaker and broader peak
intensities than base reinforcing materials due to structural-modifications in it and also due
to interactions among the collagen and natural fibers during formulation.

15. Atomic Force Microscopy (AFM) Analysis

AFM has been utilized to determine the size (thickness, width, etc.) of the interphase
and its stiffness relative to the bulk phase of neat and leather-shavings/recycled EVA polymer
composites. AFM has been utilized to examine the AFM Roughness Analysis and AFM Grain
Analysis of the fiber-reinforced with the leather-shavings/recycled EVA polymer composites.
Phase imaging was focused on individual fibers to map the leather fibers/recycled EVA
polymer composites interface and to see the fracture behavior (cracks etc.).
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AFM has been utilized to explore the interfacial adhesion properties of Mechanical
tested specimens of neat and leather-shavings/recycled EVA polymer composite surface,
their surface topography mapping, phase-imaging analysis, and lateral forces of polymer
composites that have leather-shavings.

AFM has been utilized to analyze the surface topography mapping, phase-image
analysis, and lateral forces of neat and recycled EVA polymer composites that have leather-
shavings as fibers.

AFM has been utilized to analyze the worn surface of the leather-shavings/recycled
EVA polymer composites and to determine the elastic modulus characterization of neat
polymer and leather-shavings/recycled EVA polymer composites. AFM phasing image
analyzes variability in compositions/constituents, adherence, frictional, rheological charac-
teristics, and certain other characteristics in addition to fundamental topographical map
imaging. AFM has been employed to determine the surface structure, roughness of neat,
and leather-shavings/recycled EVA polymer composites, leather fiber geometry, leather
fiber diameter, filler distribution, leather fiber-dimensions and leather fiber-recycled EVA
matrix adhesion in leather-shavings/recycled EVA polymer composites.

AFM analysis reveals a surface-layer of a neat recycled EVA and leather-shavings
loaded recycled EVA polymeric-composites with several void-spaces, cavities, and signifi-
cantly larger-depths, as well as peak-position ranges, whereas the inclusion of additives
and lubricants, such as zinc octadecanoate and Octadecanoic acid into the recycled EVA
polymeric matrix reveals a relatively uniformly smooth-surface with fewer void-spaces in
material, but much more prominent peak was observed as showed in Figure 21.
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Figure 21. AFM topographic pictograph illustrating the surface and micro-hole profilometry for neat
recycled EVA polymer composites.

Figure 22 shows that the surface-roughness values rise with the incorporation of
Leather-shavings into the blend, indicating that the interfacial-contact among the leather-
wastes, as well as the recycled EVA polymeric-matrix, is weaker, resulting from inadequate
distribution and compliance. This revealed that leather-shavings, as well as the recycled
EVA polymeric-matrix were compatible. It is claimed that the inclusion of additives, such
as plasticizers and fillers, has certainly enhanced the interaction of leather-shaving wastes
with recycled EVA polymeric-matrix and high interfacial surface-smoothness.
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16. Applications of the Developed Leather Waste/Recycled EVA Polymer Composites

As a result of developing sustainable functional or viable products from waste material,
there will be a synergistic influence on the surrounding environment, in addition to produc-
ing ‘value-added products’ derived from “waste materials” accumulated in industries such
as the ‘Leather’ and ‘Polymer’ sectors. The utilization of ‘leather wastes’, and ‘recycled
polymers’ are likewise explored, which implies the widespread deployment of “leather
wastes” technology for the manufacture of composites with enhanced characteristics for
a diverse spectrum of application sectors, particularly the ‘footwear industry’, ‘apparel
accessories’, ‘automobile’, ‘construction’, and ‘industrial usages’.

Numerous multipurpose applications for the unique class of manufactured composites
can be found in the ‘footwear’ and ‘apparel sectors’, ‘composite sheets’, and ‘Leather-like
personal-goods’. The ‘floorings’, ‘personal safety products’, applications for ‘leather in
decorative furniture’, ‘leather boards’, and ‘inexpensive adsorbents’, ‘Activated Carbon’,
‘energy generation’ and ‘energy recovery’, ‘adhesives in the woodworking industry’, ‘ce-
ramic glaze pigments’, ‘production of biogas’, ‘Agriculture uses’, ‘biodegradable materials’,
and ‘polymer films’, ‘Poultry feeds’, ‘cosmetics’, ‘biomedical uses’, ‘biocomposites’, and
the ability to ‘microencapsulate drugs’, as well as ‘construction’ and ‘building materials’,
‘automotive interior trim molding components’, ‘thermal’ and ‘acoustical insulation-panels’,
‘cushioning boards’, ‘shoe soles’, ‘floor covering’, and ‘moldings’ with remarkably excep-
tional ‘physical properties’, ‘air permeance’, and ‘desirable aesthetics’.

17. Concluding Remarks

In this study, recycled EVA polymer matrices and the high-weight content of leather
shavings with 1:1 were mixed with fabricating the flexible composite sheets through the
combined effects of two-roll milling and hot-press compression molding with uniform
blending. Observations based on thorough, detailed characterization investigations include
the following:

i. The physico-mechanical properties of “leather shavings/recycled EVA” compos-
ites exhibited to be significantly influenced by the leather-fibrous loading with a
composition of 1:1. The tensile strength tends to rise slightly when the proportion
of leather shavings in composites has been increased to 1:1. As the volume of
leather fibers within the composites has increased, the modulus of elasticity of the
composites has significantly improved. Leather shavings were discovered to have a
stronger compressional deformation property in the recycled EVA matrix than the
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‘neat-recycled EVA’ matrix, which was reported to be higher by about 7.7%. The
average peel strength between the polymer and leather (for leather shavings as fiber)
in the recycled EVA matrix was determined to be approximately 0.9575 N/mm,
according to the results obtained.

ii. The TGA investigation showed that ‘recycled-EVA’ polymer was thermostable up
to 213.47 ◦C, whereas leather fibers showed no discernible major weight loss nearly
comparable to 211 ◦C. According to the DSC results, the ‘release of moisture’ from
the ‘leather shavings’ through an endothermic transition that occurs at about 100 ◦C
is thermostable up to 211 ◦C and begins to decompose collagen at 332.56 ◦C for
‘neat-recycled EVA’ samples and 327.23 ◦C for “leather shavings/recycled EVA”
polymer composite samples, respectively.

iii. In reference to the absorbance bands O-H (3100–2914.88 cm−1) that increased in
intensity under humid conditions due to hydrogen bonding interactions between the
carbonyl group in vinyl acetate and water, the ATR-FTIR spectra have explored surface-
interface-layer alterations and abnormalities in recycled EVA co-polymer. While the
molecular structure of “leather shavings/recycled EVA” composites can be seen in the
ATR-FTIR monograph as the band at 3314.07 cm−1 corresponding to the vinyl alcohol
-OH group; 2849.31–2916.81 cm−1 is due to the -CH2, -CH3 groups inside chains and
terminal groups; and below 723.175 to 600 cm−1 is due to Cr-O bonds.

iv. Leather fibril particles are widely present as conglomerate aggregate clusters and are
effectively distributed or interspersed throughout the recycled EVA matrices, accord-
ing to the SEM surface morphology examination of the “leather shavings/recycled
EVA” composites. The micrograph results show numerous interfaces with remark-
able bonding strength and interfacial contact between the recycled EVA matrix and
the leather shavings’ residual particles.

v. According to “XRD-analysis”, the “crystallinity value” of the ‘neat-recycled EVA’
polymeric composite sample is 7%, and the amorphous content is revealed to be 93%.
While the crystallinity of the leather-shavings/recycled EVA polymeric composite
sample was revealed to be 19.3% and the amorphous content to be 80.7 percent.
This unexpected result has also demonstrated that the crystallinity value of the
leather-filled recycled EVA composites is higher than that of the neat recycled EVA
composite samples, which eventually confirms that the leather-filled recycled EVA
composites have higher values for strength, modulus, and hardness.

vi. The inclusion of additives and lubricants into the recycled EVA polymeric matrix
has revealed a relatively uniformly smooth-surface with fewer void-spaces in the
material, but a much more prominent peak has been observed.

To recapitulate, it is necessary to conclude that these leather shavings waste/recycled
EVA polymer composites with lower cost can be employed for multipurpose applications
as well as in the reduction of environmental pollution.

18. Suggestions for Future Work

The subsequent suggestions were proposed premised on aforesaid experimental outcomes.
The leather shavings are merely employed in the current study to reuse, reprocess, and

fabricate flexible composites. However, this study also strongly recommends that future
research can be done to assess the various other leather residues which have been produced
during the reutilization and reprocessing techniques.

By using various cross-linkers, modifications can be made to the “leather fibers rein-
forced recycled EVA” polymer composites in order to broaden their application areas and
improve their mechanical properties.

The precise degradation mechanisms would be made clearer by a combined TGA-
FTIR investigation of such model composition (1:1). In order to explore the energy changes
associated with the degradation features of these model compounds, advanced calorimetric
techniques may also be used. It is equally important to combine recycled EVA polymer with
leather wastes in suitable reactors on a large scale and, furthermore, to study the various
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processing parameters for their pyrolysis in controlled environments, even though such
microscopic analysis could increase understanding of the fundamental degradation process.

While an increase in contact points between the constituents could significantly de-
grade the recycled EVA matrix, a reduction in particle size and the resulting increase in
surface area would improve reinforcing. Therefore, it may be possible to study the influence
of surface area on the potential degradation of the recycled EVA matrix. Additionally, the
processes that would eliminate chromium from the leather shavings might theoretically
avert recycled EVA matrix deterioration. It is worthwhile to look at the characteristics of
leather composites with recycled EVA polymer if the leather shavings are to be utilized
directly without any processing. Thus, it might be conceivable to incorporate the recycling
of ‘recycled-EVA polymer’ and the ‘tannery wastes’ in this process.
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//www.mdpi.com/article/10.3390/su15054333/s1, Figure S1. (a) Leather-shavings employed as
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Process flow diagram for recycling thermoplastic elastomer and polymer composites from solid
leather wastes. Figure S3. (a) “Neat recycled-EVA polymeric-composites Adapted from the refer-
ence [45]”, and (b) “Leather-shavings/recycled EVA-polymeric composites”. Figure S4. “Dumb-bell
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the phosphate buffer testing procedure. Table S4. Absorbance values were obtained with a water
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Abstract: Great advances have been made in the preparation of bioplastics and crude oil replacements
to create a better and more sustainable and eco-friendly future for all. Here, we used cassava bagasse
fibers at different ratios as reinforcement material to enhance the properties of black seed w-cornstarch
films using the facile solution casting technique. The reinforced films showed compact and relatively
smoother structures without porosity. The crystallinity values increased from 34.6 ± 1.6% of the
control to 38.8 ± 2.1% in sample CS-BS/CB 9%, which reflects the mechanical properties of the
composite. A gradual increase in tensile strength and elastic modulus was observed, with an increase
in loading amounts of 14.07 to 18.22 MPa and 83.65 to 118.32 MPa for the tensile strength and
elastic modulus, respectively. The composite film also exhibited faster biodegradation in the soil
burial test, in addition to lower water absorption capacity. Using bio-based reinforcement material
could significantly enhance the properties of bio-based packaging materials. The prepared hybrid
composite could have a promising potential in food packaging applications as a safe alternative for
conventional packaging.

Keywords: cassava bagasse fiber; black seed; cornstarch; hybrid composite film; cellulose

1. Introduction

The past few years witnessed greatly advanced in sustainable and ecologically friendly
materials due to the huge environmental problems associated with conventional non-
biodegradable plastics [1–3]. The conversion of biomass into valuable materials has at-
tracted the attention of scientists, which has both substantial economic and environmental
relevance [4–8]. Throughout the last two decades, several developments have been made
on biocomposites, making them functioning and interesting alternatives to conventional
materials [9–12]. Cornstarch (CS), among the biomaterials, is a highly preferable polysac-
charide polymer in bioplastics and biomaterials fabrication due to its sustainability, high
availability, and ability to form a continuous matrix [13–17]. Nevertheless, CS exhibits
several drawbacks, including its relatively strong hydrophilic character, in addition to its
poor mechanical properties, which limited its applications for packaging purposes [18,19].
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Several attempts have used numerous bioresources and natural fibers to enhance
the mechanical properties of biocomposites but still mimic that of synthetic and crude oil
plastic [20–23]. Black seed (Nigella sativa) is a famous medicinal plant that has been used for
centuries for therapeutic purposes due to its anti-microbial, anti-diabetic, anti-inflammatory,
anti-cancer, and anti-hypertensive activities [24]. The large-scale black seed oil industry
produces a significant amount of waste every year (about 70% of the raw material) [25,26].
Most of these wastes are landfilled and not being furtherly utilized. Thymoquinone is one
of the main active compounds in black seed that possess most of the therapeutic activities
of the seeds and is characterized by hydrophobic properties, making it poorly soluble
in water [27]. It has been reported that most black seed oil extraction methods allow a
significant loss of waste, making this waste highly valuable for further utilization [25,28].
Black seed fiber was used in this study to utilize as a protective material to resist soil acidity
and microbial attack.

Cassava bagasse is another cheap and broadly available fiber of cassava plant (Manihot
esculenta) in tropical countries, which is considered a byproduct of cassava starch produc-
tion [29]. Cassava bagasse is mainly composed of cellulose fibers along with residual starch,
which ranges 15 and 50 wt%, making it highly attractive in several industrial applications.
The industrial exploitation of cassava mainly includes the elimination of soluble sugars in
addition to fiber separation. This result in the formation of two materials; purified cassava
starch and cassava bagasse fibers [30]. Apart from containing cellulose and hemicelluloses,
cassava bagasse also contains a high amount of starch, a natural polymer that has a high
polarity due to the presence of large amounts of hydroxyls in its macromolecules, which
interact with lignocellulosic fibers, resulting in improved mechanical properties [31].

Hence, the present study aims to use cassava bagasse fibers (CB) as reinforcement mate-
rial to improve the mechanical and biodegradability properties of black seed fiber/cornstarch
films by using a facile solution casting technique. The morphological and mechanical prop-
erties were analyzed and related to water absorption and biodegradation profile. Surface
morphology and crystallinity were also analyzed.

2. Materials and Methods
2.1. Materials

The Cornstarch was obtained from Thye Huat Chan Sdn. Bhd. located at Sungai
Buloh, Selangor, Malaysia, while the black seed (Nigella sativa) was obtained from Berkat
Madinah Sdn. Bhd. (Selangor, Malaysia), after extracting the oil from the seeds. Cassava
bagasse was purchased from NSK Trade City Kuchai Lama (Kuala Lumpur, Malaysia).

2.2. Preparation of the Film

The composite films were prepared using the conventional solution casting technique;
10 g of pure cornstarch (CS) was dissolved in 180 mL distilled water and heated for 20 min at
85 ◦C with continuous stirring (using a thermal-magnetic mixture) to allow starch gelation.
Two types of plasticizer (fructose, and glycerol) were added to the solution in a similar
ratio of 30% (w/w powder starch) along with black seed (BS) 9% (w/w powder starch) [5].
Different loading of cassava bagasse fibers (0, 3, 6, 9%) of dry starch-based was used as a
hybridized agent. The final mixture was heated for an additional 20 min with continuous
stirring until a gelatinized solution formed, which was then discharged evenly in a thermal
petri dish. The dish with a casted solution was desiccated in an air circulation oven for
15 h at 65 ◦C. The formed films were removed gently from the dishes and kept at ambient
conditions for 7 days prior to characterization. The obtained films were labeled according
to their compositions and concentration of cassava bagasse fibers (CB), as shown in Table 1.
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Table 1. Mixing proportion of different black seed/cassava bagasse fiber-reinforced cornstarch hybrid
composite film.

Film
Fructose and
Glycerol g/g
Dry Starch

Starch g/180 mL
Distilled Water

BS g/100 g of
Dry Starch

CB g/100 g of
Dry Starch

Control(CS/BS) 0.3 10 9 0
CS-BS/CB3% 0.3 10 9 3
CS-BS/CB6% 0.3 10 9 6
CS-BS/CB9% 0.3 10 9 9

2.3. Characterization of Prepared Films
2.3.1. Physical and Morphological Analysis

The thickness of each film was calculated by an electronic caliper (Mitutoyo-Co.,
Kanagawa, Japan), using an inch accuracy of ±0.001. The density was directly measured
from the weight and volume. Moisture content (MC) was calculated by weighing a constant
dimension of each film (20 × 15 mm) and placed for 24 h in the dehydration oven at 105 ◦C.
Then, the samples were weighed again and the difference in weights was determined as the
MC of the sample. The film solubility was calculated using the same dimensions and drying
step mentioned earlier and following the method described in Shojaee-Aliabadi et al. [32].
SEM (Hitachi S-3400 N, Nara, Japan) was used to observe the surface morphology of all the
prepared samples by coating them with a thin golden layer to conduct electricity.

2.3.2. Surface Functional Groups and X-ray Diffraction Analysis

Fourier Transform Infrared Spectroscopy (FTIR) type (Bruker vector 22, Lancashire,
UK) was used to investigate the surface functional group of prepared films, using 16 scans
per sample and over a frequency range of 400 to 4000 cm−1. In order to determine the
crystallinity index of each sample, a 2500 X-ray diffractometer (Rigaku, Tokyo, Japan) was
used to analyze the XRD diffraction and calculate the crystallinity index in the same method
described by [33].

2.3.3. Mechanical Properties

The mechanical properties of the films were investigated by tensile test according to
D882 (ASTM, 2002) standards. The test was performed at room temperature (30 ◦C) using
5KN INSTRON tensile machine. Constant strips (10 × 70 mm) were prepared from each
film and then firmly mounted between tensile clamps. Five replicates for each sample were
done, using 2 mm/min crosshead speed, tensile strength, elongation at break, and elastic
modulus was finally calculated.

2.3.4. Thermal Properties

The thermal gravimetric analyzer (TGA) instrument type (Q500 V20.13 Build 39,
Bellingham, WA, USA) was used to study the thermal stability of the prepared film samples.
Each sample was subjected to a temperature ranging from room temperature to 600 ◦C at
an ascending rate of 10 ◦C/min.

2.3.5. Water Absorption and Soil Burial Test

Water absorption was calculated at room temperature by preparing constant dimen-
sions (20 × 15 mm) of all the films and oven dried them for 3 h at 105 ◦C to eliminate all the
moisture. The samples then were immediately weighted and steeped in distilled water for
3 h and the excess was removed from the surface by using a soft cloth. Water absorption
was then determined using the following equation:

Water absorption (%) =
water loadedfilm − initial weight

initial weight
× 100
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A soil burial test was conducted in polyethylene vials at room temperature in normal
soil with the same method in [34].

2.4. Statistical Analyses

The statistical analyses of the findings were performed using Microsoft Excel 365,
and the obtained data were plotted using Origin® 8.5 software (OriginLab Corporation,
Northampton, MA, USA) for the graphical presentation of the results.

3. Results and Discussion
3.1. Physical and Morphological Analysis

The results of physical properties including moisture content (MC), density, thickness,
and water solubility of the prepared film samples are presented in Table 2. The control had
the highest MC, density, and water solubility, but it exhibited the lowest thickness. The
addition of 3% CB increased the MC of the film from 7.54 ± 0.6 to only 6.81 ± 0.4%, but
it reduced over again to 6.40 ± 0.2 and 6.02 ± 0.3% for CS-BS/CB6% and CS-BS/CB6%
respectively. This could be attributed to the interaction that occurred between the BS and
the CB; at a small amount, the interaction was limited, which led to an insufficient amount
of interaction that was enhanced with loading more CB. The thickness clearly increased
with the increase in loading amount from 0.272 ± 0.01 to 0.35 ± 0.04 µm, which also result
in the reduction of the density value of the samples. The solubility of the film decreased
from 34.23 to 31.47 ± 1.1% as the CB concentration increased, which could be due to the
interaction that occurred between the materials that led to resistance of the water diffusion
and enhance the film integrity [35].

Table 2. Physical characteristics of black seed/cassava bagasse fiber reinforced cornstarch hybrid
composite film.

Sample Name MC (%) Density (g/cm3) Thickness (µm) Solubility (%)

Control 7.546 ± 0.6 1.34 ± 0.02 0.272 ± 0.01 34.23 ± 2.0
CS-BS/CB3% 6.813 ± 0.4 1.31 ± 0.07 0.274 ± 0.08 32.93 ± 1.4
CS-BS/CB6% 6.406 ± 0.2 1.29 ± 0.01 0.332 ± 0.05 32.45 ± 0.9
CS-BS/CB9% 6.026 ± 0.3 1.25 ± 0.06 0.35 ± 0.04 31.47 ± 1.1

Figure 1 presents the scanning electron microscope (SEM) of the prepared film sam-
ples at same magnification. The difference in surface morphology between the control,
which appeared more rough and porous compared with the reinforced ones, can be seen.
Reinforced films showed compact and relatively smoother structures without porosity; the
interaction between CB, BS and the CS could be the reason for the smooth surfaces and
absence of porosity. The highest homogenous surface can be seen in the sample with the
highest loading amount (CS-BS/CB9%), which supports our hypothesis. Although the
CS-BS/CB3% sample was found to be more homogenous and smoother than the control,
weak interfacial interaction, which is mainly related to the formation of hydrogen bonds
through hydroxyl groups, could be the reason for this, compared with the higher loading
samples [36,37]. The correspond results of mechanical and FTIR analysis to the increase of
homogeneity will be remarked on in their own subsection.
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3.2. Surface Functional Groups

Since the chemical composition and the portions of all the films are well known,
the FT-IR spectra (Figure 2) exhibited characteristic absorption peaks associated with the
three materials of the hybrid components. The well-dispersed fillers caused the formation
of similar spectra patterns, indicating the formation of alike chemical bonds within all
samples. All the films showed the typical characteristic bands of starch O-H stretching,
C-H, and C-O stretching at 3298, 2998, and 1151 cm−1, with slight shifting among them.
The peak at 989.48 cm−1 appeared in all the samples corresponding to alkenes, which
are the characteristics of black seed active compounds in addition to the aliphatic amines
at 1033 and 1089 cm−1 [38]. Although the reinforced films did not show a significant
difference between the three loading amounts, the slight shifting of peaks between the
control and CS-BS/CB9% can be observed, which could be due to the effect of interaction
between the three materials in the film. Higher CB loading formed greater hydrogen bonds
quantitatively generated higher peak intensity. The band 1423 cm−1 appeared in all the
samples, which corresponds to glycerol, while the ones between 1944 and 1649 cm−1 refer
to bound water [39].
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3.3. X-ray Diffraction (XRD)

The XRD curves of the black seed/cassava bagasse fiber reinforced cornstarch film
composites are presented in Figure 3. The difference between the control and the three
reinforced samples can be observed; the control increased the intensity of the two main
peaks at 17 and 20◦. However, among the reinforced fibers, CS-BS/CB 9% had significantly
higher intensity compared with the other two samples. Owing to the gelatinization of
starch molecules, sharper peaks can be observed in CS-BS/CB 9% at angles 17.82◦ and
20.47◦ in addition to 22.72◦, which is the typical pattern of A-type plant starches [40].
The crystallinity values of the control were only 34.6 ± 1.6%, which increased with the
increase of reinforcement percentage to become 38.8 ± 2.1% in sample CS-BS/CB 9%. The
difference in crystallinity values could be attributed to the effect of starch reinforcement on
the structure, which was also explained earlier by the mechanical properties. Natural fibers
of black seed are oriented materials; they are able to combine with the starch molecules
and thus improve the crystallinity of the film composite [41].

3.4. Mechanical Properties

The mechanical properties of the film are very important in order to be applicable for
most practical applications. In this study, tensile testing of the film composites was done to
measure each tensile strength, elastic modulus, and elongation at the break. As illustrated
in Figure 4, it can be observed that the lowest tensile strength was reported for the control
with only 14.07 MPa, which increased to 15.04, 16.65, and 18.22 MPa for the CS-BS/CB3%,
CS-BS/CB6% and CS-BS/CB9%, respectively. Similarly, the elastic modulus increased from
83.65 MPa to 118.32 MPa. The gradual increase in tensile strength and elastic modulus
is due to the homogeneous mixture and the interaction that occurred between the three
materials, leading to an increase in rigidness and stiffness of the composite film with less
flexibility, which was confirmed by the reduction in elongation at the break values [42].
The enhancement in the mechanical properties could have occurred due to the relative
crystallinity, as we reported earlier and described by Salaberria et al.; the increase in the
crystallinity of the film promotes the rigidity and stiffness of the film, leading to a reduction
in elongation at the peak and thus better performance [43]. Black seed fibers also play a
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significant role by bonding the hydroxyl group with both CS and CB, leading to better
transfer of stress from the film matrix to the fibers and thus higher tensile strength [33].
Furthermore, the significant reduction in film elongation can be explained by rebuilding the
intermolecular bonding of the film, which improves its stiffness and rigidity, as described
by da Rosa Zavareze et al., and also decreases the composite film flexibility by eliminating
chain mobility [44–48]. Table 3 expresses the tensile strength and elongation at the break of
several starch-based composites.
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Table 3. The tensile strength (TS) and elongation at break (E) of various starch-based composites.

Polymer Fiber Plasticizer TS E Reference

Cassava
starch

Cassava bagasse
(6 wt.%) Fructose 10.78 MPa 3.19

mm [49]

Corn starch Corn Husk
(8 wt.%) Fructose 12.84 MPa 3.7% [50]

Corn starch Kenaf fiber
(6 wt.%) Sorbitol 17.74 MPa 48.79% [51]

Cassava
starch

Banana pseudostem
powder

(10 wt.%)
- 16 MPa 113.5% [52]

Dioscorea
hispida starch

Dioscorea hispida
Fiber (6 wt.%) Sorbitol 9.29 MPa 25.44% [53]

Sugar palm
starch

Sugar palm cellulose
fiber (10 wt.%)

Glycerol and
sorbitol 19.68 MPa 32.8% [54]

3.5. Thermal Properties

Thermal degradation of the prepared film composites mainly occurs in three differ-
ent stages (Figure 5). The first stage corresponds to the moisture removal and sample
dehydration, which started from 52 ± 2.6 ◦C until 163.5 ± 3.2 ◦C. At this stage, a clear
difference can be observed in weight loss between the control, which had the highest
weight loss, and CS-BS/CB9%, which showed the lowest. The second stage corresponds to
the decomposition of starch molecules within the films, which occurred between 282 and
340 ◦C. The initial decomposition at 282 ◦C is attributed to the amylopectin and amylose
differential degradation rate [55,56]. A similar effect for the reinforcement can be observed
at this stage; the addition of CB into the film enhanced its thermal stability and reduced
the weight loss due to the interactions in the composite matrix between the three materials.
The greatest differences between the four investigated samples were observed in the third
phase of degradation, which correlated to several oxygen-based reactions of carbonaceous
residues—known as “glowing combustion” [57]. The control had the most significant
weight loss at this stage; however, the reinforcement enhanced the stability and reduce
the decomposition, in a similar way to what was reported by Florencia et al. [1]. Higher
reinforcement samples CS-BS/CB6% and CS-BS/CB9% were clearly more stable by 12%
than the control, owing to their higher residual carbohydrate content.

3.6. Water Absorption and Soil Burial Test

Water absorption is an important characteristic in packaging materials and is consid-
ered a major drawback in many bio-based films. Figure 6 presents the results of the water
absorption investigation in this study, in which can be seen the effect of reinforcement on
the water sensitivity of the films. At the initial assay (20 min of immersion), CS-BS/CB3%
exhibited more water absorption than the control, which then reduced after 40 min of
immersion to 63% compared to the control, which reported 67%. However, after the films
reached the maximum degree of water saturation (180 min of immersion), a huge difference
can be observed: the control showed the highest water absorption, at 64.7%, followed by
CS-BS/CB3%, at 62.8%. The 6 and 9% CB reinforcement significantly reduced the water
absorption to 51 and 42%, respectively, which could be due to the hydrogen bonding that
occurred, resulting in the slight hydrophobic nature of the films [58]. Furthermore, the
reduction of water absorption rate caused by CB reinforcement could be also attributed to
the creation of interfacial bonding in the hybrid composite, which was confirmed earlier by
the results of mechanical analysis. Such interfacial bonding hinders the water penetration
through the film matrix and thus reduces its water absorption [59].
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ite film.

A soil burial test was conducted in normal soil at room temperature over a period
of 12 days. Figure 7 presents the results of films’ biodegradability, in which can be seen
the difference between them in the degradation rate. The CB reinforcement enhanced the
biodegradation rate of the films; the highest rate was reported for CS-BS/CB9% with 99%
degradation after 12 days. A previous study reported that the degradation of cassava film
is greater than the corn-based one [60]; in our study, the biodegradation enhancement
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that occurred by CB reinforcement could be due to Cola cordifolia, which was found in
both cassava and corn. Furthermore, the consumption of hydrogen bonding makes the
film highly sensitive to microbial attacks and thus biodegrades easily [61]. In the case of
control and CS-BS/CB3%, which absorbed a higher amount of water, the microorganisms
are known for CO2 and water production as a result of bio-based material consumption.
However, the Solvation of CO2 in the soil leads to the formation of H2CO3, forming an
acidic environment around the film, which eventually reduces the microbial activity and
thus limits the film’s biodegradation [62]. Although the presence of black seeds fiber
helps in resisting soil acidity and microbial attack [63], the significant biodegradability of
CS-BS/CB9% could be due to their limited water absorption, which maintains microbial
activity, and also to the crystalline structure of the CB reinforcement.
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4. Conclusions

Intensive studies have been conducted on waste utilization and the development
of enhanced materials able to mimic synthetic plastic to overcome its associated envi-
ronmental issue. In this study, cassava bagasse fibers at different ratios were used as a
reinforcement to enhance the properties of black seed fiber-cornstarch films. The addition
of fibers significantly enhanced the mechanical properties of the film and a gradual increase
in tensile strength and elastic modulus was observed with an increase in loading amount.
The composite film also exhibited faster biodegradation in the soil burial test in addition to
lower water absorption capacity. Using fibers as reinforcement could significantly enhance
the properties of bioplastics in terms of mechanical, water absorption, and biodegrada-
tion properties. The prepared hybrid composite could have promising potential in food
packaging applications as a safe alternative to conventional packaging.
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Abstract: Bioenergy has emerged to be among the primary choices for the short- and medium-term
replacement of fossil fuels and the reduction in greenhouse gas (GHG) emissions. The most practical
method for transforming biomass into biofuel is thermochemical conversion, which may be broken
down into combustion, torrefaction, pyrolysis, hydrothermal liquefaction, and gasification. In this
study, producing biofuels using a biomass pyrolysis process was investigated. This study explored
the pyrolysis process and operating conditions to optimize the process parameters to maximize the
desired product yields and quality. The pyrolysis process produces three main products, which are
bio-oil, bio-char, and gas. There are three classifications for the pyrolysis method, with each of them
producing a majority of a certain product. First, slow pyrolysis is conducted in the temperature range
of 300–950 ◦C and residence time of 330–550 s. It produces around a 30% oil yield and 35% char
yield, and thus, the majority yield of slow pyrolysis is char. Second, fast pyrolysis produces around
50% oil, 20% char, and 30% gas yields with a temperature range of 850–1250 ◦C and a residence
time of 0.5–10 s. The average yield of flash pyrolysis was found to be 75% bio-oil, 12% bio-char,
and 15% gas, which is conducted within less than 1 s. It was reported that the pyrolysis of biomass
was simulated using ASPEN Plus, where the effects of several parameters, such as the temperature,
heating rate, and residence time, on the product yield and composition were investigated. Pyrolysis
was performed under different conditions ranging from 400 to 600 ◦C. The effects of different catalysts
on the pyrolysis process were studied. It was found that the addition of a catalyst could increase
the yield of bio-oil and improve the quality of the product. The optimal operating condition for the
pyrolysis process was determined to be a temperature of 500 ◦C, which resulted in a higher bio-oil
yield. It was found that the biofuel yield was enhanced by selecting appropriate raw materials, such
as rice husk, along with the pyrolysis temperature (e.g., 450 ◦C) and particle size (350–800 µm), and
using a low residence time and pressure.

Keywords: integrated system; pyrolysis methods; parameters; simulation

1. Introduction

In contrast with past decades, which was a world where the affordable and limitless
supply of fossil fuels could be relied upon, the present energy crisis has greatly increased
uncertainty [1]. Hence, the worldwide scientific community has focused a lot of attention

109



Sustainability 2023, 15, 11238

and efforts on developing a highly sustainable resource that might replace conventional
energy sources [2].

The only renewable resource that can be utilized to make solid, liquid, and gas fuels is
biomass [3]. Also, biomass provides 14% of the energy used by the world [4]. Biofuels that
are liquid offer greater benefits than those that are solid or gaseous with respect to storage,
transportation, and high energy density [5]. They can also be incorporated into boilers,
motors, or turbines [6]. The biomass composition, along with the reaction mechanism
related to the size of the feed particles, temperature, reaction duration, and heating rate,
have an impact on the production of various fuels [7].

There are two kinds of biofuels: primary and secondary; both are produced using
biomass [8]. Also, they are divided into three generations. In the first generation of
biofuels, starches or sugars from food crops, such as maize, sugarcane, and rapeseed, were
fermented to make bioethanol or biobutanol, and oil crops were trans-esterified to produce
biodiesel [9]. An analysis of the first generation’s life cycle showed that there was no
net gain in energy. There was a debate going on among people that it is better to donate
food to poor people rather than use it to produce fuel, and thus, researchers shifted to the
second generation [10]. Agricultural waste (non-edible food) like lignocellulosic biomass
was used to make second-generation biofuels. After shifting to the second generation, this
generation’s life cycle assessment (LCA) showed that the net energy gain has increased.
Researchers then shifted to the third generation, which is a new technology to produce
fuels from algae. Due to their significant lipid composition, ability to fix CO2, and quick
growth rate, microalgae are a favorable feedstock for the generation of biofuel. Bioethanol,
biodiesel, and biohydrogen are the exemplification of third-generation biofuels that are
made from microalgae, seaweeds, and other microorganisms. The limits and shortcomings
of first- and second-generation biofuels were resolved by third-generation biofuels. Large-
scale neutral lipid buildup, high yield, CO2 capture, and wastewater bioremediation are
further benefits [11].

Biomass can come from a diversity of sources: plant materials, microorganisms, and
municipal solid waste. Forest timber feedstocks and agricultural waste are examples of
plant resources [12]. Hard wood and soft wood are the two basic divisions of woody
feedstocks. Sugar, starch, and oil seed crops are first-generation feedstocks. Sugarcane,
sugar beets, corn, sorghum, cassava, and wheat are examples of crops used to make sugar
and starch. Sunflower, oil palm, soy, coconut, jatropha, and rapeseed are examples of oil
crops. Algae and lignocellulosic biomass from plants are utilized as plant resources for
second-generation biofuels. The biomass known as lignocellulosic comprises grasses, trees,
and crop wastes [4]. In recent years, the pyrolysis of biomass has attracted substantial
interest as a potential source of bio-oil, gas, and bio-char [13]. There are a great number of
articles that were published on this topic throughout the last decade, as shown in Figure 1.

Several methods have been applied to convert biomass into biofuels, as shown in
Figure 2. The most practical method for transforming biomass into biofuel is thermo-
chemical conversion, which may be broken down into combustion, torrefaction, pyrolysis,
hydrothermal liquefaction, and gasification [14]. By adjusting the process variables, the
main goal of thermochemical conversion is to remove undesired by-products. Pyrolysis
is a viable method for transforming biomass into biofuel at temperatures between 250
and 600 ◦C when it is inert. In fact, one new strategy is to use the pyrolysis method to
manufacture bio-based chemicals and fuels from biomass [15]. The products of pyrolyzing
biomass can be broken down into three categories: bio-oil, bio-char, and syngas. These three
byproducts have the ability to be used as sources of energy or in other applications, and
they have several advantageous properties, including being friendly to the environment,
having low costs, and degrading naturally [16].
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Biofuels can be found in liquid form, gaseous form, or solid form. A variety of liquid
biofuels are available. There is a possible carbon-neutral biofuel option in the form of
bioethanol made from lignocellulosic biomass. Bioethanol’s benefits as a biofuel include
having a high octane number, low boiling point, increased heat of vaporization, and
equivalent energy contents [17]. Vehicles may utilize fuel blends containing 85% (v/v)
bioethanol without requiring any mechanical adjustments [18]. Both greenhouse gas (GHG)
emissions and oil consumption may be substantially reduced by blending. There are three
main processes that make up this system: pretreatment, enzymatic saccharification, and
fermentation. Since 2008, a variety of work has been done to reduce costs by, for example,
employing enzyme mixtures for improved saccharification, utilizing microbes for enhanced
product yield, and manufacturing certain lofty value-added products to enhance the process
economics. Biobutanol provides improved safety, lower hygroscopicity, lower igniting
difficulty, more inter-solubility, higher viscosity, and better lubricity than its petroleum-
based counterpart [19,20]. Features of bio-methanol, such as its great performance and lack
of emissions, make it a safe fuel source [4]. The fact that methanol breaks down entirely
into CO2 and water in a steam environment makes it a useful component in fuel-cell-driven
cars. 7-[3-(methylaminomethyl) phenoxy]methyl]quinoline-2-amine (M85) is composed
of 85% methanol and 15% gasoline and may be utilized in most cars and trucks with just
minor mechanical adjustments [4]. Ultrasonic processing of algal biomass can be used for
biodiesel manufacturing [21]. To produce biodiesel, 51 percent of the lipids in the algal
biomass are isolated and trans-esterified with CH3OH (methanol) as a catalyst [22]. One of
the available methods is fast pyrolysis, which is used to convert biomass into bio-oil [4].
Bio-oil is a liquid that has a distinct smokey aroma and its color is dark brown. Acids,
alcohols, esters, ketones, phenols, aldehydes, and oligomers are all part of the complex
combination that makes up these substances [23]. High water content, viscosity, ash content,
oxygen concentration, and corrosiveness are all drawbacks of bio-oil as a fuel [4]. The high
costs of manufacturing and low fuel quality of bio-oil are the main obstacles impeding
its commercialization [24]. A method was devised to enhance the qualities of the bio-oil
made from rice husk [25]. The enhanced oil’s density was found to decrease from 1.24 to
0.95 g/cm3, and its heating value rose from 16.0 to 27.2 MJ/kg. Additionally, the oil’s pH
decreased from 4.4 to 2.3 after the refinement process [4].

Regarding gaseous fuels, there are two kinds of gaseous biofuels, which are gas and
biohydrogen. Last, but not least, there are solid biofuels, where the most significant type
is bio-char. Bio-char is a carbon-dense byproduct of biomass breakdown at temperatures
between 350 and 700 ◦C. Bio-char is useful both as a fertilizer and a soil conditioner.
Reducing atmospheric CO2 concentrations, increasing soil carbon stocks, and increasing
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soil carbon capture are all ways in which it contributes to climate change mitigation [26].
There are nutrients in bio-char that help plants thrive. Soils conditioned with bio-char
made from Miscanthus by heating it to 400 ◦C for 10 min suppressed the growth of maize
seedlings. Soil conditioning using bio-char made from Miscanthus and collected after
heating at 600 ◦C for 60 min yielded contrasting results [4]. This suggests that improved
yields from seedlings of different varieties and species need bio-char produced in different
ways [4,27].

While significant progress has been made in the area of biomass pyrolysis, there are
still several research gaps that need to be addressed to optimize the operating conditions
for bioenergy production, including the following: (i) There is a lack of selecting the
standardized operating conditions for biomass pyrolysis. Different studies have used
varying temperatures, residence times, heating rates, and catalysts, making it difficult to
compare and generalize the results. The optimization of these operating conditions is crucial
to maximizing the yield of desired bioenergy products and minimizing the formation of
undesired by-products. (ii) Regarding the simulation of biomass pyrolysis, including the
decomposition conditions, further research is needed to investigate the biomass pyrolysis
simulation and identify the optimal conditions for maximizing the desired product yields.
(iii) The techno-economic analysis and life cycle assessment: The economic viability and
environmental sustainability of biomass pyrolysis processes are essential for their successful
implementation. However, there is a lack of comprehensive techno-economic analyses
that consider the optimization of the operating conditions. Further research is needed to
evaluate the economic feasibility.

This study aimed to investigate the pyrolysis parameters to produce bio-oil, bio-char,
and gases. The recent development methods were studied to provide a wide variety of
sustainable bioenergy outputs with added value. There were several issues found with
the current oil/tar spraying techniques in anaerobic digestion (AD), including microbial
toxicity and low production.
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2. Thermal Conversion

The three most common forms of thermal conversion are pyrolysis, gasification, and
incineration. They are distinct from one another because of the ways in which they are
used and, by extension, the results of their processes [29]. Charcoal, liquid, and gaseous
byproducts can be produced from the pyrolysis of biomass in the absence of oxygen, as
shown in Figure 3 [30].
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3. Pyrolysis Classifications

There are three distinct pyrolysis methods, namely, slow pyrolysis, fast pyrolysis, and
flash pyrolysis [31,32]. Table 1 compares and contrasts these processes, highlighting the
variations between them in terms of temperature, solid residence time, heating rate, biomass
particle size, and product yield. The type of procedure and the process operating parameters
determine the product distribution [33]. Figure 4 shows the majority percentages of each
product, which are bio-oil, bio-char, and gas.

Table 1. Different parameters of the pyrolysis process.

Parameters Slow Pyrolysis Fast Pyrolysis Flash Pyrolysis Reference

Temperature (◦C) 550–950 850–1250 900–1200

[33]
Heating rate (◦C/s) 0.1–1.0 10–200 >1000
Residence time (s) 300–550 0.5–10 <1
Particle size (mm) 5–50 <1 <0.5

3.1. Slow Pyrolysis

Since ancient times, slow pyrolysis has been utilized to increase char generation at low
temperatures and low heating rates [31]. The generation of solid char and other liquids
occurs in this procedure because the vapor residence time is excessively long (5 to 30 min)
and elements in the vapor phase are inclined to react with one another. Slow pyrolysis,
however, has several technological drawbacks that make it unsuitable for producing high-
standard bio-oil [31]. Due to the prolonged residence time, the main product cracks, which
may have a detrimental effect on the production and quality of the bio-oil. Additionally,
considerable energy input is required because of the lengthy residence times and limited
heat transmission [32].

3.2. Fast Pyrolysis

Fast pyrolysis entails rapidly heating biomass to temperatures between 850 and
1250 ◦C, with heating rates between 10 to 200 ◦C/s per second, over a period between
1 and 10 s [33]. Because the oil product yield in rapid pyrolysis is so much higher than
the bio-char and syngas product yield, it is employed for bio-oil production [33]. Fast
pyrolysis typically yields 60–75% liquid product, 15–25% charcoal product, and 10–20%
non-condensable gaseous products [34]. Its goal is to heat the biomass to an appropriate
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temperature for thermal cracking to occur while minimizing the amount of time the liquid
biomass is exposed to heat, which promotes the formation of char [35]. High temperatures
used in quick pyrolysis turn biomass into a liquid before it can react to generate char [33].
These days, the fast pyrolysis process is used for more than only producing energy; it is
also used in the food industries and for certain chemicals. Liquid fuels and a variety of
specialty and chemical reactions may be produced using fast pyrolysis technology, which
has recently gained significant attention [36]. To separate the processing of solid biomass
from its consumption, this liquid yield may be transported and stored conveniently and
cheaply [36]. Further, it possesses the ability to supply a variety of useful compounds, each
of which has far greater value-added than fuels. In comparison with other processes, fast
pyrolysis technology, particularly when used on a tiny scale, can offer cheap investment
costs and great energy efficiency [37]. There are several possible benefits to producing
bio-oil via rapid pyrolysis, such as the storing and transporting of liquid fuels, its low cost,
the neutral CO2 balance, and the utilization of second-generation materials, which has led
to increased interest in this method in recent years [38]. Bio-oil raw materials and waste
materials (forest residue, municipal and industrial waste, etc.) have a large energy density
compared with ambient gases [39].
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3.3. Flash Pyrolysis

A bio-oil output of up to 75% may be attained using the flash pyrolysis of biomass [40],
making it a potential technique to produce solid, liquid, and gaseous fuel from biomass. In
this process, the particles are heated quickly, the reaction temperature is high (between 450
and 1000 ◦C), and the gas is released within less than one second [41]. However, there are
some technological constraints to be considered, such as (i) the low thermal stability and
corrosive properties of produced bio-oil; (ii) the presence of solids in the oil; (iii) further
polymerization and condensation reactions can lead to an increase in the viscosity of the
bio-oil over time, making it more challenging to handle, pump, and process; (iv) biomass
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used in flash pyrolysis often contains alkali metals, such as potassium and sodium, where
these alkali metals can be released and dissolved in the bio-oil during pyrolysis; and
(v) during flash pyrolysis, small amounts of water can be generated as a byproduct, where
this pyrolytic water can mix with the bio-oil and affect its stability, quality, and compatibility
with downstream processes [42].

4. Parameters That Affect the Pyrolysis Process

Temperature, feed particle size, residence time, biomass type, catalyst, heating rate,
and pressure are all important parameters that affect the pyrolysis process. Both the primary
and secondary processes involved in the degradation of biomass during pyrolysis need heat
and mass transport. Primary degradation occurs at low temperatures (about 200–300 ◦C)
and involves the breakdown of the complex biomass structure. This process produces
intermediate products, such as volatiles, char, and bio-oil. The principal products differ
based on the biomass mix and the pyrolysis conditions. Volatiles are gases and vapors that
are produced during pyrolysis. Char is the solid residue that is left over after the volatiles
have been discharged. It is a carbon-rich, high-surface-area substance that can be utilized
as a solid fuel or as a precursor for the synthesis of activated carbon. Bio-oil, commonly
known as pyrolysis oil or biomass oil, is a black, viscous liquid produced via volatile
condensation. To obtain higher-value products, bio-oil can be improved further using
techniques such as hydrotreating or fractional distillation. Secondary degradation occurs
at higher temperatures (usually above 500 ◦C) and is characterized by the thermal cracking
of the primary products formed during primary degradation. This process produces
more gases, such as light hydrocarbons (e.g., ethylene and propylene), and boosts the
overall production of gases and liquids. Secondary decomposition reactions are often
faster and more exothermic than primary decomposition events. Syngas, also known
as synthesis gas, is a carbon monoxide (CO) and hydrogen (H2) mixture that can be
created during the secondary breakdown of biomass. Secondary biomass breakdown can
generate several additional gases and vapors, including higher hydrocarbons, tars, and
light oxygenates. These products can be developed and treated further for specialized uses.
Several parameters influence both the primary and secondary degradation processes in
pyrolysis, including the temperature, heating rate, residence duration, and composition
of the biomass feedstock. It is feasible to modify the pyrolysis process to produce desired
product yields and qualities for a variety of applications, including bioenergy, biofuels,
and bio-based compounds, by optimizing these parameters. The breakdown of lignin,
cellulose, and hemicellulose into simpler compounds is an example of a primary reaction.
The decomposition of intermediates is a key feature of secondary reactions. First, the major
products must be broken down into smaller molecules so that cellulose may be converted
into sugars; second, the transformation of the main products into huge molecules and char
takes place [43].

4.1. Temperature

The pyrolysis process relies on several factors, one of which is temperature. A variety
of temperature values are required for the breakdown and devolatilization of biomass
constituents. Heavily tarred substances result from the breakdown of hemicellulose and
non-condensable gases at temperatures below 300 ◦C. When biomass is heated to tempera-
tures above 550 ◦C, it breaks down into its parts and releases several different chemical sub-
stances [43]. Acetic acid, levoglucosan, hydroxy-acetaldehyde, and 5-hydromerthylfurfural
are all cellulose-derived chemicals, whereas phenolics were derived from lignin [35]. The
literature contains several studies that addressed the importance of temperature in the
pyrolysis process and bio-oil yield, including the ones listed in Table 2.

115



Sustainability 2023, 15, 11238

Table 2. Effect of temperature on bio-oil yield products.

Biomass Temperature (◦C) Oil Yield (wt. %) References

Wheat straw 600 34

[44–47]

Rice husk 450 70
Coal 500 42

Sunflower cake 550 41
Hardwood samples 532 66.89

Soybean cake 530 41
Bagasse 500 66.1

The ideal temperature for producing bio-oils in high yields during fast pyrolysis
was reported to be between 400 and 500 ◦C. The char yield decreased as the pyrolysis
temperature increased. Additionally, it was found that additional devolatilization of
the primary char balances the generation of secondary char at higher temperatures. At
temperatures between 300 and 400 ◦C, around 80 to 90% of the entire bulk conversion was
achieved [48]. The final pyrolysis temperature has a considerable impact on the content
and oil of the liquid effluent. Another study showed that a higher temperature resulted in
higher biomass conversion efficiencies because more energy was needed to break down the
cellulose bonds at higher temperatures. The rate of the solid cake’s decomposition varied
with temperature. When the temperature of the soybean cake was raised from 400 ◦C to
700 ◦C, an additional 11.82 wt.% of the material was decomposed [49]. Sunflower cake’s
yield at 450–700 ◦C was 10.7 wt.% [50]. The highest liquid yield was achieved during
the pyrolysis process between 500 and 550 ◦C. Secondary reactions, such as the rate of
production of gasses increased when the temperature increased to 600 ◦C. However, the oil
yield increased at around 570 ◦C, whereas the gas yield increased when the temperature
values increased from 430 to 730 ◦C [51]. Stabler species were generated during secondary
breaking when the ultimate pyrolysis temperature was raised, where the functional-group-
containing compounds were found. Polycyclic aromatic hydrocarbons, such as pyrene,
phenanthrene, and others, were formed and accumulated at higher temperatures. Since
dehydration and decarboxylation take place at high temperatures, the bio-oil contents
increased while the oxygenated concentration decreased [43].

4.2. Size of Feed Particles

Oil production and quality are both affected by the size of the feed particles used in
the process. A common trend in biomass pyrolysis is the preference for smaller particle
sizes due to the ease and uniformity with which they heat up. For rotating cone pyrolysis, it
was recommended that particles be no more than 20 mm in diameter; for fluid bed systems,
this number should be no more than 2 mm; and for a circulating fluid bed, it should be less
than 6 mm. Some of the materials and their respective optimal particle size are summarized
in Table 3 [52–54].

Table 3. Particle sizes used in the pyrolysis process with different sources of biomass.

Substrate Optimal Particle Size Reference

Wood particles 350–800 µm [52]

Hazelnut 0.225 < dp < 0.425 [52]

Municipal solid waste (MSW) Uncrushed, 1–2 cm [53]

Rapeseed <0.4 mm–>1.8 mm [54]

Particles of wood with a diameter of 350 µm were fully pyrolyzed, whereas particles
with a diameter of 800 µm were converted at a height of 0.9 m [52]. The maximum yield
was achieved at 0.45–0.6 mm for hazelnuts and municipal solid waste (MSW) [53]. At a size
of 0.6 to 0.85 mm, rapeseed produced the highest yield [54]. In the pyrolysis examination
of orange trash, researchers found three distinct particle size ranges (300–180, 180–150 µm,
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and <150 µm) [55]. For particles less than 150 µm in size, it was found that the thermal
behaviors of the beginning and end of the pyrolysis process were varied. Because of
variations in surface area, this variation was the result of heat and mass transport processes.
However, the liquid output dropped because the larger biomass particles demand more
heat and have a low heat transfer coefficient. Limitations in heat transport resulted in
higher activation energy for large particles [56]. A high liquid yield was attained from
large particles if these particles differ from one another in terms of characteristics like bulk
density and oxygen content of the oil. Liquid products were generated when there was
less obstruction. There were fewer reactive species and less energy in the liquid because of
the increased oxygen level. If the particle size were to be reduced, it would cost more to
complete the pyrolysis process since grinding equipment would be required. The technique
is more expensive since it uses energy to reduce the size of a particle from its original, larger
form. It was noted that different types of biomasses and pyrolizers produced different
particle sizes. Optimizing the liquid product yield required careful consideration of both
the pyrolizer and biomass sources selection [43].

4.3. Residence Time

One of the most crucial factors in the production of liquid fuels is the residence time.
In pyrolysis, a fraction of a minute or less of residence time is optimal for maximizing liquid
production. Low residence times are often favored for producing high-quality bio-oil. In
pyrolysis, the yield of the liquid products is increased as time goes on due to a secondary
reaction. More time in the reactor could be necessary for complete conversion; however,
the best potential yield from the liquid is obtained after a short time. The yields of the
liquid products increase due to the short residence period at a lower pressure. By varying
the residence period from 15 to 40 min with fir sawdust, the effect of residence time was
observed [57]. At 30 min, the product liquid yield was the highest (21.22%). It was noticed
that bio-oil production increased with the biomass heating rate, even at durations above
40 s. The quantity of oxygen present during pyrolysis was also a factor in the final quality
of the oil produced. Two-step pyrolysis, consisting of pyrolysis and oil generation, was
used to reduce the oxygen levels.

To produce liquid products with good quality and yield, the residence time must
be optimized [43]. When pyrolyzing raw sorghum bagasse at 525 ◦C, raising the vapor
residence time from 0.2 s to 0.9 s lowered the bio-oil yields from 75% to 57% while si-
multaneously boosting char and gas yields [58]. Similar to this study, the oil yield from
pyrolysis of sweet gum hardwood at 700 ◦C dropped from 22 wt.% to 15 wt.% when the
vapor residence time was increased from 0.7 s to 1.7 s [59]. Product distributions as a
function of vapor residence time were studied; however, the relationship between the
vapor residence time and pyrolysis temperature, and its effect on yields and quality, needs
further investigation [60].

4.4. Types of Biomass

Biomass can be classified into two main groups, namely, vegetable-derived and animal-
derived, as shown in Figure 5. Lignocellulosic material is made up of three different
components: cellulose, hemicellulose, and lignin, all of which can be found in different
proportions. Hemicellulose degrades between 470 and 530 ◦C, cellulose between 510 and
770 ◦C, and lignin between 550 and 770 ◦C. Toward the end, ash is produced from the
biomass, which contains trace quantities of inorganic substances, like potassium, sodium,
phosphorus, calcium, and magnesium. The final product’s elements are extremely sensitive
to their constituents. More cellulose and hemicellulose are present at the outset, leading to
greater oil output. All three components have distinct temperatures at which they degrade.
Cellulose is crystalline and breaks down faster, whereas lignin is complicated and has a
greater degree of polymerization [43]. Stronger structural integrity makes decomposing the
lignin more challenging, but it results in a bigger char yield [61]. However, the deterioration
of this material may be aided by the application of a high heating rate and temperatures,
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leading to a greater liquid output. Because of the high volatility and reactivity caused by the
presence of such a huge quantity of volatile material, bio-oil production is stimulated [62].
In their study of bio-oil production from rice straw and bamboo sawdust, the biomass with
a higher volatile material concentration produced a higher yield [63].
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Figure 5. Schematic diagram of biomass types.

The percentages of cellulose, hemicellulose, and lignin in hazelnut shells were 30 wt.%,
23% wt.%, and 38% wt.%, respectively. The percentages of cellulose, hemicellulose, and
lignin in farm waste were 17 wt.%, 7 wt.% and 18 wt.%, respectively. Therefore, when lignin
levels increased, the bio-oil yields declined but the bio-char yields increased. Agricultural
byproducts showed a higher bio-oil output than hazelnut shells.

4.5. Catalyst

Biomass pyrolysis can be conducted with or without catalysts [64]. Catalysts have
been utilized to enhance several characteristics of bio-oils, including their ability to be
repolymerized, their total acid number, their corrosivity, and their compatibility with
petroleum products. Certain pyrolysis processes require specific catalysts [65]. Fluidized
and fixed-bed reactors are commonly used in catalytic pyrolysis. These catalysts can
be either provided in a solid or vapor phase. The results of the two procedures were
distinct because of the differences in contact time and response mechanism. In situ and
ex situ pyrolysis improvements of beetle-killed trees were performed in the presence
of an HZSM-5 catalyst [66]. More benzene and toluene were produced in the ex situ
upgrade, but the specificity for xylenes and aromatics containing carbon 9 was higher
in the in situ upgrade. In the presence of a ZrO2-FeOx catalyst, woodchips made from
Japanese cedar have a catalytic effect [67]. The ratio of catalyst loading to the feed rate of
pyroligneous acid production determined the amount of feed that was converted to ketone.
Rapeseed cake was converted gradually between 150 ◦C and 550 ◦C, depending on the
kind of catalyst utilized. Noncatalytic test (34.06 wt.%) > Na2CO3 (27.10 wt.%) > HZSM-
5 (26.43 wt.%) > Al2CO3 (21.64 wt.%) [68] in terms of total organic compounds. Using
rapid pyrolysis, desilicated ZSM-5 zeolite was employed as a catalyst for lignocellulosic
biomass [69]. The conversion rate and the amount of unwanted coke may both be optimized
by carefully regulating the amount of desilicated ZSM-5 utilized in the process. To acquire
a large liquid yield, the catalyst choice is crucial. As the catalytic utilization increases,
coke generation is reduced, leading to a greater yield of aromatics [43]. By facilitating
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the dissociation of complex biomass molecules and promoting the production of desired
products, catalysts improved the pyrolysis reactions. Catalysts can lower the activation
energy required for the pyrolysis reactions, thereby reducing the operating temperature
and enhancing the reaction rate. This led to faster and more efficient conversion of biomass
into desired products. Catalysts help with increasing the yield of bio-oil, which is a
valuable product obtained from biomass pyrolysis. They can promote the cracking of
larger molecules, resulting in higher production of lighter hydrocarbons that make up
bio-oil. Using certain catalysts can influence the distribution of pyrolysis products, favoring
the formation of specific compounds. For example, certain catalysts can promote the
production of valuable chemicals, such as furans or phenolic compounds, which have
various applications in the chemical industry. Biomass pyrolysis can sometimes lead to
the formation of coke, which is a solid carbonaceous residue. Catalysts can suppress
coke formation by catalyzing secondary reactions that consume coke precursors or by
promoting the gasification of carbonaceous species. Another undesired product that can
form during biomass pyrolysis is tar. Tar is a complex mixture of high-molecular-weight
compounds that can be problematic in bio-oil production and utilization. Catalysts can
help with reducing tar formation during pyrolysis by catalyzing tar-cracking reactions or
by promoting secondary reactions that convert tar into more desirable products. Some
catalysts can be regenerated and reused, allowing for multiple cycles of biomass pyrolysis.
This can contribute to the economic feasibility of the process by reducing catalyst costs
and improving the overall process sustainability. Catalysts can enhance the pyrolysis
reactions by facilitating the breakdown of complex biomass molecules and promoting
desirable product formation. Cracking compounds with greater molecular weights into
lighter hydrocarbon products is a common method utilized with catalysts to improve the
kinetics of pyrolysis reactions [70]. However, the distributions of products produced by
various catalysts vary depending on the parameters in which they were used. Pyrolysis
catalysts were divided into three categories according to their intended use. The first class
was combined with biomass just before it was introduced to the reactor [71]. The second
group was introduced into the reactor, allowing for direct interaction with the vapors,
solids, and tars [72]. The third set was transferred to a secondary reactor that followed the
pyrolysis reactor.

4.6. Heating Rate

The degradation of biomass into products relies heavily on the heating rate. The rapid
breakdown of biomass into its parts in fast pyrolysis calls for a very high heating rate. Also,
the highest yields of liquid products are achieved with the shortest residence time and
highest heating rate. Thus, fewer undesirable chemicals are generated as a result of the
shorter contact duration of the secondary reaction. It was proposed that a heating rate
of up to 1000 ◦C/s might be used. Increases in the production of aliphatic and carbonyl
chemicals were observed during rapid pyrolysis of coconut biomass [73]. The optimal
temperature for maximizing oil production was observed to be influenced by the heating
rate. Different heating rates (50 ◦C/s, 150 ◦C/s, and 250 ◦C/s) were applied to the esparto
biomass, and the results showed that at 500 ◦C, the liquid yield was 45 wt.% for the
50 ◦C/s and 150 ◦C min−1 conditions, and 57 wt.% for the 250 ◦C min−1 condition. The
ideal temperature increased from 500 ◦C to 550 ◦C at a heating rate of 250 ◦C/s [43]. The
formation of volatiles was increased by increasing the heating rate. If the heating rate
is high enough, the temperature will rise to its maximum, but if the heating rate is low
enough, the temperature will remain at its minimum [74]. High heating rates are associated
with high-quality final products because they reduce the amount of water present, stop
secondary reactions from occurring, and create less oxygen [43].

4.7. Pressure

In most cases, atmospheric pressure is used for pyrolysis [43]. Researchers concluded
that when completing pyrolysis, the pressure is greater than that of the atmosphere, which
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results in a greater bio-char yield [33]. Char is formed when the pressure is raised, causing
the vapors to remain exposed to the carbon-based substance for a longer duration and
for secondary carbon to be produced via decomposition [75]. The amount of carbon in
bio-char can be affected by the high pressure within the reactor. Increases in the energy
density of bio-char result from high-pressure pyrolysis of biomass, which increases the
bio-char’s carbon content [76]. Gases, including nitrogen and argon, as well as water vapor,
are employed in the pyrolysis process. Nitrogen gas (N2) is a common inert gas. It was
found that the yield of liquid oil was unaffected by the existence of inert gas. By doubling
the flow rate from 50 cm3 min−1 to 100 cm3 min−1 [77], the liquid yield was increased by
3 wt.%. Nonetheless, a high liquid product yield may be achieved with a minimal gas flow.
The higher the gas flow rate, the more gases are produced, as more volatile substances are
evaporated. Also, steam can be utilized as a sweep gas. It was noted that the liquid yield
improved when steam was used as the sweep gas [78]. If the oxygen content of the gas is
processed, it is reduced by decreasing the gas flow rate, and the bulk density of the gas is
increased, and thus, more liquid product is produced.

5. Pretreatment of Biomass

Microwave pretreatment is a promising technology for the conversion of lignocellu-
losic biomass into sustainable biofuels due to its ability to enhance the efficiency of the
conversion process. On rare occasions, microwave pretreatment was investigated. Based on
a few studies, here are some recent advances in microwave pretreatment [79]. Improvement
of enzymatic hydrolysis: Microwave pretreatment improves the efficiency of enzymatic
hydrolysis of lignocellulosic biomass. A study showed that microwave pretreatment of
corn stover at 180 ◦C for 10 min resulted in a 70% increase in glucose yield during enzy-
matic hydrolysis compared with untreated corn stover. Reduction in energy consumption:
Microwave pretreatment can reduce the energy consumption required for the conversion
of lignocellulosic biomass into biofuels [80]. A study showed that microwave pretreatment
of corn stover at 160 ◦C for 10 min reduced the energy consumption of the subsequent
hydrolysis and fermentation processes by 25%. Enhancement of biofuel production: Mi-
crowave pretreatment can also enhance the production of biofuels from lignocellulosic
biomass [81]. A study showed that microwave pretreatment of corn straw at 200 ◦C for
10 min resulted in a 26.7% increase in ethanol yield during fermentation compared with
untreated corn straw. Optimization of process parameters: The efficiency of microwave
pretreatment can be further improved through the optimization of process parameters,
such as temperature, time, and power [82]. Another study showed that optimization of
the microwave pretreatment parameters for corn stover, such as a temperature of 180 ◦C,
a time of 10 min, and a power of 800 W, resulted in a 72.3 wt.% increase in glucose yield
during enzymatic hydrolysis [83].

6. Pyrolysis Product Properties

The pyrolysis of biomass yields three main byproducts: char, gases, and oil, which
when cooled to room temperature, condenses into a dark brown viscous liquid. It is
between 350 ◦C and 500 ◦C where the most liquid is produced [84]. Due to differences in
pyrolysis operations, various reactions take place at varying temperatures. At increased
temperatures, molecules in the liquid and residual solid were broken down into tiny ones,
enriching the gaseous component [85]. The production of charcoal is obtained at a low
temperature with a low heating rate approach. The production of liquid products requires a
low temperature, high heating rate, and short gas residence time procedure. The production
of fuel gas is achieved at a high temperature with a low heating rate and long gas residence
time [31].

6.1. Bio-Oil

The condensed vapor of a pyrolysis process is known as bio-oil, which is a liquid.
An alternative fuel oil use is possible. Compared with the heat content of hydrocarbon
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fuels, bio-oils are only about 40% as effective [31]. Since it is a liquid, it can be readily
transported and stored, and its energy density is higher than that of biomass gasification
fuel [82]. Pyrolysis oil, known as “bio-oil” or “bio-crude”, has a wide variety of oxygenated
molecules. Carbonyls, carboxyls, and phenolics are just a few of the chemical functional
groups found in bio-oil that present opportunities for its use [86]. In spite of this, the thermo-
physical characteristics of pyrolysis bio-oil are affected by a wide variety of elements that
are now poorly understood [87]. An overview of some of the physical oil’s features and
characteristics is given in Table 4.

Table 4. Physical properties and characteristics of bio-oil.

Properties Oil Characteristics Interpretation Ref.

Form Free-flowing, organic liquid with a dark
reddish-brown color

Oil’s chemical composition and the presence
of micro-carbon [31]

Odor Unique scent: a sharp, smokey odor. Acids and aldehydes with smaller
molecular weights [31]

Density
Extremely high in comparison to fossil fuel

Bio-oil from pyrolysis: 1.2 kg/L 0.85 kg/L for
fossil fuels

High levels of moisture and significant
molecular contamination [31]

Viscosity 40–100 cP Various feedstock types, water content, and
the gathering of several non-heavy ends [88]

Heat value 26.7 MJ/kg High oxygen content [89]

Aging
With time, there is an increase in viscosity, a
reduction in volatility, phase separation, and

gum deposition
A high pH value and complex structure [31]

Miscibility
Petroleum fuel is completely immiscible in

non-polar solvents, yet miscible with
polar solvents

Polar in nature [31]

Approximately 300 to 400 different chemicals make up pyrolysis oil [88]. The pyrolysis
oil changes physically and chemically during storage, as several reactions happen and
volatiles are released as a result of aging [89]. According to several studies, aging effects
and reactions are sped up at higher temperatures, but if pyrolysis oil is preserved in a
cold environment, the impacts can be mitigated [90]. Scientists found that the thermal
efficiency of pyrolysis oils in combustion engine operations is comparable to that of diesel
fuel; however, they showed severe ignition delay [91]. In order to reliably ignite pyrolysis
oil, a modest amount of preheated combustion air is required. Heating rate, pyrolysis
temperature, and residence time are only a few of the process factors that might affect
pyrolysis oil yields, quality, and stability [92,93]. The ash amount and composition of
the pyrolysis oil can be changed based on the reactor type (ablative/fixed), particle size,
and char formation, all of which influence the rate, efficiency, and mechanism of biomass
pyrolysis. Early interest in bio-oil was motivated by worries about crude oil shortages,
yet recently, the environmentally friendly benefits of biomass fuels have grown to become
an even more compelling and significant element. Due to the issues encountered when
using bio-oils as fuel in conventional machinery designed for use with petroleum-derived
fuels, such as boilers, engines, and gas turbines, the industry has yet to adopt them as
a commercial standard. The major causes of this include bio-oil’s viscosity, coking, and
corrosion [31].

To produce energy, heat, and chemicals, bio-oil will be substituted for fossil fuels.
Some applications for bio-oil are illustrated in Figure 6.
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6.2. Bio-Char

Significant mass loss in the form of volatiles occurs during the thermal breakdown of
lignin and hemicellulose to produce a hard amorphous carbon matrix known as bio-char.
The main solid yield is bio-char (also known as charcoal), which consists of unconverted
organic solids and carbonaceous wastes created from the partial or total breakdown of
biomass components, in addition to a mineral fraction [58]. The type of feedstock and
the pyrolysis conditions determine the char’s physical and chemical characteristics [58].
Biomass and pyrolysis conditions determine the percentage of bio-char generated (10–35%).
Figure 7 displays the variations in bio-char yields across three temperature ranges during
pyrolysis [31,94]. The quantity of bio-char is significant in the low-temperature (450–500 ◦C)
zone due to weaker devolatilization rates and low carbon conversions. The generation of
bio-char is drastically cut back in the second zone of average temperature (550–650 ◦C). It
was found that between 18–17 wt.% bio-char was the greatest production percentage in
this temperature range. Extremely poor bio-char output was observed in the region with
temperatures greater than 650 ◦C [95]. The impact of varying temperatures on bio-char
production is shown in Figure 7.
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The physical features of bio-char may be considerably altered by adjusting some
variables [96], including the reactor type and form, biomass type and drying treatment,
platform molecules, particle size, chemical activity, heating rate, residence time, pressure,
and inert gas flow rate [97]. Higher heating rates (up to 105–500 ◦C/s), shorter residence
times, and finer platform molecules all contribute to the production of finer bio-char, while
slower pyrolysis operating conditions and larger particle size of the feedstock provide
coarser bio-char [98]. Further, bio-char made from wood-based biomass is often more
coarsely granular [99]. In contrast, pyrolysis procedures produce finer and more brittle
organized bio-char from agricultural wastes [100].

6.3. Gaseous (Syngas)

Potential byproducts of biomass pyrolysis include carbon dioxide, carbon monoxide,
hydrogen, and hydrocarbons with reduced carbon numbers like methane and ethane.
Certain gases like propane, ammonia, nitrogen oxide, sulfur oxide, and alcohols with
minimal carbon numbers are obtained [58]. In slow pyrolysis operations, bio-gas is also
generated, ranging from roughly 10 wt.% to 35 wt.%. Nevertheless, flash pyrolysis at
high temperatures can produce more syngas. For instance, using calcined dolomite as a
catalyst, it was reported that syngas was generated from the pyrolysis of municipal solid
waste in a bench-scale downstream fixed-bed reactor at temperatures between 750 ◦C
and 900 ◦C [101]. A temperature of 900 ◦C resulted in a gas output of 78.87 wt.% [102].
Secondary processes, including decarboxylation, decarbonylating, dehydrogenation, de-
oxygenation, and cracking, are subsequently performed on the volatile molecules and
tar to produce the various components of syngas [103]. Tar decomposition and thermal
cracking favor higher temperatures, leading to a greater proportion of syngas but lower
oil and char production [104]. Moisture content affects heat transmission during pyrolysis,
which is bad for producing syngas. Gaseous products are drastically reduced due to the
high moisture content, which aids in the separation of water-soluble components from
the gaseous phase [105]. When compared with wet biomass, the early stages of pyrolysis
create the most gas for a specific temperature when using dry biomass. This happens
because higher relative humidity lengthens the time required for a surface to dry [106].
Pyrolysis gas can be used for a variety of purposes, including the generation of heat or
electricity through gas burning and compression ignition engines [107], whether alone or
in combination with coal; the generation of specific gas elements, including (CH4, H2) or
other volatiles; and the synthesizing of liquid biofuels. The heated pyrolytic gas can be
recycled back into the pyrolysis reactor as a carrier gas, or it can be utilized to warm the
inert sweep gas [58].

7. Simulation

Software simulation is required to determine the impact of pyrolysis temperature on
the production of bio-char, as it is a time- and energy-efficient approach. The simulation
process of biomass using Aspen Plus is shown in Figure 8 [107].

Using Aspen Plus, users can create detailed models of the pyrolysis process, including
the complex chemical reactions and heat transfer mechanisms involved [108]. It allows
users to define the reaction kinetics of the pyrolysis process based on experimental data or
theoretical models. This includes specifying the rate of primary and secondary reactions
during the decomposition of the feedstock. The software provides a vast database of ther-
modynamic properties for various substances, which can be used to accurately model the
behavior of different species during pyrolysis [109]. Also, the tool is efficient in maximizing
the pyrolysis process’s operational parameters, including the heating rate, temperature,
solid residence time, and feedstock size. Numerous experimental pyrolysis studies on fruit
wastes, including the hulls of the Karanja (Pongamia pinnata) fruit [110], fruit bunches of the
oil palm (Elaeis guineensis) [111], empty fruit bunches of the sweet lime (Citrus limetta) [112],
peels of lemon [113], pomegranate (Punica granatum L.) [114], watermelon peel (Citrullus
lanatus) [115], jackfruit (Artocarpus heterphyllus) peel [116], pine (Pinus) fruit shell [117],
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casuarina (Casuarina equisetifolia) fruit waste [118], coconut (Cocos nucifera) shell, and longan
(Dimocarpus longan) fruit seed [118], were carried out. There were even a few studies on
the pyrolysis of orange peel, banana peel, mango endocarp, apricot kernel shell, and date
seed. There have not been many studies that used Aspen Plus in pyrolysis experiments,
despite the fact that it is used in practice. Ismail et al. used Aspen Plus to conduct a
pyrolysis investigation on used tires [119]. The Aspen Plus model was effectively used to
estimate the pyrolysis yield production, as well as to look into how temperature affected
the pyrolysis product output. A scientist used Aspen Plus to carry out a microwave pyrol-
ysis investigation on four biomass wastes, including Calophyllum inophyllum seed, Acacia
nilotica, Bael shell, and rice husk [120–122]. The goal of the simulation research was to
pinpoint the biomass that produced the highest output of bio-oil. According to the Aspen
Plus findings, C. inophyllum biomass had the greatest bio-oil output (48 weight percent).
Another researcher investigated the pyrolysis of municipal green trash using modeling
and experiments [121]. The study aimed to validate the experimental results using Aspen
Plus. The goal of the research was to maximize the output of bio-oil by optimizing the
pyrolysis process operational variables, including the feedstock size, temperature, moisture,
and air-to-fuel ratio. The simulation and experimental findings were found to be in good
agreement, demonstrating that the Aspen Plus simulator is an efficient tool for predicting
pyrolysis products. The simulation findings also showed that Aspen Plus can be utilized to
sucwtcessfully optimize pyrolysis operating parameters, and the findings may be used for
experimental analysis. Utilizing an Aspen simulation model and typical pyrolysis settings,
the pyrolysis products of five different fruit wastes were examined. These wastes were
orange peel, banana peel, mango endocarp, apricot kernel shell, and date pits [123,124].
Before using simulation to predict the yields of fruit waste pyrolysis, the model was first
used to validate it by utilizing published data. The simulation’s findings showed that
all of the fruit wastes had high syngas yields of 46–55 wt.%. and high bio-char yields of
39–51 wt.%., but a poor bio-oil yield of 11 wt.%. The high volatile content of 50–78 wt.%.
of all the fruit wastes was responsible for their significant syngas output. Date pits had
the greatest bio-char output of 50.92 wt.%. and mango endocarp had the greatest syngas
production of 54.23 wt.%. among the fruit wastes. Date pits have a high elemental carbon
concentration and a medium cellulose composition, which contributed to their strong
char output. Mango endocarp’s large elemental oxygen and hydrogen concentrations
and extremely high holocellulose concentration were likely responsible for the fruit’s high
syngas output. According to the research, all of the selected fruit wastes were utilized as
pyrolysis feedstocks to produce syngas. The research further predicted the bio-char from
date pits pyrolysis.

Aspen Plus software has been widely utilized in other domains, including the man-
ufacture of biodiesel and ethanol [125], coal or biomass gasification [126], and flue gas
pollution control [127]. There is less research on utilizing it to model the process of biomass
pyrolysis to create bio-char. Several studies demonstrated that Aspen Plus software can ac-
curately and realistically model chemical manufacturing processes. An appropriate model
was selected to investigate the impact of temperature variations on bio-char generation
based on various pyrolysis settings and reactions. In addition, software simulation was
used to determine the heat duty of the reactor at various pyrolysis temperatures, allowing
for the analysis of the reaction process from the viewpoint of heat balance. Second, the
biomass was pyrolyzed in a nitrogen stream using a tube furnace, and the yield of bio-char
was determined by dividing the mass of the resulting product by the mass of the raw
materials. The effect of temperature on the synthesis of bio-char was examined using
various pyrolysis temperature values.
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8. Product Treatment
8.1. Bio-Oil

The acidity, viscosity, chemical instability, and poor heating value [128] of bio-oil
prevent it from being utilized as a “drop-in” transportation fuel [129]. The chemical
discrepancies between bio-oil and fuel-grade hydrocarbons suggest that oxygen extraction
is necessary; nevertheless, this process is costly [88]. There are two ways to get rid of
the oxygen: either as H2O (requiring the addition of hydrogen) or as CO2 (reducing the
fuel output) [130]. The bio-oil can be deoxygenated in one of two major ways: catalytic
cracking or catalytic hydrodeoxygenation. Acidic zeolites and high temperatures (773–823
K) are required for catalytic cracking. This reduces biofuel production while increasing
bio-char formation (>20 wt.%) [131]. Hydrogen unit activities in chemical engineering can
be defined by the term “hydrotreatment” [132]. Hydrodeoxygenation, hydrocracking, and
hydrogenation are all terms used to describe the same process when hydrogen is present
with the intention of deoxygenating, cracking, or hydrogenating a molecule or complex
mixture [133]. Two-stage hydrotreatment of bio-oil is a popular method [134]. At certain
temperatures (100 and 300 ◦C), the active carbonyl and carboxyl functional groups must
be converted into alcohols in the initial phase, known as stabilization [135]. However, the
reactivity of certain acids (such as acetic acid) can be affected by factors such as the reaction
temperature, residence time, and catalyst type [136]. A second process, namely, cracking
and hydrodeoxygenation (HDO), is conducted around (350 ◦C and 400 ◦C) [137].

8.2. Bio-Char

Water quenching or leaching, heat treatments/aeration, aging/weathering, activation,
particle size reduction, and palletization/granulation are used for post-treatment bio-char
processing. Advantages of treatment methods are listed in Table 5.
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Table 5. Types of bio-char treatments.

Treatment Advantages Reference

Water quenching or leaching

- Bio-char has easily soluble
components that need to be removed.

- Essential procedure for shutting
down pyrolysis in many low-tech
setups, such as conical kiln
“fame-curtain” pyrolyzers.

[138]

Heat treatments/aeration

- It was proposed that off-gassing
ethylene can be achieved by the very
straightforward aeration of bio-char
after its manufacture.

- Toxic naphthalene is removed.

[139]

Aging/weathering
- It enhances bio-char properties

through surface oxidation and
increases the porosity.

[140]

Activation - Increases the surface area.
- Increases the pore volume.

[141]

Particle size reduction

- Particle fusion occurs during
pyrolysis at high pressures, leading to
bio-char that is more dense, and
hence, smaller in size.

[142]

8.3. Gas Treatments and Applications

An electric furnace can be utilized to heat feedstock before it is fed into a fixed-bed
reactor. An inert gas, like nitrogen, is compressed into the reactor (1). Throughout the
operation, gases and vapors are released, and bio-char is gathered. Figure 9 shows the
possible treatment process of pyrolysis products.
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The gas is released from the reactor (2), then cooled in a heat exchanger (3). Then, the
gas mixture is fed into a separation unit (4) to separate gases from the stream. After the
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gas is separated, it is further purified by passing it through a water trap (5) to remove the
leftover water; after the water is trapped, the stream is passed through a gas flow meter
(6) to measure the production yield of gases. Flow rate of nitrogen gas is measured using
rotameter (7) [143].

With no free oxygen present, waste is heated to a temperature of about 500 ◦C using an
external heat source. To generate electricity, the feedstock is broken down into its volatile
components to generate syngas, which is then fed into a boiler to generate steam, with
the exhaust gas being treated in an emission control unit [144]. As shown in Figure 10,
waste is first pretreated, which involves screening to remove contaminants (metals, glasses,
and stones), shredding to reduce the particle size, and drying to remove any water. Then,
pretreated waste is moved through a pyrolysis kiln to produce char and gas. The gas
produced is then transferred to a combustion chamber. A boiler is used to produce gas and
steam. Char produced from the pyrolysis kiln is treated in a char treatment unit to produce
syngas, increasing the gas yield to produce electricity. A flue gas stream is passed through a
flow gas treatment to make it safer for the environment. Syngas is collected to increase the
gas yield. Steam is either used directly in domestic heating or used to produce electricity.
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9. Recent Developments

The unsustainable treatment and disposal of food waste (FW) is a global environmental
crisis, along with the recalcitrant organic residues (RORs) produced by FW treatment plant
processes. There is an urgent need to fully harness FW and ROR through the introduction of
recycling renewable technology. Two potential methods for degrading FW and its leftovers
are anaerobic digestion (AD) and pyrolysis, which together provide a wide variety of
sustainable bioenergy outputs with added value. There are a few issues with the current
oil/tar spraying techniques used in anaerobic digestion (AD), including their microbial
toxicity and low production [145].

9.1. Pyrolysis and Anaerobic Digestion Integrated Process

Pyrolysis, which can produce gas, oil, and a solid residue (char) that can all be further
recycled, is an alternative approach to increase the energy and economic value of recalcitrant
organic residue (ROR) usage [146–148]. Scientists throughout the world are increasingly
interested in this method for its potential to valorize a wide range of waste products and
yield useful products, as indicated in Table 6 [149–152]. A pyrolysis and AD coupling
arrangement may be broken down into three distinct types: AD and pyrolysis, pyrolysis
and AD, and AD–pyrolysis–AD.
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Table 6. Waste products and coupling technology process.

Waste Coupling Technology Process Remarks Ref.

Lignocellulosic biomass

- AD–pyrolysis
- Pyrolysis–AD
- AD–pyrolysis–AD

When comparing the AD–pyrolysis process with
the standard AD process, the electricity benefit
may be increased by around 42%. Few efforts

have been made to combine pyrolysis with AD,
and there is a pressing need for more research

into the hazardous substances produced during
pyrolysis. The decomposition of biomass using
AD–pyrolysis–AD is feasible, and the resulting

sludge and residues may be put to good use.

[149]

Paper mill sludge AD combined with pyrolysis The integrated method increases energy
independence throughout the treatment phase. [150]

Food waste Combining AD and pyrolysis

This research shed light on the evaluation of AD
pyrolysis for FW treatment and its subsequent

transformation into gas, oil, and solid yields for
energy generation. This integrated method

allows for the efficient concentration of nutrient
elements optimized for use in soil conditioning

and agronomy.

[151]

Recalcitrant organic
residues (ROR)

Two-stage pyrolysis coupled
with AD

During bio-methanation, ROR’s high H2 to CO
ratio (60:20 vol.%) in syngas produces almost
100% more CH4 than the control. With a high

CO content, the breakdown rate of H2 is slowed
down because of the higher concentration of H2.
Conventional ROR treatments have limitations
that can be avoided by combining second-stage
pyrolysis with the AD process. By using AD to

process FW, a byproduct rich in hydrogen (H2) is
produced, as well as improved bio-methanation.

[152–155]

9.2. Challenges and Disposal of Recalcitrant Organic Residues Using the Anaerobic Digestion of
Food Waste

Composting and the AD process are widely used in the process of food waste valoriza-
tion. Anaerobic digestion (AD) involves the biological breakdown of organic materials in
the absence of oxygen. Despite the fact that treating FW can help with AD, roughly 30%
of the total food waste materials end up as ROR after screening and biological treatment,
as shown in Figure 11 [156]. Plastics and high lignin matters are the main types of solid
residual matter produced during the AD process, and neither can be completely degraded
without biochemical treatment. Plastics, lignin, and biomass all present significant treat-
ment issues; nevertheless, they may be used for other purposes, such as resource recovery
and power generation [157–159]. There are many treatment challenges that arise regarding
ROR disposal. Landfilling, open burning, and incinerating these waste products are all inef-
ficient ways to dispose of them. More environmental challenges (such as soil deterioration,
GHG emissions, and water pollution) are being brought about by the disposal methods
now in use. The rapid increase in ROR production rates necessitates immediate action in
the form of environmentally responsible waste management strategies [160–163].
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10. Bio-Oil Using Microalgae

The fast growth and high lipid content of microalgae make them a great candidate as
a source of bio-oil, which can be extracted from microalgae through two common methods:
hydrothermal liquefication (HTL) and pyrolysis [164]. Using these methods, microalgae
are heated in the absence of oxygen to produce bio-oil. The biomass is rapidly heated
to a high temperature, causing the microalgae cells to break down and release volatile
organic compounds, which are then condensed into bio-oil [165,166]. The characteristics
of the bio-oil produced include a high energy content, high viscosity, and high acidity.
The composition of bio-oil depends on the type of microalgae, as well as the pyrolysis
conditions, such as temperature, heating rate, and residence time. A study showed that
pyrolysis of Nannochloropsis microalgae at 450 ◦C for 30 min yielded bio-oil with a heat
value of 35.7 MJ/kg, a viscosity of 79.9 cP, and an acidity of 4.6 mg KOH/g [167].

Hydrothermal liquification (HTL) is a process in which heat and water are used
under high pressure to cause degradation; it involves four stages: heating, pressurization,
depressurization, and separation [168]. During the heating stage, the microalgae are heated
to a high temperature in the presence of water, causing the biomass to break down and
released organic compounds, which are condensed into bio-oil [169]. The characteristics of
bio-oil produced showed a high energy content, low viscosity, and low acidity [170]. The
composition of bio-oil also depends on the type of microalgae, as well as the operating
conditions, such as temperature, pressure, and residence time. It was shown in a study
that the HTL of Chlorella vulgaris microalgae at 300 ◦C and 20 MPa for 30 min resulted
in bio-oil with a heat value of 31.5 MJ/kg, a viscosity of 2.87 cP, and an acidity of 0.35 mg
KOH/g [171].

11. Production of Bio-Char from Crop Residues and Its Application for Anaerobic Digestion

Bio-char has attracted substantial interest as a potential material to improve soil
fertility and boost plant growth. Bio-char has also been utilized as a feedstock in anaerobic
digestion, which turns organic matter into gases and provides a renewable energy source.

Several studies were conducted to examine the formation of bio-char from crop left-
overs and its use in anaerobic digestion. For example, one study looked into the production
of bio-char from corn stover and its use as a co-substrate for anaerobic digestion. The
results showed that adding bio-char boosted gas yield and improved anaerobic digestion
process stability [172]. A similar study investigated the production of bio-char from wheat
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straw and its use in anaerobic digestion. The results showed that adding bio-char boosted
methane output and improved substrate biodegradability [173]. Another study looked into
the production of bio-char from rice straw and its use in anaerobic digestion. The addition
of bio-char enhanced the gas yield while decreasing the ammonia and hydrogen sulfide
contents in the gas [174]. These studies showed the potential of bio-char as a feedstock for
anaerobic digestion, as well as its capacity to improve gas production and quality. However,
more research is needed to optimize the generation of bio-char from crop residues and its
use in anaerobic digestion under various conditions.

12. Economic Studies

An economic study of the pyrolysis process involves evaluating the costs and potential
revenues associated with implementing and operating a pyrolysis plant. The financial via-
bility and profitability of the process are assessed. Some key factors typically considered in
an economic study of pyrolysis are the capital cost, feedstock cost, operating cost, product
revenues, energy generation and utilization, by-product handling and disposal, and rev-
enue streams and incentives [175]. The capital cost includes the cost of acquiring or leasing
land and preparing the site for construction, purchasing or installing pyrolysis reactors,
feedstock handling systems, product collection and storage equipment, auxiliary systems,
and other required infrastructure. Second, the feedstock cost includes costs associated with
acquiring the biomass feedstock, including harvesting, collection, and transportation to
the pyrolysis plant, and a consideration of the potential fluctuations in feedstock prices
due to market conditions, seasonality, and availability. Third, operating costs include per-
sonnel salaries and training; employee benefits; electricity and fuel required for operating
the pyrolysis process, including heating the reactors and powering various equipment;
ongoing costs for maintaining and repairing equipment and infrastructure; and expenses
associated with laboratory analysis and quality control [176,177]. Then, product revenues
include assessing the market demand and price for bio-oil, evaluating potential markets
and applications for bio-char, and identifying potential uses for syngas, including on-site
energy generation, heat production, or conversion into other value-added chemicals. En-
ergy generation and utilization include assessing the feasibility and potential revenue from
generating electricity, heat, or steam from the excess energy produced during the pyrolysis
process, and evaluating energy costs and potential savings from utilizing the generated
energy internally, reducing reliance on external sources. Then, by-product handling and dis-
posal involves analyzing costs associated with by-product handling, such as transportation,
storage, and potential treatment or disposal methods for residues or waste streams, and
exploring opportunities for by-product utilization, such as selling bio-char for agricultural
applications or exploring synergies with other industries. Revenue streams and incentives
include investigating potential revenue streams from renewable energy credits, carbon
credits, or government incentives that promote renewable energy and sustainable prac-
tices, and identifying tax benefits, grants, or subsidies that are available for biomass-based
projects. In Figure 12, a Sankey diagram illustrates the heat pathways [178]. The heat input,
including electric energy, is analyzed. Electric energy is transformed into thermal energy
and electric energy losses, and energy from biomass and charcoal is changed to product
energy and its losses. It was found that heat losses from the bottom to the top of the reactor
were about 28–35% [175]. This amount of losses directly affects the product yields [176].
The amount of liquid products is slightly lower than the theoretical and designed values.
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into biofuel. The pyrolysis process produces three main products, which are bio-oil, bio-
char, and gas. The optimal operating temperature for a high yield of bio-oil from biomass
was found to be in the range of 450–550 ◦C. A high bio-char production was found below
500 ◦C. The addition of a catalyst can increase the yield of bio-oil and improve the quality
of the product. Biofuel yield is enhanced by selecting raw materials, such as using rice
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(350–800 µm), and using a low residence time and pressure. The paper concludes that
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89. Çulcuoglu, E.; Ünay, E.; Karaosmanoglu, F.; Angin, D.; Şensöz, S. Characterization of the bio-oil of rapeseed cake. Energy Sources
2005, 27, 1217–1223. [CrossRef]

90. Oasmaa, A.; Kuoppala, E. Fast pyrolysis of forestry residue. 3. Storage stability of liquid fuel. Energy Fuels 2003, 17, 1075–1084.
[CrossRef]

91. Oasmaa, A.; Meier, D. Norms and standards for fast pyrolysis liquids: 1. Round robin test. J. Anal. Appl. Pyrolysis 2005, 73,
323–334. [CrossRef]

92. Shihadeh, A.; Hochgreb, S. Diesel engine combustion of biomass pyrolysis oils. Energy Fuels 2000, 14, 260–274. [CrossRef]
93. Abdullah, N. An Assessment of Pyrolysis for Processing Empty Fruit Bunches. Ph.D. Dissertation, Aston University, Birmingham,

UK, 2005.
94. Rocha, J.; Gomez, E.; Mesa Perez, J.; Cortez, L.; Seye, O.; Brossard Gonzalez, L. The demonstration fast pyrolysis plant to biomass

conversion in brazil. In Proceedings of the VII World Renew Energy Congress, Cologne, Germany, 29 June–5 July 2002.
95. González, J.F.; Román, S.; Encinar, J.M.; Martínez, G. Pyrolysis of various biomass residues and char utilization for the production

of activated carbons. J. Anal. Appl. Pyrolysis 2009, 85, 134–141. [CrossRef]
96. Downie, A.; Crosky, A.; Munroe, P. Physical properties of biochar. In Biochar for Environmental Management; Lehmann, J.,

Joseph, S., Eds.; Earthscan Publications Ltd.: London, UK, 2009; Volume 2, pp. 154–160.
97. Cetin, E.; Moghtaderi, B.; Gupta, R.; Wall, T.F. Influence of pyrolysis conditions on the structure and gasification reactivity of

biomass chars. Fuel 2004, 83, 2139–2150. [CrossRef]
98. Lua, A.C.; Yang, T.; Guo, J. Effects of pyrolysis conditions on the properties of activated carbons prepared from pistachio-nut

shells. J. Anal. Appl. Pyrolysis 2004, 72, 279–287. [CrossRef]
99. Sohi, S.; Lopez-Capel, E.; Krull, E.; Bol, R. Biochar, climate change and soil: A review to guide future research. CSIRO Land Water

Sci. Rep. 2009, 5, 17–31.
100. Kantarelis, E.; Zabaniotou, A. Valorization of cotton stalks by fast pyrolysis and fixed bed air gasification for syngas production

as precursor of second generation biofuels and sustainable agriculture. Bioresour. Technol. 2009, 100, 942–947. [CrossRef]
101. Tang, L.; Huang, H. Plasma pyrolysis of biomass for production of syngas and carbon adsorbent. Energy Fuels 2005, 19, 1174–1178.

[CrossRef]
102. He, M.; Xiao, B.; Liu, S.; Hu, Z.; Guo, X.; Luo, S.; Yang, F. Syngas production from pyrolysis of municipal solid waste (MSW) with

dolomite as downstream catalysts. J. Anal. Appl. Pyrolysis 2010, 87, 181–187. [CrossRef]
103. Wei, L.; Thomasson, J.A.; Bricka, R.M.; Batchelor, W.D.; Columbus, E.P.; Wooten, J.R. Experimental Study of a Downdraft Gratifier;

ASABE Meeting Paper No. 066029; American Society of Agricultural and Biological Engineers: St. Joseph, MI, USA, 2006.
104. Dasappa, S.; Paul, P.J.; Mukunda, H.S.; Rajan, N.K.S.; Sridhar, G.; Sridhar, H.V. Biomass gasification technology–a route to meet

energy needs. Curr. Sci. 2004, 87, 908–916.
105. Al Arni, S.; Bosio, B.; Arato, E. Syngas from sugarcane pyrolysis: An experimental study for fuel cell applications. Renew. Energy

2010, 35, 29–35. [CrossRef]
106. Hossain, A.K.; Davies, P.A. Pyrolysis liquids and gases as alternative fuels in internal combustion engines–A review. Renew.

Sustain. Energy Rev. 2013, 21, 165–189. [CrossRef]
107. Liu, Y.; Yang, X.; Zhang, J.; Zhu, Z. Process simulation of preparing biochar by biomass pyrolysis via aspen plus and its economic

evaluation. Waste Biomass Valorization 2022, 13, 2609–2622. [CrossRef]
108. Elkhalifa, S.; AlNouss, A.; Al-Ansari, T.; Mackey, H.R.; Parthasarathy, P.; Mckay, G. Simulation of food waste pyrolysis for the

production of biochar: A Qatar case study. In Computer Aided Chemical Engineering; Elsevier: Amsterdam, The Netherlands, 2019;
Volume 46, pp. 901–906.

109. Tan, Y.L.; Abdullah, A.Z.; Hameed, B.H. Product distribution of the thermal and catalytic fast pyrolysis of karanja (Pongamia
pinnata) fruit hulls over a reusable silica-alumina catalyst. Fuel 2019, 245, 89–95. [CrossRef]

110. Lee, X.J.; Lee, L.Y.; Hiew, B.Y.Z.; Gan, S.; Thangalazhy-Gopakumar, S.; Ng, H.K. Valorisation of oil palm wastes into high yield
and energy content biochars via slow pyrolysis: Multivariate process optimisation and combustion kinetic studies. Mater. Sci.
Energy Technol. 2020, 3, 601–610. [CrossRef]

111. Sukumar, V.; Manieniyan, V.; Senthilkumar, R.; Sivaprakasam, S. Production of bio oil from sweet lime empty fruit bunch by
pyrolysis. Renew. Energy 2020, 146, 309–315. [CrossRef]

112. Selvarajoo, A.; Wong, Y.L.; Khoo, K.S.; Chen, W.H.; Show, P.L. Biochar production via pyrolysis of citrus peel fruit waste as a
potential usage as solid biofuel. Chemosphere 2022, 294, 133671. [CrossRef] [PubMed]

113. Saadi, W.; Rodríguez-Sánchez, S.; Ruiz, B.; Souissi-Najar, S.; Ouederni, A.; Fuente, E. Pyrolysis technologies for pomegranate
(Punica granatum L.) peel wastes. Prospects in the bioenergy sector. Renew. Energy 2019, 136, 373–382. [CrossRef]

114. Lam, S.S.; Liew, R.K.; Lim, X.Y.; Ani, F.N.; Jusoh, A. Fruit waste as feedstock for recovery by pyrolysis technique. Int. Biodeterior.
Biodegrad. 2016, 113, 325–333. [CrossRef]

115. Adeniyi, A.G.; Otoikhian, K.S.; Ighalo, J.O.; Mohammed, I.A. Pyrolysis of different fruit peel waste via a thermodynamic model.
ABUAD J. Eng. Res. Dev. 2019, 2, 16–24.

116. Alves, J.L.F.; Da Silva, J.C.G.; da Silva Filho, V.F.; Alves, R.F.; de Araujo Galdino, W.V.; Andersen, S.L.F.; De Sena, R.F. Determina-
tion of the bioenergy potential of Brazilian pine-fruit shell via pyrolysis kinetics, thermodynamic study, and evolved gas analysis.
BioEnergy Res. 2019, 12, 168–183. [CrossRef]

135



Sustainability 2023, 15, 11238

117. Parthasarathy, P.; Sheeba, K.N. Combined slow pyrolysis and steam gasification of biomass for hydrogen generation—A review.
Int. J. Energy Res. 2015, 39, 147–164. [CrossRef]

118. Castilla-Caballero, D.; Barraza-Burgos, J.; Gunasekaran, S.; Roa-Espinosa, A.; Colina-Márquez, J.; Machuca-Martínez, F.;
Hernández-Ramírez, A.; Vázquez-Rodríguez, S. Experimental data on the production and characterization of biochars de-
rived from coconut-shell wastes obtained from the Colombian Pacific Coast at low temperature pyrolysis. Data Brief 2020,
28, 104855. [CrossRef] [PubMed]

119. Yang, J.; Yu, M.; Chen, W. Adsorption of hexavalent chromium from aqueous solution by activated carbon prepared from longan
seed: Kinetics, equilibrium and thermodynamics. J. Ind. Eng. Chem. 2015, 21, 414–422. [CrossRef]

120. Ismail, H.Y.; Abbas, A.; Azizi, F.; Zeaiter, J. Pyrolysis of waste tires: A modeling and parameter estimation study using Aspen
Plus®. Waste Manag. 2017, 60, 482–493. [CrossRef] [PubMed]

121. Dineshkumar, M.; Shrikar, B.; Ramanathan, A. Development of computer aided modelling and optimization of microwave
pyrolysis of biomass by using aspen plus. IOP Conf. Ser. Earth Environ. Sci. 2019, 312, 012006. [CrossRef]

122. Kabir, M.J.; Chowdhury, A.A.; Rasul, M.G. Pyrolysis of municipal green waste: A modelling, simulation and experimental
analysis. Energies 2015, 8, 7522–7541. [CrossRef]

123. AlNouss, A.; Parthasarathy, P.; Mackey, H.R.; Al-Ansari, T.; McKay, G. Pyrolysis study of different fruit wastes using an Aspen
Plus model. Front. Sustain. Food Syst. 2021, 5, 604001. [CrossRef]

124. Treeyawetchakul, C. Preliminary Modified Biodiesel Production by Coupling Reactive distillation with a Steam Reformer via
Aspen Plus®. IOP Conf. Ser. Mater. Sci. Eng. 2020, 778, 012064. [CrossRef]

125. Quintero, J.A.; Cardona, C.A. Process simulation of fuel ethanol production from lignocellulosics using aspen plus. Ind. Eng.
Chem. Res. 2011, 50, 6205–6212. [CrossRef]

126. Oladokun, O.; Nyakuma, B.B.; Ivase, T.J. Gasification of Nigerian Lignite Coals under Air-Steam Conditions using ASPEN Plus
for the Production of Hydrogen and Syngas. Pet. Coal 2021, 63, 332–339.

127. Pilar González-Vázquez, M.; Rubiera, F.; Pevida, C.; Pio, D.T.; Tarelho, L.A. Thermodynamic analysis of biomass gasification
using aspen plus: Comparison of stoichiometric and non-stoichiometric models. Energies 2021, 14, 189. [CrossRef]

128. Flagiello, D.; Di Natale, F.; Erto, A.; Lancia, A. Wet oxidation scrubbing (WOS) for flue-gas desulphurization using sodium
chlorite seawater solutions. Fuel 2020, 277, 118055. [CrossRef]

129. Diebold, J.P. Review of the Chemical and Physical Mechanisms of the Storage and Stability of Fast Pyrolysis Bio-Oils; NREL 1; Thermal-
chemie, Inc.: Lakewood, CO, USA, 2000.

130. Evans, R.J.; Milne, T.A. Molecular characterization of the pyrolysis of biomass. Energy Fuels 1987, 1, 123–137. [CrossRef]
131. Stankovikj, F.; McDonald, A.G.; Helms, G.L.; Olarte, M.V.; Garcia-Perez, M. Characterization of the water-soluble fraction of

woody biomass pyrolysis oils. Energy Fuels 2017, 31, 1650–1664. [CrossRef]
132. Koike, N.; Hosokai, S.; Takagaki, A.; Nishimura, S.; Kikuchi, R.; Ebitani, K.; Suzuki, Y.; Oyama, S.T. Upgrading of pyrolysis bio-oil

using nickel phosphide catalysts. J. Catal. 2016, 333, 115–126. [CrossRef]
133. Kadarwati, S.; Oudenhoven, S.; Schagen, M.; Hu, X.; Garcia-Perez, M.; Kersten, S.; Li, C.Z.; Westerhof, R. Polymerization

and cracking during the hydrotreatment of bio-oil and heavy fractions obtained by fractional condensation using Ru/C and
NiMo/Al2O3 catalyst. J. Anal. Appl. Pyrolysis 2016, 118, 136–143.

134. Han, Y.; Gholizadeh, M.; Tran, C.C.; Kaliaguine, S.; Li, C.Z.; Olarte, M.; Garcia-Perez, M. Hydrotreatment of pyrolysis bio-oil: A
review. Fuel Process. Technol. 2019, 195, 106140.

135. Hew, K.L.; Tamidi, A.M.; Yusup, S.; Lee, K.T.; Ahmad, M.M. Catalytic cracking of bio-oil to organic liquid product (OLP). Bioresour.
Technol. 2010, 101, 8855–8858. [CrossRef]

136. Elliott, D.C.; Hart, T.R.; Neuenschwander, G.G.; Rotness, L.J.; Olarte, M.V.; Zacher, A.H.; Solantausta, Y. Catalytic hydroprocessing
of fast pyrolysis bio-oil from pine sawdust. Energy Fuels 2012, 26, 3891–3896. [CrossRef]

137. Elliott, D.C.; Hart, T.R. Catalytic hydroprocessing of chemical models for bio-oil. Energy Fuels 2009, 23, 631–637. [CrossRef]
138. Elliott, D.C.; Lee, S.J.; Hart, T.R. Stabilization of Fast Pyrolysis Oil: Post Processing Final Report (No. PNNL-21549); Pacific Northwest

National Lab. (PNNL): Richland, WA, USA, 2012.
139. Zacher, A.H.; Olarte, M.V.; Santosa, D.M.; Elliott, D.C.; Jones, S.B. A review and perspective of recent bio-oil hydrotreating

research. Green Chem. 2014, 16, 491–515.
140. de Miguel Mercader, F.; Groeneveld, M.J.; Kersten, S.R.; Geantet, C.; Toussaint, G.; Way, N.W.; Schaverien, C.J.; Hogendoorn, K.J.

Hydrodeoxygenation of pyrolysis oil fractions: Process understanding and quality assessment through co-processing in refinery
units. Energy Environ. Sci. 2011, 4, 985–997. [CrossRef]

141. Stankovikj, F.; Tran, C.C.; Kaliaguine, S.; Olarte, M.V.; Garcia-Perez, M. Evolution of functional groups during pyrolysis oil
upgrading. Energy Fuels 2017, 31, 8300–8316. [CrossRef]

142. De Miguel Mercader, F.; Koehorst, P.J.J.; Heeres, H.J.; Kersten, S.R.; Hogendoorn, J.A. Competition between hydrotreating and
polymerization reactions during pyrolysis oil hydrodeoxygenation. AIChE J. 2011, 57, 3160–3170. [CrossRef]
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Abstract: The extensive use of dyes in numerous industries results in massive dye discharge in
the wastewater, which is a major cause of water pollution. Globally, the consumption of dyes is
near seven hundred thousand tons across different sectors, of which around 10–15% goes into the
wastewater. Among the dye kinds, anionic dyes make up the main proportion, having a 32–90%
share in the wastewater. Different plant-derived wastes, which are sustainable given their natural
abundance, effectiveness, and low cost, are frequently proposed for dye separation. However, these
adsorbents are inherently more suitable for cationic dyes than anionic dyes. In recent years, the
modification of these wastes has been progressively considered to suit them to anionic dye removal.
These modifications involve mechanical, thermal, or chemical treatments, or combinations. These
attempts propose two-way benefits, as one abundant waste is being used to cure another severe
problem, and eventually both could be diminished. This review has a key focus on the evaluation
of plant-derived adsorbents and their modifications, and particularly for anionic dye adsorption.
Overall, the mechanism of adsorption and the suitability of the current methods are discussed, and
their future potential is explored.

Keywords: lignocellulose; natural biomass; dye wastewater; adsorption isotherm; Congo Red;
diffusion and kinetics

1. Introduction

Dyes are comprehensively used in food, pharmaceutical, textile, plastic, metal, and
many other manufacturing industries to impart the colors of choice to the end products.
Currently, more than seven hundred thousand tons of dyes are required each year across
different sectors, of which at least 10–15% are discarded into the wastewater [1]. Although
the use of dyes is unavoidable, it is also responsible for massive water pollution, which is a
major concern. Anionic dyes are the known main fraction (nearly 32–90%), compared with
all other dye kinds (such as cationic or nonionic dye), in the wastewater. These include
the acid, direct, reactive, and soluble forms of some nonionic dyes, which are difficult to
eliminate due to their high solubility in water [2]. These dyes not only alter the color of
water, but they also inhibit light penetration and reduce the rate of photosynthesis and the
oxygen level, causing damage to the entire aquatic ecosystem [2]. Often, these dyes are
carcinogenic and initiate various diseases in humans, such as the dysfunction of the kidneys,
reproductive system, liver, brain, and central nervous system, and they bring hazards to
other living organisms [3]. Therefore, it is essential to remove these dyes from wastewater
to attain a sustainable environment. In the recent past, there has been a growing interest in
the removal of anionic dyes from wastewater, and particularly in the last few years. For
instance, a search of the keyword ‘anionic dye removal’ in the Web of Science database (title,
abstract, keywords only) recalled 4981 articles starting from 1975 (this number is 3637 from
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Scopus): 3938 have been published from 2015 to the present (~79%), and 2457 have been
published from just 2019 to the present date (~49%). These studies have been performed
across varied disciplines, such as from the engineering, environmental, chemistry, and
materials perspectives, which shows the urge to solve the problem from multiple sectors
(Figure 1).
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Many techniques are proposed for removing anionic dyes from wastewater, such as
physical (membrane filtration, ion exchange, irradiation, coagulation), chemical (oxida-
tion, ozonation, photochemical, electrochemical destruction), and biological (aerobic and
anaerobic microbial degradation) treatments [4]. However, the adsorption method is still
a preferred method of dye removal due to its simplicity and efficiency [5]. There is an
ongoing interest in preparing more sustainable adsorbents from agricultural and other
natural plant-derived wastes, as they are widely available at a low cost. These resources
are chemically known as lignocellulose, and they are often collectible at a negligible cost.
The composition of lignocellulose biomasses (such as wheat straw, rice straw, oat straw,
bagasse, cotton gin trash, and so on) is mostly cellulose (40–50%), intimately associated
with hemicellulose (20–30%) and lignin (10–25%) [6]. However, due to their chemical
nature, they are more prone to adsorb cationic dyes than anionic dyes. This is because the
lignocellulose structure is chemically composed of different anions as its active sites, such
as the hydroxyl and carbonyl groups, and it generally shows a negative surface charge [7].
Thus, it is important to modify them to take advantage of their abundance and utilize
them for anionic dye separation. Over the years, several modification methods of these
wastes have been proposed, including combinations of mechanical, thermal, or chemical
treatments, to enhance the adsorption ability of these resources.

Because the use of agricultural wastes for dye separation is a massive area of research
and the interest is increasing, currently, there are several reviews available that summarize
these findings. However, these are mostly based on all classes of dyes [4,8–10], rather than
with any particular focus on the anionicdye class. Due to the natural attraction of cationic
dyes to the lignocellulosic structure, the removal of cationic dyes has received more interest
compared with the removal of anionic dyes, which limits the discussions for the anionic dye
adsorption in reviews in which both classes are discussed. However, as mentioned above,
anionic dyes are the major proportion of all other dyes, and the separation of these dyes
needs specific attention. The adsorption of anionic dyes is essential, but more challenging,
compared with cationic dyes. In recent years, numerous common lignocellulosic wastes,
such as rice husk [11], wheat straw [12], sawdust [13], cotton waste [7], banana waste [14],
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corn stalks [15], orange peel [16], eucalyptus bark [17], coffee waste [18], and many other
resources, have been proposed for the successful separation of anionic dyes, showing
the variety and possibility of these raw materials for anionicdye removal. Therefore, this
review aims to evaluate the findings reported for anionicdye adsorption from plant-derived
agricultural wastes, and to explore the suitability of the proposed methods and reveal their
future potential.

2. Types of Anionic Dyes

Based on their ionic nature, dyes can be classified into two categories: ionic and
nonionic (Figure 2). Anionic dyes are a type of ionic dye in which anions are the key active
groups. Some nonionic dyes, such as vat and disperse dyes, need to be converted into
soluble anionic forms before being applied on a substrate [7]. Anionic dyes can be classified
into reactive, direct, and acid dyes based on their application process.
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Figure 2. Ion-based-dye classification with examples.

Historically, the chemistry of dyes and pigments has mostly been studied in the context
of textile materials, as the coloration of textiles demands that extensive quality parameters
be met, which are not relevant to other industries. Understanding their mechanism of
interaction with fibers (such as cellulose) can also provide an indication of their interaction
ability when adsorbents from agricultural wastes are used for dye removal, as the chemical
nature of these wastes is also mostly cellulosic or lignocellulosic.

2.1. Reactive Dye

Reactive dyes can form a covalent bond with certain fiber active sites, such as the
hydroxyl group (-OH) or amino group (-NH2) [19]. Lignocellulosic biomasses contain
plenty of hydroxyl groups around their structures, thus making them accessible to interact
with reactive dyes. Commercial reactive dyes commonly contain the dichlorotriazine,
trichloropyrimidine, aminochloro-s-triazine, sulphatoethylsulphone, dichloroquinoxaline,
aminofluoro-s-triazine, and difluorochloropyrimide groups [20]. Because reactive dyes and
the surface of cellulosic fibers become negatively charged in water, electrolytes (such as
sodium chloride or Glauber salt) are often used to neutralize the fiber surface. No matter
how reactive the chemical groups of these dyes are, it is hard to achieve over 80% dye
fixation in actual dyeing, which causes the obvious discharge of unfixed dyes as hazardous
effluent [21].
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2.2. Direct Dye

Direct dyes are named from their high affinity towards cellulosic fiber, and they are
thus said to be directly appliable onto cellulose-based fiber systems during dyeing. The ma-
jor chromophores in the structure of direct dyes are the azo, anthraquinoid, phthalocyanine,
and metal complexes [19]. These dyes are highly substantive, although not reactive. The
use of electrolytes is also required for the successful attachment of direct dyes to cellulosic
fibers.

2.3. Acid Dye

Acid dyes have acidic groups in their structures and are mainly applied on noncellu-
losic fibers, such as protein and polyamides in acidic conditions. The chromophoric systems
in acid dyes are sulphonated azo, anthraquinone, nitrodiphenylamine, triphenylmethane,
and xanthenes [22]. Cationized fibers can produce a bond with an anion of acid dyes
through an electrostatic force [23].

3. Chemical Nature of Plant-Derived Agricultural Wastes

Common plant-based agricultural wastes are a complex combination of cellulose,
hemicellulose, and lignin, and are thus also widely known as lignocellulosic biomass. As
shown in Figure 3, these constituents are complexly attached in the lignocellulosic structure.
Cellulose is the major component that is linearly formed from the D-glucose subunits,
and it is commonly known for its higher crystallinity [24]. However, the hemicellulose
part (such as pentose and hexose) is randomly oriented within cellulose chains and is
known to impact negatively on the crystallinity. Their chain length is much shorter than
the typical chain length of cellulose. The other part, lignin, is the outer layer that holds
together both cellulose and hemicellulose [25]. It is a complex structure of cross-linked
phenolic subunits, although its actual structure is still to be identified [26]. Throughout the
lignocellulosic structure, there are abundant hydroxyl groups, which make this material
highly hydrophilic and ideal for dye adsorption from water. For the same reason, their
surface is electronegative, and they attract cationic dyes more as the cations of dye become
easily attached to the anionic hydroxyl groups. Therefore, their properties need to be altered
for efficient anionic dye removal, which has frequently been attempted by researchers over
the years.
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4. Adsorbents for Anionic Dyes

As mentioned above, due to the electronegative nature of the surface of agricultural
wastes (i.e., lignocellulosic structure), anionic dyes show a repulsive effect during the
attachment through ionic interactions, if the adsorbent surface is not modified [7]. The
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modification of these materials can be divided into three main broad concepts: (1) mechani-
cal, (2) chemical, and (3) thermal modifications. The concept of mechanical modification is
mainly to reduce the particle size of the initial material by cutting or mechanical milling [27].
This may involve some chemical treatment (e.g., for cleaning purposes), but it will not
necessarily alter the chemical groups or ionic behavior. However, the principle of the
second concept (i.e., chemical modification) is exactly the opposite, where the modification
of the chemical groups is performed to make them chemically more interactive with anionic
dyes [16]. This method may involve mechanical milling as a preliminary step, although
chemical treatments are the main driving factor for the dye adsorption. The other concept
is thermal modification, where both mechanical milling and chemical treatment may be
present, although the main principle is to convert the biomass into a carbonaceous material
(such as activated carbon) by high-temperature carbonization processes [28], which often
result in a high surface area, which leads to the key improvement in the adsorption prop-
erty. All three methods are promising from different aspects and have their benefits and
drawbacks.

4.1. Mechanical Modifications

The mechanical modification of biomass mainly involves the mechanical-milling
operation, where the materials are crushed into fine or coarse powder (Figure 4 and Table 1).
Although the chemical properties are not altered, the adsorption capacity largely depends
on bath conditions and is often found as a complex synergistic influence from many
parameters. Although anionic dyes have a general repulsive effect on the lignocellulosic
surface, at the initial stage, the dye adsorption largely depends on the force generated by
the dye-concentration gradient from the solution [29]. At the beginning of adsorption, this
force helps the dye molecules to reach the adsorbent surface, overcoming the repulsive
effect. However, after a certain level, when the concentration gradient is reduced by some of
the dyes adsorbed onto the adsorbent, the repulsive effect starts to take the active role and
limits the adsorption rate. Hence, even with a similar surface area, mechanically modified
biomass can often adsorb more cationic dyes than anionic dyes [30]. This indicates that
there is the possibility of remaining vacant sites inside the adsorbent (not completely
saturated), even when the equilibrium is reached.
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Table 1. Maximum adsorption capacities (qmax) of anionic dye adsorbents derived from mechanically
modified agricultural wastes.

Resources Particle Size (µm) Dye qmax (mg/g) Reference

Waste
tea residue 0.3475 Acid Blue 25 127.14 [31]

Date stones and jujube shells 50–100 Congo Red 45.08–59.55 [32]

Waste banana pith >53 Direct Red 5.92 [33]

Waste banana pith >53 Acid
Brilliant Blue 4.42 [33]

Jujuba seeds 53–150 Congo Red 55.56 [34]

Cotton plant wastes 75–500 Remazol Black B 35.7–50.9 [35]

Lotus <100 Congo Red 0.783–1.179 [36]

Almond shell 100–500 Eriochrome Black T 123.92 [37]

Waste of corn silk 250–500 Reactive Blue 19 71.6 [27]

Waste of corn silk 250–500 Reactive Red 218 63.3 [27]

Banana peel, cucumber peel,
and potato peel 250–500 Orange G 20.9–40.5 [30]

Eucalyptus bark 250–700 Solar Red BA 43.5 [17]

Eucalyptus bark 250–700 Solar Brittle Blue A 49 [17]

Saccharomyces cerevisiae (yeast) 315–400 Acid Red 14 18–23 [38]

Mushroom waste <400 Direct Red 5B 18 [39]

Mushroom waste <400 Direct Black 22 15.46 [39]

Mushroom waste <400 Direct Black 71 20.19 [39]

Mushroom waste <400 Reactive Black 5 14.62 [39]

Ash seed ≤1000 Cibacron Blue 67.114 [40]

Bean peel ≤1000 Cibacron Blue 28.490 [41]

Jute processing waste 10,000 Congo Red 13.18 [39,42]

Corn stigmata Ground (size not
mentioned) Indigo Carmine 63.7 [39,43]

Cotton gin trash Film form Acid Blue 25 35.46 [7]

It is almost a rule of thumb that a smaller-size particle possesses more surface area,
and hence, it can hold a greater amount of dye. This has been found to be true in countless
studies, and it has been proven for anionic dye adsorption as well. For example, the adsorp-
tion capacity of eucalyptus bark towards Solar Red BA (a direct dye) was below 10 mg/g
when a particle size of 0.51–0.71 mm was used, although it reached 18.15 mg/g when a
<0.255 mm size was used [17]. A similar observation was also found in another report in
which the adsorption of Eriochrome Black T was significantly improved (~22.8%) when the
particle size of an almond-shell adsorbent was reduced from >500 µm to <100 µm [37].

4.2. Chemical Modifications

Due to the poor interaction of lignocellulosic biomass with anionic dyes [1], the
chemical modification of their surface has received keen attention. In most cases, the main
idea was to bring cationic groups to the surface, which facilitated the dye adsorption.
Several methods of achieving the cationized adsorbent are reported in varied dimensions.
As shown in Figure 5, these can be divided into four main categories: treatment with
amine-based chemicals, cationic surfactants, quaternary ammonium compounds, and acid
solutions.
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Different amine-rich compounds have mostly been chosen by researchers for the chem-
ical modification of lignocellulosic biomass because they contain a high number of amines
that easily become attached to lignocellulose and attract anionic dyes. However, these meth-
ods often require multiple steps of chemical treatment to effectively modify the structure.
For instance, Wong et al. used polyethylenimine to treat coffee waste for the adsorption
of reactive and acid dye [18]. The method included the impregnation of coffee-waste
powder in a polyethylenimine solution at a moderate temperature (65 ◦C) for 6 h, and then
cross-linking using glutaraldehyde. This delivered 77.5 mg/g and 34.4 mg/g maximum
adsorptions of Reactive Black 5 and Congo Red dyes, respectively. Nevertheless, a com-
parison with the unmodified coffee waste was not reported to validate the true influence
of the cationization. In another study, nanocrystalline cellulose extracted from hardwood
bleached pulp was amino-functionalized by ethylenediamine [44]. The process involved
the treatment of ethylenediamine at 30 ◦C for 6 h, and an in situ reduction by NaBH4 at
room temperature for 3 h, which resulted in the 555.6 mg/g maximum adsorption of Acid
Red GR, although no comparison was shown with unmodified lignocellulose. In a different
study, wheat straw was treated with epichlorohydrin and N,N-dimethylformamide at 85 ◦C
for 1 h. Furthermore, an ethylenediamine treatment (45 min at 8 ◦C) and trimethylamine
treatments (120 min at 85 ◦C) were applied to achieve the final amino-modified wheat-straw
powder, which showed maximum adsorption capacities of 714.3 mg/g for anionic dye
(Acid Red 73) and 285.7 mg/g for reactive dye (Reactive Red 24) [12].

Coating with amine-based polymer was also performed, where sawdust coated with
polyaniline nanofibers removed up to 212.97 mg/g of Acid Red G [45]. These nanofibers
were prepared by the polymerization of an aniline monomer and oxidant ((FeCl3). The
inclusion of polyaniline nanofibers enhanced the surface area of the biomass (from 1.22 to
16.26 m2/g), which was useful for the adsorption. In one study, an amine-rich biopolymer,
(chitosan) was used to modify lignocellulose for anionic dye adsorption [7]. The chitosan
was dissolved in an acetic acid solution, and the cotton-gin-trash film was impregnated
for 1 h at room temperature. The resultant modified adsorbent showed a significant
increase in the adsorption capacity of Acid Blue 25 (151.5 mg/g) compared with that of the
unmodified biomass (35.5 mg/g). The amine-based adsorbent was also prepared as a form
of a nanocomposite. For instance, banana-peel cellulose was combined with chitosan and
silver nanoparticles to investigate its suitability to adsorb Reactive Orange 5, reaching a
maximum adsorption capacity of 125 mg/g [14].
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In the second category, treatment with cationic surfactants commonly increases the
aliphatic carbon content in biomass [15], but most importantly, they induce the cationic
groups on the surface, which help anionic dye removal. Several studies have been per-
formed to modify lignocellulosic biomass using different cationic surfactants. These include
cetylpyridinium bromide [15], hexadecylpyridinium bromide [46,47], hexadecylpyridinium
chloride [48], hexadecylpyridinium chloride monohydrate [49], cetyltrimethylammonium
bromide [50], and hexadecyltrimethylammonium bromide [51]. This technique commonly
involves the continuous shaking of the crushed lignocellulose particles in the surfactant
solutions, and mostly at room temperature. However, the maximum adsorption achieved
through this technique is somewhat lower than the amine-based methods. For example, a
few of the adsorption capacities reported for this method are 70 mg/g dye by modified
wheat straw [47], 30.8–31.1 mg/g dye by modified corn stalks [15], 55–89 mg/g dye by
modified coir pith [51], and 146.2 ± 2.4 mg/g dye by modified orange-peel powder [16],
which are comparatively lower than most of those reported for amine-based modifications
(Table 3). This is probably related to the abundance of amide groups [18] in the amine-based
compounds, which are more prone to attach to the lignocellulosic structure, as well as with
the anionic dyes, by electrostatic attraction [7,18].

There are few studies on the modification of lignocellulose by quaternary ammo-
nium compounds for anionic dye adsorption, which mostly showed high efficiency. For
example, Jiang and Hu reported hydroxypropyloctadecyldimethylammonium-modified
rice husk cellulose for reactive (Diamine Green B) and acid-dye (Congo Red and Acid
Black 24) adsorption. This modification required multiple steps, which included alkaline
and ultrasonic treatments, and treatments with epichlorohydrin and N,N-dimethyl-1-
octadecylamine/isopropanol. The resultant adsorbent was able to adsorb up to ~580 mg/g
of the anionic dye (Congo Red) [52]. In another study, biomass from palm kernel shell
was quaternized using N-(3-chloro-2-hydroxypropyl)trimethylammonium chloride in an
alkaline aqueous mixture, which resulted in 207.5 mg/g of maximum adsorption [53].

The fourth category of the chemical modification of the lignocellulose surface is
through acidic treatment. For instance, it was claimed that a phosphoric acid treatment
worked by increasing the surface area and led to the grafting of phosphate onto the ligno-
cellulose structure. However, the adsorption capacity reported in the proposed method
was quite low (15.96 mg/g) [54]. A similar result (adsorption capacity of 13.39 mg/g of Re-
active Red 196) was reported when concentrated HCl was used for sawdust treatment [13].
Slightly higher adsorption has also been reported, such as 40.98 mg/g of Drimarine Black
CL-B removal by HCl-modified peanut husk [55]. The only exception (a higher removal
efficiency) was the treatment of fermentation wastes with nitric acid, where the raw biomass
structure was reported to be protonated, replacing the naturally available ionic species, and
thereby resulting in a 185.2 mg/g adsorption of Reactive Black 5 [56]. However, there was
no following study on the nitric acid treatment.

A combination of amine-based chemicals and acid treatment, such as cationization
by dichloroethane and methyl amine, followed by protonation using acetic acid, was also
reported in one study to modify the biomass surface [16]. The resultant orange-peel adsor-
bent showed a maximum adsorption capacity of 163 mg/g of Congo Red. Furthermore,
the silylation of biomass was also found to be effective for anionic dye adsorption, where
a maximum adsorption of 208.33 mg/g was reported [57]. Moreover, Lin et al. proposed
an amphoteric-modification method of delignified wheat straw by a monochloroacetic
acid treatment, and then grafting with 2-dimethylamino ethyl methacrylate. The resultant
adsorbent could be used to adsorb both anionic and cationic dyes by switching between
acidic or alkaline conditions ranging from pH 2 to 10 [58].

Aside from the four major kinds of treatments, some other methods, such as modi-
fications of biomass using oxides and metal salts, have also been reported. For example,
the modification of wood biowaste using Al2O3 by the solvo-reaction method showed a
high adsorption capacity of Reactive Blue 19 (441.9 mg/g) [59]. Furthermore, the modifica-
tion of sawdust using FeCl3 (maximum 212.97 mg/g Acid Red G removal) [45], the use
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of ZnCl2 on pulp waste (maximum 285.7 mg/g Methyl Orange removal) [60], hazelnut
bagasse (maximum 450 mg/g Acid Blue 350 removal) [61], and pine cone (maximum
118.06 mg/g Alizarin Red S removal) [62], and the use of CaCl2 with peanut husk (maxi-
mum 40.98 mg/g Drimarine Black CL-B removal) [55], have also been reported, showing
considerable efficiency.

Overall, the trend in Table 3 shows that effective dye removal by chemically modified
adsorbents is more related to the modification methods, rather than to the type of dye.
For example, the acidic modification of lignocellulose often produced a lower efficiency
either for acid or reactive dyes, although the adsorption capacity was reported to be
higher for both when amine-based chemicals were used. When the same adsorbent was
used to adsorb acid and reactive dyes, mostly the acid dyes showed a higher removal
efficiency [12,51,52], although an exception was also seen [48]. Modification with different
amine-based chemicals was found to be more effective for anionic dye adsorption, which
was probably related to the abundance of cationic amine groups in these compounds.

Table 2. Maximum adsorption capacities (qmax) of anionic dye adsorbents derived from chemically
modified agricultural wastes.

Resources Chemical Modification Modification Type Dye qmax (mg/g) Reference

Wheat straw Grafting with 2-dimethylamino ethyl methacrylate
monomer Amine-based Orange II 506 [58]

Wheat straw Treatment with hexadecylpyridinium bromide Cationic surfactant Light Green 70.01 ± 3.39 [47]

Peanut husk Modified by hexadecylpyridinium bromide Cationic surfactant Light Green 60.5 [46]

Wheat straw
Treatment with epichlorohydrin,

N,N-dimethylformamide, ethylenediamine, and
trimethylamine

Amine-based Acid Red 73 714.3 [12]

Wheat straw
Treatment with epichlorohydrin,

N,N-dimethylformamide, ethylenediamine, and
trimethylamine

Amine-based Reactive Red
24 285.7 [12]

Barley straw Treatment with hexadecylpyridinium chloride
monohydrate Cationic surfactant Acid Blue 40 51.95 [49]

Barley straw Treatment with hexadecylpyridinium chloride
monohydrate Cationic surfactant Reactive

Blue 4 31.5 [49]

Corn stalks Treatment by cetylpyridinium bromide Cationic surfactant Acid Red 30.77 [15]

Corn stalks Treatment by cetylpyridinium bromide Cationic surfactant Acid Orange 31.06 [15]

Banana peel Reinforcement with nanoparticles and chitosan Amine-based Reactive
Orange 5 125 [14]

Sawdust Coating with polyaniline Amine-based Acid Red G 212.97 [45]

Sawdust Treatment with cetyltrimethylammonium bromide Cationic surfactant Congo Red 9.1 [50]

Sawdust Treatment with concentrate HCl Acid treatment Reactive Red
196 13.39 [13]

Rice husk Treatment with
hydroxypropyloctadecyldimethylammonium

Quaternary
ammonium
compounds

Diamine
Green B 207.15 [52]

Rice husk Treatment with
hydroxypropyloctadecyldimethylammonium

Quaternary
ammonium
compounds

Acid Black
24

268.88 [52]

Rice husk Treatment with
hydroxypropyloctadecyldimethylammonium

Quaternary
ammonium
compounds

Congo
Red 580.09 [52]

Peanut husk Treatment with alginate and CaCl2 Metal salt Drimarine
Black CL-B 40.98 [55]

Peanut husk Treatment by hexadecylpyridinium bromide in batch
mode Cationic surfactant Light Green 146.2 ± 2.4 [63]
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Table 3. Maximum adsorption capacities (qmax) of anionic dye adsorbents derived from chemically
modified agricultural wastes.

Resources Chemical Modification Modification Type Dye qmax (mg/g) Reference

Peanut husk Hydrochloric acid treatment Acid treatment Drimarine
Black CL-B 51.02 [55]

Oil palm empty
fruit bunches Silylation Amine-based Procion Red 208.33 [57]

Orange peel Treatment with dichloroethane, methyl amine, and
acetic acid Amine-based Congo Red 163 [16]

Cotton gin trash Cationized by chitosan Amine-based Acid Blue 25 151.52 [7]

Aquatic plant Phosphoric acid treatment and low-temperature
activation Acid treatment Direct Red 89 15.96 [54]

Coffee waste Treatment with
polyethylenimine Amine-based Reactive

Black 5 77.52 [18]

Coffee waste Treatment with
polyethylenimine Amine-based Congo Red 34.36 [18]

Hardwood kraft
pulp

Grafting cellulose nanocrystals
with ethylenediamine Amine-based Acid Red GR 555.6 [44]

Palm kernel shell Quaternized by N-(3-chloro-2-hydroxypropyl)
trimethylammonium chloride

Quaternary
ammonium
compounds

Reactive
Black 5 207.5 [53]

Fermentation
waste Protonated by nitric acid Acid treatment Reactive

Black 5 185.2 [56]

Waste coir pith Treatment with hexadecyltrimethylammonium
solution Cationic surfactant Acid Brilliant

Blue 159 [51]

Waste coir pith Treatment with hexadecyltrimethylammonium
solution Cationic surfactant Procion

Orange 89 [51]

Wood residue Aluminum oxide modification Metal oxide Reactive
Blue 19 29.83 [64]

Wood biowaste Aluminum oxide modification Metal oxide Reactive
Blue 19 441.9 [59]

4.3. Thermal Modifications

The thermal modification of plant-derived wastes is mainly performed to prepare
activated carbon (AC). AC is an advanced form of charcoal that is basically a porous
carbonaceous structure with an extended surface area [65]. It has been accepted as an
effective adsorbent and has been applied widely in water and wastewater treatment, air
purification, and solvent recovery, as well as in the pharmaceutical and medical industries
and industrial processes. According to a market research report, the market demand for
AC was estimated to be USD 5.7 billion worldwide in 2021, and it is predicted to reach USD
8.9 billion by 2026 [66]. A variety of plant-derived wastes have been used as raw materials
for the preparation of AC for anionic dye adsorption, as these resources are rich in carbon
content, cost effective, renewable, and abundant [67].

Carbonization and activation are basically the two steps that are involved in prepar-
ing AC [68]. Activation can be performed by different methods, such as mechanical or
thermal, chemical, or a combination of both (i.e., physiochemical) [67], and it can also be
biological [69]. These include several methods and their combinations, such as chemical
treatment, air oxidation, electrochemical oxidation, and plasma, microwave, and ozone
treatment for enhancing the adsorption performance of AC [70–74]. However, for AC
prepared for anionic dye adsorption, the chemical-activation technique (using activating
agents, such as zinc chloride or phosphoric acid) [75] is mostly preferred (Figure 6) because
of its faster activation time, higher carbon yield, simplicity, lower operating temperature,
and well-developed pore structure. The proper selection of materials can enhance the
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adsorption potentiality of AC through the development of its pore structure (total pore
volume, pore size distribution) and surface functionalities [76].
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Figure 6. Schematic of thermal-modification steps for plant-derived agricultural waste towards the
preparation of activated carbon for anionic dye removal.

The main functional groups on the surface of AC that are responsible for removing
dyes are carboxyl, carbonyl, phenols, lactones, and quinones. A positive surface charge on
AC can be attained by applying an alkaline treatment, which can accelerate the adsorption
of anionic dyes. The porous carbon of alkali-treated AC can enhance the reaction with
acid-dye molecules by dipole–dipole, H-bonding, and covalent bonding [69]. As listed in
Table 4, ACs prepared from many agricultural byproducts, such as peanut hull, coir pith,
rice husk, coffee husk, and water hyacinth, have successfully been used for eliminating
anionic dyes from wastewater.

Table 4. Maximum anionic dye adsorptions (qmax) reported in different studies onto activated carbon
prepared from agricultural waste.

Resources Surface Area (m2/g) Anionic Dye qmax (mg/g) Reference

Java citronella Not reported Congo Red 4.29 [77]
Palm tree waste 648.90 Congo Red 10.4 [78]
Water hyacinth Not reported Congo Red 14.367 [79]

Wastewater sludge 98.8 Amaranth 19.6 [80]
Coffee husk 613 ± 14 Indigo Carmine 36.63 [81]
Carob waste 921.07 Reactive Black 5 36.90 [82]

Rick husk 272 Acid Yellow 36 86.9 [83]
Pinecone 878.07 Alizarin Red S 118.06 [62]

Vegetable waste Not reported Eriochrome Black T 120.50 [28]
Date palm fronds 431.82 Methyl Orange 163.132 [84]

Sawdust 516.3 Acid Yellow 36 183.8 [83]
Hazelnut bagasse 1489 Acid Blue 350 450 [61]

Psyllium stalks Not reported Coomassie Brilliant Blue 237.2 [83,85]
Waste potato peels Not reported Cibacron Blue 270.3 [83,86]

Pulp waste 1022.46 Methyl Orange 285.71 [60,85]
Date palm fronds 431.82 Eriochrome Black T 309.59 [84]

Grape waste 1455 Acid yellow 36 386 [84,87]
Pink shower 283.4 Congo Red 970 [75]

The dye-adsorption capacity of different ACs is substantially controlled by the pH
of the dye solution, possibly because the electrostatic interaction between ionized dye
molecules and carbon surface functionalities that change the solution pH and rate of ad-
sorption also varies. In the case of anionic dye, high dye uptake is favored at a lower pH or
acidic medium, as the complete protonation of the carbon surface functionalities enhances
the electrostatic attraction with anionic dyes, thereby increasing the dye uptake. From
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previous studies, it was observed that the OH group in the solution increased with an
increasing pH, producing electrostatic repulsion with anionic dye, and thus decreasing the
dye uptake. Therefore, the maximum adsorption of anionic dyes was observed in a pH
range of 2–6 [79,84]. Although the surface area of the AC is known as a key factor for dye
adsorption because it provides more spaces for the dye molecules to be attached, it can be
perceived from Table 4 that this was not always true for anionic dye adsorption due to ionic
interactions, which could have a positive or negative impact, depending on the specific
adsorption system. For example, the maximum anionic dye absorption (960 mg/g) was
found in AC obtained from pink shower seed pods, although it contained a moderate sur-
face area (283.4 m2/g) [75], where the strong electrostatic attraction between the functional
groups of the AC surface and anionic dye was facilitated with π–π interactions between
the free electrons of the aromatic rings of the Congo Red structure, and the delocalized
π-electrons on the basal planes of carbon.

4.4. The Effect of Process Conditions

Other than the modification performed on the biomass, if the amount of adsorbent is
kept constant, then different process parameters, which include the pH, temperature, dye
concentration, and chemical composition of the biomass, can impact the overall adsorption.

The pH of the solution plays a vital role during the adsorption. In numerous studies,
for anionic dye adsorption, the favorable pH was reported as 2 [27,30,39,43], and in some
cases, even 1 [31,35]. This is directly related to the change in the surface charge in lignocel-
lulose that is altered at a lower pH. A lower pH reduces the electronegativity of the surface,
and can even alter it to a positive surface charge [37], thus possibly attracting anionic dyes
more conveniently. This was found to be true in cases of different kinds of anionic dyes,
such as acid dyes [30,43], reactive dyes [27], and direct dyes [39]. Although this was seen
as a common trend, some exceptions were also reported in which the pH showed a minor
impact [38], or in which a moderate pH (7.5) was found to be more effective for better
adsorption [88].

The bath temperature is also important because a higher temperature can often im-
prove the mobility of dye molecules, and thus, the hindering force from the electronegative
adsorbent surface diminishes [89]. As a result, a greater amount of dye can be transported
into the adsorbent surface. Added to that, swelling can result in the adsorbent, which
can promote intraparticle diffusion inside the structure [89,90], allowing more dyes be ad-
sorbed onto the surface. However, the opposite phenomenon was also frequently reported
(exothermic adsorption) [17,37,41], where a higher temperature was unfavorable for dye
uptake. This was explained as a possible weakening of the related forces of attraction by a
higher temperature [17,40].

The concentration of dye present in a solution largely affects the adsorption rate, and
particularly at the initial stage. If the dye concentration is high, then the rate of adsorption
will be higher, and vice versa. The content of cellulose in the biomass is also reported as
an influencing factor in the adsorption. In a study, three different biomasses (i.e., coconut
shells, cauliflower cores, and broccoli stalks) were used for the adsorption of the same
anionic dyes, although the chemical compositions of the biomasses were different. The
total cellulose, hemicellulose, starch, and pectinic sugar in the cauliflower cores were the
highest among the three and resulted in a higher uptake of reactive and acid dyes [89].
Furthermore, the adsorption capacity was particularly significantly affected by the impact
of cellulose as the external layer, rather than hemicellulose and lignin [89]. The chemical
groups in lignocellulosic biomass (such as –OH, C=O, and C–O) are also good candidates
to form hydrogen bonding with anionic dyes [30,43].

5. Adsorption Isotherms

Adsorption isotherms provide dye equilibrium relations that are widely used to assess
the appropriateness of an adsorption mechanism. The most commonly used isotherms are
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the Langmuir and Freundlich models for any dye adsorption, which have also frequently
been used to evaluate anionic dye attachment with plant-derived agricultural wastes.

The Langmuir isotherm model can be linearized as:

Ce/qe = Ce/qmax + 1/(kLqmax) (1)

where qe is the amount of anionic dye absorbed by the adsorbent at equilibrium; Ce is
the amount of dye left in the solution (mg/L) at the same point; qmax is the expression of
the maximum dye-adsorption capacity (mg/g) by the adsorbent; kL is the binding affinity
(L/mg), which is also known as the Langmuir constant. The Langmuir constant (kL) can
be used to derive the suitability of the adsorption system. For example, the equilibrium
parameter (RL) can be calculated using the value of the kL by the following equation [91]:

RL = 1/(1 + kLC0) (2)

where C0 is the initial dye concentration (mg/L) in the solution before the adsorption
begins. The calculated RL indicates whether the adsorption system was favorable or not.
For instance, if 0 < RL < 1, then the adsorption is favorable, if RL > 1, then the adsorption is
unfavorable, if RL = 1, then the adsorption is linear, and if RL = 0, then the adsorption is
irreversible.

The other frequently used isotherm is the Freundlich model, which can be linearized
as follows [92]:

ln qe = ln kF − (1/n)ln Ce (3)

where kF is the adsorption capacity, and n is the adsorption intensity. The n value is also
used to measure the deviation from the linearity (or heterogeneity). If 1/n < 1 (n ranges
from 1 to 10), then the adsorption is counted as favorable, and if 1/n > 1, then the adsorption
is considered unfavorable. If 1/n is close to zero, then the adsorbent is more heterogeneous,
and vice versa [92]. Further indications were also noted from the value of the n, such as
n = 1 indicates the linear nature of the adsorption, n < 1 indicates chemical adsorption, and
n > 1 indicates physical adsorption [93].

While the Langmuir isotherm is considered more related to monolayer adsorption,
the Freundlich isotherm is considered for multilayer adsorption. The coefficient-of-
determination (R2) values of the Langmuir and Freundlich models listed in Table 5 across
different kinds of dyes (acid, reactive, and direct), and after different sorts of modifications
(mechanical, chemical, and thermal), show a sporadic result, and often closer values of the
R2 between the Langmuir and Freundlich models. However, as a traditional pattern, often
either chemisorption [38,88] or physisorption [7,31] has been claimed as the mechanism of
interaction during the adsorption. A combination of multiple mechanisms has also been
reported on many occasions. These include different combinations of physical and chemical
adsorption [39–41,57], hydrogen bonding [89], ion exchange [34,94], valence forces [58],
electrostatic and π–π interactions [75], ion exchange and chemical reaction [84], and so on.
These interactions were only predicted and were not always confirmed through chemical
analysis. Nevertheless, there are great possibilities for many of these interactions during
the adsorption. For instance, the zeta potential (ζ) of chitosan-modified lignocellulose
biomass transformed the ζ value from −10.8 mV to +5.1 mV, making it more appropriate
for an electrostatic attraction towards anionic dye [7]. Furthermore, because lignocellulose
is rich in phenolic groups from lignin, there are chances for π–π interactions between the
rings present in the anionic dye structure. A schematic representation of different possible
dye–adsorbent interactions during anionic dye separation is shown in Figure 7a. The
mechanism of adsorption can also differ based on the concentration of dyes. For example,
with lower and higher concentrations of dyes, monolayer and multilayer adsorption were
observed, respectively [53], while simultaneous monolayer and multilayer adsorption was
also reported [84]. Therefore, often the physical interaction between the dye and adsorbent
is likely to be combined with chemical interactions, depending on whether there are enough
chemical sites present for the reactions and favorable conditions.
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Table 5. Reported R2 values of Langmuir and Freundlich isotherm models for anionic dye adsorption.

Modification
Technique Dye Adsorbent R2 Reference

Langmuir Model Freundlich Model

Mechanical Congo Red Jujuba seeds 0.999 0.987–0.989 [34]

Mechanical Reactive
Black 5

Spent
mushroom

waste
0.997 0.907 [39]

Mechanical Cibacron
Blue Ash seed 0.9357 0.98 [40]

Mechanical Cibacron
Blue Bean peel 0.9822 0.9414 [41]

Mechanical Direct Red
5B

Spent
mushroom

waste
0.998 0.918 [39]

Mechanical Direct
Black 22

Spent
mushroom

waste
0.996 0.905 [39]

Mechanical Acid Blue
25

Waste
tea residue 0.9197–0.9309 Not reported [31]

Mechanical Congo Red Bottom ash and
deoiled soya 0.79–0.99 0.85–0.97 [88]

Mechanical Congo Red Jute processing
Waste 0.9916 0.9912 [42]

Chemical Congo Red Sawdust 0.9418–0.9867 0.9040–0.9876 [50]

Chemical Congo Red Rice husk 0.9939–0.9988 0.9672–0.9861 [52]

Chemical Congo Red Palm tree fiber
waste 0.996 0.857 [78]

Chemical Congo Red Coffee
Waste 0.99 0.67 [18]

Chemical Diamine Green B Rice husk 0.9209–0.9731 0.8085–0.8988 [52]

Chemical Reactive
Black 5

Palm kernel
Shell 0.901 0.854 [53]

Chemical Reactive
Black 5

Coffee
Waste 0.96 0.93 [18]

Chemical Reactive Black
5

Fermentation
Wastes 0.994–0.999 Not reported [56]

Chemical Acid Blue
25 Cotton gin trash 0.967–0.996 0.875–0.947 [7]

Chemical Direct
Red 89

Aquatic
Plant 0.995 0.999 [54]

Chemical
Acid
Black

24
Rice husk 0.9887–0.9975 0.9715–0.9823 [52]

Thermal Eriochrome Black
T

Date palm
Fronds 0.694–0.953 0.711–0.975 [84]

Thermal Congo Red Java
Citronella 0.904–0.957 0.994–0.999 [77]

Thermal Eriochrome Black
T

Vegetable
Waste 0.853–0.978 0.965–0.996 [28]

152



Sustainability 2022, 14, 11098

Sustainability 2022, 14, x FOR PEER REVIEW 15 of 26 
 

 

Black 5 Waste 

Chemical 
Reactive Black 

5 

Fermentation 

Wastes 
0.994–0.999 Not reported [56] 

Chemical 
Acid Blue 

25 
Cotton gin trash 0.967–0.996 0.875–0.947 [7] 

Chemical 
Direct 

Red 89 

Aquatic 

Plant 
0.995 0.999 [54] 

Chemical 

Acid 

Black 

24 

Rice husk 0.9887–0.9975 0.9715–0.9823 [52] 

Thermal Eriochrome Black T 
Date palm 

Fronds 
0.694–0.953 0.711–0.975 [84] 

Thermal Congo Red 
Java 

Citronella 
0.904–0.957 0.994–0.999 [77] 

Thermal Eriochrome Black T 
Vegetable 

Waste 
0.853–0.978 0.965–0.996 [28] 

 

Figure 7. Schematic representations of: (a) different interactions between dye particles and ligno-
cellulosic biomass; (b) diffusion mechanism of dye particles during an adsorption process by a
biomass-derived adsorbent.

Some other less commonly used isotherms for anionic dyes include the Redlich–
Peterson model [84], Dubinin–Radushkevich model, Temkin model, and Flory–Huggins
model [7].

The Redlich–Peterson model is a three-parameter model, and it is known as a com-
bined form of the Langmuir and Freundlich models. The linear form can be expressed
as [84]:

Ce

qe
=

1
KRP

+
aRP

KRP
Ce

bRP
(4)

where KRP and aRP are the Redlich–Peterson constants, and bRP is an exponent from 0 and
1. The fitting results in a Redlich–Peterson model have occasionally been used for anionic
dye adsorption to confirm and represent the adsorption mechanism as a combination of
both the Langmuir and Freundlich models [31] (for instance, the simultaneous involvement
of monolayer and multilayer adsorption [84]).

The linear form of the Dubinin–Radushkevich isotherm can be expressed as [95]:

ln qe = ln qm − kDRε
2 (5)
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where qm represents the maximum adsorption capacity, kDR is the isotherm constant, and ε
represents the Polanyi potential and is calculated by the following equation:

ε = RT ln
(

1 +
1

Ce

)
(6)

where T is the equilibrium temperature, and R represents the ideal gas constant
(8.314 J·mol−1·K−1) [39]. The isotherm constant (kDR) is used to measure the free energy
(E) of adsorption:

E = 1/
√

2kDR (7)

If the E is found to be <8 kJ/mol, then this indicates physisorption, and when the E
ranges 8–16 kJ/mol, then a chemisorption process is assumed [95]. This isotherm model
has sometimes been used to determine between physisorption and chemisorption [39], and
to justify the findings from other models [7].

The linear form of the Temkin model can be shown as:

qe = B1 ln(kTCe) (8)

where kT is the Temkin constant, and B1 is derived from the below equation:

B1 =
RT
bT

(9)

where bT is another Temkin constant related to the heat of adsorption [45]. From a good
fitting with the Temkin model for anionic dye adsorption, the adsorption potential is
predicted. The value of the Temkin constants can be used to evaluate the decrease and
increase in the binding energy at different adsorption temperatures [45].

The linear equation of the Flory–Huggins model can be expressed as [96]:

ln
θ

C0
= ln kFH + x ln(1 − θ) (10)

where kFH is the Flory–Huggins constant, x represents the remaining dye particles in the
adsorption sites, and θ represents the degree of the adsorbent surface coverage by the dye
particles and is derived from the following equation:

θ = 1 − Ce

C0
(11)

When the value of the kFH is positive, a suitable and spontaneous adsorption system
is likely [96]. This model can be used to determine the surface coverage of the dye particles
onto the adsorbents, although it is used infrequently for anionic dye adsorption [7].

However, as mentioned above, the use of these models was less frequent for anionic
dye adsorption compared with the Langmuir and Freundlich isotherms, and they often
showed an inferior fitting.

6. Kinetics and Diffusion

The kinetics of anionic dye adsorption on biomass-derived adsorbents has mainly been
investigated by pseudo-first-order and pseudo-second-order kinetic models, and often linear
equations have been used to draw the plots and find the fitting of the data [18,40,54,57,75].
The first-order model is also known as the Lagergren equation, which relates to the ad-
sorption rate associated with the number of unoccupied areas of the dye [97]. The linear
equation of the pseudo-first-order model is represented as:

ln
(
qe − qt

)
= ln qe − k1t (12)
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where k1 is the first-order adsorption-rate constant, and qt is the weight of the dye adsorbed
(mg/g) at time (t) [98,99]. When the data better fit with the first-order equation, the
adsorption is more likely to be a physisorption process.

The pseudo-second-order model is also parallelly used with the first-order kinetic
model to check the adsorption feasibility. There are four linear equations of this model,
which can be derived from each other [92,100]:

t
qt

=
1

k2q2
e
+

t
qe

(13)

1
qt

=
1
qe

+
1

k2q2
e

(
1
t

)
(14)

qt = qe −
1

k2qe

(qt
t

)
(15)

qt
t
= k2q2

e − k2(qe)qt (16)

where k2 is the second-order adsorption-rate constant. In practice, Equation (13) is compre-
hensively used. However, after plotting the data, this equation often shows a very good
fit (e.g., R2 > 0.99), which is related to the presence of the t value in both the x-axis and
y-axis [101]. This can be justified by fitting the same data with another linear equation in
which t is not present on both sides and can result in a poor fit (Figure 8). When the data
better fit with the second-order equation, the adsorption is more related to a chemisorption
process. However, fitting with second-order models for anionic dye adsorbents was often
not justified in the literature by plotting with more than one equation when linear models
were used. Furthermore, the conversion of the data necessary for the linearization of these
kinetic models can also lead to an alteration of the error structure and variation in the
weight in data points, and it can also introduce errors into the independent variable [102].
However, using a nonlinear model of second-order kinetics does not alter the kinetic pa-
rameters, and thus it is considered to be more accurate and is recommended for estimating
the kinetic parameters [103,104].
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The molecular-diffusion mechanism is another key factor in the adsorption rate that
cannot be identified by the pseudo models. If the adsorption is a physisorption phe-
nomenon, then there is more possibility that the diffusion is the rate-controlling step [101].
In an adsorbent/dye-solution adsorption process, the transfer of dye particles into the
adsorbent can be controlled by one of the three known mechanisms: film diffusion, in-
traparticle diffusion, or a combination of both [105]. Film diffusion is the transfer of dye
particles to the adsorbent surface, and intraparticle diffusion is the diffusion of dye particles
into the adsorbent pores (Figure 7b). It was reported that both film diffusion (also known as
external mass transfer) and intraparticle diffusion can play a significant role during anionic
dye adsorption [35].

The linear form of the intraparticle-diffusion model can be expressed as [92]:

qt = kID.t1/2 + C (17)

where kID represents the diffusion-rate constant, and C is the thickness of the boundary
layer (Figure 7b). If C is considerably higher, then a superior influence of the surface
adsorption on the adsorption rate is likely [106]. As per this model, if the fitted line
goes through the origin (0, 0), then this is a sign of the sole control of intraparticle diffu-
sion [107]. However, in most cases, more than one step of adsorption is observed from
the plotting of the intraparticle-diffusion model. These include the initial film diffusion,
followed by intraparticle diffusion, and possibly a third and slow adsorbing stage close to
an equilibrium.

7. Thermodynamics of Adsorption

Thermodynamic studies of dye adsorption are performed when the adsorption is
conducted at different temperatures. From the pseudo-second-order constant (k2), the
activation energy (Ea) of the adsorption process can be determined by the Arrhenius
equation:

lnk2 = lnA − Ea

RT
(18)

where A is the Arrhenius factor, Ea is the Arrhenius activation energy (kJ/mol), T represents
the absolute temperature (K), and R represents the gas constant [99].

The entropy (∆S◦) and enthalpy (∆H◦) are derived using the Eyring formula, which is
expressed as:

ln
(

k2

T

)
= ln

(
Kb
h

)
+

∆S◦

R
− ∆H◦

RT
(19)

where Kb is the Boltzman constant, and h is the Planck constant. A positive value of the ∆H◦

indicates an endothermic reaction (adsorption increases with increasing temperature) [39],
while a negative value of the ∆H◦ indicates an exothermic process (adsorption decreases
with increasing temperature) [100]. A positive value of the ∆S◦ indicates a decrease in the
randomness of solid/liquid interfaces, and vice versa [39].

Finally, the Gibbs energy of activation (∆G◦) is calculated from the following formula:

∆G◦ = ∆H◦ − T∆S◦ (20)

A positive value of the ∆G◦ indicates nonspontaneous reactions, which need an input
of energy, while a negative value of the ∆G◦ indicates spontaneous reactions, which can
continue without external energy [108].

Thermodynamic studies have been extensively conducted for anionic dye adsorption,
and the values of the ∆S◦, ∆H◦, and ∆G◦ have been used to determine whether the process
is spontaneous/nonspontaneous and exothermic/endothermic, as well as the randomness
in the adsorbent/solution interfaces. As shown in Table 6, in most cases, the mechanism
was found to be spontaneous (negative ∆G◦) for either kind of dye or the modification
methods. Although the endothermic process (negative ∆H◦) was more observed, the
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exothermic process (positive ∆H◦) was also seen. In most cases, positive ∆S◦ was also seen,
which means more uniformity during the anionic dye adsorption.

Table 6. The trends of the enthalpy (∆H◦), Gibbs energy of activation (∆G◦), and entropy (∆S◦) of
anionic dye adsorption onto plant-derived agricultural waste.

Adsorbent Modification
Technique Dye ∆H◦ (kJ/mol) ∆G◦ (kJ/mol) ∆S◦ (J/mol K) References

Bean peel Mechanical Cibacron Blue −32.36 −3.97 to −4.89 −92.21 [41]

Ash seed Mechanical Cibacron Blue −28.95 −18.01 to
−18.37 −35.36 [40]

Spent mushroom
waste Mechanical Direct Red 5B 0.99 −0.79 to −1.83 1.63 [39]

Spent mushroom
waste Mechanical Direct Black 22 0.59 −0.69 to −1.33 1.65 [39]

Spent mushroom
waste Mechanical Direct Black 71 3.79 −3.32 to −7.47 7.02 [39]

Spent mushroom
waste Mechanical Reactive Black 5 0.62 −0.15 to −0.77 0.21 [39]

Vegetable
waste Mechanical Eriochrome

Black T 44.51 −2.72 to −5.89 158.51

Jujuba seeds Mechanical Congo Red 12.94 −3.49 to −6.43 57.9 [34]

Sawdust Chemical Acid Red G 28.7 −1.07 to −3.14 103.4 [45]

Orange peel Chemical Congo Red 19 −1.88 to −3.23 70 [16]

Peanut husk Chemical Drimarine
Black CL-B −23.74 −0.22 to −2.9 72 [55]

Coffee waste Chemical Reactive Black 5 8.28 −9.66 to −11.08 59.99 [18]

Coffee waste Chemical Congo Red 35.05 −3.76 to −8.17 130.59 [18]

Rice husk Chemical Diamine Green
B 15.06 −3.46 to −4.39 35.11 [52]

Rice husk Chemical Acid Black 24 16.32 −2.65 to −3.10 43.52 [52]

Rice husk Chemical Congo Red 2.96 −2.98 to −3.37 19.57 [52]

Wheat straw Chemical Reactive Red 24 4.53 −29.05 to
−32.93 135.1 [12]

Waste coir
pith Chemical Procion Orange 25.69 −8.43 to −11.15 111.52 [51]

Waste coir
pith Chemical Acid Brilliant

Blue 70.09 −5.65 to −11.37 245.64 [51]

Water
hyacinth Thermal Congo Red −189.01 to

−918.94
−3001.04 to
−12,254.1 16.39 to 53.97 [79]

Coffee husk Thermal Indigo Carmine 21.72 to 35.83 −46.71 to
−61.05 229.9 to 287.6 [81]

Java
citronella Thermal Congo Red −0.007 to

−0.029 7.9 to 30.2 −6 to −92 [77]

Pinecone Thermal Alizarin Red S 29.13 −2.75 to −4.39 82 [62]

Vegetable
waste Thermal Eriochrome

Black T −10.08 −2.76 to 3.43 −22.32 [28]
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8. Circularity and Sustainability

To prove the adsorbents as sustainable and economically viable, the circularity of
the adsorbents has received significant attention. In this regard, the regeneration ability
of the adsorbents is a key criterion. If the adsorbed dyes can be successfully desorbed
from the adsorbent, then the reuse of both the adsorbent and dye could be possible, and
the process becomes more economically feasible [34]. Regeneration studies have been
widely considered for anionic dye adsorbents, and the results are promising. These are
often performed by altering the pH of the solution. When anionic dyes are physically
bound to the adsorbent, an alteration of the pH, often alkaline [33], could be more useful to
transfer them into the solution [7]. For example, a desorption experiment using different
components (i.e., water, HCl, acetic acid, NaOH, and ethanol) showed a maximum Methyl
Orange desorption of 67.85% by a NaOH solution, while the second best was 34.5% by
acetic acid [60]. This was also confirmed by different studies in which a 45 min treatment
of the adsorbent with 0.1 M NaOH at 20 ◦C was enough to desorb most of the anionic
dyes and reuse the adsorbents [7,109]. In many studies, the regeneration of anionic dyes
and the reuse of the adsorbents were proven highly feasible. For example, 45 consecutive
cycles from sawdust adsorbent were reported [45], while at least 3 cycles were possible
by a cotton-gin-trash bioadsorbent [7] and activated carbon prepared from pine cone [62].
Although high desorption efficiencies, such as 98% [16] or 83.7–90.3% dye desorption,
have been reported [77], a lower desorption rate, such as 35–43%, was also reported when
the dyes were attached with adsorbent through a chemical reaction (chemisorption) [15].
However, more than half of the studies on anionic dye removal have considered desorption
studies to justify the effectiveness of the proposed adsorbents, which shows the require-
ment for sustainability. From an economic evaluation, it was reported that the cost for
the preparation and regeneration of adsorbents of biomass waste (USD 42.43/kg) was
significantly lower than commercially available activated carbon (USD 111.37/kg) [60].
From both the economic and environmental points of view, the adsorbents prepared from
natural plant-derived agricultural wastes seem to be more sustainable, as, on the one hand,
they reduce the process cost, and, on the other hand, they diminish the amount of waste
from the environment. The use of these adsorbents in a circular manner by successful
regeneration is further beneficial. When the adsorbents reach their end of life, the dyes can
be desorbed and, as the adsorbents are biodegradable, they can be discarded into the land
without any hazard. Overall, the extent of the dye-desorption studies conducted along
with the adsorption of anionic dyes indicates the urgency of making these bioadsorbents
more sustainable and efficient, validating their more feasible use in the future.

9. Conclusions and Future Scopes

Anionic dyes are widely used in different applications and are one of the major con-
taminants in dye wastewater. Over the years, lignocellulosic agricultural wastes have been
widely used to remove these dyes from wastewater. Adsorbing anionic dyes by these
adsorbents is challenging, as they inherently possess some repulsing effect on anionic dyes
due to their electronegative surfaces. Nevertheless, given the low cost and abundance of
these natural resources, researchers have frequently made them capable of anionic dye
adsorption by mechanical, chemical, and thermal modifications. In cases in which only
mechanical modifications are performed, adjusting the bath solution to a lower pH can
enhance the dye adsorption. Reducing the particle size and tuning the temperature to
a favorable condition can also promote dye adsorption. Although thermal modification,
such as transformation into activated carbon, showed an improvement in the adsorption,
chemically modifying the surface by inducing new cationic groups was found to be the
most effective method of anionic dye removal when using these resources. The chemi-
cal modification of these biomasses was most successful when using amine-based and
quaternary ammonium compounds. It is worth mentioning that quaternary ammonium
compounds often possess environmental hazards, while amine-based compounds can
also be hazardous, and thus require careful attention. Even though the use of amine-rich
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nonhazardous biopolymers, such as chitosan and its derivatives, have been well explored
for the removal of anionic dyes, they are not widely considered for the modifications of
lignocellulosic biomass (with a few exceptions), which could be a future research area.
Furthermore, when the efficiency of a chemically modified biomass adsorbent was reported,
often it was not parallelly compared with the chemically unmodified biomass. Thus, the
degree of improvement in the dye adsorption was often not identified. However, the extent
of regeneration studies shows the keen attention of researchers to not only just proposing
an adsorbent to separate anionic dyes, but also to proving its sustainability in terms of cost
reduction and effectiveness. The success trend portrays the promising future of using these
abundant wastes as the key resources for the essential separation of anionic dyes.
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Abstract: The purpose of this study is to propose a fully sustainable dyeing process for nylon 6. In
order to achieve this goal, Rhubarb flower parts were used to produce a brown hue on nylon 6 fabric.
The effects of dyeing parameters such as dyeing time, temperature, dyebath pH, M:L, salt addition,
dispersing agent, and dye concentration on color strength were investigated. Using 100%owf dye
in an acidic medium at boil and the material to liquor ratio of 1:30 for 75 min was determined to be
the optimal condition for dyeing nylon 6 with rhubarb flower. In order to achieve acceptable color
fastness, four natural mordants were applied, including walnut husks, pistachio hulls, pine cones,
and green coffee. Colorimetric measurements revealed that mordanting did not affect the hue of the
color compared to the non-mordant sample. In addition, diverse natural mordants produced the
same color (i.e., brown) with varying color strengths, of which 10%owf walnut husk generated the
strongest color. Bio-mordanted samples were also found to have excellent color fastness, thereby
providing an effective substitute for metal mordants.

Keywords: natural dyeing; polyamide; eco-friendly; tannin; color strength; fastness

1. Introduction

In today’s world, industry and scholars are emphasizing sustainability, and the textile
industry is striving to adopt this approach. Dyeing is an essential process in the textile
industry that utilizes numerous synthetic dyes. However, chemicals and synthetic dyes,
which make up the majority of those used in the textile industry, result in the emission
of vast quantities of highly polluted wastewater. Therefore, there is a current research
focus on developing eco-friendly substitutes for synthetic dyes. Various reports have been
published on the coloration and functionalization of different textile fibers using natural
dyes. However, most studies have been focused on natural fibers such as wool, silk, and
cotton [1–3], while the number of studies on natural dyeing of synthetic fibers is comparably
low. Recently, several attempts have been made to apply natural dyes on synthetic fibers
such as polyester [4–6].

Nylon fibers have been a game-changer in the textile and other industries since their
invention in the 1930s. These synthetic fibers are known for their durability, strength, and
versatility, making them ideal for a wide range of applications. In the textile industry, nylon
fibers are used to create fabrics that are lightweight, breathable, and resistant to wear and
tear. They are also used in the production of carpets, upholstery, and other household
items. Nylon fibers have also found their way into other industries such as automotive
manufacturing, where they are used to make seat belts and airbags. Nylon fibers are
commonly dyed using synthetic dyes due to their ability to produce bright and vibrant
colors. However, the use of synthetic dyes can have negative impacts on the environment
and human health. Natural dyes, on the other hand, are derived from plant or animal
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sources and are considered to be more sustainable and eco-friendly. They also have the
potential to produce unique and subtle shades that cannot be achieved with synthetic dyes.
The use of natural dyes for dyeing of nylon fibers is important in promoting sustainable
textile practices and reducing the environmental impact of textile production [7,8]. In
this regard, there are some publications on utilizing natural dyes for polyamides such as
madder [9,10], berberine (Berberis vulgaris) [11], weld and pomegranate peel [12], Henna
leaves [13], onion outer shell [14], curcumin and saffron [15], mangrove bark [16], leaves of
the almond tree [17], and betel nut (Areca catechu) [18]. However, the common point among
all these natural dyes is that they were utilized with various metal mordants resulting
in wastewater pollution. Nevertheless, Esfand (P. harmala) was employed as a natural
dye in nylon dyeing and numerous bio-mordants were suggested as alternatives to the
metal mordants [19]. Furthermore, in our previous study, we used the dragon’s blood
resin together with different bio-mordants to dye nylon 6 fabric. Our previous findings
revealed that artemisia displayed the best efficiency of bio-mordanting in nylon 6 dyeing
with dragon’s blood resin [20]. Therefore, to mitigate the hazardous consequences of the
dyeing processes, researchers are now replacing metal mordants with bio-mordants.

The introduction of new natural sources for dyes has the potential to expand the
range of colors available and introduce new specific features. Rhubarb (Rheum ribes L.) is a
member of the polygonaceae family, native to Asia, particularly Iran, Pakistan, India, and
China. Rhubarb contains different tannoids such as Catechin, Glucogalline, Tetrarine, and
Gallic acid, among others. Previous studies have exclusively used rhubarb (i.e., root part)
as a natural colorant for natural fibers such as wool [21–23] and cotton [24]. However, there
has been no research on applying rhubarb flowers on synthetic fibers. Rhubarb flowers are
produced in large clusters at the end of the main stem and have a red hue due to various
anthraquinone derivatives present in them. Among the various anthraquinone derivatives
identified in the rhubarb flower, chrysophanol and emodin are the most abundant coloring
compounds (Figure 1) [25–27]. These derivatives have great potential for textile dyeing.
This paper explores using the flower component of rhubarb to achieve a deep brown
hue on nylon 6 fabric. In addition, the importance of new bio-mordants to achieve a
completely eco-friendly process for dyeing synthetic fibers is investigated. The objective of
this study is to introduce a fully eco-friendly dyeing process for nylon 6 fabric using plant
dye and mordants, exhibiting similar hues and comparable fastness properties with the
metal mordants.
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2. Experimental Section
2.1. Materials

Naz Harir Co., Mashhad, Iran, provided a nylon 6 warp knitted raw fabric (60 g/m2).
Dried Rheum ribes L. flowers, collected in spring 2022, were purchased from a local store in
Tehran, Iran. Four different bio-mordants which contain high amounts of polyphenols such
as tannin, ellagic acid, and chlorogenic acid were utilized. Among them, pistachio hull,
walnut husk, and pinecone (collected in autumn 2022) were procured from a local store
in Tehran, Iran and green coffee was an import from Vietnam. All plant materials were
stored in their original form in a cool and dry place, away from sunlight, and were used
for dyeing in less than 6 months from the date of collecting. Furthermore, common metal
salts including iron(II) sulphate (FeSO4), aluminium potassium sulphate (KAl(SO4)2), zinc
sulfate (ZnSO4), copper sulphate (CuSO4) and sodium sulphate (Na2SO4) were supplied
by Merck (Germany). To adjust the pH of the dyebath, acetic acid and sodium hydroxide
were purchased from Merck (Darmstadt, Germany). Nonionic detergent (Welly wash) and
dispersing agent (Heptamol SHT) were provided by Kohan Taj Kimia, Iran.

2.2. Dye and Bio-Mordant Extraction

Initially, the rhubarb flowers were dried and then pulverized into a fine powder using
a mechanical grinder. The powder was then sifted through a 40-mesh nylon screen. Next,
10 g of the rhubarb flower powder was extracted by using 200 mL of distilled water in
a Soxhlet extractor for an hour. The resulting solution was filtered through a Whatman
filter No. 42, and the filtrate was used as the stock solution. The same process was used to
extract the bio-mordants.

2.3. Pre-Mordanting

Initially, the nylon 6 fabrics underwent scouring at 60 ◦C that employed distilled
water and a nonionic detergent (1 g/L) with a material to liquor ratio of 40:1 for 30 min.
Subsequently, the fabrics were rinsed with tap water and left to air dry. Bio-mordant baths
were prepared by adding varying amounts of mordant extracts (10, 20, and 50%owf) in
water at the material to liquor ratio (M:L) of 1:40. The wetted fabrics were then immersed
in the mordanting solutions and the temperature was gradually raised to the boiling point
at a rate of 2 ◦C/min. Mordanting was continued at the boil for an hour before rinsing the
mordanted fabrics with tap water and drying them at room temperature.

To compare the effectiveness of bio-mordants with that of metal mordants, several
common metal salts were employed. Metal mordant solutions using the aforementioned
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metal salts were prepared by adding 1 %owf in water at a liquor ratio of 1:30, and metal
mordanting was performed similarly to the bio-mordanting procedure.

2.4. Dyeing Process

Mordanted fabrics were immersed in the dyeing solution and the dyeing was per-
formed using exhaustion method under different conditions. In this research, dyeing
variables including temperature, time, pH, M:L, dye concentration, salt addition, and
dispersing agent were optimized through experimental tests. Therefore, the nylon 6 fabric
was dyed at 40 ◦C, 60 ◦C, 80 ◦C, and 100 ◦C to evaluate the optimum dyeing temperature.
Dyeing time was optimized at intervals of 15, 30, 45, 60, 75, and 90 min. Dye concentration
was varying at different percentages including 10, 20, 30, 40, 50, and 100 %owf (on the
weight of fabric). The pH of dyebath was varying at 3, 5, 7, 9, and 11, while different levels
of M:L, i.e., 1:10, 1:20, 1:30, 1:40, and 1:50 were applied. In addition, different concentrations
of dispersing agent were used (0, 0.5, and 1 g/L) to determine their effect on dye exhaustion.
Different amounts of sodium sulfate (1, and 2.5 g/L) were applied to determine the effect
of salt addition on the dyeing levelness. The temperature of the dyebath was raised from
25 ◦C to the desired temperature during with the rate of 2 ◦C/min. In addition, to adjust
the pH of the dye bath, a few drops of acetic acid (1% v/v) or sodium carbonate (1% w/v)
were used. A schematic presentation of the dyeing procedure is shown in Figure 2 [20].
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Figure 2. Schematic presentation of the dyeing procedure.

2.5. Color Measurement

The reflectance spectra of dyed samples were measured using a Color-Eye 7000 A
spectrophotometer (X-rite, Grand Rapids, MI, USA) in the visible light range from 400
to 750 nm with 10 nm steps. Then, the color strength (K/S value) of the samples was
calculated using the Kubelka–Munk equation according to Equation (1),

K
S
=

(1 − R)2

2R
, (1)

where R is the reflectance value at each wavelength, K is the absorbance coefficient, and S
is the scattering coefficient. In addition, the CIEL*a*b* coordinates of the samples under
CIE standard illuminant D65 and CIE 1964 standard observer were calculated.

2.6. Color Fastness

The wash fastness of the dyed samples was measured according to the ISO 105-C06
(A1S):2010 method [28] using a Launderometer. The light fastness was assessed according
to the ISO 105-B02:2013 method [29].

3. Results and Discussion

This section first discusses the optimization of the variables of dyeing of nylon 6 fab-
ric using Rhubarb flower without applying any mordant. Then, the efficacy of the bio-
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mordants as eco-friendly alternatives for metal mordants is described. Lastly, the remark-
able color fastness of the samples dyed in the presence of bio-mordants is presented.

3.1. Dyeing Parameters Optimization

Figure 3 shows the effect of dye bath pH in the visible range of wavelengths. The effect
of dye bath pH was investigated to achieve maximum color strength of the dyed samples.
The color strength decreased as the pH increased from 3 up to 11. In fact, maximum color
strength was achieved when dyeing was performed at pH 3. It has been shown that the
point of zero charge for nylon 6 fiber is around pH 4–5 [30]. Above this pH, the surface
charge of the fibers is negative, which repels the anionic dye molecules, while at pH values
less than 5, the -NH and NH2 groups of polyamide chain gain positive charge, which
attracts the anionic dye molecules causing an increase in dye exhaustion.
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100 ◦C for 1 h, without salt and dispersing agent).

The influence of dyeing temperature on color strength (K/S) was investigated for
60 min at temperatures ranging from 40 ◦C to 100 ◦C, and the results are shown in Figure 4.
The color strength clearly increased as the dyeing temperature increased, and thus the
maximum color strength was obtained at 100 ◦C. As the temperature rises, the polymeric
structure of nylon 6 opens up [24] and more dye molecules becomes separated from the
aggregates [31], making dye adsorption easier and yielding a greater K/S value.

According to Figure 5, the results of changing dyeing time show that the nylon
6 fabric’s color strength increased until the dye exhaustion reached equilibrium at 75 min.
It is well known that extending the dyeing time may increase the opportunity for dye
molecules to be placed in the dyeing sites of polyamide fibers [32]. Therefore, the optimal
time for dyeing nylon 6 fabrics was discovered to be 75 min since after increasing the
dyeing time to 90 min, the K/S value decreased. Decreasing K/S values over a longer time
may be attributed to the shift in the equilibrium leading the dye molecules to migrate from
the fabric into the dye bath [33].

As for dye concentration, according to Figure 6, as the dye concentration increased,
the K/S values gradually increased until at 100 %owf an extreme shift occurred, and the
maximum color strength was yielded. This may reveal that the saturation point of nylon 6
has not been reached even when using 100 %owf. In fact, the defect of natural dyes is that
the gaining of fiber saturation occurs at high dye concentrations [10].
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Figure 7 shows the effect of the M:L ratio on the K/S values for the wavelength
of 400 nm to 750 nm with 10 nm intervals. If we consider K/S curves as a metric for
determining the optimal parameters, increase in M:L causes an increase in K/S until the
M:L = 1:30 has the highest K/S curve. However, a further increase in M:L achieves lower
K/S due to the dilution of the dye solution phase.
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Figure 7. The effect of M:L ratio on the color strength of dyed samples (dyeing using 100%owf dye at
100 ◦C, and pH = 3 for 75 min, without salt and dispersing agent).

It is well known that salt addition in dyeing is necessary in the case of using high-
affinity dyes as it retards the dye migration, thus obtaining better level dyeing. Sodium
sulfate is the common leveling agent in dyeing synthetic fibers, and thus we investigated
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the effect of salt in the dyeing procedure of nylon 6 with a natural dye. According to
Figure 8, it is clearly indicated that in the absence of salt, the color strength is higher than
it is when using a 1 and 2.5 g/L salt, in which when the salt concentration increases, the
color strength decreases slightly. Sodium sulfate releases Na+ and SO4

2− as free ions in
the dyebath. The interaction of sulfate anion with cationic sites on the nylon 6 fiber may
cause their neutralization and consequently reduce dye ionic attraction between the fibers
and anionic dye molecules. In addition, charge neutralization of the dye anions by the
electrolyte cations (Na+) affects the dye substantivity and inhibits the interaction with the
nylon 6 fiber cations. Increase in salt concentration therefore inhibits dye exhaustion and
consequently decreases the color strength of the dyed nylon 6 fabric [34,35].
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Figure 8. The effect of salt addition on color strength of dyed samples (dyeing using 100%owf dye at
M:L = 1:30, 100 ◦C, and pH = 3 for 75 min, without dispersing agent).

Applying a dispersing agent in natural dyeing is important as the dye molecules may
be aggregated. Therefore, the effect of dispersing agent addition on the color strength of
dyed samples is shown in Figure 9. Expectedly, using a 0.5 g/L dispersing agent increased
the color strength, and a further increase had a negative effect on the dyeing performance,
probably due to the increase in the water solubility of dyes by formation of micelles with a
hydrophilic outer shell and keeping the dye molecules in the solution led to these molecules
avoiding the penetration into nylon 6 as a hydrophobic fiber [36]. Therefore, using a 0.5 g/L
of dispersing agent may result in slight improvements in the dyeing yield.

3.2. Statistical Analysis

To analyze whether dyeing parameters have a significant effect on color strength, one
sample t-test analysis (α = 0.05) was employed based on the maximum values of color
strength (λmax). The t-statistic, degree of freedom, and p-value of dyeing parameters are
listed in Table 1. It is clear that except for dyeing temperature, other parameters are signifi-
cant in the case of color strength. Therefore, to achieve the desired shade, controlling dye
bath pH, concentration, M:L, and dyeing time should be considered carefully. Meanwhile,
dyeing temperature is the least significant parameter in dyeing nylon 6 with Rhubarb dye.
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Table 1. One-sample t-test of dyeing parameters.

Dyeing Parameter T Statistic Degree of Freedom p-Value
(Significance)

Dye bath pH 11.6270 2 3.1 × 10−4

Dyeing Temperature 2.2589 3 0.1090
Dye Concentration 3.8582 5 0.0119

M:L ratio 19.1920 4 4.3 × 10−5

Dyeing Time 4.1610 5 0.0088

3.3. Effect of Mordanting on Color Strength
3.3.1. Effect of Metal Mordants

Most natural dyes have a poor affinity for synthetic fibers. Therefore, applying
mordants is necessary to increase the dye affinity. Figure 10 shows the effect of using
different metal mordants on color strength. It is clear that Iron enhances the color strength
while Copper, Zinc, and Aluminium decrease the color strength. The formation of a complex
between the metal ions and dye molecules affects the L*, a*, and b* color coordinates of
the dyed samples. Previous studies have shown that some mordants such as aluminium
can lead to a decrease in color strength and cause an increase in the lightness and increase
the a* and b* values. As can be seen in Table 2, the same results have been obtained when
applying Cu, Zn, and Al mordants on nylon 6. This means a hypochromic shift caused by
the formation of the complex between the dye molecules and Cu, Zn, and Al ions. Similar
results have been reported elsewhere [37–39].

Finally, Iron achieves the highest color strength among the other metals used. It can
be attributed to the chelation of the dye molecules with iron to generate a complex with
hyperchromic shift in the spectrum as schematically illustrated in Scheme 1 [40,41]. The
-COOH group of Rhein can be ionized and form an ionic bond with the positively charged
amine end groups of nylon 6 fibers under acidic condition.
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Table 2. Color difference in mordanted sample compared to unmordanted sample (dyeing was
performed using 100%owf dye at M:L = 1:30, 100 ◦C, and pH = 3 for 75 min, without salt and
dispersing agent).

Mordants L* a* b* K/S (λmax) ∆E

Unmordanted 29.2 16.17 14.32 15.7 Control sample
Zn 29.75 17.35 15.37 15.3 1.7
Cu 29.45 17.38 16.18 16.87 2.2
Fe 28.03 15.15 13.92 16.87 1.6
Al 31.04 18.07 17.1 15.3 3.8

Pistachio hull 29.67 17.52 15.66 16.07 1.9
Walnut husk 26.64 15.1 13.52 18.77 2.8
Green coffee 31.47 16.89 15.76 13.94 2.7

Pinecone 27.19 16.86 14.55 18.62 2.1
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mordants (dyeing was performed using 100%owf dye at M:L = 1:30, 100 ◦C, and pH = 3 for 75 min,
without salt and dispersing agent).

3.3.2. Effect of Bio-Mordants

To investigate the effect of using different concentrations of bio-mordants on the color
strength, the K/S plots of samples dyed after being mordanted with different bio-mordants
including walnut husk, pistachio hull, pinecone, and green coffee are shown in Figure 11. It
can be seen that the λmax of all mordanted samples as well as unmordanted sample occurs
at 400 nm and the shapes of the K/S curves are similar.

Except for green coffee, all used natural mordants enhanced the color strength of the
dyed samples. However, pistachio hull has the least effect on enhancing color strength
among the other used mordants. Walnut husk and pinecone reveal considerable perfor-
mance in increasing color strength. In fact, all concentrations of walnut husk increased the
color strength, of which 10%owf had the highest efficiency.

All the mentioned bio-mordants in this research contain several hydroxyl functional
groups. For example, the green walnut husk contains two hydrolyzable tannins, i.e., ellagic
acid and tannic acid. These tannins contain a lot of -OH groups that have the potential
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for hydrogen bonding with the dye molecules as well as the nylon 6 fiber [42]. Therefore,
the -OH groups of these bio-mordants link with the amide group of nylon 6 and also
form hydrogen bonding with the -OH groups of Emodin and Chrysophanol of Rhubarb
dye (see Scheme 2). The mentioned mechanism leads to increasing the color strength of
bio-mordanted samples compared with the unmordanted sample [20,43].
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without salt and dispersing agent).
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3.4. Color Coordinates of Mordanted Samples

Figure 12 indicates the color chromaticity of mordanted samples to investigate whether
mordanting process changes the hue of dyeing. Except for Aluminum, all mordants
including metal and natural types are close to the unmordanted sample in the chromaticity
diagram indicating mordanting did not change the hue of rhubarb applied on nylon 6.
Furthermore, the color coordinates of the pistachio and Cu are so close together, and thus
the pistachio could be an excellent substitution for copper metal. It is clear that walnut
could be a good alternative for iron metal as the same color is generated. To clarify this
result, Table 2 shows the value of the CIELAB color difference between mordanted and
unmordanted samples. It could be seen that the color differences are fair in the field of
natural dyeing as the maximum color difference is 3.8 in the case of aluminum. Meanwhile,
other color differences are close to 2, which proves the pre-mordanting process did not
change the color of rhubarb on nylon 6 fabric significantly.
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3.5. Evaluation of Color Fastness

There are multiple factors that affect the fastness properties such as the chemical
structure of dye and mordant, the physical property of fiber, the interaction between dye–
mordant–fiber, and the mordanting method that should be considered during the dyeing
procedure. Therefore, selecting appropriate mordants based on the dye structure has high
importance to achieve high efficiency in color strength and fastness. Therefore, we used
proper bio-mordants as well as metal mordants to compare the color fastness of different
types of mordants.

We investigated the effect of four common metallic mordants on fastness to washing
and light using the bottom mordanting process. The results are shown in Table 3. The
washing fastness of unmordanted nylon 6 fabric is evaluated as fair (i.e., 3), which reveals
that the mordanting procedure is a necessary step for this natural dye. It is clear that all of
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the metal and natural mordants alter the wash fastness score from fair to excellent, which
is due to the strong bonding between dye, metal or bio-mordant, and fiber as indicated
schematically in Schemes 1 and 2. Therefore, it is concluded that the used bio-mordants
could be excellent substitutions for metal mordants since the same color fastness is provided
and, in addition, they do not lead to environmental hazards.

Sustainability 2023, 15, x FOR PEER REVIEW 14 of 17 
 

 
Scheme 2. Schematic presentation of the interactions between bio-mordant, nylon 6 fibers and dye 
molecules. 

 

Figure 12. Chromaticity coordinates of different bio-mordants used. 

  

Figure 12. Chromaticity coordinates of different bio-mordants used.

Table 3. Colorfastness of nylon 6 fabric dyed with and without different mordants.

Mordant Type Wash Fastness Light Fastness

Color Change Stain on Nylon 6 Stain on Cotton

Unmordanted 3 4 4 2
Zn 5 5 5 8
Cu 5 5 5 8
Fe 5 5 5 8
Al 5 5 5 8

Pistachio hull 5 5 5 8
Walnut husk 5 5 5 8
Green coffee 5 5 5 8

Pinecone 5 5 5 8

Like washing fastness, all mordants including metal and natural mordants enhanced
the light fastness in which an excellent rating (i.e., 8 score) was achieved. Regarding light
fastness, there was an amazing result in which light exposure increased the color strength
of the samples compared to the unexposed samples.

4. Conclusions

In this paper, the feasibility of dyeing the nylon 6 fabric with the Rhubarb flower as a
natural dye was investigated. The optimal conditions for dyeing nylon 6 with Rhubarb were
found to be the 100 %owf dye at boiling temperature in an acidic environment for 75 min.
Various metallic and bio-mordants were employed to improve the dyeability and fastness
properties. The results showed that almost all mordants (except Al, Zn, and green coffee)
increased the color strength of the dyed samples. However, the 10%owf walnut husk has
the best efficiency in case of increasing the color strength. In addition, the color coordinates
were not affected significantly by mordanting, especially in the case of bio-mordanting.
Mordanting enhanced the fastness against washing and light significantly. The results of

176



Sustainability 2023, 15, 9232

this study confirm that the mentioned bio-mordants can be used as excellent substitutes of
metal mordants and natural dyeing can be performed in a more environmentally friendly
way to avoid wastewater pollution and hazards.
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Abstract: The textile industry is one of the most complex sectors, in terms of the materials and
chemical processes used from petroleum and the environmental degradation during its production
and disposal. It is therefore a sector looking for new possibilities and for more sustainable materials
and applications. One option is to use natural dyes, as they are considered biodegradable, do not
pollute the environment, and have potential use for many sectors, including the fashion industry.
In this study, Alanya silk was dyed by a natural dyeing method with crocus sativus, Helichrysum
arenarium, and Glycyrrhiza glabra L., plants that grow in and around the Alanya region. Quercus
aegilops L. grown in the region was preferred as mordant, a natural binder, and is one of the plants
with the highest tannin content, and it was used with a more environmentally friendly and sustainable
approach to increase the binding in natural dyeing instead of chemical mordants. The aim is to provide
an environmental and scientific contribution to the dyeing producers in this region. According to the
MAUT (Multi-Attribute Utility Theory) method, the best dyes in terms of fastness and color efficiency
were determined as the dyes made with the Glycyrrhiza glabra L. plant.

Keywords: MAUT; natural mordant; Alanya silk; natural dyeing; sustainable dyeing

1. Introduction

Textile materials are dyed using various dyestuffs [1,2] and methods [3–5] to add
aesthetic and commercial value to the product. Until the discovery and commercialization
of synthetic dyestuffs, these processes were carried out only with natural dye extracts [6].
With the introduction of synthetic dyes into our lives, we moved away from natural dyes.
This was due to our rapid access to synthetic dyes. With the increasing use of synthetic dyes,
a large amount of water is used in the textile sector and disposal of this water polluted with
the chemicals used [7] also mixes into the environment and causes significant pollution [8].

‘Synthetic dyes’ are part of the major chemical pollutants category in terms of textile
waste [9]. ‘Synthetic dyes’ are the primary source of waste from the textile industry [10] and
one of the causes of environmental pollution [11]. In recent years, although the use of some
heavy metals such as [12] iron, titanium oxide, and derivatives [13] was restricted due to
their environmental hazards, synthetic dyes continue to cause severe damage, particularly
to groundwater [3] and also to the environment [14]. Synthetic dyes and chemicals not only
pollute the environment during the production of textile materials, but also adversely affect
human health during their use [15], and even discarded synthetic dyed textiles after their
use also cause environmental pollution [5]. In this context, natural dyes have gradually
started to gain importance in the market because they are biodegradable and do not cause
health risks; therefore, can be easily used without as many environmental concerns [16,17].
Due to all these adverse effects of synthetic dyes, the world today is entering significantly
into a trend of returning to nature and natural processes [18], and the level of awareness
about environmentalist approaches is increasing. Restricting the use of chemicals [19] and
treatment of wastewater [20], reducing the use of plastics [21] and recycling waste [22], and
increasing the use of environmentally friendly and biodegradable natural materials [23]
are just some of the steps taken to protect the environment.
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Natural dye plants [24] are generally annual or biennial plants that do not have adverse
effects on human and environmental health [25], and do not cause environmental pollution
during production, during use, and when they become waste after use [18,26]. Natural
dyes are used not only in the coloring of textiles but also in many other fields [27] such
as pharmacy [28], cosmetics [29], food [30], and packaging [31]. The cost of dyeing with
natural dyes is almost the same as dyeing with synthetic dyes [32]. In addition, the light,
washing, and rubbing fastness [33] of the obtained products are better than synthetic dyes
and inks.

Natural dyestuffs are generally classified into four main categories [34]: plant, fungal,
animal, and mineral-sourced natural dyestuffs. Dyestuffs obtained from flowers [35],
leaves [36], bark/peel [37,38], roots [39], seeds [40], and fruits [41] of plants are called
galenic natural dyestuffs.

The mordanting operation is generally performed in order to color the textile surfaces
obtained from natural fibers. Mordanting is a process that increases the affinity between
the textile surface and the dyestuff [42]. It increases the retention of the dyestuff to the
fibers and the absorption ability of the fibers. It also provides brighter and more permanent
color. In natural dyeing, substances such as potassium aluminum sulfate, soda, sodium
sulfate, sodium carbonate, copper sulfate, aluminum sulfate [43], and tannin [44] are
generally utilized.

MAUT “Multi-Attribute Utility Theory”

Multiple Criteria Decision Making (MCDM) is shortly defined as selecting the right
alternative by solving multiple and conflicting criteria [45,46]. Today, there are more than
70 [47] MCDM. One of these methods is the MAUT Method [48]. MAUT is also defined
as Multi-attribute Value Theory (MAVT) basically [49]. The method is based on ranking a
set of alternatives and selecting the best one among them. The MAUT method is used to
find the most suitable alternative based on both qualitative and quantitative criteria. This
method aims to find the most beneficial alternative by making subjective data calculable.
Although the MAUT method seems to have a disadvantage in that it requires a lot of
sensitive input data, it is also quite advantageous in finding a solution by considering many
uncertainties [50].

The recently used multi-criteria decision-making method, utility theory (MAUT),
was started to be applied by Ralph L. Keeney in 1974 in his paper “Multiplicative Utility
Functions” [51]. After Keeney, James S. Dyer et al. in 1992 published “Multiple Criteria
Decision Making, Multiattribute Utility Theory”: In their writing named “The Next Ten
Years”, they found the different research topics and developments exciting for management
science [52]. In 1999, Tim Bedford and Roger Cooke in their paper, “A new generic model
for applying MAUT” [53], presented the Theory and Methodology of a new generic model
for applying MAUT. Subsequently, many researchers applied the MAUT method to ranking
and selection prioritization studies [54,55]. Studies on natural dyeing generally give CıeLab
values, light, washing, and friction fastness with color efficiency values. The relationship
between these values is interpreted depending on variables such as the amount of dyestuff
or mordant. In this study, the results of light and washing fastness and color efficiency of
fabrics dyed according to the amount of mordant and different dyestuffs are interpreted;
however, in this interpretation, a statistical analysis was used based on the MAUT method
from MCDM methods. At the same time, the MAUT Method is used to rank the recipes in
terms of light and washing fastness. The MAUT Method has not been utilized for such a
rating in the literature.

2. Materials and Methods
2.1. Material

In this research, Alanya silk woven in a plain weave was used with 100% silk fiber.
Fabric weight is 136 g/m2, weft density is 11.4 cm, and warp density is 16.3 cm. Quercus
aegilops L. was used as mordant, and crocus sativus, Helichrysum arenarium, and Glycyrrhiza
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glabra L. extracts were used as natural dyes. The selected dyestuff plants are plants that
grow naturally in many regions of Alanya and can be easily reached by the people of
Alanya. Acorn, which is selected as a mordant plant, also grows naturally in many regions
of Alanya. It is selected as a mordant material because it is a plant with a high proportion
of tannin. Tannin has been used as a binder in natural dyeing in the past.

2.2. Method

By applying the MAUT method to the data obtained as a result of light and washing
fastnesses, the most suitable dye plant and mordant amount were determined according to
the binder Quercus aegilops L. mordant. According to the MAUT Method, the test results of
the fabrics dyed with Quercus aegilops L. mordant were determined as the criteria of the
problem, and the options belonging to mordant rates were determined as alternatives. For
the application, tests were carried out using 5 different concentrations of Quercus aegilops
L. mordant (3%, 5%, 10%, 15%, 20%) and 3 plant extracts for a total of 15 different dyes
and the appropriate recipe alternative from different concentrations of Quercus aegilops L.
mordant, which provides the binding of the color in the dyeing of Alanya silk, was selected
according to the MAUT method.

Sericin Removal: The silk fabric was pretreated and dried for 60′ to remove sericin in a bath
prepared with 1 g/L soap and 2 g/L sodium carbonate with 98 ◦C and 1/50 Flotte ratio [32].
Color coordinates, whiteness, yellowness, brightness and K/S values of untreated and
pretreated silk fabrics are given in Table 1.

Table 1. Whiteness values of untreated and treated silks.

Parameter Untreated Silk Pretreated Silk

L 80.16 91.122
a 0.798 −0.150
b 9.912 7.722

Whiteness 53.645 67.158
Yellowness 20.42 10.8
Brightness 50.769 69.972
K/S (360 λ) 3.87 6.76

Preparing extract: Quercus aegilops L. as a natural mordant, and crocus sativus, Helichrysum
arenarium, and Glycyrrhiza glabra L. as the dyestuffs of the study, were boiled separately in
distilled water for 1 h each, then filtered and cooled [35].
Mordanting: Quercus aegilops L. mordant was prepared at 3%, 5%, 10%, 15%, 15%, and
20% concentration according to the material weight. When the Flotte with a Flotte ratio of
1/100 reached the boiling temperature, the fabric was added, and the process was carried
out by stirring for 60′. After 24 h keeping it in this bath, it was dried without washing [34].
Dyeing: The dyeing was carried out using 100% of the plant, so mL of the extracts corre-
sponding to 1 g of plant per 1 g of sample was added to the dye bath by calculating the
ratio and proportion method. The Flotte was prepared as 1/100 at 30 ◦C and it was brought
to boiling temperature in 20 min, then the previously mordanted and dried sample was
placed in the dye bath. Dyeing was performed by boiling at 100 ◦C for 60 min. The samples
were kept in the dye bath for 24 h, washed 3 times, and dried [26].

Effect of dye temperature and dye concentration on exhaustion are given in Figure 1:
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Figure 1. Effect of dye temperature and dye concentration on exhaustion. 
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Figure 1. Effect of dye temperature and dye concentration on exhaustion.

Color Measurement: Color measurements of the dyed samples were performed with
a Datacolor Spectra Flash 600 plus reflectance spectrophotometer using a Datamaster
computer program according to the CIE L*a*b system. Color measurements were made
using a D65 light source with a 10◦ observer [56]. Equation (1) was used to calculate color
values according to the CIELab system [57].

∆E* = [(∆L*)2 + (∆a*)2 + (∆b*)2]1/2 (1)

In the above formula, L* is lightness–darkness, a* is redness–greenness, and b* is
yellowness–blueness values.

K/S Values: The color of the dyed samples was evaluated with color strength (K/S)
calculated using the Kubelka–Munk equation (Equation (2)). R is the reflectance value of
the fiber at the wavelength at maximum absorption, K is the absorption coefficient, and S is
the scattering coefficient [34].

K/S = (1 − R)2/2R (2)

Fastnesses: The washing fastnesses of the test samples was carried out in a washing
fastness test machine (Gyrowash Washer Tester) according to ISO 105-C06 [58] standard
and the evaluation was carried out with reflectance spectrophotometer according to ISO
A05 [59] standard. Light fastnesses were applied in a light fastness tester (Solarbox 1500E)
according to TS 1008 EN ISO 105-B02 standard [60] and the total color difference (∆E*)
between the untested sample and the test samples was evaluated in a spectrophotometer.
MAUT Method solution stages: In this study, MAUT (Multi-Attribute Utility Theory),
defined as “Multi-Attribute Utility Theory”, is used in multi-criteria decision-making
methods that focus on ranking and selecting from a set of alternatives.

The main purpose of the MAUT method is that in every decision problem, there is a
real-valued utility function U defined over the set of feasible alternatives, and the decision
maker chooses the largest feasible one [61]. The steps given below are followed when
applying the MAUT method:

Step 1: The set of alternatives subject to the decision problem (an) and the attributes/criteria
(xm) that will help in selecting the alternatives should be determined.
Step 2: Weight values (wi) are assigned or calculated, which ensures that the criteria
are evaluated correctly, and priorities are set. The sum of all wi values must equal to 1,
see Equation (3).

∑m
i=1 wi = 1 (3)

Step 3: Data values for the criteria are entered or their values are calculated. In this calcu-
lation, while quantitative values obtained from experimental results are for quantitative
criteria, assigning specified values is carried out for qualitative criteria (xm).
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Step 4: The calculated values are placed in the decision matrix, and the normalization
process is started. In the normalization process, the best and worst values for each criterion
are first determined; the best value is assigned a value of 1, the worst value is assigned
a value of 0, and the following Equation (4) is used to calculate the other values within
this range:

ui(xi)
x− x−i

x+i − x−i
(4)

The terms used in this equation are shown below.

x+i : Best value for criteria
x−i : Worst value for criteria
X: Current benefit value in the calculated row

Step 5: Immediately after the normalization process, utility values are determined. The
utility function Equation (5) is as follows [62]:

U(x) = ∑m
i=1 ui(xi) ∗ wi (5)

U(x): Utility value of the alternative
ui(xi): Normalized utility values for each criterion and each alternative
wi: Weight values

3. Result and Discussion

Codes for dye plant and mordant concentration are given in Table 2:

Table 2. Codes for dye plant and mordant concentration.

Code Mordant Amount Plant

A-1 %3 Crocus Sativus
A-2 %5 Crocus Sativus
A-3 %10 Crocus Sativus
A-4 %15 Crocus Sativus
A-5 %20 Crocus Sativus

B-1 %3 Helichrysum arenarium
B-2 %5 Helichrysum arenarium
B-3 %10 Helichrysum arenarium
B-4 %15 Helichrysum arenarium
B-5 %20 Helichrysum arenarium

C-1 %3 Glycyrrhiza glabra L.
C-2 %5 Glycyrrhiza glabra L.
C-3 %10 Glycyrrhiza glabra L.
C-4 %15 Glycyrrhiza glabra L.
C-5 %20 Glycyrrhiza glabra L.

The codes used for the information of total color differences (∆E*), K/S values, washing
(color change and staining), and light fastness of the samples dyed with crocus sativus,
Helichrysum arenarium and Glycyrrhiza glabra L. extracts evaluated by spectrophotometer
are given below.

∆E: Color Difference Compared to Dyeing without Mordant
∆E Y: Washing Fastness (Color Change)
∆E 1: Washing Fastness (Staining) Wool
∆E 2: Washing Fastness (Staining) Polyacrylonitrile
∆E 3: Washing Fastness (Staining) Polyester
∆E 4: Washing Fastness (Staining) Polyamide
∆E 5: Washing Fastness (Staining) Cotton
∆E 6: Washing Fastness (Staining) Acetate
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∆E I: Light Fastness
K/S: Color Yield (Kubelka–Munk) (Absorption coefficients/Scattering coefficients)
L, a, b, C, and h values obtained by dyeing Alanya silk with crocus sativus, Helichrysum

arenarium, and Glycyrrhiza glabra L. plants using Quercus aegilops L. mordant are given
altogether in Table 3.

Table 3. CıeLab Values of Dyeings.

Code Mordant Substance L a b C h ∆E Color

Crocu
Sativus Without Mordant 85.07 −1.04 18.63 18.66 93.21 -
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B-4 %15- Quercus aegilops L. 67.09 4.06 23.01 23.36 79.99 2.489
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Glycyrrhiza
glabra L. Without Mordant 73.69 4.03 22.00 22.36 79.61 -
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C-1 %3- Quercus aegilops L. 67.93 5.08 24.12 24.65 78.11 6.226
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C-2 %5- Quercus aegilops L. 74.11 3.74 22.80 23.11 80.63 0.954
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C-3 %10- Quercus aegilops L. 71.78 3.95 22.24 22.59 79.93 1.925
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Within the framework of the data obtained in Table 3, it was determined that the color
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The ∆E differences and color yield results obtained after washing and light fastnesses
by dyeing Alanya silk with crocus sativus, Helichrysum arenarium, and Glycyrrhiza glabra L.
plants using Quercus aegilops L. mordant are given altogether in Table 4.

Table 4. Color difference and color yield experimental results.

Code ∆E ∆E Y ∆E 1 ∆E 2 ∆E 3 ∆E 4 ∆E 5 ∆E 6 ∆E I K/S

A-1 4.064 6.064 1.352 0.815 0.159 0.643 5.554 4.047 7.929 1.11
A-2 3.573 6.821 2.184 0.765 0.11 0.599 5.435 3.246 6.403 1.13
A-3 12.592 10.651 1.022 0.861 0.387 0.535 6.27 3.056 7.915 2.11
A-4 13.644 8.729 0.797 0.934 0.422 0.617 5.691 2.476 7.488 2.26
A-5 17.733 11.423 1.637 1.233 0.368 0.958 4.606 3.005 8.586 2.75
B-1 1.728 7.407 1.79 0.639 0.271 0.679 0.431 4.016 5.764 6.22
B-2 3.395 4.914 1.746 0.356 0.846 0.67 0.379 4.998 5.632 5.1
B-3 2.125 10.615 1.325 0.39 0.856 0.628 1.526 3.261 6.039 7.3
B-4 2.489 3.884 2.171 0.682 1.101 0.981 1.097 4.089 6.211 6.85
B-5 3.451 6.452 2.225 0.583 0.978 0.978 1.313 3.943 5.429 7.76
C-1 6.226 7.202 1.6 0.513 0.669 2.053 1.688 3.235 7.009 7.14
C-2 0.954 5.674 1.146 0.363 0.71 0.892 1.669 3.46 5.856 4.9
C-3 1.925 3.762 0.846 0.322 0.942 0.98 1.774 3.186 6.573 4.64
C-4 5.218 4.327 1.023 0.372 0.612 0.803 1.527 3.282 5.189 5.31
C-5 8.86 5.41 1.246 0.319 0.731 1.009 1.392 3.942 9.36 6.6

The data given in Table 5 show the decrease and increase in ∆E differences depending
on the change in the amount of mordant.

Table 5. Effect of mordant amount on ∆E differences.

CODE ∆E Y ∆E 1 ∆E 2 ∆E 3 ∆E 4 ∆E 5 ∆E 6 ∆E I K/S

A-1
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While the biggest color difference compared to mordant-free dyeing was obtained 
from dyeing with the crocus sativus plant, it was determined that the colors made with 
Helichrysum arenarium were the closest to mordant-free dyeing. The sample with the high-
est color change after washing was obtained from dyeing with the highest concentration 
of the crocus sativus plant and Quercus aegilops L. mordant. The lowest color difference 
after washing is generally seen in the dyeings made with Glycyrrhiza glabra L. There was 
no significant difference between the mordants in terms of staining on Acetate, Cotton, 
Polyamide, Polyester, Polyacrylonitrile, and Wool, and staining was realized at rates too 
low to be visible to the eye. When we look at the color difference values obtained as a 
result of light fastness, the highest color differences were obtained from the dyes made 
with the crocus sativus plant, and the lowest color differences were obtained from the 
dyes made with the Helichrysum arenarium plant. When we examined the dyeings in terms 
of color yield, it was concluded that there was no significant difference between the 
dyeings made with Helichrysum arenarium and Glycyrrhiza glabra L., but the color yields of 
the dyeings made with crocus sativus were low. 

According to the data obtained in Tables 6 and 7, it was determined that the dyes 
made with crocus sativus and Glycyrrhiza glabra L. were darker than the dyeing without 
mordant. In general, it was determined that the red and yellow color nuances increased 
at low rates in the dyeings. In addition, it was determined that all dyeings were more 
vivid than the dyeing without mordant. 
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mordant. In general, it was determined that the red and yellow color nuances increased 
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According to the data obtained in Tables 6 and 7, it was determined that the dyes 
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mordant. In general, it was determined that the red and yellow color nuances increased 
at low rates in the dyeings. In addition, it was determined that all dyeings were more 
vivid than the dyeing without mordant. 
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While the biggest color difference compared to mordant-free dyeing was obtained 
from dyeing with the crocus sativus plant, it was determined that the colors made with 
Helichrysum arenarium were the closest to mordant-free dyeing. The sample with the high-
est color change after washing was obtained from dyeing with the highest concentration 
of the crocus sativus plant and Quercus aegilops L. mordant. The lowest color difference 
after washing is generally seen in the dyeings made with Glycyrrhiza glabra L. There was 
no significant difference between the mordants in terms of staining on Acetate, Cotton, 
Polyamide, Polyester, Polyacrylonitrile, and Wool, and staining was realized at rates too 
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of color yield, it was concluded that there was no significant difference between the 
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the dyeings made with crocus sativus were low. 

According to the data obtained in Tables 6 and 7, it was determined that the dyes 
made with crocus sativus and Glycyrrhiza glabra L. were darker than the dyeing without 
mordant. In general, it was determined that the red and yellow color nuances increased 
at low rates in the dyeings. In addition, it was determined that all dyeings were more 
vivid than the dyeing without mordant. 
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According to the data obtained in Tables 6 and 7, it was determined that the dyes 
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mordant. In general, it was determined that the red and yellow color nuances increased 
at low rates in the dyeings. In addition, it was determined that all dyeings were more 
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Helichrysum arenarium were the closest to mordant-free dyeing. The sample with the high-
est color change after washing was obtained from dyeing with the highest concentration 
of the crocus sativus plant and Quercus aegilops L. mordant. The lowest color difference 
after washing is generally seen in the dyeings made with Glycyrrhiza glabra L. There was 
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dyes made with the Helichrysum arenarium plant. When we examined the dyeings in terms 
of color yield, it was concluded that there was no significant difference between the 
dyeings made with Helichrysum arenarium and Glycyrrhiza glabra L., but the color yields of 
the dyeings made with crocus sativus were low. 

According to the data obtained in Tables 6 and 7, it was determined that the dyes 
made with crocus sativus and Glycyrrhiza glabra L. were darker than the dyeing without 
mordant. In general, it was determined that the red and yellow color nuances increased 
at low rates in the dyeings. In addition, it was determined that all dyeings were more 
vivid than the dyeing without mordant. 
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While the biggest color difference compared to mordant-free dyeing was obtained 
from dyeing with the crocus sativus plant, it was determined that the colors made with 
Helichrysum arenarium were the closest to mordant-free dyeing. The sample with the high-
est color change after washing was obtained from dyeing with the highest concentration 
of the crocus sativus plant and Quercus aegilops L. mordant. The lowest color difference 
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the dyeings made with crocus sativus were low. 

According to the data obtained in Tables 6 and 7, it was determined that the dyes 
made with crocus sativus and Glycyrrhiza glabra L. were darker than the dyeing without 
mordant. In general, it was determined that the red and yellow color nuances increased 
at low rates in the dyeings. In addition, it was determined that all dyeings were more 
vivid than the dyeing without mordant. 
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Polyamide, Polyester, Polyacrylonitrile, and Wool, and staining was realized at rates too 
low to be visible to the eye. When we look at the color difference values obtained as a 
result of light fastness, the highest color differences were obtained from the dyes made 
with the crocus sativus plant, and the lowest color differences were obtained from the 
dyes made with the Helichrysum arenarium plant. When we examined the dyeings in terms 
of color yield, it was concluded that there was no significant difference between the 
dyeings made with Helichrysum arenarium and Glycyrrhiza glabra L., but the color yields of 
the dyeings made with crocus sativus were low. 
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made with crocus sativus and Glycyrrhiza glabra L. were darker than the dyeing without 
mordant. In general, it was determined that the red and yellow color nuances increased 
at low rates in the dyeings. In addition, it was determined that all dyeings were more 
vivid than the dyeing without mordant. 

  

Sustainability 2023, 15, x FOR PEER REVIEW 7 of 14 
 

C-1 6.226 7.202 1.6 0.513 0.669 2.053 1.688 3.235 7.009 7.14 
C-2 0.954 5.674 1.146 0.363 0.71 0.892 1.669 3.46 5.856 4.9 
C-3 1.925 3.762 0.846 0.322 0.942 0.98 1.774 3.186 6.573 4.64 
C-4 5.218 4.327 1.023 0.372 0.612 0.803 1.527 3.282 5.189 5.31 
C-5 8.86 5.41 1.246 0.319 0.731 1.009 1.392 3.942 9.36 6.6 

The data given in Table 5 show the decrease and increase in ΔE differences depend-
ing on the change in the amount of mordant. 

Table 5. Effect of mordant amount on ΔE differences. 

CODE ΔE Y ΔE 1 ΔE 2 ΔE 3 ΔE 4 ΔE 5 ΔE 6 ΔE I K/S 
A-1 

         

A-2 
A-3 
A-4 
A-5 
B-1 

         

B-2 
B-3 
B-4 
B-5 
C-1 

         

C-2 
C-3 
C-4 
C-5 

While the biggest color difference compared to mordant-free dyeing was obtained 
from dyeing with the crocus sativus plant, it was determined that the colors made with 
Helichrysum arenarium were the closest to mordant-free dyeing. The sample with the high-
est color change after washing was obtained from dyeing with the highest concentration 
of the crocus sativus plant and Quercus aegilops L. mordant. The lowest color difference 
after washing is generally seen in the dyeings made with Glycyrrhiza glabra L. There was 
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low to be visible to the eye. When we look at the color difference values obtained as a 
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the dyeings made with crocus sativus were low. 

According to the data obtained in Tables 6 and 7, it was determined that the dyes 
made with crocus sativus and Glycyrrhiza glabra L. were darker than the dyeing without 
mordant. In general, it was determined that the red and yellow color nuances increased 
at low rates in the dyeings. In addition, it was determined that all dyeings were more 
vivid than the dyeing without mordant. 
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While the biggest color difference compared to mordant-free dyeing was obtained 
from dyeing with the crocus sativus plant, it was determined that the colors made with 
Helichrysum arenarium were the closest to mordant-free dyeing. The sample with the high-
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According to the data obtained in Tables 6 and 7, it was determined that the dyes 
made with crocus sativus and Glycyrrhiza glabra L. were darker than the dyeing without 
mordant. In general, it was determined that the red and yellow color nuances increased 
at low rates in the dyeings. In addition, it was determined that all dyeings were more 
vivid than the dyeing without mordant. 
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While the biggest color difference compared to mordant-free dyeing was obtained 
from dyeing with the crocus sativus plant, it was determined that the colors made with 
Helichrysum arenarium were the closest to mordant-free dyeing. The sample with the high-
est color change after washing was obtained from dyeing with the highest concentration 
of the crocus sativus plant and Quercus aegilops L. mordant. The lowest color difference 
after washing is generally seen in the dyeings made with Glycyrrhiza glabra L. There was 
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of color yield, it was concluded that there was no significant difference between the 
dyeings made with Helichrysum arenarium and Glycyrrhiza glabra L., but the color yields of 
the dyeings made with crocus sativus were low. 

According to the data obtained in Tables 6 and 7, it was determined that the dyes 
made with crocus sativus and Glycyrrhiza glabra L. were darker than the dyeing without 
mordant. In general, it was determined that the red and yellow color nuances increased 
at low rates in the dyeings. In addition, it was determined that all dyeings were more 
vivid than the dyeing without mordant. 
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from dyeing with the crocus sativus plant, it was determined that the colors made with 
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According to the data obtained in Tables 6 and 7, it was determined that the dyes 
made with crocus sativus and Glycyrrhiza glabra L. were darker than the dyeing without 
mordant. In general, it was determined that the red and yellow color nuances increased 
at low rates in the dyeings. In addition, it was determined that all dyeings were more 
vivid than the dyeing without mordant. 
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at low rates in the dyeings. In addition, it was determined that all dyeings were more 
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mordant. In general, it was determined that the red and yellow color nuances increased 
at low rates in the dyeings. In addition, it was determined that all dyeings were more 
vivid than the dyeing without mordant. 

  

Sustainability 2023, 15, x FOR PEER REVIEW 7 of 14 
 

C-1 6.226 7.202 1.6 0.513 0.669 2.053 1.688 3.235 7.009 7.14 
C-2 0.954 5.674 1.146 0.363 0.71 0.892 1.669 3.46 5.856 4.9 
C-3 1.925 3.762 0.846 0.322 0.942 0.98 1.774 3.186 6.573 4.64 
C-4 5.218 4.327 1.023 0.372 0.612 0.803 1.527 3.282 5.189 5.31 
C-5 8.86 5.41 1.246 0.319 0.731 1.009 1.392 3.942 9.36 6.6 

The data given in Table 5 show the decrease and increase in ΔE differences depend-
ing on the change in the amount of mordant. 

Table 5. Effect of mordant amount on ΔE differences. 

CODE ΔE Y ΔE 1 ΔE 2 ΔE 3 ΔE 4 ΔE 5 ΔE 6 ΔE I K/S 
A-1 

         

A-2 
A-3 
A-4 
A-5 
B-1 

         

B-2 
B-3 
B-4 
B-5 
C-1 

         

C-2 
C-3 
C-4 
C-5 

While the biggest color difference compared to mordant-free dyeing was obtained 
from dyeing with the crocus sativus plant, it was determined that the colors made with 
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after washing is generally seen in the dyeings made with Glycyrrhiza glabra L. There was 
no significant difference between the mordants in terms of staining on Acetate, Cotton, 
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dyes made with the Helichrysum arenarium plant. When we examined the dyeings in terms 
of color yield, it was concluded that there was no significant difference between the 
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According to the data obtained in Tables 6 and 7, it was determined that the dyes 
made with crocus sativus and Glycyrrhiza glabra L. were darker than the dyeing without 
mordant. In general, it was determined that the red and yellow color nuances increased 
at low rates in the dyeings. In addition, it was determined that all dyeings were more 
vivid than the dyeing without mordant. 
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While the biggest color difference compared to mordant-free dyeing was obtained 
from dyeing with the crocus sativus plant, it was determined that the colors made with 
Helichrysum arenarium were the closest to mordant-free dyeing. The sample with the high-
est color change after washing was obtained from dyeing with the highest concentration 
of the crocus sativus plant and Quercus aegilops L. mordant. The lowest color difference 
after washing is generally seen in the dyeings made with Glycyrrhiza glabra L. There was 
no significant difference between the mordants in terms of staining on Acetate, Cotton, 
Polyamide, Polyester, Polyacrylonitrile, and Wool, and staining was realized at rates too 
low to be visible to the eye. When we look at the color difference values obtained as a 
result of light fastness, the highest color differences were obtained from the dyes made 
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of color yield, it was concluded that there was no significant difference between the 
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the dyeings made with crocus sativus were low. 

According to the data obtained in Tables 6 and 7, it was determined that the dyes 
made with crocus sativus and Glycyrrhiza glabra L. were darker than the dyeing without 
mordant. In general, it was determined that the red and yellow color nuances increased 
at low rates in the dyeings. In addition, it was determined that all dyeings were more 
vivid than the dyeing without mordant. 
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While the biggest color difference compared to mordant-free dyeing was obtained 
from dyeing with the crocus sativus plant, it was determined that the colors made with 
Helichrysum arenarium were the closest to mordant-free dyeing. The sample with the high-
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According to the data obtained in Tables 6 and 7, it was determined that the dyes 
made with crocus sativus and Glycyrrhiza glabra L. were darker than the dyeing without 
mordant. In general, it was determined that the red and yellow color nuances increased 
at low rates in the dyeings. In addition, it was determined that all dyeings were more 
vivid than the dyeing without mordant. 
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While the biggest color difference compared to mordant-free dyeing was obtained 
from dyeing with the crocus sativus plant, it was determined that the colors made with 
Helichrysum arenarium were the closest to mordant-free dyeing. The sample with the high-
est color change after washing was obtained from dyeing with the highest concentration 
of the crocus sativus plant and Quercus aegilops L. mordant. The lowest color difference 
after washing is generally seen in the dyeings made with Glycyrrhiza glabra L. There was 
no significant difference between the mordants in terms of staining on Acetate, Cotton, 
Polyamide, Polyester, Polyacrylonitrile, and Wool, and staining was realized at rates too 
low to be visible to the eye. When we look at the color difference values obtained as a 
result of light fastness, the highest color differences were obtained from the dyes made 
with the crocus sativus plant, and the lowest color differences were obtained from the 
dyes made with the Helichrysum arenarium plant. When we examined the dyeings in terms 
of color yield, it was concluded that there was no significant difference between the 
dyeings made with Helichrysum arenarium and Glycyrrhiza glabra L., but the color yields of 
the dyeings made with crocus sativus were low. 

According to the data obtained in Tables 6 and 7, it was determined that the dyes 
made with crocus sativus and Glycyrrhiza glabra L. were darker than the dyeing without 
mordant. In general, it was determined that the red and yellow color nuances increased 
at low rates in the dyeings. In addition, it was determined that all dyeings were more 
vivid than the dyeing without mordant. 
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While the biggest color difference compared to mordant-free dyeing was obtained 
from dyeing with the crocus sativus plant, it was determined that the colors made with 
Helichrysum arenarium were the closest to mordant-free dyeing. The sample with the high-
est color change after washing was obtained from dyeing with the highest concentration 
of the crocus sativus plant and Quercus aegilops L. mordant. The lowest color difference 
after washing is generally seen in the dyeings made with Glycyrrhiza glabra L. There was 
no significant difference between the mordants in terms of staining on Acetate, Cotton, 
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of color yield, it was concluded that there was no significant difference between the 
dyeings made with Helichrysum arenarium and Glycyrrhiza glabra L., but the color yields of 
the dyeings made with crocus sativus were low. 

According to the data obtained in Tables 6 and 7, it was determined that the dyes 
made with crocus sativus and Glycyrrhiza glabra L. were darker than the dyeing without 
mordant. In general, it was determined that the red and yellow color nuances increased 
at low rates in the dyeings. In addition, it was determined that all dyeings were more 
vivid than the dyeing without mordant. 
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While the biggest color difference compared to mordant-free dyeing was obtained 
from dyeing with the crocus sativus plant, it was determined that the colors made with 
Helichrysum arenarium were the closest to mordant-free dyeing. The sample with the high-
est color change after washing was obtained from dyeing with the highest concentration 
of the crocus sativus plant and Quercus aegilops L. mordant. The lowest color difference 
after washing is generally seen in the dyeings made with Glycyrrhiza glabra L. There was 
no significant difference between the mordants in terms of staining on Acetate, Cotton, 
Polyamide, Polyester, Polyacrylonitrile, and Wool, and staining was realized at rates too 
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result of light fastness, the highest color differences were obtained from the dyes made 
with the crocus sativus plant, and the lowest color differences were obtained from the 
dyes made with the Helichrysum arenarium plant. When we examined the dyeings in terms 
of color yield, it was concluded that there was no significant difference between the 
dyeings made with Helichrysum arenarium and Glycyrrhiza glabra L., but the color yields of 
the dyeings made with crocus sativus were low. 

According to the data obtained in Tables 6 and 7, it was determined that the dyes 
made with crocus sativus and Glycyrrhiza glabra L. were darker than the dyeing without 
mordant. In general, it was determined that the red and yellow color nuances increased 
at low rates in the dyeings. In addition, it was determined that all dyeings were more 
vivid than the dyeing without mordant. 
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While the biggest color difference compared to mordant-free dyeing was obtained
from dyeing with the crocus sativus plant, it was determined that the colors made with
Helichrysum arenarium were the closest to mordant-free dyeing. The sample with the highest
color change after washing was obtained from dyeing with the highest concentration of
the crocus sativus plant and Quercus aegilops L. mordant. The lowest color difference
after washing is generally seen in the dyeings made with Glycyrrhiza glabra L. There was
no significant difference between the mordants in terms of staining on Acetate, Cotton,
Polyamide, Polyester, Polyacrylonitrile, and Wool, and staining was realized at rates too
low to be visible to the eye. When we look at the color difference values obtained as a result
of light fastness, the highest color differences were obtained from the dyes made with the
crocus sativus plant, and the lowest color differences were obtained from the dyes made
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with the Helichrysum arenarium plant. When we examined the dyeings in terms of color
yield, it was concluded that there was no significant difference between the dyeings made
with Helichrysum arenarium and Glycyrrhiza glabra L., but the color yields of the dyeings
made with crocus sativus were low.

According to the data obtained in Tables 6 and 7, it was determined that the dyes
made with crocus sativus and Glycyrrhiza glabra L. were darker than the dyeing without
mordant. In general, it was determined that the red and yellow color nuances increased at
low rates in the dyeings. In addition, it was determined that all dyeings were more vivid
than the dyeing without mordant.

Table 6. Spectrophotometric color measurement values of the samples.

Mordant ∆L ∆a ∆b ∆C ∆H ∆E

A-1 −2.453 2.083 2.483 2.479 −2.087 4.064
A-2 −2.289 1.985 1.894 1.886 −1.992 3.573
A-3 10.259 3.705 6.293 6.405 −3.507 12.592
A-4 −12.576 4.225 3.187 3.388 −4.065 13.644
A-5 14.703 4.870 8.637 8.874 −4.421 17.733
B-1 0.860 0.085 1.496 1.492 0.142 1.728
B-2 3.344 −0.344 0.478 0.423 0.409 3.395
B-3 −1.707 0.834 0.952 1.080 0.660 2.125
B-4 0.394 0.826 2.314 2.418 −0.434 2.489
B-5 −3.326 0.854 0.343 0.486 −0.782 3.451
C-1 −5.760 1.044 2.120 2.282 −0.614 6.226
C-2 0.421 −0.290 0.805 0.744 0.424 0.954
C-3 −1.907 −0.083 0.243 0.225 0.124 1.925
C-4 −5.158 0.208 0.761 0.786 −0.066 5.218
C-5 −8.602 1.087 1.823 2.000 −0.709 8.860

Table 7. Color measurement variation of samples.

Mordant ∆L* ∆a* ∆b* ∆C*

A-1 darker redder yellower more vivid
A-2 darker redder yellower more vivid
A-3 lighter redder yellower more vivid
A-4 darker redder yellower more vivid
A-5 lighter redder yellower more vivid
B-1 lighter redder yellower more vivid
B-2 lighter greener yellower more vivid
B-3 darker redder yellower more vivid
B-4 lighter redder yellower more vivid
B-5 darker redder yellower more vivid
C-1 darker redder yellower more vivid
C-2 lighter greener yellower more vivid
C-3 darker greener yellower more vivid
C-4 darker redder yellower more vivid
C-5 darker redder yellower more vivid

Application of the MAUT Method in the Light of the Data Obtained

Step 1: First of all, the alternatives (an) subject to the decision problem and the
attributes/criteria (xm) that will help in selecting the alternatives were determined. In this
study, the criteria were determined by using standard tests (light and washing fastness test
results and color yield (K/S)) and the alternatives were dyeing recipes using five different
concentrations (3%, 5%, 10%, 15%, 15%, and 20%) of Quercus aegilops L. mordant with
crocus sativus, Helichrysum arenarium, and Glycyrrhiza glabra L. plants, which also grow in
Alanya region.
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Thus, while rows were created for a total of 15 different alternatives with three
dyestuffs × 5 mordant concentrations, the matrix for the recipe was designed using nine
different criteria columns and the matrix was constructed for the start and solution.

Step 2: The values of the criteria are calculated. In this calculation, quantitative values
obtained from the experimental results and read from the device are used for quantitative
criteria, and their values are written in the cell places corresponding to the rows and
columns in the matrix (xm). The data set of the best and worst values of the criteria is
determined under the criteria and written as rows. The values are given in Table 8 below.

Table 8. Using experimental results as data input.

Min Min Min Min Min Min Min Min Max

Code Mord. ∆E Y ∆E 1 ∆E 2 ∆E 3 ∆E 4 ∆E 5 ∆E 6 ∆E I K/S

C
ro

cu
s

Sa
tiv

us

A-1 3% 6.064 1.352 0.815 0.159 0.643 5554 4.047 7.929 1.11
A-2 5% 6.821 2.184 0.765 0.11 0.599 5.435 3.246 6.403 1.13
A-3 10% 10.651 1.022 0.861 0.387 0.535 6.27 3.056 7.915 2.11
A-4 15% 8.729 0.797 0.934 0.422 0.617 5.691 2.476 7.488 2.26
A-5 20% 11.423 1.637 1.233 0.368 0.958 4.606 3.005 8.586 2.75

H
el

ic
hr

ys
um

ar
en

ar
iu

m

B-1 3% 7.407 1.79 0.639 0.271 0.679 0.431 4.016 5.764 6.22
B-2 5% 4.914 1.746 0.356 0.846 0.67 0.379 4.998 5.632 5.1
B-3 10% 10.615 1.325 0.39 0.856 0.628 1.526 3.261 6.039 7.3
B-4 15% 3.884 2.171 0.682 1.101 0.981 1.097 4.089 6.211 6.85
B-5 20% 6.452 2.225 0.583 0.978 0.978 1.313 3.943 5.429 7.76

G
ly

cy
rr

hi
za

gl
ab

ra
L.

C-1 3% 7.202 1.6 0.513 0.669 2.053 1.688 3.235 7.009 7.14
C-2 5% 5.674 1.146 0.363 0.71 0.892 1.669 3.46 5.856 4.9
C-3 10% 3.762 0.846 0.322 0.942 0.98 1.774 3.186 6.573 4.64
C-4 15% 4.327 1.023 0.372 0.612 0.803 1.527 3.282 5.189 5.31
C-5 20% 5.41 1.246 0.319 0.731 1.009 1.392 3.942 9.36 6.6

x− 11.423 2.225 1.233 1.101 2.053 6.27 4.998 9.36 1.11
x− 3.762 0.797 0.319 0.11 0.535 0.379 2.476 5.189 7.76

Step 3: The calculated values are placed in the decision matrix and the normalization
process is started. In the normalization process, the best and worst values for each criterion
are first determined, the best value is assigned a value of one, the worst value is assigned a
value of zero, and Table 9 below is created to calculate the other values within this range:

Table 9. Table of normalized values.

ui(xi) ∆E Y ∆E 1 ∆E 2 ∆E 3 ∆E 4 ∆E 5 ∆E 6 ∆E I K/S

A-1 0.700 0.611 0.457 0.951 0.929 0.122 0.377 0.343 0.000
A-2 0.601 0.029 0.512 1.000 0.958 0.142 0.695 0.709 0.003
A-3 0.101 0.842 0.407 0.720 1.000 0.000 0.770 0.346 0.150
A-4 0.352 1.000 0.327 0.685 0.946 0.098 1.000 0.449 0.173
A-5 0.000 0.412 0.000 0.740 0.721 0.282 0.790 0.186 0.247

B-1 0.524 0.305 0.650 0.838 0.905 0.991 0.389 0.862 0.768
B-2 0.850 0.335 0.960 0.257 0.911 1.000 0.000 0.894 0.600
B-3 0.105 0.630 0.922 0.247 0.939 0.805 0.689 0.796 0.931
B-4 0.984 0.038 0.603 0.000 0.706 0.878 0.360 0.755 0.863
B-5 0.649 0.000 0.711 0.124 0.708 0.841 0.418 0.942 1.000

C-1 0.551 0.438 0.788 0.436 0.000 0.778 0.699 0.564 0.907
C-2 0.750 0.756 0.952 0.395 0.765 0.781 0.610 0.840 0.570
C-3 1.000 0.966 0.997 0.160 0.707 0.763 0.718 0.668 0.531
C-4 0.926 0.842 0.942 0.493 0.823 0.805 0.680 1.000 0.632
C-5 0.785 0.686 1.000 0.373 0.688 0.828 0.419 0.000 0.826
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Step 4: Weight values (wi) are assigned, which ensure that the criteria are evaluated
correctly and priorities are set. The sum of all wi values must equal to one. At this stage, by
accepting the weights of the criteria as equal (1/9 = 0.111), the operations were performed
on the values given in Table 10.

Table 10. Equal weighting of criteria.

Weight ∆E Y ∆E 1 ∆E 2 ∆E 3 ∆E 4 ∆E 5 ∆E 6 ∆E I K/S

wi 0.1111 0.1111 0.1111 0.1111 0.1111 0.1111 0.1111 0.1111 0.1111 =1

At this stage, the MAUT method will be ranked by giving equal values to the criterion
weights wi. The weighted normalization values of the data are given in Table 11.

Table 11. Normalization values weighted according to equal weight.

Wi= 0.1111 0.1111 0.1111 0.1111 0.1111 0.1111 0.1111 0.1111 0.1111

wi*ui(xi) ∆E Y ∆E 1 ∆E 2 ∆E 3 ∆E 4 ∆E 5 ∆E 6 ∆E I K/S

A-1 0.078 0.068 0.051 0.106 0.103 0.014 0.042 0.038 0.000
A-2 0.067 0.003 0.057 0.111 0.106 0.016 0.077 0.079 0.000
A-3 0.011 0.094 0.045 0.080 0.111 0.000 0.086 0.038 0.017
A-4 0.039 0.111 0.036 0.076 0.105 0.011 0.111 0.050 0.019
A-5 0.000 0.046 0.000 0.082 0.080 0.031 0.088 0.021 0.027

B-1 0.058 0.034 0.072 0.093 0.101 0.110 0.043 0.096 0.085
B-2 0.094 0.037 0.107 0.029 0.101 0.111 0.000 0.099 0.067
B-3 0.012 0.070 0.102 0.027 0.104 0.089 0.077 0.088 0.103
B-4 0.109 0.004 0.067 0.000 0.078 0.098 0.040 0.084 0.096
B-5 0.072 0.000 0.079 0.014 0.079 0.093 0.046 0.105 0.111

C-1 0.061 0.049 0.088 0.048 0.000 0.086 0.078 0.063 0.101
C-2 0.083 0.084 0.106 0.044 0.085 0.087 0.068 0.093 0.063
C-3 0.111 0.107 0.111 0.018 0.079 0.085 0.080 0.074 0.059
C-4 0.103 0.094 0.105 0.055 0.091 0.089 0.076 0.111 0.070
C-5 0.087 0.076 0.111 0.041 0.076 0.092 0.047 0.000 0.092

According to the results of the calculations made up to this stage, the decision stage is
reached. If the weights are taken equal (1/9 = 0.11), our recommendation for the best dyeing
recipe is C-4 dyeing with Glycyrrhiza glabra L. at 15% Quercus aegilops L. concentration. It is
seen that the top 3 best dyeings with Glycyrrhiza glabra L. are in this group. The results are
given in Figure 2 below.
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Figure 2. Determining the best dyeing.

4. Conclusions

MCDM methods are taking their place in research with a new method every day.
Controversial solutions are presented as to which method is reliable, which method is
suitable for use, which method to choose, or which experiment is reproducible.

In this study, Alanya silk fabric was mordanted in five different concentrations (3%,
5%, 10%, 15%, and 20%) with Quercus aegilops L., which is a natural mordant, and dyed
separately with crocus sativus, Helichrysum arenarium, and Glycyrrhiza glabra L. plants.
According to the results of the MAUT method applied to the fastness results obtained
from the dyes, the plant that gave the best three results was Glycyrrhiza glabra L. It was
observed that the dyeings with the crocus sativus plant had the five worst dyes in terms of
fastness properties.

According to the results of the obtained method, the recommended dyeing recipe
in terms of fastness and color yield in the dyeing with the crocus sativus, Helichrysum
arenarium, and Glycyrrhiza glabra L., where color tones close to each other are obtained, is
given in Table 12.

Table 12. Recommended Coloring Recipe.

Coloring Recipe

Mordanting

Mordant Type Quercus aegilops L.
Mordant (%) 15

Temperature (◦C) 100
Duration (min) 60

Waiting 24 h

Dyeing

Dye Type Glycyrrhiza glabra L.
Dye Plant (%) 100

Temperature (◦C) 100
Duration (min) 60

Color Light Brown
Waiting 24 h
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Abstract: The present research work was conducted on developing sustainable production of mul-
berry filament silk fabric dyed with different extracted dye solutions based on extraction ratios of 1:4,
1:6, 1:8, and 1:10 from neem (Azadirachta indica) leaves. The research work focused on evaluating the
antimicrobial and mosquito repellent properties of dyed silk fabric. In the experiment, the samples
were dyed using the exhaust method at different dye bath concentrations i.e., 15 g/L, 20 g/L, and
25 g/L in the presence and absence of mordant at 80 ◦C maintaining 1:60 dyeing liquor ratio. The
absorbance of the extracted dye solutions was determined with a UV/VIS spectrophotometer, which
detected the highest absorbance of 7.73 at the peak 490 nm of λmax of 1:4 extracted dye solution.
Fourier transform infrared (FTIR) spectroscopy was used to investigate the chemical structure of
dyed fabrics; however, no chemical changes or bond formation occurred; instead, dye particles were
deposited on the fabric layer, indicating the presence of bioactive components. Allergy test was also
performed to confirm allergic reactions of neem extract on human skin. The antimicrobial activity
of extracted dye solutions and dyed samples was estimated against Gram-positive (Staphylococcus
aureus) and Gram-negative (Escherichia coli) bacteria using the agar diffusion method and mosquito
repellency of fabrics were examined by the cage method. The results emphasized that dyed fabric
with the highest concentrated dye solution, 1:4 extraction, and highest dye bath concentration, 25 g/L
along with mango bark mordant solution, possesses the highest antimicrobial activity in terms of
an inhibition zone of 0.67 mm against Gram-negative bacteria and 0.53 mm against Gram-positive
bacteria obtained after incubation, and the highest mosquito repellent of 75% due to the absorption
of active bio constituents. The experimental results also determined that the dyed fabric with 1:4
extracted dye solution exhibited good antimicrobial (inhibition zone, 0.65 mm against E. coli and
0.52 mm against S. aureus) and mosquito repellent property (66.67%). The experimental study also
revealed that Potassium dichromate mordant reduced the antimicrobial (inhibition zone, 0.05 mm
against E. coli and no inhibition against S. aureus) and mosquito repellent action (33.33%). In con-
clusion, the data revealed that the increase in the extraction ratio of dye solution and dye bath
concentration has no impact on the silk fibroin; it only impacts what is deposited on the fabric layer
that improves its antimicrobial and mosquito repellency. The current research showed that neem
leaves were found to have a beneficial effect in controlling microorganisms and mosquitoes through
a sustainable approach.

Keywords: silk filament; neem extraction; spectrophotometer; FTIR; antimicrobial; mosquito
repellency; sustainable

1. Introduction

Silk is a fibrous fibroin polymer that reveals a breathtaking selection of fabric from
antiquity to the early twenty-first century [1]. Traditionally, silk has been used from royal
wardrobes to silk bedding with different brand-new commercial and industrial applications.
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One modern application of silk is suture materials and medical dressing incorporated into
the manufacture of holograms and drug delivery systems [2–4]. Silk is hypoallergenic,
and thus a suitable choice of fabric for those with asthma, allergies, or sensitive skin, and
making it effective in medical textiles. Silk can help people ease their sensitivities, as it
naturally wards off some of the world’s most common allergens, such as dust, mites, and
mold. Silk is a naturally biodegradable and recyclable material [5]. Synthetic materials
cannot be broken down by bacteria alone over time. Consequently, clothing made out
of synthetic materials is generally not recyclable or biodegradable [6]. Instead of several
commercial species of silkworm larvae, Bombyx mori is widely used for silk farming. Today,
silk production is being maintained according to both traditional and newer methods [7].
A total of 192,692.45 metric tonnes of silk were produced worldwide in 2016, representing
an increase of 1.26 times over 2012. Silk production in China and India accounted for
97.94 percent of all silk production worldwide in 2016. The value of silk exports in 2016
was USD 2149 Million, which represents a reduction of 31.49 percent from 2012. Among
the top silk exporters are China (53.9%), Italy (13.4%), India (4.2%), Romania (4.2%), and
France (3.7%), which together total 79.2% of the world’s silk exports [8]. Neem, Azadirachta
indica, is regarded as a promising tree species [9], considered a safe medicinal plant that has
been used traditionally for centuries [10,11]. Throughout the world, especially in the Indian
subcontinent, the neem tree is referred to as a village pharmacy because it cures diseases
and is a rich source of antioxidants [12]. Neem displays various medicinal properties such
as antioxidant, anti-inflammatory, anticancer, antiviral, antibacterial, antifungal, antiulcer,
hepatoprotective, antipyretic, wound healing activities, etc. [13–15].

Today, with the increase in awareness of the importance of sustainability, the demand
for naturally sourced fibers and dyes in the textile sector has been receiving great attention
due to biodegradability and health protection properties, such as microbial and insect
resistance [16–18]. Silk fiber has a great appeal in clothing for its comfort, hand feel,
durability, and aesthetic look, dyed either with synthetic or natural dyes. Silk fiber itself
is microbial and insect resistant by nature, while adding natural dyes will enhance the
applicability in the medical textile industry. In addition, the neem plant has medicinal
value in the Indian subcontinent and tropical countries as a source of therapeutic agents.
Previous studies using the neem plant showed that it contains active substances [19] with
multiple medicinal properties. Additionally, it has antibacterial properties [20,21] and
might be used for controlling airborne bacterial contamination in residential premises.
In recent years, dyeing of textile materials with natural dyes is gaining popularity as
synthetic dyes are persistent, bio-accumulative, and non-biodegradable. Various studies
have been performed in the field of natural dyeing on textiles materials [22–24]. A study on
enzymatic natural dyeing of cotton and silk fabrics without metal mordants was performed
by Padma S. Vankar, et. al. (2007) [25]. A great deal of research has been performed to
incorporate the medicinal properties of neem extract as natural dye on textile materials
especially cotton and cotton blended fabric. A recent work was found on antimicrobial
activity of silk fabric treated with natural dye extract from neem leaves by Abd El Aty et. al.
(2018) [26]. They used aqueous neem extract as a natural dye to develop antimicrobial
properties of silk fabric. They found that the highest neem dye bath concentration (240 g/L)
exhibited good inhibitory effects among different dye bath concentrations (40, 80, 120,
160, 200, and 240 g/L), while using one extracted dye solution from neem leaves. The
neem-dyed silk fabrics offered an excellent antibacterial activity against Gram-positive
bacteria and Gram-negative bacteria but no inhibitory activities against yeast and fungi
were detected. The limitation of the research was that there was no evidence of the influence
of mordant and the efficacy of antimicrobial properties after several wash cycles. Another
limitation was that they did not show other medicinal properties of neem leaves, especially
anti-insect properties, which might show the mosquito repellency of dyed fabric. In view
of the fact that neem leaves contain azadiradirachtin, which is effective against in-house
flies and is responsible for providing mosquito-repellent properties to neem-dyed fabric,
the present study will demonstrate both antibacterial and mosquito-repellency properties
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using mulberry filament silk fabric dyed with the extracted dye solutions from neem leaves.
This study will also show the influence of synthetic and natural mordant on antimicrobial
and mosquito-repellent properties.

Therefore, in tropical countries, disease from mosquitoes is one of the greatest prob-
lems faced by humans every day. Mosquitoes cause more human suffering than any other
organism. In general, mosquitoes are more active around dawn and dusk, although they
may also seek hosts during the day. It is possible to avoid being bitten using attractants
to attract mosquitoes to other areas, using a repellent, and avoiding actions that may de-
crease the effectiveness of the repellent. One of the active principle ingredients of natural
insecticide is liminoid, such as nimocinolide and isonimocinolide, that is contained in the
leaves of the neem plants and is responsible for the bitter test of neem leaves [27]. The neem
plant also contains azadiradirachtin, which is effective against in-house flies and when a
mosquito consumes this active compound, it destroys its reproductive system. It has been
established that neem oil and its leaves extract at an appropriate amount have a repellency
power against mosquitoes [28]. Many researchers researched adding a mosquito-repellent
finish to textiles, especially to cotton fabric using chemical repellents and natural extraction
such as mint, basil, neem plant, etc. [29–32]. Dhara Shukla, et.al made an experimental work
on effective formulation of mosquito repellent from plant sources [33]. A. Gupta and Dr. A
Singh did research on the development of mosquito repellent finished cotton fabric using
eco-friendly mint and achieved moderate repellency on textile materials [34]. However,
there is no research that considered silk fabric for imparting mosquito repellent property.

This study of antimicrobial and mosquito repellency properties of dyed silk fabric
with different extracted dye solutions from neem leaves is unique from other researches as
no study considered mulberry filament silk fiber as a dyeing material with neem extracted
solutions of different absorbance using synthetic and natural mordant as well as evaluating
dyed samples’ properties in terms of mosquito repellency and microbial resistance in
a single study. A few studies demonstrated natural dyes that are used for textiles, in
particular cotton and cotton blended fabric, to evaluate the antimicrobial activity, and
found good inhibitory results with coating technology, with a synthetic antibiotic, resin or
cross linker involved in achieving antimicrobial properties [35,36]. Furthermore, protein-
based fiber silk has better absorbance and wettability [37] than cellulosic fibers and has
better dyeing and functional properties [38]. This is the reason, the current study is using
mulberry filament silk fabric as textile materials and neem leaves extract as a natural dye to
demonstrate the antimicrobial and mosquito repellent properties of the dyed fabrics. A new
line of protective medical equipment and dressing materials for wound healing has been
opened in the medical sector through this experimental work. Sustainable dyed silk fabric
with neem extracts will be a reliable substitute for antimicrobial and mosquito-repellent
textile products.

2. Experimental Procedure
2.1. Materials
2.1.1. Fabric

A well-degummed pure mulberry filament silk (7 filament ply per yarn) fabric
(Figure 1) was used in the experiment. Degumming of silk involves the subsequent removal
of sericin attached to the cleavage of peptide bonds of silk fibroin either by hydrolytic or
enzymatic methods [39]. Silk fabric was sourced from Shopura Silk Mill Ltd., Rajshahi,
Bangladesh. The ends per inch (EPI), Picks per inch (PPI), Grams per square meter (GSM),
and pH of silk fabric was 110, 85, 37, and 7.6, respectively. The CIE whiteness and tint (D65
illuminator, 10 degree observer) of degummed fabric were 42.53% and −2.04.

2.1.2. Dye and Mordant

Neem (Azadirachta indica) leaves were used as a natural dye source for aqueous
extraction that was collected from Dhaka, Bangladesh. Synthetic mordant, Potassium
dihromate (Brand: MERCK, CAS No. 7778-50-9, Origin: India) was purchased from the
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local market in Dhaka of Bangladesh and the chemical content of K2Cr2O7 (Assay) was 99%
and others were chloride, sulfate, and sodium. A natural mordant, Mango bark solution,
was extracted from the bark of the mango (Mangifera indica) plant. A pictorial view of the
leaves of neem plant, bark of mango plant and Potassium dichromate is represented in
Figure 2.
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2.2. Methods

Experimental works used aqueous dye extraction from the leaves of the neem plant
and exhaust dyeing of mulberry filament silk fabric to develop properties of antimicrobial
and mosquito repellent. To examine the properties of silk fabrics, different characteri-
zation methods were performed. A schematic diagram of experimental work is shown
in Figure 3. Different characterizing devices were used for experimental procedures. A
Lambda 365 UV/Vis spectrophotometer (Brand: Perkin Elmer, Model: 365K7062102, Soft-
ware version: UV Express-Version 4.1.1 origin: Germany) was used for measuring the
absorbance of extracted solutions. A lab IR smart dyeing machine (Brand: Rapid, Ori-
gin: Turkey), digital precision balance (Brand: Kern, Model: EW-220-3NM, Capacity:
0.001—220 gm, Origin: Germany), and digital pH meter (Brand: Mettler Toledo 30019029,
Model S220 seven compact, Origin: Switzerland,) were used for dyeing experiment. A
spectrophotometer (Brand: Data Color, Model: Data color 850, Software: DCI 2:1:1, Origin:
Switzerland) was used for analyzing the color strength of dyed samples. Additionally used
different color fastness devices such as Crockmaster (Brand: James H. Heal, Origin: United
Kingdom), Wascator, or Electrolux (Brand: James H. Heal, Model: 290, Origin: United
Kingdom), Perspirometer (Brand: James H. Heal, Origin: United Kingdom), and Xenon
Test Chamber (Brand: Q-SUN, Model B02, Origin: USA). Fourier Transform Infrared (FTIR)
Spectroscopy (Brand: Perkin Elmer, Model: Spectrum 2, Origin: Germany) was used to
identify bioactive materials.
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2.2.1. Extraction

The aqueous extraction method was employed for extracting coloring matter from
the leaves of the neem plant. To begin with, neem leaves were collected, then washed,
cleaned, and dried in sunlight for 24 h to remove moisture from the leaves, and then
weighed. Again, the mango bark of the mango plant was collected, cleaned, dehydrated for
10 days in proper sunlight, and powdered. The extracted dye solutions were prepared with
different material liquor ratios of 1:4, 1:6, 1:8, and 1:10 whereas dried materials were 30 g
each. To facilitate extractions, an electric burner was used to maintain 100 ◦C temperature
by covering the lid for 100 min and simmering for 8 h to cool the extraction and filter the dye
solutions. Similarly, mango bark mordant solution was also prepared by aqueous extraction
maintaining a 1:30 liquor ratio of 30 g of powdered material (Figure 4). Calculated the pH
of the extracted solutions to facilitate the dyeing process as shown in Figure 5. The pH
meter was calibrated with pH 4, pH 7, and pH 10 buffer solutions before measuring pH.
Every 8-h shift, the pH meter was calibrated in the laboratory. For acidic pH 4, a phosphate
buffer was used and for alkaline pH, a 10 ammonium buffer solution was used. For pH 7,
a sodium phosphate dibasic dihydrate buffer solution was used. Due to differences in
pH and liquor ratios, the color of the extracted solutions varied from dark brown to light
brown, represented in Figure 6.
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2.2.2. Dyeing

Samples of silk fabric were dyed with the extractions individually and also in the
presence of mordant (5% owf) through a simultaneous mordanting process in the CHT
laboratory in Bangladesh. Samples were dyed using different dye bath concentrations such
as 15 g/L, 20 g/L, and 25 g/L with a 1:60 dyeing ratio [40,41] for 60 min at 80 ◦C for each
extraction of 1:4, 1:6, 1:8, and 1:10. The samples and dye bath were prepared and loaded
into the dyeing machine at 37 ◦C with a gradient of 2 ◦C per minute. After dyeing, samples
were rinsed with cold water and squeezed and dewatered. Then samples were dried for
1 min at 100 ◦C and ironed. A Figure S1 of pictorial view of different dyed samples is given
in the supplementary materials.

2.2.3. Sample Labeling

Sample labels were defined according to material composition, type of mordant, dye
extraction ratio, and bath concentration during dyeing.

S K/M ExBy

where S stands for silk fiber, K/M stands for the type of mordant (K stands for Potassium
dichromate and M stands for extracted Mango bark solution), Ex stands for the dye
extraction ratio from neem leaves (E1 for 1:4 extraction, E2 for 1:6 extraction, E3 for 1:8
extraction and E4 for 1:10 extraction), and By stands for bath concentration of dyeing (B1
for 25 g/L dye bath, B2 for 20 g/L dye bath and B3 for 15 g/L dye bath). Examples of a
few sample labels for understanding: SE1B1 stands for silk fabric dyed with 1:4 extraction
of 25 g/L dye bath concentration, SKE1B1 stands for silk fabric dyed with Potassium
dichromate mordant and 1:4 extracted dye solution with 25 g/L dye bath concentration.
SME1B1 stands for silk fabric dyed with Mango bark mordant solution and 1:4 extracted
dye solution with 25 g/L dye bath concentration. A Table S1 of sample’s identification with
sample description is given in supplementary materials.

2.3. Characterization
2.3.1. Ultraviolet-Visible (UV-Vis) Spectrophotometry

Extracted solutions were characterized by assessing absorbance through Lambda
365 UV/VIS spectrophotometer that works on Beer-lambert law (qualitative analysis) [42]
whereas absorbance was measured against wavelength of the 200 nm to 800 nm which
determine maximum absorbance or optical strength at a particular wavelength of extracted
solutions. Additionally, the antimicrobial activity of extracted solutions was assessed
following by AATCC TM 147 standard. The antimicrobial was examined against Gram-
positive (Staphylococcus aureus) and Gram-negative bacteria (Escherichia coli) in terms of
bacteria inhibition zone in millimeter (qualitative analysis).
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2.3.2. True-Close Tolerance Spectrophotometer

The K/S value was assessed through Datacolor 850 spectrophotometer by CMC color
space and tolerance system to determine color strength of different dyed samples, which
works on the Kubelka-Munk formula [43] that shown in Equation (1):

K
S

=
(1 − R)2

2R
(1)

2.3.3. Colorfastness

Different color fastness (C/F) test methods: C/F to rubbing (ISO 105-X12), C/F to
wash (ISO 105 C06), C/F to water (ISO 105 E01), C/F to perspiration (ISO 105 E04), and
C/F to light (ISO 105 B02) were done to assess fastness properties of dyed samples. Dyed
samples of SE1B1, SE2B1, SE3B1, SE4B1, SKE1B1, and SME1B1 were examined to determine
colorfastness results.

2.3.4. Antimicrobial Analysis

The antimicrobial property was assessed by AATCC TM 147 standard [44]. Degummed
silk fabric, silk samples dyed with the extracted dye solutions (SE1B1, SE1B2, SE2B1, SE2B2,
SE3B1, SE3B2, SE4B1, and SE4B2), silk samples dyed with Potassium dichromate and
extracted solution from mango bark individually with 1:4 extracted dye solution (SKE1B1,
SKE1B2, SME1B1 and SME1B2) were considered to examine of antimicrobial property. The
antimicrobial analysis was examined against Gram-positive (Staphylococcus aureus) and
Gram-negative (Escherichia coli) bacteria that expressed in terms of the diameter of zone of
inhibition in millimeter.

2.3.5. Mosquito Repellency Analysis

The modified cage method according to the WHO standard [45] was considered to exam-
ine mosquito repellency property and many researchers followed the modified cage method
for obtaining accurate results [46–48]. A cage with dimensions of 30 cm × 30 cm × 30 cm
(WHO cage standard) was constructed from paper board and plastic materials, as shown
in Figure 7. The cage was constructed of paper board, and its top was covered with trans-
parent plastic film. Similarly, a 3 cm square opening was made for mosquitoes and samples
to enter the cage. To begin with, we used samples that were 4 cm × 3 cm in size, but the
results were not satisfactory. Consider a larger sample size (10 × 5 cm) for testing. The
samples were placed in various locations in the cage in order to observe the mosquitoes’
sitting behavior and the cage was shaken two times each at a three-minute interval and
three trials were conducted for each test. Samples SE1B1, SE1B2, SE2B1, SE2B2, SE3B1,
SE3B2, SE4B1, SE4B2, SKE1B1, SKE1B2, SME1B1, and SME1B2 were considered to examine
mosquito repellent properties. Untreated degummed silk fabric was used as a control
for evaluating the mosquito repellency percentage of treated samples. The percentage of
mosquito repellency was calculated using Equation (2):

MR% =
U − T

U
× 100 (2)

where U corresponds to the number of mosquitoes on untreated samples or control samples
and T represents the number of mosquitoes on treated samples. This is the regularly used
formula as stated by different researchers in their research [49].

2.3.6. Allergy Test

An allergy test was made to assess the allergic reaction of the dyed sample. To assess
the allergic reaction of the dyed sample, we considered three age groups. For assessing
itching or rashes, we tested on a small area of the selected person’s skin by wrapping the
dyed sample (SE1B1) and then waited for 8 h to observe. If they have a rash, blistering, and
swelling in the area or any redness on the skin, then it is considered to be an allergic reaction.
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2.3.7. Fourier Transform Infrared Spectroscopy (FT-IR)

FT-IR Spectroscopy was used to identify the characteristic structure of untreated and
dyed silk fabric. Dyed Samples of SE1B1 SE2B1, SE3B1, SE4B1, SKE1B1, and SME1B1 were
tested to observe chemical changes during dyeing with the extracted solutions of neem
leaves. The Scanning area was in the range of 4000–400 cm−1 and data were plotted into
the spectrum.

3. Results and Discussions
3.1. Absorbance of Extracted Solutions

Absorbance of extracted solutions were measured against wavelength of 200–700 nm
to determined maximum absorbance at a particular wavelength. After analyzing results,
highest absorbance of the extracted solutions was found at 300 nm, 370 nm, 430 nm, 490 nm,
510 nm, and 620 nm of the spectrum (Table 1). In the absorbance spectrum, E1 dye solution
detected the highest absorbance, 7.73 at the peak of λmax of 490 nm. E2 detected the
highest absorbance of 6.21 at the peak of λmax of 430 nm, E3 detected highest absorbance
peak of 5.05 at the λmax of 370 nm and E4 detected highest absorbance peak of 5.21 at
the λmax of 300 nm represented in Figure 8. Recent research by Abd El Aty et. al. (2018)
showed three peaks for absorbance of 3.765, 3.402, and 3.569 at 320 nm, 370 nm, whereas
1:10 material liquor extraction form neem leaves was considered [26]. Optical wavelengths
for the green hue in the spectrum range from 300 nm to 520 nm, while optical wavelengths
for the green-yellow hue are from 380 to 510 nm. Based on the results of the test, it was
determined that E1 extracted solution had the highest absorbance value at 490 nm in
comparison to other extracted dye solutions, and that is why dye solution appears green-
yellow color when viewed in that region of the spectrum. The maximum absorbance value
of E1 extracted solution suggests that this solution would have the highest concentration
of dye among the other extracted solutions [50]. In addition, it had less aqueous content
during the extraction process. The absorbance spectrum of the extracted mango bark
mordant solution, E5 detected three peaks of λmax: the first peak at λmax, 430 nm of
absorbance 6.22; the second peak at λmax, 500 nm of absorbance 7.95; the third peak at
λmax, 540 nm of absorbance 6.84 displayed in Table 2.

Table 1. The absorbance of extracted solutions.

Extraction
Wavelength λmax (nm)

300 nm 370 nm 430 nm 490 nm 510 nm 620 nm

E1 5.49 5.61 6.44 7.73 6.78 2.96
E2 5.37 5.29 6.21 5.51 4.97 2.01
E3 4.89 5.05 4.89 3.23 2.66 1.97
E4 5.21 4.86 3.19 2.48 1.58 1.06
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Table 2. The absorbance of mango bark mordant solution.

Extraction Wavelength, λmax (nm) Absorbance

E5
430 6.22
500 7.95
540 6.84

3.2. Color Strength

The color strength of an object is related to the reflectance value. The darker shade of
samples has a high reflectance value and high K/S value. Test results revealed that the color
strength value of dyed samples mordanted with Potassium dichromate, SKE1B1 exhibited
the highest color strength value of 13.8. The dyed sample (SE1B1) with 1:4 extracted
dye solution showed the highest color strength value of 13.2 among other dyed samples
with other extractions. Test results (Table 3) also revealed that the color strength value
decreased in the case of dyed samples mordanted with mango bark mordant solution. In
tests, samples dyed with most concentrated dye bath with different extracted solutions
and mordant exhibited deeper shades and increased K/S values. Thus, in the case of
natural dyes, shade development could be improved if concentrated dye baths are used. A
Table S2 of color co-ordinate value of dyed samples by spectrophotometer is given in the
supplementary materials.

Table 3. Color strength value (K/S) of dyed samples.

Sample K/S Sample K/S Sample K/S

SE1B1 13.2 SKE1B1 13.8 SME1B1 11.7
SE1B2 12.4 SKE1B2 12.7 SME1B2 10.6
SE1B3 11.8 SKE1B3 11.6 SME1B3 9.6
SE2B1 12.1 SKE2B1 12.4 SME2B1 10.5
SE2B2 11.7 SKE2B2 11.3 SME2B2 9.7
SE2B3 11.22 SKE2B3 11.1 SME2B3 9.2
SE3B1 11.8 SKE3B1 12.2 SME3B1 8.4
SE3B2 11.41 SKE3B2 11.4 SME3B2 8.2
SE3B3 9.7 SKE3B3 10.1 SME3B3 8.1
SE4B1 11.14 SKE4B1 10.2 SME4B1 8.6
SE4B2 11.12 SKE4B2 9.87 SME4B2 8.1
SE4B3 10.2 SKE4B3 9.85 SME4B3 7.4
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3.3. Colorfastness

All color fastness tests were done in terms of color change and color staining except
rubbing fastness and light fastness. The color change under dry rubbing was excellent for
all dyed samples compared to wet rubbing. Wet rubbing ratings were only 3 for dyed silk
with Potassium dichromate mordant (Table 4). Interestingly, all dyed samples had better
water fastness ratings of 4 to 4/5 (Table 5) than Potassium dichromate mordanted sample
(SKE1B1) since the Potassium dichromate mordant enhanced the color of neem extractions
and produced darker and brighter shades. Additionally, dyed samples demonstrated very
good colorfastness to wash greyscale rating (4 to 4/5) displayed in Table 6. In the case
of colorfastness to perspiration, all dyed samples had better colorfastness to perspiration
in terms of color change (4 to 4/5). In terms of color staining, acid perspiration of dyed
samples had better results, as demonstrated in Table 7, than alkali perspiration. Compared
to the alkali perspiration (Table 8), all dyed samples had better greyscale ratings of 4 and
4/5 on the greyscale, whereas dyed sample SKE1B1 had poor alkali perspiration based on
color staining on the multifiber fabric-acetate, cotton, and polyester had 3/4 and all the
other samples had better ratings i.e., 4 and 4/5. The light fastness results of all dyed samples
was 4 out of 8 on the wool blue scale, except for dyed silk with Potassium dichromate
mordant (3/4 blue scale rating) showed in Table 9. Overall, dyed samples were more
colorfast to wash based on the comparison of all fastness test results.

Table 4. Greyscale rating of color fastness to rubbing.

Samples Dry Rubbing Wet Rubbing

SE1B1 4/5 4
SE2B1 4/5 4
SE3B1 4/5 4
SE4B1 4/5 4

SKE1B1 3/4 3
SME1B1 4/5 4

Table 5. Color change and color staining rating of color fastness to water.

Sample Color Change
Color Staining

Acetate Cotton Nylon Polyester Acrylic Wool

SE1B1 4 4 4 4 4 4 4
SE2B1 4 4 4 4 4 4 4
SE3B1 4/5 4/5 4/5 4 4/5 4 4
SE4B1 4 4 4 4/5 4 4 4

SKE1B1 3/4 3/4 3/4 3/4 3/4 3/4 3/4
SME1B1 4 4 4 4 4/5 4 4

Table 6. Color change and color staining rating of color fastness to wash.

Sample Color Change
Color Staining

Acetate Cotton Nylon Polyester Acrylic Wool

SE1B1 4/5 4/5 4 4.5 4/5 4 4/5
SE2B1 4 4 4 4 4.5 4 4
SE3B1 4 4 4 4.5 4 4 4
SE4B1 4 4 4 4 4 4 4

SKE1B1 3/4 3/4 4 3/4 3/4 4 4
SME1B1 4 4 4 4 4 4 4
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Table 7. Color change and color staining rating of color fastness to acid perspiration.

Sample Color Change
Color Staining

Acetate Cotton Nylon Polyester Acrylic Wool

SE1B1 4 4 4 4 4 4 4
SE2B1 4/5 4 4/5 4 4 4/5 4
SE3B1 4.5 4/5 4 4/5 4 4 4
SE4B1 4 4/5 4 4 4 4 4

SKE1B1 4 4 4 4 4/5 4 4
SME1B1 4 4 4 4 4/5 4 4

Table 8. Color change and color staining rating of color fastness to alkali perspiration.

Sample Color Change
Color Staining

Acetate Cotton Nylon Polyester Acrylic Wool

SE1B1 4 4 4.5 4 4 4 4
SE2B1 4 4 4 4 4 4 4
SE3B1 4/5 4 4.5 4 4/5 4 4
SE4B1 4/5 4/5 4 4 4/5 4 4

SKE1B1 4 3/4 3/4 4 3/4 4 4
SME1B1 4 4 4 4 4 4 4

Table 9. Blue Scale rating of color fastness to light.

Sample Color Change

SE1B1 4
SE2B1 4
SE3B1 4
SE4B1 4

SKE1B1 3/4
SME1B1 4

3.4. Antimicrobial Analysis

The dye solutions showed excellent antimicrobial activity, with inhibition zones rang-
ing from 14 to 20 mm for E. coli (Gram-negative bacteria) and 10 to 15 mm for S. aureus
(Gram-positive bacteria) on the petri plates (Figure 9). The antimicrobial activity of ex-
tracted solutions showed better results against E. coli compared to S. aureus which depended
on the activity of active substance (quercetin - a polyphenolic flavonoid) in dye extraction
against bacteria. The results demonstrate (Figure 10) that different extracted solutions ex-
hibited different inhibition zones against tested bacteria, depending on the optimization of
liquor extractions and dry matter concentration with the extraction medium. The extracted
solution, E1 (1:4) had the highest absorbance of 7.73 at 490 nm among other extracted
solutions and had the highest antimicrobial activity, i.e., 20 mm inhibition zone against
E. coli and 15 mm inhibition zone against S. aureus whereas the extracted solution, E2 had
18 mm inhibition zone against E. coli and 13 mm inhibition zone against S. aureus. Again,
E3 and E4 extracted dye solutions had 17 mm and 14 mm inhibition zone against E. coli and
12 mm and 10 mm inhibition zone against S. aureus respectively. A 16 mm inhibition zone
was observed against E. coli and a 15 mm inhibition zone was observed against S. aureus in
the mordant solution, E5. The test results revealed that extracts from neem leaves showed
better activity against Gram-negative bacteria. It could be said that the microbial activity
of extracted solution will be dependent on the presence of active bio components and the
concentration of extracted solution [51,52].
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Figure 10. Bar diagram of antimicrobial test in terms of inhibition diameter of extracted solutions
against bacteria of Escherichia coli and Staphylococcus aureus.

Antimicrobial analysis of dyed samples on petri plates after agar diffusion test deter-
mined that samples dyed with concentrated dye bath solution with the extracted solution
had better inhibition zone against Gram-negative bacteria (Figure 11) and Gram-positive
bacteria (Figure 12). Samples dyed with 25 g/L dye bath concentration using different
extracted solutions exhibited the diameter of zone of inhibition (ZOI) ranges 0.1 to 0.67 mm
against Gram-negative bacteria, E. coli and 0.1 to 0.53 mm against Gram-positive bacteria,
S. aureus. It expressed that a layer of neem extract was formed on dyed samples during
dyeing that might have present of phytoconstituents alkaloids, flavonoids, glycosides, and
saponins considered the antibiotic elements of plant extract [53]. According to test results
shown in Table 10, the SE1B1 sample exhibited better diameter of zone of inhibition against
bacteria (0.65 mm against E. coli and 0.52 mm against S. aureus). The SE2B1 sample exhibited
0.32 mm ZOI diameter against E. coli and 0.2 mm ZOI diameter against S. aureus. Again,
SE1B2 and SE2B2 showed antibacterial activity in terms of diameter of inhibition zone
against bacteria that was 0.3 mm and 0.1 mm, respectively against E. coli and 0.15 mm and
0.05 mm against S. aureus. Samples SE3B2 and SE4B2 had no antimicrobial activity against
E. coli and Staphylococcus aureus but samples, SE3B1, and SE4B1 had poor antimicrobial
activity (ZOI: 0.25 mm and 0.2 mm, respectively, against E. coli and 0.15 mm and 0.1 mm,
respectively, against S. aureus).
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dyed silk fabrics on petri plates against Gram-negative bacteria, Escherichia coli: (a) degummed silk 
fabric ; (b) silk fabric dyed with 1:4 extracted dye solution of 25 g/L dye bath concentration (SE1B1); 
(c) silk fabric dyed with 1:6 and 1:8 extracted dye solution of 25 g/L dye bath concentration, respec-
tively (SE2B1, SE3B1); (d) silk fabric dyed with 1:10 extracted dye solution of 25 g/L dye bath con-
centration (SE4B1) and silk fabric dyed with 1:4 dye extraction and Mango bark mordant solution 
of 25 g/L dye bath concentration (SME1B1) and (e) silk fabric dyed with 1:4 dye extraction and Po-
tassium dichromate of 25 g/L dye bath concentration (SKE1B1). 

Figure 11. Analysis of agar diffusion test in terms of zone of inhibition in mm of degummed and dyed
silk fabrics on petri plates against Gram-negative bacteria, Escherichia coli: (a) degummed silk fabric;
(b) silk fabric dyed with 1:4 extracted dye solution of 25 g/L dye bath concentration (SE1B1); (c) silk
fabric dyed with 1:6 and 1:8 extracted dye solution of 25 g/L dye bath concentration, respectively
(SE2B1, SE3B1); (d) silk fabric dyed with 1:10 extracted dye solution of 25 g/L dye bath concentration
(SE4B1) and silk fabric dyed with 1:4 dye extraction and Mango bark mordant solution of 25 g/L
dye bath concentration (SME1B1) and (e) silk fabric dyed with 1:4 dye extraction and Potassium
dichromate of 25 g/L dye bath concentration (SKE1B1).
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Table 11. Experimental results of mosquito repellent test by cage method. 

Sample U T 𝐌𝐑% =
𝐔 − 𝐓

𝐔
× 𝟏𝟎𝟎 

SE1B1 3 1 66.67 
SE1B2 5 2 60 
SE2B1 5 2 60 
SE2B2 5 3 40 
SE3B1 6 3 50 
SE3B2 5 3 40 

Figure 12. Analysis of agar diffusion test in terms of zone of inhibition in mm of degummed and
dyed silk fabrics on petri plates against Gram-positive bacteria, Staphylococcus aureus: (a) degummed
silk fabric; (b) silk fabric dyed with 1:4 extracted dye solution of 25 g/L dye bath concentration
(SE1B1); (c) silk fabric dyed with 1:6 and 1:8 extracted dye solution of 25 g/L dye bath concentration,
respectively (SE2B1, SE3B1); (d) silk fabric dyed with 1:10 extracted dye solution of 25 g/L dye bath
concentration (SE4B1) and silk fabric dyed with 1:4 dye extraction and Mango bark mordant solution
of 25 g/L dye bath concentration (SME1B1) and (e) silk fabric dyed with 1:4 dye extraction and
Potassium dichromate of 25 g/L dye bath concentration (SKE1B1).

Table 10. Diameter of inhibition zone against Escherichia coli and Staphylococcus aureus of dyed fabrics.

Sample Bacteria Strain (Escherichia coli) Diameter of
Inhibition Zone (ZOI) in mm

Bacteria Strain (Staphylococcus aureus)
Diameter of Inhibition Zone (ZOI) in mm

Degummed silk (undyed) nil nil
SE1B1 0.65 0.52
SE1B2 0.3 0.15
SE2B1 0.32 0.2
SE2B2 0.1 0.05
SE3B1 0.25 0.15
SE3B2 nil nil
SE4B1 0.2 0.1
SE4B2 nil nil

SKE1B1 0.05 nil
SKE1B2 nil nil
SME1B1 0.67 0.53
SME1B2 0.34 0.25
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In addition, samples dyed with synthetic mordant of Potassium dichromate SKE1B1
showed poor antimicrobial activity against E. coli but had no inhibitory zone against
S. aureus. The synthetic mordanted sample, SKE1B2, did not show any inhibition zone
against bacteria. It might be said synthetic mordant could destroy or reduce the antimi-
crobial action of natural extract during dyeing. A naturally mordanted sample, SME1B1,
showed highest inhibitory zone among all dyed samples. Samples, SME1B1 and SME1B2
showed 0.67 mm and 0.34 mm inhibition diameter against E coli and 0.53 mm and 0.25 mm
inhibition diameter against S. aureus. A natural mordant, Mango bark extracted solution
also may contain bioactive agents themselves and influence the antimicrobial action of
extracted dye solutions during dyeing [54,55].

3.5. Mosquito Repellency Analysis

This research study focused on repellency against in-house flies (mosquitoes) on dyed
silk samples with different concentrated neem (Azadirachta indica) extract along with mor-
dant. The experimental results determined that dyed samples of different extractions have
good mosquito repellent percentage ranges 40 to 66.67 % except SE4B2 sample (Table 11).
Sample SE1B1 dyed with E1 (1:4) extracted solution showed an excellent mosquito repel-
lency percentage that was 66.67%. Sample SE2B1 dyed with E2 (1:6) extracted solution
showed moderate mosquito repellency percentage that was 60% whereas SE3B1 showed
50% mosquito repellency. SE2B2, SE3B2, SE4B1, and SE4B2 samples were showed an
average mosquito repellent percentage that was 40%, 40%, 50%, and 25%, respectively.
SE1B1 was dyed with the highest concentrated dye solution that is why it gave better repel-
lency (66.67) compared to other samples dyed with E2, E3, and E4 extraction. Moreover,
Samples (SME1B1 and SME1B2) dyed with E1 extraction along with Mango bark mordant
solution showed the highest repellency (75% and 66.67%, respectively) as natural mordant
mango bark contains anti-insecticide compound itself and it increased the antimicrobial and
anti-insecticide propertied on dyed sample [56]. However, synthetic mordant Potassium
dichromate destroys the antibacterial and anti-insecticide properties on dyed samples. This
is the reason that SKE1B1 and SKE1B2 exhibited the lowest mosquito repellent properties.
It could be concluded that probably more concentrated dye solution contains more active
bio-compound i.e., Azadiradirachtin and provide better repellency power to mosquitoes
and this could be understood through the cage test results, such that as soon as tested
mosquitoes identify any discomfort and sense lethal a bioactive compound in dyed samples
they tried to fly and escape from the tested area, but when they failed to escape from the
cage they tried to sit on an untreated area or eventually died on treated samples due to
activity of bio-compound [19,57].

Table 11. Experimental results of mosquito repellent test by cage method.

Sample U T MR% = U − T
U × 100

SE1B1 3 1 66.67
SE1B2 5 2 60
SE2B1 5 2 60
SE2B2 5 3 40
SE3B1 6 3 50
SE3B2 5 3 40
SE4B1 4 2 50
SE4B2 4 3 25

SKE1B1 3 2 33.33
SKE1B2 4 3 25
SME1B1 4 1 75
SME1B2 3 1 66.67

3.6. Allergy Test Analysis

The experimental result determined that the sample dyed with neem (Azadirachta
indica) extract created no allergic reaction on human skin (Table 12). In the research, the
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sample was treated with plant extracts as a natural repellent agent that is why no allergic
reaction occurred.

Table 12. Experimental allergic test results of the dyed sample, SE1B1.

Age Group Number of Samples (Person) Allergic Reaction (Observation)

Teenager (13–19 years) 01 No symptom
Adulthood (18–35 years) 01 No symptom
Older adulthood (56-older) 01 No symptom

3.7. FT-IR Test Analysis

In the characteristic pick of silk fabric by FTIR analysis, it is illuminating that untreated
degummed silk was identified by four prominent characteristic peaks at 3279.74 cm−1 of
95.51 T% which proved the presence of a strong and broad spectrum of O-H stretching of
carboxylic acid usually centered on 3000 cm−1 [58], 1621.89 cm−1 (amide I [59]) of 89.60 T%
attributed strong C=C alkene stretching vibrations of the beta-sheet structure of unsaturated
ketone [60], 1513.89 cm−1 (Amide II [59]) of 89.17 T% proved N-H bending vibrations and
1228.02 cm−1 of 93.17 T% attributed medium C-N stretching vibrations represent to amide
III [61]. Again peaks at around 3343.12 cm−1 are assigned to N-H stretching vibrations
and 3071.9 cm−1 C-H aromatic stretching vibrations, 2924.4 cm−1 assigned to medium C-H
aliphatic asymmetry stretching alkane vibrations, 2871.85 cm−1 C-H aliphatic symmetry
stretching vibrations, 1166.4 attributed to strong C-O stretching tertiary alcohol, and peaks
at 500–650 cm−1 assigned to C-C stretching vibration [62]. The FTIR spectrum of the dyed
sample was nearly resembling with untreated degummed silk fiber with four prominent
peaks [63] demonstrated in Figure 13. It is clearly expressed that there are no chemical
changes or bond formations occurring on dyed silk fabric, only dye particles deposited on
the fabric layer. If neem extract creates bond or made any chemical changes it would give
the characteristic peak of the bond. That is the reason that dyed silk samples were quite
similar to untreated silk during FTIR analysis [64,65]. In addition, the experimental report
noted that major dye absorption occurred in the amide I and amide II bands and due to the
concentration a variety of dye extractions, the band shifted a little (1621.89 to 1622.69 cm−1

and 1512.72 to 1514.44 cm−1), which proved neem dye does not change the characteristics
peaks of mulberry filament silk fabric [64,66]. Therefore, bioactive compounds alkaloid
isolate has the N-H, C-H, C=C, C=O, C-N, C-O-C group and flavanone and flavonol [67]
focus on the heterocyclic ring carbon, and limonoids are highly oxygenated triterpenes as
tetranortriterpenoids grouped into glycones and glucosides [68]. Therefore, the presence of
the bioactive compounds in the layer dyed samples was proved by FTIR analysis.
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1:4 extracted dye solution (SE1B1); (c) silk fabric dyed with 1:6 extracted dye solution (SE2B1); (d) 
silk fabric dyed with 1:8 extracted dye solution (SE3B1); (e) silk fabric dyed with 1:10 extracted dye 
solution of 25 g/L dye bath concentration (SE4B1); (f) silk fabric dyed with 1:4 extracted dye solution 
and Potassium di-chromate (SKE1B1). (g) silk fabric dyed with 1:4 extracted dye solution and 
Mango bark mordant solution (SME1B1). 
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Figure 13. FT-IR spectrum of fabric: (a) degummed silk fabric (untreated); (b) silk fabric dyed with
1:4 extracted dye solution (SE1B1); (c) silk fabric dyed with 1:6 extracted dye solution (SE2B1); (d) silk
fabric dyed with 1:8 extracted dye solution (SE3B1); (e) silk fabric dyed with 1:10 extracted dye
solution of 25 g/L dye bath concentration (SE4B1); (f) silk fabric dyed with 1:4 extracted dye solution
and Potassium di-chromate (SKE1B1). (g) silk fabric dyed with 1:4 extracted dye solution and Mango
bark mordant solution (SME1B1).
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4. Conclusions

As demonstrated in this study, neem (Azadirachta indica) leaves extract can be used as
a potential source of natural dye for silk fabric. Antimicrobial activity and mosquito repel-
lency of dyed mulberry filament silk swatches with neem leaf extracts were investigated.
FTIR analysis showed that dyed samples with bioactive components and neem-treated silk
fabric did not cause an allergic reaction on human skin, as shown by an allergy test. The
experimental results revealed that extracted dye solutions exhibited significant antimicro-
bial and anti-mosquito activity. Additionally, the dyed samples demonstrated excellent
mosquito repellency activity, but moderate activity against bacterial contamination due to
the natural origin, and no binding agent was used. Sample, SE1B1 dyed in the presence of
concentrated 1:4 extracted dye solution with 7.73 absorbance at 490 nm without mordant
had a 0.65 mm zone of inhibition diameter against E. coli and 0.52 mm zone of inhibition
diameter against S. aureus and was calculated to have 66.67% mosquito repellency. The
sample dyed with natural mordant (SME1B1) exhibited the highest antimicrobial activity
(0.67 mm ZOI diameter against E. coli and 0.53 mm ZOI diameter against S. aureus) and
excellent mosquito repellent activity (75%) in comparison to dyed samples with extracted
dye solutions and synthetic mordant. It could be said that the natural mordant extract itself
contains bioactive agents that influence the antimicrobial activity and mosquito-repellent
property of the extracted dye solution during dyeing. In contrast, the synthetic mordant
somehow destroys or slows down the activity of the extracted dye solution. The inhibition
zones indicated that the neem-dyed silk fabrics offered antibacterial activity against E. coli
and S. aureus, and the cage test determined excellent mosquito-repellent properties. Further
study of this research would be the efficacy of those properties after several wash cycles.
Concisely, neem extracts could be an alternative to synthetic anti-mosquito and antibacterial
chemicals and could be commercialized in protective textiles.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/su142215071/s1, Figure S1: Pictorial view of different dyed samples;
(a) Degummed silk fabric; (b) Dyed silk fabric with extracted dye solutions from neem leaves; (c) Dyed
silk fabric with extracted dye solutions using Potassium dichromate mordant; (d) Dyed silk fabric
with extracted dye solutions using Mango bark mordant solution; Table S1: Sample’s identification
with sample description; Table S2: Color co-ordinates value of dyed samples.
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Abstract: The recent pandemic scenario has caused demand for green products that have medicinal
aspects, as well as greener approaches for global health. Natural dye from plants, particularly from
harmal seeds, is an excellent alternative to carcinogenic yellow synthetic dyes. The current study
has been conducted to isolate natural colorants from harmal seeds in methanolic medium through
Gamma-Assisted Extraction (GAE). The dyeing variables that are necessary for shade development
before and after mordanting were selected. It has been found that 6 kGy is the optimal absorbed
dose for extraction of colorant from 6 g of powder to isolate the colorant in the methanolic medium
through the Gamma-irradiated extraction mode (GAE). To get excellent results, 30 mL of methanolic
extract containing 6 g/100 mL of Glauber salt was sued for dyeing of irradiated wool at 45 ◦C for
65 min. For improving the color strength and acceptable rating of fastness, 9% of henna, 3% of acacia,
10% of turmeric, and 7% of pomegranate extracts as pre-bio-mordants as well as 7% of acacia, 3% of
pomegranate, 9% of henna, and 10% of turmeric extracts as post-mordants have given high results
compared to when chemical mordants have been used. It was concluded that Gamma-ray treatment
has excellent color strength in the dyeing of bio-mordanted wool using harmal seed extracts under
mild conditions, and has good fastness ratings after using chemical and bio-mordanting methods
as well.

Keywords: bio-mordants; chemical mordants; harmal seeds; sustainability; wool fabric

1. Introduction

The inclusion of advanced technologies in various fields, such as textiles, food, flavors,
pharmaceutical, wood, plastic, glass, etc., has urged researchers and traders to develop
methods that are not only sustainable in nature but also add value to the existence of
green products [1,2]. These advanced technologies, such as ultraviolet [3], ultrasonic [4]
microwave [5], Gamma, and plasma radiation [6], have provided a new horizon for traders,
researchers, and consumers on account of their cost, time, and effective nature.

Of these tools, Gamma irradiation is the most powerful tool, which is gaining widespread
utilization in textiles, isolation of natural products, medical textiles, anti-bacterial textiles,
pharmaceuticals, and food processing [7,8]. It also has great use in the functionalization
of fabrics and wastewater treatment, curing of fabrics bioremediation, and isolation of
functional biological components (colorant) from plants without harming their physiolog-
ical characteristics [9,10]. It also helps in tunning the surface of fabrics, which, in turn,
helps to improve the uptake ability and diffusion power so that the effluent load is mini-
mized [11–13]. Hence, due to the energy and labor-effective nature, the use of Gamma-ray
treatment isolation of natural dyes and the improvement of their dyeing behavior onto
natural fabric is on the rise [14]. Currently, the revival of natural dyes in different fields has
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been warmly welcomed due to their sustainable and soothing nature [15]. These colorants
are not only easily biodegradable but also have no effluent problem. On account of their
shades and structural compatibility, these dyes are now being considered as an alternative
to synthetic dyes in various applied fields, particularly in textiles, food, flavors, solar cells,
pharmaceuticals, cosmetics, etc. [16,17]. Due to their beneficial role in the environment,
the global community has been given awareness of their herbal and ayurvedic nature and
their possible use in every field [18]. However, plant-derived natural colorants, particularly
those with an ayurvedic nature, have been explored for coloring natural fabric since the
last decade [19]. Thus overall, the revival of such colorants has not only helped us to save
cultural heritage but also to make the globe fresher, cleaner, and healthier.

Of these plants, harmal seeds (Peganum harmala L.), as a source of natural colorants,
are of great value. Its seeds contain alkaloids, such as harmine, harmaline, harmalol,
and harmol [20–22]. Traditionally, its seeds have been used as a cure for evil eyes, skin
inflammation activities, and parasitic worms [23]. The seed extracts also exhibit antimicro-
bial, antiprotozoal, anti-insect, anticancer, and anti-lice action [24–26]. Its extract is also
considered an alternative to Turkey red dye (obtained from madders) and is used to dye
carpet and wool yarns, make tattoo stains and inks, and help with the bioremediation of
synthetic dyes [27].

To the author’s knowledge, there are no such extensive studies that have been done to
explore the dyeing behavior of harmal seeds, whereas our group is exploring the dyeing abil-
ity of harmal seeds for the first time, starting from extraction under the Gamma-ray-assisted
extraction mechanism (GAE), dyeing, and mordanting conditions. The utilization of plant-
based anchors (bio-mordants), such as henna, turmeric, acacia, and pomegranate [22], has
made the coloring of wool using harmal seed extracts more sustainable and therapeu-
tic [28,29]. Hence, given the excellent nature of harmal seeds and the promising role of
Gamma radiation in textiles, this research work has been designed not only to extract the
colorant from harmal seeds under the influence of Gamma irradiation but also to enhance
the color strength and fastness properties using chemical and bio-mordants.

2. Materials and Methods
2.1. Material Collection

Harmal seeds (Penganum harmala L.) have been purchased from the local herbal market
in Faisalabad. Seeds have been washed with water to remove the dirt and dried under shade.
The dried seeds were ground finely and sieved to get powder of homogeneous particle size.
Pakistan-made commercial chemicals such as methanol (CH3OH), hydrochloric acid (HCL),
sodium hydroxide (NaOH), Glauber’s salt (Na2SO4), and chemical mordants (salts of Al,
Fe etc.) were purchased. For bio-mordanting, powders of turmeric rhizomes, henna leaves,
acacia bark, and pomegranate rinds were purchased from the local superstore. The crude
source of bio-mordants was also sieved to get powder of equal particle size. Pre-treated
wool (GSM = 100 g/m2) was purchased from the Textile Market, Faisalabad, Pakistan.

2.2. Irradiation and Extraction Process

The absorbed dose of 2–10 kGy was given to wool fabric, and, for surface tunning,
Gamma-ray-assisted extraction (GAE) was performed using a Cs-137 Gamma irradiator
at N.I.A.B. (Nuclear Institute of Agriculture and Biology), Faisalabad, Pakistan. The
unirradiated powder (NRP) was used for the isolation of colorant by employing 4 g with
100 mL of methanolic medium (60%) at reflux for 60 min—keeping a solid-to-liquid ratio of
1:25. After refluxing, methanolic crude mixture was filtered and the filtrate was used to dye
untreated wool (NRW) at 75 ◦C for 65 min—keeping the fabric-to-dye-bath volume ratio of
1:25 (Khan et al., 2014; Adeel et al., 2017). This process was named control in Figure 1. In
another experiment, Gamma-ray-assisted extraction (GAE) was done by proving a Gamma
ray absorbed a dose of up to 10 kGy with an interval of 2 kGy, and, after extraction, the
crude mixtures were filtered and used to dye irradiated (RW) and unirradiated wool fabric
(NRW) at 750 ◦C for 65 min.
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Figure 1. Gamma-ray-assisted methanolic extraction of colorant from harmal seeds and its application
for wool dyeing.

2.3. Optimization of Mordanting Condition

After the optimization of the extraction condition at a particular absorbed dose (6 KGy),
it was necessary to find a particular volume obtained from a particular amount of powder,
and then vary the amount of powder for isolation. For this purpose, 2, 4, 6, 8, and 10 g
of powder were used to isolate the colorant using 100 mL of methanolic medium upon
refluxing for 60 min. In another set of experiments that utilized an optimal amount of
powder (6 g), 10–70 mL of methanolic extract for 1 g of fabric was employed to keep the
pH of the dye bath at 1–7. To select the optimum contact levels for the colorfast dyeing
process, the contact levels (time) and heating levels (temperature) as dyeing variables
from 25–85 min/◦C were employed. In another set of experiments, to achieve maximum
exhaustion, 1–10 g/100 mL of Glauber’s salt (GS) were employed in optimal conditions.

2.4. Shade Development Methods

For improvement in shade, 1–10% of the chemical mordants, such as the salt of Al,
Fe, Cu, Sn and Co, and tannic acid (TA), have been utilized before (pre-) and after (post-)
the dyeing process at 65 ◦C for 65 min, thereby keeping the mordant-to-fabric ratio of 1:25.
For making the dyeing process more soothing and sustainable, 1–10% of the extracts of
turmeric containing curcumin, henna containing Lawson, acacia bark containing quercetin,
and pomegranate rind containing tannin have been employed before and after dyeing at
65 ◦C for 65 min, thereby keeping the bio-mordant –to- fabric ratio of 1:25 [22]. For the
isolation of the colorants from plant-based mordants, curcumin from turmeric, Lawson
from henna, quercetin from acacia, and tannin from pomegranate have been extracted
using already documented methods from Adeel et al. (2021).

2.5. Evaluation of Characteristics of Dyed and Undyed Fabrics

For the investigation of the changes in color strength (K/S), all the fabrics dyed before
or after irradiation have been evaluated through the Kubelka–Munk equation, which was
computed in a Data color SF 600 (USA) equipped with a D 6510◦ observer. To evaluate the
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fastness, all the selected dyed, mordanted fabrics were exposed to ISO standards, such as
ISO 105 CO3 for laundering (washing), ISO 105 BO5 for light, 1SO 105 X12 for crocking,
and ISO 105 D01 for dry cleaning (DCF) at the Q.A. & Q.C. Lab. of Noor Fatima Fabrics,
Faisalabad, Pakistan.

3. Result and Discussion

Gamma-ray treatment has given profound results in the extraction of colorant from
harmal seeds in methanolic medium. The results shown in Figure 1 indicate that Gamma-
ray treatment has good color depth (K/S) at low-absorbed doses (6 kGy). Depending
upon the nature of the colorant (alkaloid), methanol medium has been found to be the best
solvent to isolate the colorant, followed by its application onto wool fabrics at 6 kGy. Below
the optimal absorbed dose, the extraction process is slow, whereas, above the optimal
absorbed dose, the other phytochemicals are also isolated, which, upon coloration of the
fabrics, influence the shade. Previously, it has been observed that methanol is the best
solvent to extract the colorant because it has more dissipation power than aqueous, alkaline,
or acidic medium [30]. The mass transfer process has occurred (solid–liquid interaction)
through Gamma irradiation via rupture of the cell wall where the colorant evolved into
the solvent [31]. Moreover, Gamma-ray treatment via producing free radicals modifies the
isolation of functional bioactive components through the low consumption of the solvent at
a reduced time. The other factor is the irradiation of wool fabrics, which shows that there is
some etching occurring onto fibers—which might enhance its substantivity [32]. Hence,
overall, the Gamma-ray-assisted extraction of colorant (GAE) in methanolic medium has
given good color strength on irradiated wool (RW) when an absorbed dose of 6 kGy
is employed.

After getting the extraction medium, the amount of powder needed is necessary to
find out because of the above selected amount (>6 g), whereas the other phytochemicals
are also more significantly involved in such a way that actual colorant has a low chance
of absorbing onto the fabric. The results given in Figure 2a show that methanolic extract
obtained from 6 g of harmal powder upon irradiation up to 6 kGy has an excellent yield on
irradiated wool fabric (RW). After getting the optimal powder amount (6 g), it was also
necessary to find out the volume of extract (30 mL) that was suitable for the coloration of
wool fabrics. It has been observed that 30 mL of irradiated methanolic extract (RE) obtained
from 6 g of powder (Figure 2b) has good color strength on irradiated wool (RW). A low
volume does not impart good color depth, whereas, above the optimal volume, the clusters
of molecules may get diffused into the modified wool fabric (RW) that remains on the
surface. During this washing, unfixed dye is stripped off, which in turn results in low
color strength. Hence, after reducing the amount of powder, the lowering of the extract
volume reveals that Gamma-ray treatment has proven its cost-effective nature. As the wool
contains a large number of polar groups, it has a greater ability to form a stable interaction
with colorant in an acidic medium. If the pH of the extract is lowered, the anion groups of
the fabric get protonated, wherein the fabrics have a significant chance of interacting with
the −OH of the colorant via ionic bonding, which will give a good color yield [33]; this is
because the wool keratin has amide linkages that are sensitive to the medium of the dye
bath. Moreover, towards alkalinity, the -COOH of wool keratin may face a weak interaction
with colorant -OH, thereby resulting in a low color strength. However, in an acidic medium,
the amino group of keratins gets protonated and amido linkages are easily available for
binding with the functional site [34,35]. Hence, the results displayed in Figure 2c reveal
that the dyeing of irradiated wool (RW) should be done using an irradiated methanolic
extract with a pH of 3 to get excellent results.
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Figure 2. Impact of powder amount (a), volume (b), and pH of the extract (c) on the isolation of
colorant from harmal seeds in a methanolic medium.

The other factors are contact variables, which play a great role in the dyeing of wool
with plant-based colorants. Gamma-ray treatment has reduced not only the heating level
(dyeing temperature) but also the contact time. This is because Gamma radiation is a
powerful tool that has reduced the particle size of the colorant, which in turn has less time
to absorb onto fabrics. Moreover, the kinetic energy of the colorant is increased when the
dyeing variable is slowly increased up to 45 ◦C for 65 min. (Figure 3a). After these levels,
the equilibrium of the dye bath is distributed, and the colorant starts stripping from the
fabric to rush toward the dye bath. Hence, in order to get good coloring properties on
irradiated wool (RW), irradiated methanolic extract (RE) should be used at 45 ◦C for 65 min.
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The amount of salt to achieve maximum exhaustion needs to be optimized. This is
because the natural dyeing process is dependent on the amount of salt for the interaction
of the colorant with the wool via short-range attractive forces [36]. It was found that 5 g of
Glauber’s salt (GS) has an excellent exhaustion of the colorant to rush towards wool fabrics
(Figure 3b). Above that amount (>5 g), over exhaustion has led to over aggregation, which,

218



Sustainability 2022, 14, 12226

in turn, upon washing, unfixed the colorant and removed it, and a low color strength was
observed. The reduction in the amount of salt for exhaustion during the dyeing of wool
with harmal seed extract shows that Gamma-ray treatment is a cost-effective tool. Overall,
it can be seen that Gamma-ray extraction has taken less extract volume, energy, time, and
salt to produce better results.

Bio-mordanting is a newly-introduced process, so called bio-dyeing, because through
a special interaction, new colorfastness tints are developed; furthermore, due to their
therapeutic nature, these molecules impart biological characteristics towards fabrics before
and after dyeing. These bio-molecules have not only given new shades but also enhanced
the color characteristics [36–38]. These functional potent isolates ( as shown in Figure 4), via
forming intermolecular H-bonding with colorant and functional sites of fabric, have given
a high color yield with newly-developed shades [39,40]. It has been found from Table 1
that during pre-bio-mordants, 9% of Lawson from henna (structure given below), 10% of
curcumin from turmeric (structure given below), 3% of quercetin from acacia (structure
given below), and 7% of tannin from pomegranate (structure given below) has given a
high color strength (K/S) on irradiated wool (RW) when employed before dyeing using
methanolic extracts of harmal seed. A low amount of bio-mordants, when used, have given
a lower yield (K/S) whereas, above the optimum amount, the aggregates formed may
have difficulty diffusing into the fabric and remain unfixed on the fabric. Upon washing,
the overcrowded aggregates are stripped, and a lower yield (K/S) is observed. Similarly,
during post-bio-mordanting, 9% of Lawson from henna, 10% of curcumin from turmeric,
7% of quercetin from acacia, and 3% of tannin from pomegranate has given a high color
yield through their application onto dyed fabric (Table 1). The tonal variation given in
Table 1 shows that most fabrics that are dyed before and after bio-mordanting are darker in
tone and reddish-yellow in hue, because there is a joint effect between two biomolecules,
i.e., alkaloids from harmal in combination with curcumin from turmeric, quercetin from
acacia, tannin from pomegranate, and Lawson from henna, which can be seen forming
through additional H-bonding.
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Table 1. Color characteristics of chemical and bio-mordanted wool fabrics dyed before, after, and
during dyeing with Gamma-treated harmal seed extracts.

Mordant
Concentration K/S L* a* b* Mordant

Concentration K/S L* a* b*

Al 10% (Pre) 16.341 70.80 2.83 30.04 T. A 10% (Pre) 21.281 58.45 7.66 30.69

Al 7% (Post) 7.1222 71.08 3.58 24.77 T. A 7% (Post) 8.666 54.57 8.77 22.60

Fe 10% (Pre) 19.299 59.43 6.48 30.87 Acacia 3% (Pre) 12.612 60.33 9.12 30.21

Fe 7% (Post) 7.6815 60.00 10.40 28.73 Acacia 7% (Post) 6.6678 58.62 12.19 27.35

Co 7% (Pre) 19.77 61.55 10.51 34.49 Pomegranate 7%(Pre) 19.527 61.52 7.12 30.76

Co 7% (Post) 7.2014 60.69 7.52 20.69 Pomegranate 3%(Post) 6.4293 68.68 4.78 32.29

Sn 10% (Pre) 17.439 69.86 6.50 33.30 Henna 9% (Pre) 21.578 49.70 9.46 28.65

Sn 7% (Post) 8.0339 74.57 4.29 30.94 Henna 9% (Post) 12.547 51.74 12.37 30.13

Cu 10% (Pre) 16.924 54.69 2.23 31.69 Turmeric 10% (Pre) 23.645 51.35 13.23 43.86

Cu 7% (Post) 7.6831 63.06 7.05 23.25 Turmeric 10% (Post) 23.576 59.21 16.14 64.98

The role of chemical mordants is reversed as compared to bio-mordants because during
chemical treatment, the involvement of d-orbitals of the metal dye complex reduction
power of metals works via coordinating the covalent bonding through metal dye complex
formation [41,42]. It has been observed that 10% of tannic acid (TA) has given a high color
yield, as compared to the other pre-mordants used. Similarly, 10% of Al, Fe, Cu, and Sn,
and 7% of Co have a good color yield (K/S) upon dyeing of irradiated wool (RW) with
irradiated methanolic extract (Table 1). This is because the metal ions have been absorbed
evenly onto the wool fabric, which, upon dyeing with irradiated extract, has formed a
stable metal dye complex through a coordinated covalent bond [43,44]. Similarly, during
post-mordanting, 7% of TA has given a good color yield (K/S) as compared to the other
metal mordants used (Table 1). Hence, 7% of Al, Cu, Co, Fe, and Sn, as post-mordants,
have excellent yields. This good color strength is attributed to the even dyeing of wool
after Gamma-ray treatment. The tonal variation given in Table 1 shows that most fabrics
dyed before and after chemical mordanting are brighter in shade and are reddish-yellow in
hue. Thus, the reduction of the chemical mordant amount used after Gamma-ray treatment
reveals that this powerful tool is sustainable and cost-effective.

The rating results of colorfastness properties given in Table 2 for pre- and post-chemical
mordanting, as well as bio-mordants, show that most fabrics dyed after mordanting have
excellent ratings for light, washing, rubbing, and dry cleaning. This is because the conjuga-
tion system present in bio-mordants and colorants plays a greater role when the fabric is in
contact via a covalent bond. The extra bonding given by bio-mordants may create more
stable interactions with fabrics and colorants [45,46], which, upon exposure to agents such
as heat, detergents, light, crocking, and dry-cleaning agents, resist detaching. Similarly, the
rating results given in Table 2 for chemical pre- and post-mordanting reveal that the stable
metal dye complex formation on fabric resists fading of the colorant [47–49]. The greater
the potential efficiency of metal to form a covalent bond with an amide linkage of wool and
−OH of colorant isolated from harmal seeds, the more stable the complex will be that is
formed [50,51]. Hence, the overall rating results show that bio-mordants have a promising
resistance to heat, light, detergent, crocking, and dye cleaning agents. The shades that were
made are represented in Table 3. It can be concluded that the utilization of bio-mordants
has not only made the dyeing of irradiated wool greener and more sustainable but also
given improved fastness characteristics.
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Table 2. Colourfastness rating of mordanted and dyed Gamma-treated wool fabric using harmal
seed extracts.

Mordant Concentration LF
WF RF

DCF
PF

c. c c.s DRF WRF Acidic Alkaline

Control 3/4 3 3 3
4

3
4 3/4 3 3

Al 10% (Pre) 4 4/5 4/5 4/5 4 4 4/5 4/5

Al 7% (Post) 4/5 5 5 5 5 4/5 5 5

Fe 10% (Pre) 4/5 4/5 4/5 4/5 4 4 5 5

Fe 7% (Post) 4/5 5 4/5 5 4/5 4 4/5 4/5

Co 7% (Pre) 4/5 5 4/5 4 3
4 4 4/5 4/5

Co 7% (Post) 4/5 5 5 5 4 4/5 5 5

Sn 10% (Pre) 4 4/5 4/5 4/5 4 4 4/5 4/5

Sn 7% (Post) 4/5 5 5 5 5 4 4/5 4/5

Cu 10% (Pre) 4/5 5 4/5 4/5 4 4/5 4/5 4/5

Cu 7% (Post) 4/5 5 5 4/5 4 5 5 5

T. A 10% (Pre) 4/5 4/5 4/5 4/5 4 4 4/5 4/5

T. A 7% (Post) 4/5 5 5 4/5 4 5 4/5 4/5

Acacia 3% (Pre) 4 4/5 4/5 4/5 4 4 4/5 4/5

Acacia 7% (Post) 4/5 4/5 4/5 4 4 4/5 4/5 4/5

Pomegranate 7% (Pre) 4/5 4/5 4/5 4/5 4 4/5 4/5 4/5

Pomegranate3%(Post) 4/5 4/5 4/5 4/5 4 4/5 4/5 4/5

Henna 9% (Pre) 4/5 4/5 5 4/5 4/5 4 4/5 4/5

Henna 9% (Post) 4/5 4/5 5 4/5 4/5 4 4/5 4/5

Turmeric 10% (Pre) 4 4/5 4/5 4 3
4 4 4/5 4/5

Turmeric 10% (Post) 4 4/5 4/5 4 3
4 4 4/5 4/5

LF = Light fastness, WF = wash fastness, c.s = color stain, c.c= color change, RF = Rub fastness, DRF = dry rub
fastness, WRF = wet rub fastness, DCF = dry clean fastness, PF= perspiration fastness.

Table 3. Tonal variation of Gamma-treated dyed and mordanted wool fabrics using harmal seed extracts.
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4. Conclusions 
Sustainability is one of the greater demands of the global community because of 

global warming and global heat, and unexpected seasonal changes have been found due 
to carcinogenic, effluent loads from industries. Among sustainable products, natural 
plant pigments and colorants have taken a special place and particular attention of the 
people due to their excellent biological and herbal characteristics. This study is one a se-
ries of explorations of plants that have ayurvedic and biological natures and have poten-
tial to impart color onto fabric. Additionally, among modern techniques for their extrac-
tion, Gamma-ray treatment in textiles has shown promising effects not only in the ex-
ploration of new dye-yielding plants, such as harmal seeds, but also in enhancing ex-
traction yield and color characteristics. An absorbed dose of 6 kGy was optimized to get 
extraction of the colorant in methanolic medium. The dyeing wool fabric for 65 min at 45 
oC using 30 mL of dye bath of pH 3 using 5 g/100 mL of the Glaubar’s salt as an ex-
hausting agent was done to get colorfast shades before and after the selected amount of 
chemical and bio-mordants. It is concluded that this novel modern tool can be applied to 
explore new dye-yielding plants as a source of natural dyes for the coloration of natural 
fabrics, and the addition of new bio-mordants can be done to assess new shades with 
excellent colorant characteristics. 
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4. Conclusions

Sustainability is one of the greater demands of the global community because of
global warming and global heat, and unexpected seasonal changes have been found due to
carcinogenic, effluent loads from industries. Among sustainable products, natural plant
pigments and colorants have taken a special place and particular attention of the people
due to their excellent biological and herbal characteristics. This study is one a series of
explorations of plants that have ayurvedic and biological natures and have potential to
impart color onto fabric. Additionally, among modern techniques for their extraction,
Gamma-ray treatment in textiles has shown promising effects not only in the exploration
of new dye-yielding plants, such as harmal seeds, but also in enhancing extraction yield
and color characteristics. An absorbed dose of 6 kGy was optimized to get extraction of the
colorant in methanolic medium. The dyeing wool fabric for 65 min at 45 oC using 30 mL of
dye bath of pH 3 using 5 g/100 mL of the Glaubar’s salt as an exhausting agent was done
to get colorfast shades before and after the selected amount of chemical and bio-mordants.
It is concluded that this novel modern tool can be applied to explore new dye-yielding
plants as a source of natural dyes for the coloration of natural fabrics, and the addition of
new bio-mordants can be done to assess new shades with excellent colorant characteristics.
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Abstract: Green or sustainable cosmetics are products that contain natural ingredients obtained
from renewable raw materials. Fruit peels represent a sustainable source of bioactive compounds.
Polyphenols, e.g., flavonoids, have the ability to scavenge free radicals; thus they exhibit antioxidant
activity. Recently, natural antioxidants have been in the limelight as being safe, effective, and
versatile. In this study, antioxidant effects and the sun protection ability of apple (Malus domestica),
banana (Musa sapientum), and orange (Citrus reticulata) peel extracts were evaluated in skincare
formulations. The extraction of phenolic compounds was performed in three different solvents, i.e.,
ethanol, methanol, and acetone. Total phenolic contents, antioxidant activity, and sun protection
factor were determined for the fruit peel extracts. The acetone extract of apple and ethanol extract of
banana peels contained polyphenols, i.e., 24.3 ± 1.5 and 26.7 ± 0.6 mg GAE per gram of the extracts,
respectively. These extracts showed DPPH radical scavenging activity and were incorporated into
oil-in-water (O/W) cosmetic emulsions. All the formulated samples were found to be stable when
subjected to centrifuging and thermal stress. Antioxidant activities of cream samples were above
80%, and the sun protection factor was above 15. The results have confirmed the applications of fruit
peel waste in the formulation of photostable, antioxidant, and sun screen formulations. These creams
would help to maintain skin health, protect it from UV radiation, and reduce the aging effect. Thus,
fruit peel waste could present an ecofriendly and sustainable source of natural antioxidants for the
personal care industry.

Keywords: natural antioxidants; antiaging; sun screening; phenolic compounds; cosmetic formulation

1. Introduction

Due to the green revolution, the utilization of natural ingredients in personal care
products has extensively increased in recent decades [1]. Plant-based biochemicals show
various unique characteristics, i.e., they are biodegradable, non-toxic, eco-friendly, and
sustainable. Natural ingredients such as colorants have been studied for their application
in the textile and food industries [2–4]. The cosmetic industry is one of the important
fields where phytochemicals can be applied to obtain various health benefits [5]. Cosmetic
products, such as creams, lotions, lipsticks, etc., are applied directly to external body parts
for the purpose of skin cleansing and beautification. The use of synthetic chemicals in cos-
metics may expose our body system to various harmful chemicals and toxic heavy metals.
Therefore, the replacement of synthetic chemicals with plant-based natural ingredients
helps to obtain safe, ecofriendly, and sustainable cosmetic products.

Fruit peels are the waste by-product of the fruit processing industry and have been
studied as a sustainable potential source of various bioactive compounds. Polyphenols such
as phenolic acids, flavonoids, anthocyanins, tannins, and stilbenes are organic compounds
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responsible for the plant’s defensive system for fighting various types of stresses owing to
their strong therapeutic properties [6,7]. Fruit peels have been reported to contain a much
higher concentration of plant acids compared to edible fruit flesh, thus exhibiting higher
antioxidant potential [8,9]. Phenolic compounds can prevent oxidation reactions by scav-
enging the free radicals to form more stable phenoxy radicals, which results in a decrease in
oxidative damage at the cellular level [10,11]. The important phenolic compounds present
in some common fruit peels are caffeic acid, ferulic acid, sinapinic acid, coumaric acid,
quercetin, epicatechin, etc. [12,13]. These compounds show several therapeutic properties,
such as anti-inflammatory, antibacterial, antityrosinase, antiaging, antiallergic, anticarcino-
genic, etc. [14–17]. Therefore, fruit peel extracts present an excellent sustainable source
of natural compounds required for antiacne and antiaging, dermo protective skincare
formulation, thus boosting overall skin quality. Caffeic acid and ferulic acid may help to al-
leviate the photosensitization and thus protect the skin from UV-induced photo-damaging
reactions [18,19]. Thus, phenolics reduce the photoaging, pigmentation, and carcinogenic
reactions in the skin [20,21]. The therapeutic properties of phenolic compounds in fruit
peels of banana, apple, and orange can be utilized for the formulation of ecofriendly and
multipurpose skincare cosmetics. The best way to achieve the benefits of these natural
ingredients is to incorporate them into a stable system such as emulsions. Emulsions are
active vehicles with a chemical composition suitable for skin. Emulsions provide stability
to the natural extracts with enhanced permeability as compared to solutions and gels. The
main components of creams are fatty alcohols/fatty acids, emollients, and moisturizers
that can increase the absorption of the active ingredient into the lipid layer of the skin. The
characterization of these formulations, especially the physical and chemical stability of the
extracts in the formulation, is required to accomplish the desired efficacy of the product.

The main objective of the current research work was to determine polyphenol con-
tents, antioxidant activity, and sun protection factor (SPF) of cosmetic formulations con-
taining peel extracts of apple (Malus Domestica), banana (Musa sapientum), and orange
(Citrus reticulata). The extraction of phenolic compounds was accomplished using solvents
such as ethanol, methanol, and acetone. The total phenolic contents and antioxidant activi-
ties of all the extracts were measured using a DPPH assay and compared with a controlled
set of experiments. The main objective was to incorporate the antioxidants from fruit peels
into stable oil in water (O/W) type skin care products. The SPF factor was measured
for the estimation of their UV-protecting ability. The physical and photostability of the
formulations were determined. To the best of our knowledge, the utilization of fruit peel
antioxidants for the formulation of multipurpose, stable skincare formulations has not been
studied so far.

2. Materials and Methods
2.1. Materials and Reagent

All the solvents and reagents were of analytical grade. Deionized water, ethanol,
methanol, and acetone were purchased from Pakistan Chemical Store, Jinnah colony, Faisal-
abad, Pakistan. All the reagents and chemicals, i.e., DPPH (2,2-diphenyl-1-picrylhydrazyl),
Folin-Ciocalteu reagent, sodium carbonate, gallic acid, ascorbic acid, polawax, shea butter,
EDTA, parabens, and stearic acid, were purchased from Sigma Aldrich.

The apple (Malus domestica), banana (Musa), and orange (Citrus X sinensis) were
obtained from the local market. The fruits were peeled, and the peels were air dried,
ground to a fine powder, and stored in an air-tight container for further use.

2.2. Preparation of Fruit Peels Extracts

The fruit peel extracts were prepared by following the method reported in the literature
with slight modifications [22]. The fruit peel powder (25 g) of each sample was soaked
in 500 mL of solvent (80% and 100% acetone, ethanol, methanol) and incubated at room
temperature overnight. It was stirred on a hot plate using a magnetic stirrer at 200–250 rpm
at 35 ◦C for 3 h, filtered using Whatman No. 1 filter paper and then centrifuged at 6000 rpm
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for 10 min at −4 ◦C. The supernatant was filtered, separated, and then concentrated using
a rotary evaporator. The extracts were dried up to 40 ◦C and stored in the refrigerator, thus
preserving the phenolic compounds present in the extracts.

2.3. Determination of Total Phenolic Content (TPC)

Total phenolic content (TPC) was determined by following the spectrophotometric
method [23]. A double-beam UV-VIS spectrophotometer LX212DS was used. It has a
wavelength range of 190–1100 nm, with a tungsten lamp as a source of visible light. The
absorbance of the resulting mixture was measured at 750 nm using distilled water as the
blank. The calibration curve was prepared using gallic acid as standard with a concentration
range of (25–500 mg/mL). Total phenolic content was measured as mg gallic acid equivalent
per gram of the extract (mg of GA/g of extract).

2.4. Determination of DPPH Radical Scavenging Activity

Antioxidant activity was determined in terms of DPPH radical scavenging activity [24].
The extract was prepared (1 mg/mL), and 3 mL was added to 3 mL of 0.1 mM DPPH
solution and incubated in the dark for 20 min. The absorbance was measured at 518 nm
using a double-beam UV/VIS spectrophotometer. Ethanol was used as the blank, and
ethanolic DPPH as the control. Ascorbic acid was used as standard. The results were
expressed as % age DPPH radical scavenging activity using the formula:

% age scavenging =
Ac − Ae

Ac
× 100

where Ac is the absorbance of the control without the sample, and Ae is the absorbance of
the solution with the sample.

2.5. Development of O/W Emulsion with Fruit Peel Extracts

Oil-in-water (O/W) emulsions with dried extracts of fruit peel were prepared. A
control base without extract was also formulated with oil and water phases, as mentioned
in Table 1. The oil phase consists of petrolatum, shea butter, stearic acid, and almond
oil, and was heated up to 70 ◦C and then added to the preheated (75 ◦C) water phase,
along with preservatives and emulsifier (polawax). The mixture was continuously stirred
vigorously for 15 min and then cooled down at room temperature. In the next step, fruit
peel extracts were added (4.0% to the cooled emulsion). A control cream base was prepared
without the addition of fruit peel extracts.

Table 1. Composition of formulations.

Ingredients Apple Banana Orange Control Base

Water Q.S. Q.S. Q.S. Q.S.

EDTA 0.05% 0.05% 0.05% 0.05%

Glycerine 2.5% 2.5% 2.5% 2.5%

Polawax 5% 5% 5% 5%

Shea butter 1% 1% 1% 1%

Stearic acid 0.3% 0.3% 0.3% 0.3%

Petrolatum 1% 1% 1% 1%

Extract 4% 4% 4% 0%

Almond Oil 1% 1% 1% 1%

Perfume 1% 1% 1% 1%

Parabens 0.2% 0.2% 0.2% 0.2%
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2.6. Basic Characterization of Formulations

The prepared samples of emulsions were evaluated for basic parameters such as
physical appearance, homogeneity, stability, and pH.

2.6.1. pH and Stability Testing

The pH of all the cream samples was measured immediately after formulation and
after an interval of 30 days using HANNA HI-2211 benchtop pH meter.

The stability testing was performed in triplicate by measuring the accelerated stability,
centrifuge test, freezing, and thawing cycles. The accelerated stability was measured at
three different temperatures (8 ◦C, 25 ◦C, and 40 ◦C) with a 30-day interval for 90 days.
All the samples were subjected to the freezing and thawing cycle by placing them in the
freezer at a temperature of −5 ◦C for one day and then in an oven at 40 ◦C for the next
day, completing the six consecutive cycles for 12 days. All the samples were centrifuged at
3000 rpm for 10 min.

2.6.2. Spreadability

Spreadability was measured by the method reported in the literature. Each cream
sample (1 g) was placed evenly on a circular glass disc, and the disc was covered with glass
and a weight (100, 200, 300, 400 in grams) was placed on it for 5 min. The distance covered
by the sample was measured, and the spreadability was calculated. It was expressed
in millimeters of increased diameter. The spreadability factor (Sf) was calculated by the
following equation:

Sf = A/W

2.6.3. Sun Protection Factor

The sun protection factor was determined using a double-beam UV-VIS spectropho-
tometer. The sample (1 g) was diluted with 100 mL of ethanol and sonicated for 10 min.
It was filtered, and the absorbance of the filtrate was measured from 290 to 320 nm
at an interval of 5 nm. The results were calculated with the help of the normalized
Mansur equation [25].

SPF = CF ×
320

∑
290

EE (λ)× I (λ)× Abs (λ)

In this equation: CF—correction factor (CF = 10); EE (l)—erythemal effect spectrum;
I (l)—solar intensity spectrum; Abs (l)—absorbance of sunscreen product.

2.6.4. Photostability

The photostability was measured by the reported method [26]. The sample (1 g) was
applied evenly on a glass disc and placed under a UV light source from a Philip lamp
at 254 nm (30 W, 100% emission) for 2 h. The SPF of the sample was measured before
and after the exposure. It was expressed as the percentage and calculated by using the
following equation.

Photostability =
SPF of cream

SPF of UV irradiated cream
× 100

2.7. Antioxidant Activity of Cream

The cream samples (1 g) were diluted with 100 mL of ethanol and sonicated for 10 min.
The mixture (10 mL) was further diluted with 100 mL of ethanol. The liquid extract, i.e.,
3 mL (1 mg/mL), was added to 3 mL of 0.1 mM DPPH solution and incubated in the dark
for 20 min. The absorbance was measured at 518 nm using a UV-VIS Spectrophotometer.
Ethanol was used as blank and ethanolic DPPH as control. The result was expressed as
%-age DPPH radical scavenging activity using the formula:

228



Sustainability 2022, 14, 11758

% age scavenging =
Ac − Ae

Ac
× 100

where Ac is the absorbance of the control without the sample, and Ae is the absorbance of
the solution with the sample.

2.8. Statistical Analysis

All the measurements were performed in triplicates for statistical analysis, i.e., means,
standard deviation (S.D.), and standard error (S.E.), was performed using IBM SPSS Statis-
tics (version 26.0) software. It was installed from Department of Information Technology,
Government College University Faisalabad, Pakistan.

3. Results and Discussion
3.1. Extraction and Determination of Total Phenolic Contents (TPC)

The extracts of fruit peels were prepared in different solvents, i.e., ethanol, methanol,
and acetone. The concentration of plant phenolics varies according to the nature of the
solvent and the method used for extraction. The Folin–Ciocalteu (F-C) reagent is generally
used for the determination of phenolic contents in the extracts. This F-C can also react
with other non-phenolic components, i.e., folic acid, ascorbic acid, thiamine, nucleic acids,
ascorbic acid, and some metal ions [27]. Since the most abundant antioxidants present
in the extracts are phenolics, the values obtained by the F-C reagent are due to the phe-
nolic contents. Gallic acid was used as standard, and a calibration curve was prepared
using different concentrations (15, 30, 50, 100, 200 mg/L) of gallic acid. The linear rela-
tionship between the concentrations of gallic acid and absorbance is shown as a standard
curve in Figure 1.
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The concentration of total phenolic contents (TPC) of apple, orange, and banana peel
extracts was expressed in mg of gallic acid equivalent per gram of the extract (mg GAE/g).
The concentration of phenolic compounds in apple peels ranges from 5.3 ± 0.5 to
24.3 ± 1.5 mg GAE/g, as shown in Figure 2. Quantitative analysis of phenolic contents
from different apple varieties has confirmed the highest level of phenolics, i.e., catechins,
flavonol glycosides, and rutin, are in apple peels compared to pulp [28]. Phenolic com-
pounds are mainly responsible for the antioxidant activity of apple peels. The results
showed maximum TPC in pure acetone while the minimum was found in pure ethanol.
The acetone can better penetrate the plant cells and extract the phenolics efficiently [29].
The values of TPC were comparable to the values reported [16].
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Banana peels make a significant contribution to agro-industrial waste, which can
not be utilized efficiently. The best way to consume these is to extract their phenolic
contents for use in the food or cosmetic industries. In banana peel extract, TPC ranged from
21.3 ± 1.5 to 26.7 ± 0.6 mg GAE/g, as shown in Figure 3. Maximum phenolics were found
in pure ethanol followed by pure acetone, while minimum phenolics were in 80% methanol.
The literature has confirmed maximum phenolic contents in the banana peels as compared
to the pulp and gallocatechin was most abundant among other polyphenols [30]. The
concentration of phenolics in banana peels has been reported in the literature [7]. Orange
peels showed TPC values from 11.7 ± 1.5 to 29.0 ± 1.0 mg GAE/g, as shown in Figure 4. A
high level of TPC was found in acetone (100%), followed by 80% methanol, while minimum
phenolics were depicted in pure ethanol and pure methanol.
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The concentration of TPC in different extracts was influenced by the nature of the
solvent. Varying the solvent polarity changed the total phenolic content expressing different
solubility of phenols in the different solvent environments. The addition of water decreased
the total phenolic content, which suggests that water may solubilize other compounds
such as carbohydrates leading to lower TPC values [31]. One-hundred percent acetone was
found more appropriate under our experimental conditions to prepare apple and orange
peel extracts, while 100% ethanol yielded higher TPC in banana peel extract. Consequently,
acetone extracts of fruit peels were preferred for further study.

3.2. Antioxidant Activity

Antioxidant activity is related to the concentration of phenolics in fruit peel
extracts [32]. It was measured in terms of DPPH radical scavenging activity. All the
extracts showed different radical scavenging patterns, as shown in Figure 5. Antioxidant
activity of peel extracts ranged from 60.2% to 75.6% free radical scavenging, with apple
peel extracts exhibiting the best antioxidant activity in terms of DPPH radical scavenging.
It has been investigated that apple peels showed higher antioxidant potential than apple
flesh [33]. These peel extracts also exhibited antimicrobial and anticancer activities. The
phenolic extracts of peels can represent a valuable source of antioxidants for reducing pho-
tooxidation. The antioxidant activity of standard ascorbic acid as a function of increasing
concentration is shown in Figure 6. One of the important extrinsic factors that induce skin
aging is the oxidative stress caused by UV radiation [34]. In prolonged exposure to sunlight,
free radicals are produced in the skin. These reactive oxygen species (ROS) not only cause
the oxidation of biomolecules but also damage the dermal connective tissues, ultimately
affecting the skin elasticity that leads to aging effects [35]. Antioxidants scavenge free
radicals and hence minimize oxidative stress [36]. The free radical scavenging mechanism
can be utilized to formulate the antiaging formulation by incorporating the natural extracts
of phenolic compounds. Hence the free radical scavenging activities of fruit peel extracts
make them a potent ingredient for skincare cosmetic formulations.
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The antioxidant activity of all the formulations has been presented in Table 2 This
determines the stability and efficacy of extracts in terms of their antioxidant activity after
being incorporated into emulsions. The formulations showed significant DPPH radical
scavenging activities, which depict that these fruit peel extracts are a stable source of
antioxidants, and they maintained their effect even in cosmetic emulsions. Furthermore,
the antioxidant activity of the cream formulations is directly related to the antioxidant
potential of the extract. Hence, these fruit peel extracts are consistent enough to act as a
source of antioxidants in cosmetic formulations. To the best of our knowledge, no previous
studies have reported the utilization of fruit peel extracts for the formulation of stable
skincare formulations.
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Table 2. SPF, photostability, and antioxidant activity of cream base and formulations with fruit peel
extracts (ACR—cream with apple peel extract; BCR—cream with banana peel extract; OCR—cream
with orange peel extract).

Sample Extract Color SPF Photostability Antioxidant Activity

CRB None White 4.0 ± 0.2 - None

ACR Apple Cream 20.0 ± 0.4 95% 88.0%

BCR Banana Gold brown 19.0 ± 0.2 98% 87.2%

OCR Orange Orange 18.3 ± 0.1 97% 80.0%

3.3. Incorporation of Extracts into Emulsion

Emulsions are vehicles that enhance the absorption of both hydrophilic and lipophilic
active ingredients into the cutaneous layer of skin. Creams are semisolid emulsions consist-
ing of water and oil phases homogenized by using emulsifiers. The delivery is influenced
by the interaction between the active ingredients, the vehicle, and the skin. Either the active
ingredients are incorporated in the dispersed phase or continuous phase of the emulsion,
its absorption is enhanced by increasing interaction with the skin epidermis [37]. In the
current study, oil-in-water (O/W) emulsions were prepared as the vehicle for delivering
antioxidants. Moreover, in oil-in-water type emulsion (O/W), water as the external phase
increases the hydration level of the stratum corneum, thus increasing the absorption of
hydrophilic compounds. Extracts rich in antioxidants were incorporated into the emulsions
for their delivery to the skin epidermis. In order to reduce the reactive oxygen species,
natural antioxidants must be able to permeate and penetrate through the strum corneum
and reach the deeper layers of the skin. The emulsion (O/W) was prepared using the ingre-
dients listed in Table 1. The peel extracts were added to the cream base at a concentration of
4%. All the extracts were colored, which imparted a beautiful appearance to the emulsions,
which is an important aspect of cosmetic products. The visually attractive products are
more liked by consumers. ACR (cream with apple peel extract) was light yellow, BCR
(cream with banana peel extract) appeared golden brown, and OCR (orange peel extract)
was light orange. Fruit peel extracts were completely homogenous in formulations without
any aggregation or lumps. The basic parameters of the formulations are expressed in the
above Table 2.

3.4. Emulsion Stability Studies

To ensure the quality, efficacy, and safety of the products, it is essential to perform
stability studies of cosmetic formulations. Such studies involve the monitoring of the
physicochemical characterization of the formulations throughout the study period. pH
is an important characteristic of the formulation that determines the effectiveness of the
ingredients and stability of the formulation. The normal skin pH range is 4.5–6.5, and
cosmetic formulations that have pH in this range are considered safe for the skin [38].
A change in pH represents the change in the efficacy of the product. The pH of all the
formulations and cream bases was determined immediately after their manufacturing and
then after 30 days. There was no significant change in pH observed throughout the study
period. After the centrifuge testing, the pH of all the samples remained unchanged, as
shown in Table 3, which confirmed the stability of the product.

The stability of the emulsions containing extracts was assessed by subjecting them
to thermal stress, photo radiation, and centrifugation. It was found that all the samples
of creams were stable with no phase separation and liquefaction. There was no change in
the physical state, color, and pH after the stability testing. During the centrifuge test, the
samples were subjected to a change in gravity conditions through the differential density of
the oil and water phases. However, no physical instability was observed in terms of phase
change after the centrifugation.
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Table 3. pH of the cream formulation.

Sample pH (0 Time) pH (30 Days) pH (After Centrifuge)

CRB 5.07 ± 0.1 5.03 ± 0.2 5.06 ± 0.1

ACR 5.45 ± 0.3 5.41 ± 0.1 5.45 ± 0.1

BCR 5.53 ± 0.1 5.52 ± 0.2 5.53 ± 0.3

OCR 4.89 ± 0.2 4.85 ± 0.4 4.87 ± 0.1
(CRB: Cream base; ACR: Apple Cream; BCR: Banana Cream; OCR: Orange cream).

3.5. Characterization of the Emulsions
3.5.1. Spreadability

The term spreadability of the emulsion is used to express the extent of ease by which
an emulsion is applied to the skin. It is an important characteristic as it determines the
even distribution of the active ingredients in the emulsion. Different factors can affect the
spreadability of the emulsion, i.e., the temperature, composition of the emulsion, storage
conditions, and viscosity of the emulsion. In order to see the difference, the spreadability of
the emulsion prepared with extracts and that of the control base were compared. Under
the similar condition of temperature, there was no change in the spreadability of different
emulsion samples except one, which contained orange peel extracts. A good spreadability
value defines the distribution and enhances the absorption of active ingredients in the
skin. The values of the spreadability of the formulations samples (ACR, BCR, OCR) are
presented in Figure 7. There was a linear increase in the spreadability of the sample with the
increase in applied weight. All the samples showed good spreadability values. In the case
of cream formulated with orange peel extract, the spreadability increased significantly as
compared to other cream samples. Orange peel extracts contain anthocyanins, in addition
to other flavonoids [39]. Due to their increased interaction of anthocyanins with the water
phase of the O/W type emulsion, this cream sample has low viscosity and, thus, higher
spreadability than other samples.
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3.5.2. Sun Protection Factor (SPF)

Sun protection factor (SPF) is a measure of the efficiency of the sun screening formula-
tion to absorb ultraviolet radiation from the sun, thus preventing the skin from UV-induced
damage and sunburn. SPF is determined quantitatively by measuring the absorbance of
UV radiation by the cosmetic emulsion, between 290 and 400 nm. It gives an estimate of
the effectiveness of the sunscreen formulation. The higher the value of SPF, the higher will
be the effect of the formulation against UV radiation. The results of the sun protection
factor (SPF) of all the formulated samples and cream bases are given in Table 2. SPF is
an important parameter for predicting the sunscreen ability of a cosmetic product. SPF
above 15 is considered sufficient to prevent the incidence of skin cancer caused by UV
radiation [40]. There are different factors that can affect the SPF value, such as the solvent,
pH, the type of emulsion and composition of emulsion, and the interaction of the active
ingredient with the skin. Other components of the emulsion can also interfere by absorbing
UV radiation. For maximum efficacy of the extract, it must be uniformly spread on the
skin as a thin film and remain close to the surface of the skin. Plant polyphenols exhibit
antioxidant activity along with the absorption of UV radiation. These can be used as active
ingredients in sun screening formulation. All the prepared samples showed an SPF above
15 with 4% extract. Hence these fruit peel extracts are a natural approach to required sun
protection. It has been recommended by the Food and Drug Administration (FDA) that
for getting appropriate UV-protection or SPF value, it is important to precisely apply the
amount of sun protection vehicle (2.0 mg/cm2) on the skin [41].

3.5.3. Photostability

In order to produce the desired effects, the antioxidants must remain on the skin
without any degradation or change in chemical structure. Ultraviolet radiation of high
intensity has the ability to degrade the active agents in cosmetic formulations, which
could result in a decrease in their activity. For their optimum efficacy, the sun screening
agents must remain stable during the period of exposure to sunlight. Therefore, a study
of the photostability of the cosmetic product is very important. Many sunscreens, upon
interaction with UV radiation, degrade and fail to protect the skin [42]. Further, the
determination of photostability is important as it defines the UV-protection capacity of
the sun screening formulations. It was found that all the formulations (ACR, BCR, and
OCR) of fruit peel extracts were more than 95% photostable when irradiated with UV light,
as shown in Table 2. Photostability makes the fruit peel extracts a reliable natural choice
for sun screening formulations. These formulations being highly photostable, safe, and
effective, are far better than various commercial sunscreen agents.

4. Conclusions

Fruit peels represent a valuable source of important phenolic compounds that are
wasted away as useless material of the food industry. The current work found that acetone
extract of apple and orange peels and ethanol extract of banana peels contain phenolic
contents, i.e., 24.3 ± 1.5, 29.0 ± 1.0, and 26.7 ± 0.6 mg GAE, respectively. These fruit
peel extracts also showed significant antioxidant activity. The apple peels showed higher
antioxidant potential, i.e., 75.6%, when compared with standard ascorbic acid. These
extracts were successfully incorporated into (O/W) emulsions at a concentration of 4%
and were stable under thermal stress, UV radiation, and centrifugation. The pH of the
cream samples ranges from 4.89 ± 0.2 to 5.53 ± 0.1. All the samples showed no change
in their texture and pH throughout the study period. The formulated creams exhibited
high sun protection factor (SPF), i.e., above 15. Since the creams samples were photostable,
these can be applied to the skin when exposed to sunlight and to reduce skin aging effects.
Fruit peels are abundantly available as a byproduct of the food industry; their utilization is
useful for waste management. Their consumption will provide a cost-effective, ecofriendly,
and sustainable alternative to synthetic antioxidants for the skincare and cosmetic industry.
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