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Abstract

Large amounts of solid wastes are produced in manufacturing of leather and leather products. Nearly 80-85% of solid wastes
is generated in leather production whereas 20-30% of leather is ended up as wastes from leather goods and footwear industries
which poses significant concern regarding environmental pollution. An attempt was made to produce environmentally friendly
bio-composite materials with higher mechanical characteristics by utilizing solid wastes released from leather industries. In
this study, leather fibers (LF) from shaving dust and leather cutting scrap were used with plant fibers such as banana (Musa
acuminata), pineapple (Ananas comosus), betel nut (Areca catechu), and moringa (Moringa oleifera) for making composite
sheets reinforced with natural rubber latex (NRL). New composite materials were characterized by using thermogravimetric
(TGA), Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), and X-ray diffraction (XRD)
techniques which confirmed the presence of desired physical and chemical properties in them. FTIR analysis showed char-
acteristics absorption resonances at 3287, 2919, and 2855 cm™! which were not apparent in starting single fibers. TGA data
indicated that banana fiber (BF) composite is thermally more stable than others. The tensile strengths of pineapple fiber
(PF) composite and BF sheet were 3.89 and 3.59 Mpa, respectively, which were higher than those observed in control sheet
(CS). New composite sheets possess significant properties which make them suitable to be used as valuable raw materials
for manufacturing of various footwear and leather goods. This interesting approach will reduce environmental pollution and
ensure the sustainability of the respective ecosystem.
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A—different fibrous sources (Al—Ieather scraps and A2—-A4 are plant fibrous sources), B—raw fibers (B1 is leather fiber and B2-B4 are plants
fibers), C—small-sized raw fibers, D—alkali treatment, E—crushing machine, F—different fibers (ready), G—hydraulic press machine, and H—

prepared composite sheet
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Introduction

The leather industries and leather products enterprises are
important and promising export-oriented sector in many
developing countries like Bangladesh. It generates huge
employment and contributes significantly to national econ-
omy by earning foreign currency. However, leather indus-
tries discharge a large quantities of solid wastes during the
manufacturing of finished leathers and leathers products,
which cause severe environmental pollution in surround-
ing environment (Teklay et al. 2017a, b). Generally, leather
industries generate about 800 kg of solid waste for produc-
ing only 200 kg of finished leather from one ton of salted
hides or skins in the respective manufacturing processes
(Ludvik et al. 1996, Thanikaivelan et al. 2005; Yorgancio-
glu et al. 2020). Much of the solid wastes discharged from
the leather industries are made up of skin trims, keratin
wastes, fleshing wastes, chrome shaving dust, and buff-
ing specks of dust (Kanagaraj et al. 2006). About 600,000
tons of solid waste are generated annually in worldwide
from various tanning industries (Onukak et al. 2017). The
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tanning industry in Bangladesh generates 84,680 tons of
solid waste per annum which poses a significant threat
to human health as well as to surrounding environment
unless these wastes undergo with proper treatment pro-
cesses (Saha and Azam 2021). Thus, the leather industries
and related enterprises cause severe environmental pollu-
tion by generating both organic and inorganic pollutants.
The leather solid wastes are typical observed as piles at
riverside and other open places in Bangladesh as they are
illegally dumped from tanning industries without any prior
treatments. Most of the tanning industries in Bangladesh
did not adopt any solid wastes management policy. On
the other hand, footwear and leather goods industries dis-
card 20-30% of finished leathers as waste during leather
products manufacturing processes (Senthil et al. 2015a, b).
Finished leather scraps, cutting scraps, and used leathers
(which are thrown away after the use of leather products)
are also the major sources of leather solid wastes (Teklay
et al. 2017a, b; Kanagaraj et al. 2006). The primary con-
stituent of these solid wastes is protein. If the protein and
other chemicals which are included in the chemically
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modified protein are not utilized properly, they will cause
severe environmental pollution (Kanagaraj et al. 2006).
The wastes produced during the production and use of
leathers might include solid waste, liquid waste (effluent),
and emissions of gases which constitute a serious threat
to the environmental ecosystem (Sundar et al. 2011). Cur-
rently, the disposal of leather solid wastes has become a
critical issue in Bangladesh which got out of control due to
lack of capacity, poor public awareness, and ignorance of
environmental impacts. Due to the generation of expanding
volume of wastes and accompanying detrimental effects on
the environment, human health, and public safety, man-
aging leather solid wastes has become an increasingly
urgent concern in many developing countries (Sumathi
and Senthil 2016). About 80% of the solid waste generated
from the tanning industry during leather manufacturing
processes pose serious environmental impacts due to its
toxic nature and improper disposal practices. These solid
wastes are contaminating soil, surface waterbodies, and
groundwater supplies and thus disrupt the environmental
ecosystem as well as pose serious risks to human and ani-
mal health. Tannery solid wastes consist of proteinaceous
untanned and tanned materials emit unpleasant gases when
they are being dumped in open areas without proper treat-
ments. Most of the time, the solid wastes are not sorted out
according to their characteristics categories, and improper
discharge of chromium-containing solid wastes can pol-
lute soil and groundwater by leaching toxic chromium.
Burning solid tannery waste is another typical practice in
many developing countries like Bangladesh. Along with
the solid wastes, leather industries emit large quantities of
wastewater mixed with toxic chromium species into sur-
rounding environment.

Chromium pollution causes different adverse impacts
on the human body. It seriously endangers the health of
millions of the tannery surrounding people in Bangladesh
and severely pollutes local the environment as well (Jannat
et al. 2023). It is well-recognized and extensively proven
in the literature that chromium is toxic, carcinogenic,
mutagenic, and teratogenic to humans, animals, and plants
(Jobby et al. 2018; Saranraj and Sujitha 2013). Acute tubu-
lar necrosis in the kidney, as well as diarrhea, heartburn,
blindness, allergic reactions, respiratory tract infections,
and dermatitis, can all result from long-term exposure to
some chromium compounds in humans (Adeel et al. 2012;
Wang et al. 2016). A trace amount of hexavalent chromium
is thought to be carcinogenic, it causes high blood pressure
and kidney failure, and its presence in aquatic environ-
ments in larger quantities is highly alarming due to the
numerous effects on various species (Wang 1986). Land
filling by the tannery solid wastes is not an appropriate
solution for the leather sector. Therefore, turning tannery

solid waste into value-added useful by-products is a long-
term, sustainable solution for the leather industry.

To meet the demand of rapidly growing industrialization
and increasing population, numerous researches have been
reported on the production of renewable biofuel from agro-
waste-based biomass briquette (Velusamy et al. 2023, 2021;
Velusamy et al. 2022a, b). The utilization of waste materi-
als for the preparation of environment-friendly composites
offers a promising solution to the environmental pollution
challenges that people are facing today (Rahman et al. 2023).
By transforming waste into valuable by-products compos-
ites not only mitigates the burden of waste disposal but also
contributes to resource conservation and reduced reliance
on virgin materials (Yepes et al. 2019). Synthesis of green
composites from tannery wastes has gained significant atten-
tion in recent years as environmentally sustainable alterna-
tive to traditional materials (Muralidharan et al. 2022; Par-
isi et al. 2021; Liu et al. 2019a, b; Senthil et al. 2015a, b;
Ruiz et al. 2015). Recently, Gargano et al. (2023) reported
the enhancement of poor-quality leather by using collagen
extracted from tannery solid waste. Other previous studies
also showed the utilization of tannery solid waste to create
value-added products as potential efforts to reduce envi-
ronmental pollution (Sundaramurthy et al. 2021; Hashem
et al. 2021). The synthesis of green composites involves the
incorporation of tannery waste into a matrix material, such
as natural rubber or poly(lactic acid) (PLA) (Rigueto et al.
2020). Environmentally benign green composites can be
synthesized from the combination of tannery solid waste
with natural rubber (Urrego et al. 2019) which can be con-
sidered as viable approach to reduce environmental pollu-
tion in the respective ecosystem. The utilization of tannery
waste in composite production not only provides a sustain-
able solution for waste management but also offers potential
benefits in terms of energy efficiency and resource conserva-
tion. Green composites produced from tannery waste with
textiles offer a potential sustainable alternative to traditional
materials (Sivakumar and Mohan 2020). The conversion of
tannery waste into green composites materials aligns with
the principles of sustainable manufacturing and the circular
economy, as well as it contributes to the development of
green packaging (Moktadir et al. 2018). On the other hand, a
large amount of fibrous wastages are generated from agricul-
tural activities which can be putrescible. Plant fibers (PFs)
are attractive materials with a wide range of potential uses
considering their affordability, cost-effectiveness, high spe-
cific strength, moderate mechanical qualities, non-abrasive-
ness, biodegradability, and environmentally friendly nature
(Bharath et al. 2020; Islam et al. 2018). Due to the warm
weather in some countries like Bangladesh, the demand for
banana plantation is rapidly expanding day by day which
ultimately causes the increase in the annual amount of
banana plant waste (the trunk). Therefore, it is necessary to

@ Springer



1028

M. Tauhiduzzaman et al.

turn these wastes into wealth, and this can be accomplished
by extracting the fibers from banana trunks and utilize them
in plastic, textile, and paper industries (Ebisike et al. 2013).
Pineapple leaf fiber (PALF) is enriched with cellulose and
highly available which has the potential to be reinforced with
polymers (Devi et al. 1997). Betel nut fibers are by-product
obtained from the processing of betel nut fruit after drying
which are mostly utilized as fuel for the household (Yusriah
et al. 2014). Moringa oleifera (MO) is produced abundantly
in semi-arid conditions in Bangladesh, India, Afghanistan,
and Malaysia (Islam et al. 2018). These plant fibers (banana
fiber, pineapple fiber, betel nut fiber, and Moringa oleifera
fiber) can effectively be combined with leather fibers for pre-
paring interesting biodegradable composite materials. The
plant fibers endowed with hydroxyl group, carboxy group,
aromatic C=C, etc., can form very strong bonds with the
peptide linkage and imides. A good number of studies were
conducted previously on composite preparation from leather
solid wastes, and their results were reported in the literature.
However, to the best of our knowledge, very few reports
are available in the literature on the preparation of artificial
leathers from tannery solid wastes with the combination of
bio-degradable plant fibers. The objective of the current
study was to utilize leather solid wastes as much as pos-
sible to produce eco-friendly and bio-degradable composite
sheets with the combination of fibrous agricultural wastes.
The study also focused on the management of leather solid
wastes with the goal of synthesizing environmentally viable
green materials from waste products which will reduce envi-
ronmental pollution from the leather sectors in Bangladesh.

Materials and methods

Leather shaving dust was collected from Apex Tannery
Limited, Hemayetpur, Savar, Dhaka 1340, and scraps of
leather were collected from the leather products workshop,
Institute of Leather Engineering and Technology, University
of Dhaka. The latitude and longitude of Savar, Dhaka, are
23.858334 and 90.266670, respectively. Four different plant
fibers such as banana (Musa acuminata), pineapple (Ananas
comosus), betel nut (Areca catechu), and moringa (Moringa
oleifera) were extracted from the collected agricultural waste
from different regions. Banana fibers (BF) were collected
from bark, pineapple fibers (PF) were collected from leaf,
and betel nut fibers (BNF) and moringa fibers (MF) were
collected from fruit. These polar, hydrophilic lignocellulosic
fibers are made up of helically wound microfibrils in a lignin
and hemicelluloses matrix. Typically, the composition is cel-
lulose: 60-80%, lignin: 5-20%, and moisture content up to
20% (Thakre et al. 2019). Natural rubber latex, ethylene gly-
col (C,H¢O,), aluminum oxide (Al,0;) and silicone spray
(releasing agent), KOH, H,SO,, and C-2 (semi-synthetic
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fat) used were analytical grade, Merck, Germany. Ethylene
glycol is an end-functionalized chemical that was used in
the mixture as a crosslinking agent, Al,0O; was used as a
reinforcement material, and semi-synthetic fat was used to
increase the flexibility of the composite. The dry rubber con-
tent (DRC) of NRL was 60.23% analyzed by the standard
method of PST-221.

Preparation of leather fiber (LF)

About 50 g of cleaned leather solid waste (scraps/shaving
dust) was taken in a beaker. About 1000 mL of 2% KOH
solution was added and stirred with a glass rod. The mix-
ture was left for 1 h for the uniform treatment. After 1 h,
the mixture was washed with distilled water several times
until the pH of the solution become 7.0. Treated fibers were
dried in the oven at 50-60 °C temperature for several hours.
These were converted into small fibrous forms by using the
crushing machine (FRITSCH, PSDFS 90L2, Germany) (a
sieve diameter of 0.5 mm was used) to transform them into
smaller forms. The procedure was repeated to obtain the
smallest size of leather fibers, and the average size of leather
fibers ranged 0.5-1.0 cm in length (Fig. 1).

Activation and preparation of plant fibers (PFs)

Waste banana bark, pineapple leaf wastage, betel nut fruit
shell after use, and waste moringa fruit were collected
from different sources. All the collected plant fibers were
extracted in a manual retting process (Mohankumar et al.
2021). All the study materials were cleaned several times
with water and dried the fibers in sunlight. All the used natu-
ral fibers are hydrophilic which indicates the consistency of
hydroxyl group. To enhance the bonding of natural fibers
and polymer matrix, alkali treatment of the fibers is required
to modify the surface area of the fiber (Nayak et al. 2022;
Madhu et al. 2019). The collected raw plant fibers were cut
into small sizes and treated with 5% KOH for about 1 h to
remove impurities and other greasy contents. The fibers were
washed with distilled water several times to ensure a pH
of 7. Then, treated fibers were dried initially at 60 °C for
overnight and later at 105 °C for 1 h (Nayak et al. 2022). In
this process, KOH reacts with the —OH group of the natu-
ral fibers and removes the hemicelluloses, lignin, wax, and
oily materials from the external surface of the fiber, which
increases the roughness of the fiber (Bharath et al. 2020).
As a result, it helps to join them with the polymer tightly
and become stronger. The chemical reaction of KOH with
natural fibers is given below:

Fiber — OH + KOH — Fiber — O — K + H,0 (1)
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Fig. 1 Process flowchart of LF

preparation: A—scraps and

A,—shaving dust, B—small
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ment, D—dried state, E—crush-
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fibers (F;—would be from

shaving dust and F,—would be

from scrapes leather) A7

These were converted into small fibrous forms by using
the crushing machine (FRITSCH, PSDFS 90L2, Germany)
to transform them into powder form. The procedure was
repeated to obtain the smaller form of different fibers, and
the average length was 0.5-1.0 cm (Fig. 2).

The physical-chemical composition and mechanical
properties of BF (Bharathi et al. 2021), PALF (Kengkhet-
kit and Amornsakchai 2012), BNHF (Yusriah et al. 2012),
and MOF (Binoj 2018) after alkali treatment are shown in
Table 1.

Preparation of composite sheets

The activated plant fibers—BF, PF, BNF, and MF—were
mixed with the leather fibers (LF) obtained from cutting scraps
at the ratio of 1:1 (w/w). Each plant fiber was mixed indi-
vidually with the leather fiber. About 13 g of individual mixed
fiber was added to water. The duration of soaking was kept
24 h, and after soaking, mixed fibers were minced manually.
About 26 mL of natural rubber latex, 1 mL of ethylene glycol,
1 mL of C-2(semi-synthetic fat), and 4% Al,O; were added to
the minced fibers. pH was adjusted to 4—4.5 by using concen-
trated H,SO, The pH value is important in leather manufac-
turing as leather is produced with a pH of about 4.5-5.5. The
range of pH 4.5-5.5 ensures that the fat and tannins bound in
the leather remain as well as resist microbial growth in the
composite. Dechromination occurs if the pH of the tanning

bath becomes less than 3.0 whereas chromium precipitates as
chromic hydroxide at higher than 5.5 pH value. The prepared
slurry was poured into the die and pressed manually to drain
the water. The moist sheet was compressed for 10 s using a
hydraulic press maintained by 1500-psi pressure. After drying
in the sunlight for 2-3 days, it was plated using a hydraulic
press at 2000 psi and 70 °C temperature for 10 s. As a releas-
ing agent, silicone spray was used before using the die every
time (Fig. 3).

The following information was considered during the prep-
aration of composite sheets:

1. CS—as a control sheet made of only LF.
BFS—composite sheet made of LF and BF at a ratio of
1:1 (w/w).

3. PFS—composite sheet made of LF and PF at a ratio of
1:1 (w/w).

4. BNFS—composite sheet made of LF and BNF at a ratio
of 1:1 (w/w).

5. MFS—composite sheet made of LF and MF at a ratio of
1:1 (w/w).

@ Springer
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Fig.2 Plants fiber preparation: A—different fibrous sources (A;— fiber, B;—betel nut fiber, and B,—moringa fiber), C—alkali treat-
banana tree bark, A,—pineapple tree leaf, A;—betel nut fruit, and ment, D—crushing machine, and E—different fibers
A,—moringa fruit), B—raw fibers (B,—banana fiber, B,—pineapple

Table 1 Physical-chemical

. A Properties Banana fiber (BF) Pineapple leaf Betel nut husk Moringa
composition and mechanical fiber (PALF) fiber (BNHF) oleifera fiber
properties of BF, PALF, .BNHF, (MOF)
and MOF fiber (Bharathi
etal. 2021; Kengkhetkit and Fiber diameter (um) 8-25 20-80 0.47 200-300
?:;‘fg“g?gfgﬁ?%lgusr‘ah Density (g/cm’) 0.75-0.95 144 0.47 0.66
respectively) Cellulose (%) 63-64 70-80 53.2 43

Hemicellulose (%) 10-19 18.8 32.98 0.25

Lignin (%) 5 5-12 7.20 46

Wax (%) 0.58-1.41 33 0.64 1.2

Ash (%) 1-3 2.7 1.05-7.69 -

Moisture content (%) 15 11.8 4.0 7.31

Water absorption (%) 60 68-77 125 -

Aspect ratio 1.5 0.93

Tensile strength (MPa) 550 413-1627 123.93 110-185

Modulus (MPa) 2000 34.5-82.51 1285.66 3-3.6

Elongation at break (%) 5-6 1.6-3 22.76 1.84.8
Characterization techniques 25 mm were formed like dumbbells to test the mechanical

qualities. The tensile tester STD 172 machine (IUP-6) was

Mechanical characterization used to assess the tensile strength (TS), stitch tear strength

(STS) (IUP-08), and elongation at break (EB) (IUP-06) at a
Three specimens with a length of 110 mm and a diameter of ~ rate of 5 mm/min followed by the standard method SLS 1996.
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f
BNFS

f

Fig. 3 Different composite sheets
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All the tests were performed three times, and the average
results were reported here. The composites were conditioned
at a temperature of 23 +2 °C for 48 h and relative humidity of
65 +2% before testing. Water absorption (%) and desorption
(%) properties of the control sheets and other composite sheets
were also measured according to Sekar et al. (2007). TS, STS,
and EB were determined using the following Egs. (2), (3), and
(4), respectively.

Breaking load(kg)

Physical characterization

The chemical composition and functional groups of the
composites were analyzed by the Fourier transform infrared
(FTIR) spectroscopy. A Nicolet 360 FTIR spectrometer, a
resolution of 4.0 cm™!, was used to measure the spectra in
the 4000—500 cm™! frequency range. To examine the ther-
mal consistency of the control sheet and composite sheets,
thermogravimetric analysis (TGA) was performed under a
nitrogen atmosphere with the help of 8000 thermal analyzer
(PerkinElmer, USA) at a heating rate of 10 °C per minute
and in the temperature range of 25-750 °C. To observe the
structure of the composite, X-ray diffraction analysis was
done. XRD pattern of the composite had been done through
Rigaku MiniFlex Diffractometer (Shimadzu, XRD-7000)
operating under CuKa radiation at 40 kV and 150 mA in
reflection mode, with a wavelength of 1.541 A, and the
sample was incrementally scanned from 10 to 70 °C. The
crystallinity index (CI) was determined using the following
equation (Madhu et al. 2019):

Ino,—1
Cl = —( 002~ am) x 100 5)
1002

where 1, represents the intensity of the crystalline peak,
and /,,, represents the intensity of the amorphous peak in
the crystallographic planes. The morphology of the surface
of the samples was visualized by a field emission scanning
electron microscope (FESEM Model JSM-7610F). The
thickness of the composite leather sheets was CS—1.78 mm,
BFS—1.55 mm, PFS—1.38 mm, BNFS—1.17 mm, and
MFS—1.9 mm.

- Cross section area(cm) @
Results and discussion
STS = w (3)  The tensile strength of the composite sheets depends upon
Thickness(cm) the nature of the cellulose fibers. Different physical tests
. N such as tensile strength, stitch tear strength, elongation,
B = Final length — Initial length % 100 @) water adsorption, and desorption test were performed, and
Initial length their results are shown in Table 2.
Tablg 2 Mechanicay properties Composite sheets Tensile Stitch tear Elongation at Water adsorp- Water
of different composite sheets strength (MPa) strength (N/mm)  break (%) tion (%) desorption
(%)
CS 3.46 35.62 20.34 60 55.5
BFS 3.59 23.35 11.11 67.6 42.85
PFS 3.89 33.23 20.32 43.26 33.66
BNFS 3.25 29.35 16.01 68 40.47
MES 2.66 31.58 22.23 33.33 26.38
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Tensile strength

Table 2 shows that PFS composite sheet had higher ten-
sile strength (3.89 MPa) in comparison with control
sheets (CS), leather fiber. The tensile strength of CS was
observed at 3.46 MPa, whereas this value was found at
3.59, 3.25, and 2.66 MPa in the case of BFS, BNFS,
and MFS, respectively. The tensile strength of pineapple
fiber and leather fiber composite (3.89 MPa) was higher
than that of NRL cellulose composite (3.39 +0.49 MPa).
This value is higher than a similar neat control sheet
(1.85+0.34 MPa) prepared by Teklay et al. (2017a, b).
The tensile strength of leather waste with jute fiber at dif-
ferent ratios was found 2.05-2.20 MPa which is lower than
the current study (2.66-3.89 MPa) (Teklay et al. 2017a,
b). Senthil et al. (2014) obtained a tensile strength value
of 3.06+0.12% of leather composite with different plant
fibers which is consistent with the current study. The
higher tensile strength value (9.84 MPa) of leather com-
posite with natural rubber was observed by Teklay et al.
(2018), but 4% Al,O; and other initiator chemicals were
used which might have enhanced the chemical reaction and
finally influenced to increase the strength of the composite.
Due to strong interaction and bonding between different
functional groups such as -OH, -COOH, and —C=0, etc.,
of natural fibers with amino acid, composites prepared
from amide of leather fiber have become stronger.

Stitch tear strength

Table 2 shows the stitch tear strength values of all compos-
ite sheets. The stitch tearing strength of the CS was found
35.62 N/mm, and out of four composite sheets, PFS had
better tearing strength, and BFS had the lowest stitch tear-
ing strength (23.35 N/mm). Stitch tearing strength of the
composite sheets of the current study ranged between 23.35
and 33.23 N/mm which was higher than leather board com-
posite with jute fiber (16.54-22.57 N/mm) at different ratios
(Teklay et al. 2017a, b).

Elongation at break

Results in Table 2 represent the elongation at break (%) of
all the leather composite sheets with the control sheet. The
highest elongation at break (%) value was found (22.23%) for
MES composite sheet, and the lowest (11.11%) was found in
BFS (11.11%) while this value for control sheet was 20.34%.
The elongation at break (%) value of MFS and PFS com-
posites was higher than the CS. The elongation at break (%)
value of the current study ranged between 11.11 and 22.23
which was higher than those values 8.08—14.31 obtained in
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leather composite with jute fiber (Teklay et al. 2017a, b) and
5.09-5.62 leather composite (Senthil et al. 2014).

Water absorption and desorption

Most of all PFs are hydrophilic in nature. The water absorp-
tion and desorption ability of a composite material plays
an important role in deciding whether it is suitable for
footwear and leather goods manufacture. Water adsorption
performance of the leather waste composite sheets such as
BFS, PFS, and BNFS was 67.6%, 43.26%, and 68%, respec-
tively, which were greater than the standard value (mini-
mum 35%; SATRA: TM 9:1993) whereas water desorption
value of those composite sheets was 67.6%, 43.26%, and
68%, respectively. The water desorption value is also higher
than the SATRA standard (40%). Similar results of water
absorption and desorption were found in the reported articles
(Teklay et al. 2017a, b; Senthil et al. 2014).

Fourier transform infrared (FTIR) studies

The region of the aromatic skeletal vibration band near the
top of 1505 cm™! typically serves as a proxy for lignin con-
tent (Rojith and Singh 2012). In polysaccharides, vibration
at 1060 cm™! is related to C—0, C—C stretching, and C—0O
bending. The lignin's guaiacyl unit vibration is 1250 cm™".
The phenolic and aliphatic methyl groups of lignin are the
source of the weak band at 1373 cm™'. Lignin samples fre-
quently exhibit aromatic skeletal vibrations at 1600 cm™!,
1513 cm™!, and 1443 cm™! (Rojith and Singh 2012). The
water associated with lignin may alternatively be represented
as the band at 1600 cm™'. Peak near 2930 cm™! resulted
from aromatic methoxyl group C—H stretching. Hydroxyl
groups of phenolic and aliphatic structures cause a peak to
appear about 3420 cm™!.

The FTIR spectra of different fibers and those of compos-
ite sheets are presented in Fig. 4. Amides bonds of collagen
can be seen at wavelengths of 1638, 1543, and 1238 cm™!,
which correspond to amides I, II, and III, respectively, in the
FTIR spectrum of the control sheet (Ramnath et al. 2012).
The absorption band at 1638 and 1543 cm™! expresses the
presence of an aromatic ring. Stretching bands for -OH
and —-NH, that are overlaid cause strong absorption in the
3200-3600 cm™! area. The C—H of rubber latex is repre-
sented by a strong and distinct peak at 2933 cm™'. Inter-
estingly, after the formation of composites, absorption
peaks at 3287, 2919, and 2855 cm~! have become stronger,
sharper, and dominated indicating that —OH groups are
free on the surface of the composite rather than they are
involved in bonding with other functional groups. The sam-
ple’s bound —OH groups are represented by a wide peak at
1080-1000 cm™!. The FTIR spectrum of the PFS composite
sample exhibits a broad peak from 1038 to 1670 cm™' that
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Fig.4 Combined FTIR spec-
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is made up of bonds from the glycoside linkage and C—-O-C
and C-O stretch (primary and secondary hydroxide groups)
as well as perhaps lignin (Sekar et al. 2009). In this spec-
trum, the H-CH and O—CH in-plane bending vibrations are
represented by the peak at 1442 cm™'. The —-C—H bending
at C-6 in the cellulose molecular structure is represented by
the peak at 1228 cm™'. Interestingly, a strong absorption
peak at 828 cm™! appeared in the composite sheets indicat-
ing the p-substituted benzene ring which was absent in the
fiber samples. However, the in-plane —CH bending is seen
at 1374 cm™! (Sekar et al. 2009). In Fig. 4, the IR spectra
of BFS, PFS, BNFS, and MFS somehow resemble the same
pattern. This is because all of the samples used to represent
collagen and cellulose that are identical.

Thermal studies

For the thermal stability analysis of different fiber composite
sheets and leather fiber sheets, approximately 5-6 mg of
composite samples were placed in a platinum pan and heated
up to 750 °C at a constant rate of 10 °C per min under a
nitrogen atmosphere at 25 mL min~!. The thermal stability
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Fig.5 TGA curve of the composite sheets

of the studied samples was analyzed in terms of weight loss
with the increase in temperature. Thermograms of all the
composite sheets are shown in Fig. 5. It is observed that
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there was a two-step weight loss in the control group. Up to
260 °C, the sample had its first weight loss (~20%) due to
the loss of bound and free water as well as other volatiles.
After that cellulose starts to decompose at about 300 °C.

The thermal decomposition pattern of all the composite
sheets is very similar, and 10-18% final residue remained at
500 °C temperature. Among the observed composites, the
leather sheet with banana fiber is thermally more stable than
others. The decomposition of the sample’s protein and colla-
gen caused the second significant weight loss (~61%), which
happened between 300 and 400 °C. In this stage, decomposi-
tion of leather occurred. The shoulder peak provides a signif-
icant smooth loss of weight for the thermal decomposition of
the leather fiber. A similar shoulder thermal decomposition
peak of chrome-tanned leather at about 400 °C was observed
in the previous literature (Liu et al. 2019a, b; Gil et al. 2012)
and also observed a distinct peak at a temperature range of
430-480 °C. The TGA curves show that the thermal stabil-
ity of all the composites is very similar, although the banana
fiber composite shows a little bit higher thermal stability
than others. At 700 °C, ~3.12% of the residue was visible in
the case of BF composite with leather waste.

Structural analysis

The XRD patterns of PFS and BNFS are shown in Fig. 6.
Comparing the XRD pattern of PFS composite with BNFS
composite (Fig. 6), the broad XRD peak at 18° and a sharp
peak at 22.5%ndicate crystalline nature of the PFS compos-
ite, whereas BNFS composite shows only a broad peak at 21°
indicating amorphous nature (Jayaramudu et al. 2011; Tserki
et al. 2005). The broadening of the peak at 20 =21° occurs
mainly due to the existence of amorphous hemicelluloses
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Fig.6 XRD profile of PFS (shown at top) and BNFS (shown at bot-
tom)
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and lignin content of BNFS whereas the sharp peak at
20=22.5°is because of the presence of a-cellulose of pine-
apple fibers.

The percentage of crystallinity index of PFS with leather
dust was found 51% whereas BNFS was amorphous in
nature.

Scanning electron microscope (SEM)

Figure 7 shows the SEM images of the PFS composite. The
leather fibers and polymer binder along with plant fiber can
both be seen in these images. It is easy to observe that the
network of fibers is adhering to the NRL in PFS composite
sheet. This demonstrates that the leather is a composite of
protein fiber. The binding of NRL with pineapple fibers and
leather fibers binder is clearly in the SEM image of PFS. It
is noticed that the network of fibers has adhered to the NRL
in the PFS sheet. All the individual strands have almost the
same diameter. The length of PF is observed~10 um. This
demonstrates that the PFS is a composite of PF and LF.

Conclusions

Tannery solid waste as well as leather scraps were utilized
effectively as suitable raw materials for making new bio-
composite sheets. Physical and thermal properties of the
composite sheets were examined, and the results showed that
these new composites materials could serve many purposes.
Compared to the control sample, the LF—plant fiber compos-
ite sheets demonstrated better mechanical characteristics.
Due to the fibrous structures of composite sheets, thermal
stabilities have not degraded suddenly, and they showed
slower decomposition as expected for composite materials.
The tensile strengths of BFS, PFS, BNFS, and MFS com-
posites were 3.59, 3.89, 3.25, and 2.66 MPa, respectively,
whereas the stitch tear strengths were found as 23.35, 33.23,
29.35, and 31.58 (N/mm), respectively. Estimation of water
absorption in composite sheets showed the range from 33.33
to 68 which were considerably higher than the standard
value (minimum 35%; SATRA: TM 9:1993) except for MFS.
The physio-mechanical, thermal, and morphological studies
showed that the new composite sheets could be employed
as a raw material to produce different light consumer items
such as chappal, insole, belts, purses, small leather goods,
mouse pads, and other interior decorative goods. New com-
posite sheets could also be used as replacement of leather
or other synthetic sheets, and they could work as reinforcing
layer or direct raw materials for making various light prod-
ucts. Transformation of solid leather wastes into valuable
by-products not only mitigates the burden of waste disposal
but also contributes to solid waste management, resource
conservation, and reduces reliance on virgin materials. This
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Fig.7 SEM images of PFS composite sheets at different magnifications—image a was taken at 500 X magnification, b at 1000 X magnification,

and c and d at 2000 x magnification

new approach of solid leather waste utilization is cost-effec-
tive, environment friendly, and would be suitable for the
sustainable development of leather industries worldwide and
thereby will secure environmental sustainability.
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