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A B S T R A C T

Leather is among the most traded commodities globally, despite being one of the most ancient engineered natural 
materials and a by-product of the meat industry. This reflects its high perceived commercial value as well as its 
unique physical properties such as tear and wear resistance, thermal stability, and breathability. However, 
transforming animal hide into leather is a complex process that faces several process issues that could impact the 
environment. Moreover, the low yield of final leather products, combined with the lack of viable end-of-life 
options, has drawn significant attention from the research community. Herein, we systematically explore the 
potential for upcycling leather waste by incorporating it into thermoplastic polyurethane (TPU). TPU composites 
with various contents of leather waste (5 to 30 wt%), sourced from different tanning methods and with different 
particle size distributions, were prepared by melt compounding and studied for their morphological, thermal, 
and mechanical properties as well as tear and abrasion resistance. This work demonstrated that enhanced me-
chanical properties (Young’s modulus 305 MPa) and abrasion resistance are significantly influenced by the 
average particle size of the leather waste, with the highest aspect ratio (61) of wet blue leather providing the best 
performance.

1. Introduction

The transformation of skins and hides into suitable artefacts is one of 
the oldest technologies in human history. Still, the market capitalisation 
of leather will reach US$ 405.28 billion by 2030 with a compound 
annual growth rate of 6.6 % [1,2]. A series of chemical and physical 
treatments are necessary to transform a raw hide into leather. The 
process of tanning, in particular, is considered the turning point in sta-
bilising a putrescible biological material, making it capable of with-
standing further processing and enhancing organoleptic properties [3].

Skin is primarily composed of collagen, a polar protein and a generic 
name for a family comprising at least 28 different types of collagens, 
among which collagen Type I is the most important and copious [3,4]. 
Morphologically, skin shows a layered interwoven fibrous structure, 
with a fine top (grain) and coarse bottom (corium) layer. The fine grain 

layer imparts strength and smoothness whereas the coarse corium layer 
improves toughness and tear resistance [5–8]. This combination makes 
leather a versatile material that has served human beings for ages, 
ranging from footwear to the built environment and vehicle interiors.

Nevertheless, leather manufacturing is very inefficient and involves 
many chamicals with potential risks on the environment like heavy 
metals used in tanning and retanning processes [9–12]. Tanning is the 
transformative step during leather manufacturing and is carried out 
using different substances, including chromium salts, glutaraldehyde, or 
vegetable tannins, producing leathers often referred to as wet blue, wet 
white, or vegetable-tanned, respectively.

Leather waste comes in different forms, mainly including non-tanned 
and tanned solid waste and fleshing waste, accounting for approxi-
mately 80 % of the original hide or skin, leaving a meagre yield of 20 % 
[13,14]. The great amount of waste determines consequent problems in 
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the disposal as traditional methods of waste management like landfilling 
and incineration are becoming unacceptable. Site limitations, higher 
transportation costs, chromium leachate, and release of methane gas 
restrict landfilling. Incineration of leather waste at elevated tempera-
tures is limited because of chromium conversion from trivalent to hex-
avalent, which is a genotoxic carcinogen [15,16]. Therefore, it is 
necessary to develop novel applications for leather waste to mitigate 
their disposal issues.

The significant environmental challenge posed by leather waste has 
led the research community to investigate innovative and more sus-
tainable solutions. Several studies have been conducted from this 
perspective, including the use of leather waste as animal feed or bio- 
fertilisers [17,18], as adsorbents [19], carbon dots [20], for the 
extraction of collagen and chromium [21–23], as reconstituted collagen, 
and as filler in polymer composites [24–26].

With regard to polymer composites, leather waste has been incor-
porated into various polymer matrices including epoxy [27], high- 
density polyethylene [28], natural rubber [29,30] [31,32], unsatu-
rated polyester [33], thermoplastic polyurethane [25], polyvinyl 
alcohol [34], and polylactic acid [35]. These results revealed some 
interesting insights in terms of mechanical properties. Li et al. demon-
strated an increase in tensile strength and toughness of natural rubber by 
almost 30 % and 60 %, respectively, with the addition of 5 % of silane- 
modified leather collagen fibres [36]. Similarly, the addition of 5 parts 
by weight of leather buffing dust as a filler into carboxylate butadiene- 
acrylonitrile rubber improved the tensile strength from 8.51 to 14.88 
MPa along with increased resistance to thermal ageing [37].

In this research, thermoplastic polyurethane (TPU) was selected as 
the polymer matrix to develop leather waste composites, as it resembles 
the chemistry of most leather finish and faux leathers. TPU is an inter-
esting class of linear block elastomeric copolymers that exhibits desir-
able features such as abrasion resistance, large reversible elastic 
deformations, and adhesion to many substrates, combined with poten-
tial recyclability via simple thermomechanical methods [38–40]. Sur-
prisingly, only a few studies have been reported so far on TPU-based 
leather waste composites. Li et al. investigated the mechanical proper-
ties and morphology of TPU/leather composites and reported a 
considerable improvement in the toughness of these composites, from 
3.4 to 61.8 MJ/m3, after using binary solvents (N, N-dimethylforma-
mide, and toluene) to disperse 5 to 25 % of leather powder, but still 
considerably lower than the toughness of pure TPU [25]. In another 
attempt, Liu et al. investigated the mechanical properties of TPU/leather 
composites after defibrillating the leather fibres through different mill-
ing cycles. They achieved a slight increase in terms of tensile strength, 
from 9 MPa to 14.5 MPa, after vigorous milling of leather [41]. In both 
these attempts, the focus was on the surface modification and defibril-
lation of a single type of leather, to improve, respectively, toughness or 
tensile strength.

This is particularly significant because the properties of composites 
are highly dependent on the reinforcement materials, such as their 
mechanical properties (Young’s modulus). However, the influence of the 
type of leather and the average particle size of recycled leather fibres on 
the properties of polymer composites, especially TPU/leather compos-
ites, has not been systematically investigated. In this study, we show that 
the mechanical properties of polymer/leather composites can be sub-
stantially improved by employing leather fibres with a high aspect ratio, 
a finding that aligns with predictions from the Halpin-Tsai micro-
mechanical analytical model.

2. Materials and method

2.1. Materials and composites preparation

Leather wastes of different types were kindly provided by Gen-
Phoenix Ltd. (UK) and SSIP (Stazione Sperimentale per l’Industria delle 
Pelli e delle Materie Concianti) (Italy), as milled fibrous powders. These 

wastes included wet blue (GenPhoenix), wet white (SSIP), and 
vegetable-tanned (SSIP) leather, covering the most common tanning 
methods used industrially. A reference finished leather (a chromium- 
tanned bovine leather product) was provided by Eako Limited. The 
thermoplastic polyurethane used was Estane 58,437, from Lubrizol 
(USA). Ethanol was purchased from Sigma Aldrich. TPU pellets and all 
types of leather fibres were subjected to overnight drying at 80 ◦C before 
further use. Leather wastes were incorporated into the TPU matrix via 
melt compounding, at leather contents of 5 %, 10 %, 20 %, and 30 % by 
weight, with an Xplore MC15 HT Micro Compounder, at 180 ◦C and 100 
rpm for 2 min. Specimens for the following tests were prepared by 
compression moulding, using a Hot Press 3100 (Dr Collins, Germany), at 
180 ◦C and 100 bar for 2 min, followed by cooling to room temperature 
under pressure for about 5 min.

2.2. Optical microscopy

A small amount of leather fibres (0.03 g) was added to ethanol (30 
mL), vigorously shaken, and cast dropwise onto a glass cover slide. After 
ethanol evaporated at ambient conditions, the leather particles on the 
cover slides were statistically analysed (at least 100 particles measured 
for each leather type) for their size distribution, using the optical mi-
croscope TR 300 (VWR International Belgium) with a lens magnification 
of 4×.

2.3. Scanning Electron microscopy

The cross-sectional areas of the specimens, cold fractured after im-
mersion in liquid nitrogen, were analysed using an Inspect F Scanning 
Electron Microscope (SEM) by FEI Thermo Fisher Scientific, to reveal the 
leather fibre dispersion in the TPU matrix. The micrographs were taken 
at 5 kV and a magnification range of 70× and 40,000×. Before scanning, 
the specimens were coated with a 10 nm gold layer using an automatic 
sputter coater by Agar Scientific to induce electroconductivity and avoid 
artefacts caused by local charging.

2.4. FTIR spectroscopy

Fourier Transform Infra-Red (FTIR) spectroscopy of different leather 
fibres was carried out using a Bruker Tensor 27 Spectrometer with ATR 
assembly. A transmittance spectrum of 48 scans was collected over a 
range from 400 to 4000 cm− 1 with a resolution of 4 cm− 1.

2.5. Thermal analysis

Thermal Gravimetric Analysis (TGA) and Differential Scanning 
Calorimetry (DSC) of TPU, leather fibres, and their composites were 
carried out to identify any thermal decomposition and phase transition. 
TGA was carried out with a TA Instrument TGA 5500, heating from room 
temperature to 800 ◦C at a rate of 20 ◦C per minute, under a nitrogen 
atmosphere. DSC was carried out with a TA Instruments DSC 25, using 
heating/cooling cycles between − 80 ◦C and 250 ◦C, at a rate of 20 ◦C per 
minute, under a nitrogen atmosphere.

2.6. Mechanical testing

Tensile testing was carried out on dog-bone-shaped specimens, in 
accordance with type V of the ASTM standard D638, using an Instron 
5967 equipped with a load cell of 1 kN. The composite specimens were 
mounted on the Instron machine using pneumatic grips at a constant 
pressure of 6 bar. The Young’s modulus was calculated in the linear 
elastic region, between 0.05 % and 0.25 % strain (at a crosshead speed of 
1.0 mm/min). At least five specimens of each composition were tested, 
and average values were reported.

Tear testing was carried out on rectangular specimens of 0.4 mm 
thickness, 25 mm width and 70 mm length, according to the standard 
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ASTM 1938–19, using an Instron 5967 equipped with a 1 kN load cell, at 
a crosshead speed of 250 mm/min. At least four specimens of each 
composition were tested, and average values were reported.

The abrasion resistance of the composites was determined using a 
Rotating Cylindrical Drum following the ISO Test Method 4649:2017, on 
circular specimens of 16 mm diameter and 5 mm thickness. At least 
three specimens of each composition were tested, and average values 
were reported.

2.7. Halpin Tsai model

Halpin-Tsai is a semi-empirical method often used to predict the 
mechanical properties of discontinuous short-fibre reinforced compos-
ites. This model was used to estimate the Young’s Modulus of the TPU/ 
leather composites (Ec, Eq. (1)), once the moduli of the polymer matrix 
(Em) and filler (Ef) are known, as well as the volume fraction (vf), 
orientation factor (a), the filler aspect ratio (l/d), and the coefficients ηL 
(Eq. (3)) and ηT (Eq. (5)). EL and ET are the estimated Young’s Moduli of 
the composites along the fibre direction or transverse to it. If the aspect 
ratio becomes infinitely large the Halpin Tsai model reduces to the 
parallel model and if the aspect ratio becomes 1, the Halpin Tsai model 
reduces to the series model. The prediction curves of these parallel and 
series models are presented in Fig. S4 (c, d) in the supplementary in-
formation for further explanation and understanding. 

Ec = aEL +(1 − a)ET (1) 

EL = Em
1 + l

dηLνf

1 − ηLvf
(2) 

ηL =

Ef
Em

− 1
Ef
Em

+ l
d

(3) 

ET = Em
1 + 2ηTvf

1 − ηTvf
(4) 

ηT =

Ef
Em

− 1
Ef
Em

+ 2
(5) 

Ec = Emvm +Ef vf (6) 

Ec =
Ef Em

Ef vm + Emvf
(7) 

3. Results and discussion

3.1. Morphological studies

All the leather wastes analysed appeared as fibrous material. Fig. 1.a- 
c shows the typical morphology of these fibres. Each fibre presents a 
hierarchical structure, formed by the assembly of collagen fibril bundles 
visible in Fig. 1.d. The chemical nature of such fibres is confirmed by 
FTIR spectra (Fig. S1, in SI, and Fig. 3.a), showing characteristic amide 
peaks of collagen [42,43].

The average aspect ratio of the leather fibres was calculated from the 
ratio of the largest dimension (i.e. length) and the smallest dimension (i. 
e. diameter) and reported in Table S1. Wet blue possessed the largest 
aspect ratio (61) combined with the smallest fibre diameter (13 μm). 
Wet white and vegetable-tanned leather fibres showed a similar length 
to that of WB leather fibres but a larger diameter, resulting in about 1/3 
of WB fibres’ aspect ratio.

Figs. 1f-h show the cross-sectional areas of the TPU composites 
containing different amounts of vegetable-tanned leather waste, 
compared with pure TPU (Figs. 1e). TPU composites containing WW and 
WB present a similar morphology and are included in Fig. S2 in the SI. 
Leather particles are rather homogeneously dispersed in the TPU matrix 
for filler content up to 20 wt%. The fibrous leather particles appear well 
adhered to the TPU matrix, with no signs of fibre pullout. For the highest 
filler contents (i.e. 30 wt%), the composites presented some evidence of 
filler agglomeration, with an expected negative influence on the final 
mechanical properties. At such high filler content, some cavities are also 
visible (Figs. S2.a-h), probably caused by the detachment of larger 
leather agglomerates, which were not sufficiently well embedded in the 
polymeric matrix.

3.2. Thermal analysis

The DSC thermogram of pure TPU in Fig. 2.a shows three main 
features: two glass transition temperatures, at − 34 ◦C and 14 ◦C, related 
to soft and hard segments of the TPU, respectively [44,45], and a small 
endothermic peak at 182 ◦C, attributed to a slight degree of crystallinity, 
most probably within the hard segment region of TPU [46].

When leather of different types and contents was added to the TPU, 

Fig. 1. SEM micrographs of different leather waste fibres and TPU/VEG composites. a) Wet Blue. b) Wet White. c) VEG fibres. d) Collagen fibril bundles within VEG. 
Cryo-fractured e) TPU, f) TPU/VEG 10, g) TPU/VEG 20, and h) TPU/VEG 30.
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no significant change in the two glass transition temperatures and the 
melting temperature was observed (Fig. 2.c). However, the addition of 
small amounts (<10 wt%) of wet blue leather caused a significant shift 
in the crystallisation temperature of TPU (from 88 ◦C to 116 ◦C), which 
suggests a nucleating effect of leather (Fig. 2.b-c) [47]. However, the 
comparison of exothermic peaks of neat TPU and its composites 

highlights an increase in the peak broadness for the composites (Fig. 2b), 
which might be explained by the presence of less perfect polymer 
crystals.

The thermogravimetric curves of TPU [48], wet blue leather, and 
their composites [22,27], are illustrated in Fig. S3.a-c and Figs. 2d-2f, 
respectively. In nitrogen, the decomposition of TPU started at 290 ◦C, 

Fig. 2. DSC and TGA curves of TPU and its composites: a) DSC second heating curves; b) DSC cooling curves; c) effect if WB fibre filler loading on the crystallisation, 
melting and glass transition temperatures of TPU/WB composites; d) TGA/DTG curves of WB fibres; e) TGA curves of TPU/WB leather composites and f) their 
residual ash contents at 800 ◦C.
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with a main degradation peak at 400 ◦C after a shoulder peak at 350 ◦C 
(Fig. S3.a). The shoulder degradation peak is attributed to the dissoci-
ation of urethane groups, followed by the formation of diols, di- 
isocyanates, and the release of CO2 [49]. The main decomposition 
peak is attributed to the decomposition of the soft segment of the TPU 
matrix, leading to the formation of a complex mixture of molecular 
species derived from the fragmentation of polyol segments. After 600 ◦C 
no solid residue was detectable [50].

Wet blue leather waste revealed three distinct decomposition steps 
[51] during TGA analysis in nitrogen (Fig. 2d). The first decomposition 
step, between 30 ◦C and 140 ◦C, is due to dehydration of leather. 
Naturally, leather is hygroscopic, typically containing 15–30 % mois-
ture, depending upon the surrounding environmental conditions and 
treatment [52–54]. The second degradation step, between 300 ◦C and 
500 ◦C, with a peak at 345 ◦C, is ascribed to the decomposition of the 
core collagen material [55]. The last degradation step, relatively smaller 
than the previous two, appeared at temperatures between 500 ◦C and 
800 ◦C. This last degradation step can be explained by carbonization, 
leaving a solid residue of 15–25 % [56]. The residual ash content at the 
end of decomposition was higher for vegetable-tanned leather (Fig. S3b- 
S3c), consistent with published literature, probably due to the presence 
of natural phenolic compounds [57,58]. The decomposition curves and 
the solid residue at 800 ◦C, relative to all compositions of WB, are pre-
sented in Figs. 2.e-f. The solid residue curves can be used as a verifica-
tion of the nominal filler content added during melt compounding, once 
calibrated for the degradation of pure TPU and the three leather waste 
fibres.

3.3. FTIR spectral analysis

Fig. 3.a (and Fig. S1b, in SI) presents the FTIR spectrum of a WB 
leather sample, which shows typical collagen biopolymer-associated 
amide (III), amide (II) and amide (I) IR bands at 1234, 1535, and 
1650 cm− 1, respectively. The broad IR band observed at 3323 cm− 1 is 
associated with the hydroxyl groups of collagen. The IR band at 1031 
cm− 1 is associated with C-O-C and C–O groups of collagen. The FTIR 
spectrum of WB leather fibre is similar to the spectrum of the leather 
sample shown in Fig. S1, with the same IR bands, but with a slight 
change in intensity and position, suggesting the formation of ionic or 
hydrogen bonding. This occurs due to the breakage and the rearrange-
ment of the hydrogen bonding in leather waste fibres under the strong 
shearing and compression during grinding for their extraction process. 
In the case WB, collagen macromolecules are bonded together by ionic 
crosslinking with trivalent chromium ions, considerably increasing their 
tensile strength and decreasing elongation. In the case of WW and VEG- 
tanned leather, new sharp bands are present at 1006 cm− 1 associated 

with sulphonate moieties, which are absent in the spectrum of WB- 
tanned leather sample particles, suggesting that these two leather sam-
ples were treated with sulphonated syntans. In the case of WW, the 
collagen fibrils are covalently crosslinked together by glutaraldehyde, 
while for VEG-tanned leather, they are crosslinked with natural tannins, 
which mostly form hydrogen bonding [59]. However, glutaraldehyde is 
not ionic and thus it is difficult to diffuse into collagen fibrils, partially 
compromising the final performance compared to the Cr-tanned leather.

Fig. 3.b shows the ATR-FTIR spectra of processed TPU and TPU/ 
leather particle composites. The spectra of TPU show typical TPU- 
related IR bands at 557, 1078, 1234, 1332, 1444, 1535, 1630, 2850, 
2931 and 3290 cm− 1. The IR band at 3290 is associated with the 
hydrogen-bonded N–H [59]. The IR bands at 2850 and 2931 are 
associated with the C–H asymmetric and symmetric stretching vibra-
tions in the -CH2 groups [60,61]. The IR bands at 1444, 1535, and 1630 
cm− 1 are associated with the bending mode of C–H of methyl groups, 
N–H bending vibration, and conjugated C–C bond of the unsaturated 
ester, respectively. The composites of TPU with various leather waste 
fibres also show similar IR bands; TPU-associated bands are overlapping 
with the hydroxyl, amide (I), amide (II) and amide (III) bands at 3327, 
1600, 1529 and 1219 cm− 1, respectively. In the case of leather waste 
particles, these bands were at 3323, 1234, 1535, and 1650 cm− 1, 
respectively (Fig. S1.b). The FTIR spectra of all composites show a new 
band at 1728 cm− 1 (which is absent in the spectra of TPU and leather 
waste particle) that is associated with the ester (C=O), suggesting the 
formation of an ester bond between the TPU and leather waste particles 
which causes a considerable increase in tensile strength of the com-
posites compared to the TPU alone [62]. The change in position of these 
IR bands for TPU/leather waste particle composites suggests the for-
mation of hydrogen bonds between hydroxyl groups of TPU and amino, 
carboxyl and hydroxyl groups of leather waste particles. The spectra of 
composites of TPU with all three leather wastes show the same IR bands 
with similar intensities suggesting that all three leather wastes have 
similar interactions with TPU.

3.4. Mechanical tensile properties

The physical properties of composite materials are, in general, 
influenced by their morphological structures, distribution of fillers and 
bonding between surfaces of filler and the polymer matrix, as discussed 
in the previous sections. The mechanical properties (Young’s modulus, 
tensile strength, and elongation at break) of TPU/leather composites 
were investigated under tensile loading and are presented in Fig. 4. The 
finished leather was also tested using the same protocols for reference 
purposes. Additionally, various types of finished leather that underwent 
different tanning techniques were tested for reference purposes, and the 

Fig. 3. a) FTIR of WB leather waste fibres, b) ATR-FTIR spectra of thermally processed TPU and its composites with various types of leather waste particles.

M.U. Nazir et al.                                                                                                                                                                                                                                Sustainable Materials and Technologies 43 (2025) e01221 

5 



results are presented in Table S2. Finished leather is a fibrous material 
whose mechanical properties also depend on the orientation of the 
constituting collagen fibres, which changes throughout the hide, making 
leather anisotropic. To evaluate the mechanical anisotropy of this 
finished leather, specimens were cut and tested along three directions 
(viz 0◦, 45◦ and 90◦, where 0◦ is parallel to the largest side of the rect-
angular finished leather), as reported in Figs. 4.a-b. TPU and composites 

with low leather content (up to 5 wt%) exhibited values of Young’s 
modulus and maximum tensile stress similar to the finished leather 
product but with a higher strain at break. As expected, the strain at break 
decreased with increasing filler content, until approaching values 
similar to the finished leather for TPU composites containing 30 wt% of 
WB, WW, or VEG-tanned leather waste. Among the different types of 
leather, wet blue achieved the highest values of Young’s modulus and 

Fig. 4. Mechanical tensile properties of finished leather and TPU/leather waste composites. Tensile stress-strain curves (a) and average values of Young’s Modulus, 
maximum tensile stress and Strain at Break (b) of finished leather, measured along three tilt angles. c) Tensile stress-strain curves of TPU and TPU composites 
containing different amounts of WB. Average maximum tensile stress (d), strain at break (e) and Young’s Modulus (f) of TPU composites containing different amounts 
of WB, WW and VEG. The values of the average Young’s Modulus are fitted with the Halpin-Tsai predictions, for different aspect ratios (AR).

M.U. Nazir et al.                                                                                                                                                                                                                                Sustainable Materials and Technologies 43 (2025) e01221 

6 



tensile stress. It is interesting to note that the results of composite 
stiffness correlated with the values of aspect ratios measured by optical 
microscopy (Table S1). In particular, higher aspect ratio fillers provided 
higher Young’s moduli, consistent with micromechanical composite 
theories.

The direct (parallel) and inverse (series) Rule of Mixture (Eqs. (6 & 
7)) provide, respectively, the highest and lowest theoretical limits, based 
on the Young’s modulus and the content of the two phases (i.e., TPU 
polymer matrix and fibrous collagen reinforcement, with a Young’s 
modulus taken as 11.5 GPa) [63–65]), as presented in Fig. S4.c. It can be 
observed that vegetable-tanned leather-based composites lie close to the 
lower boundary of the series model, which is valid for particulate fillers. 
Wet blue leather provides the highest mechanical reinforcement among 
all leather types, with an aspect ratio of 61, but is still far from the upper 
boundary given by the parallel model, valid for continuous reinforcing 
fibres. These observations are in line with Halpin-Tsai predictions, 
which provide the possibility of a more quantitative analysis (Fig. S4.d). 
An aspect ratio of 20 (Wet White and Vegetable-tanned leather) is pre-
dicted to give a mechanical reinforcement close to the lowest starting 
plateau. With an aspect ratio of 61, the mechanical reinforcement of Wet 
Blue leather lies in the intermediate region between the lowest and 
highest plateau. To reach the highest reinforcement potential, a leather 
fibre with an aspect ratio exceeding 1000 should be employed. This 
simple model can, therefore, be used to estimate the leather fibre size 
necessary for an efficient composite and to provide a guideline value for 
future leather defibrillation efforts. Assuming a leather fibre length of 1 
mm (just slightly longer than our WB, WW, and VEG leather), a fibre 

diameter of 1 μm should be obtained, which is 40 times smaller than 
usual values obtained via traditional milling processes but still much 
larger than the typical collagen fibril bundle diameter (~100-200 nm, 
Fig. 1.d). This presents a challenge and a sense of direction for the field.

3.5. Tear strength

The tear propagation resistance of TPU/leather composite sheets was 
determined under tear-trouser or single-rip tearing tests and presented 
in Fig. 5. Interestingly, 5 wt% of WB, WW, and VEG leather fillers 
increased the average maximum tear load of TPU, from about 30 N to 40 
N. This increase could be due to the formation of ester bonds between 
the TPU and leather waste particles, as demonstrated earlier (Section 
3.3). However, a further increase in the leather fillers loading caused a 
decrease in tear resistance, mainly caused by a decrease in strain at 
break and increased embrittlement, as shown from tensile tests (Fig. 4.f). 
Tear testing of the finished leather was carried out in three different 
directions, viz., 0◦, 45◦, and 90◦ (Fig. S5 in SI), and the average values 
are presented in Fig. 5 as a shaded region. The results demonstrate that 
the tear propagation values of the finished leather are comparable, in 
terms of load, with TPU and TPU composites with up to 10 wt% leather 
waste content. A further increase in tear resistance of the TPU com-
posites with higher waste leather fibre contents can be expected for finer 
and higher aspect ratio fibres, as well as with the addition of cross- 
linkers, and perhaps, suitable plasticisers.

Fig. 5. Tear Propagation Resistance of TPU composites containing different amounts of the three leather wastes.
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3.6. Abrasion resistance

The abrasion resistance of leather composites is summarised in 
Fig. 6. The finished leather was also tested for reference purposes, but 
did not survive the abrasion test (failed after 5 cycles of abrasion) and 
was therefore assigned with a value of zero. The addition of leather 
fillers monotonically improves the abrasion resistance of TPU. Despite a 
large scattering of data, the wet blue and wet white leather fibre com-
posites demonstrated a better abrasion resistance than the other com-
posites, showing a twofold increase in abrasion resistance associated 
with the larger aspect ratio of the fillers. A higher aspect ratio contrib-
uted to a higher Young’s modulus, a higher orientation of these fillers, 
and a better distribution of the abrasive forces which ultimately resulted 
in improved the abrasion resistance of these composites.

4. Conclusion

In this work, different types of leather waste fibrous materials, with 
average aspect ratios between 20 and 61, were upcycled into TPU/ 
leather composites via a simple melt compounding process. SEM 
morphological analysis revealed a good dispersion of leather fibres in 
the TPU matrix and effective interfacial adhesion between the thermo-
plastic elastomer and leather fibres, which rendered any surface func-
tionalization redundant. Only at the highest leather contents studied 
(30 wt%), did the composites exhibited agglomeration of leather fibres, 
which had a negative effect on the ductility of the composites. Overall, 
the addition of leather waste fibres increased Young’s modulus and 
abrasion resistance of TPU across all filler contents and improved the 
maximum tensile stress and tear resistance for leather contents less than 
10 % surpassing the values for a finished leather product.

The aspect ratio of the leather waste fibres was found to directly 
correlate with the mechanical properties of the resultant composites, 
with wet blue leather (aspect ratio of 61) providing a higher mechanical 
reinforcement, compared to wet white and vegetable-tanned leather 
fibres (aspect ratio of 20). Using the Halpin-Tsai micromechanical 
model, it was estimated that an aspect ratio exceeding 1000 should be 
employed to achieve the highest theoretical mechanical properties. 
Developing a simple and scalable method to obtain leather fibres with 
diameters around 1 μm or below could result in the viable upcycling of 
leather waste into different consumer and engineering products.
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