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In this study, a method of using cottonseed oil as the main component for the preparation of bio-based compositions 

for the new generation of artificial leather was investigated. Genuine leather is considered a renewable, bio-based 

product. However, ecological issues caused by leather processing have led to a significant productivity decrease in this 

industry. As a result, artificial leather, made of polyvinyl chloride and polyurethane, has been commonly used in both 

industrial and commodity applications. These synthetic alternatives show similar properties to genuine leather but are 

composed of fossil oil–based materials. Therefore, extensive research is being conducted to utilize renewable materials 

in the manufacturing of artificial leather. The cottonseed oil–based leather prototype was prepared according to the 

classic three-layer structure approach that is currently used in synthetic leather manufacturing. Epoxidized cottonseed 

oil was used to create the top and foamed layers of leather, while the third layer consists of cotton fabric. The proper

ties of the individual layers of leather were evaluated using thermogravimetric analysis, differential scanning calorime

try, dynamic mechanical analysis, and scanning electron microscopy. By combining all layers, artificial leather 

prototypes were fabricated. Layers made of functionalized cottonseed oil possess flexibility and softness characteristic 

of traditional synthetic leather.

Keywords: artificial leather/cottonseed oil/green polymers/plant oils/renewable resources/sustainable materials/UN SDG 12: 

Responsible consumption and production

1. Introduction 

Society has recognized the importance of implementing sustain
able strategies across all sectors of modern life, and the leather 
industry is no exception. Although genuine leather is a renewable, 
bio-based product, its manufacturing process has raised many eco
logical concerns.1–6 Simultaneously, the number of people oppos
ing products of animal origin is growing.7–9 All these factors pose 
new challenges in developing products from genuine leather. 
Companies that make genuine leather for consumer products have 
been under pressure to develop cleaner technologies. Therefore, 
since the 1950s, artificial leather made of polymeric systems has 
been commonly used in various applications.10,11

The most widely used polymeric materials for the production of 
artificial leather are polyvinyl chloride (PVC) and polyurethane 
(PU).12–16 To imitate animal-based leather, artificial leather is 
made of a multilayer structure that consists of a base coating layer, 
a foamed layer, and a fabric layer (Figure 1). The production 

process of artificial leather can be divided into four main steps. In 
the first step, a polymer formulation (base layer) is applied onto a 
substrate (e.g. release paper) that can be easily removed after the 
process is completed.19 The formulation typically consists of 55% 
polymer (PU/PVC), 40% plasticizer, and 5% additives. By press
ing the formulation between heated rollers, a thin base layer is 
formed. In the second step, a foaming formulation comprising a 
blowing agent is applied on top of the base layer. Curing the for
mulation in the oven provides the formation of a thick foamed 
layer. The third step involves the attachment of fabric to the 
foamed layer and release of the substrate from the bottom of the 
base layer. The last step of manufacturing is optional and can be 
realized by passing the layered structure through rollers that pro
vide texture and a leather-like appearance.17

Artificial leather made from PU and PVC exhibits competitive 
properties compared with genuine leather in terms of both 
mechanical properties and functionality.20,21 However, a growing 
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number of people have realized that it is not a sustainable product 
since it is composed of petroleum-derived polymers.22,23 To address 
this problem, different renewable resources have been proposed as 
alternatives to replace or partially substitute fossil-based polymers 
in leather manufacturing.24–26 For example, C. Alvarez A. Hijosa 
reported the use of fibers from pineapple leaves, which are consid
ered waste after pineapple harvesting in leather development.27 A 
combination of pineapple leaf fibers and polylactic acid fibers were 
used to form a nonwoven material that serves as the main layer of 
leather. A top PU coating, which accounts for 10%–15% of the total 
material weight, is applied to increase the performance of the 
leather.

Another example of an eco-friendly leather from renewable sour
ces is a coated textile made from grape pomace. The production 
process includes drying grape pomace and mixing it with PU to 
make a thin, nonfoam layer and a foamed layer. A type of vegan 
leather, which is known as ‘grape leather’ or ‘wine leather’, is 
obtained by applying these layers over a cellulosic textile 
carrier.28,29

Fungal leather has also been featured as an environmentally 
friendly leather-like substitute material.30–32 Fungi grow naturally 
by generating microscopically interconnected tubular cells that 
eventually form mycelium. Fungal mycelium is a solid, foam-like 
material, which consists of fibrous networks that imitate the struc
ture of an animal skin. This material can be treated by different 
physical and chemical methods to have leather-like textures, col
ors, and strength.3,23 Several other materials, such as cactus fiber, 
apple residues, teak leaves, silk proteins, and so on, have also 
been previously offered as raw materials for bio-based artificial 
leather.22,28,33,34

Despite the broad commercial interest, the new generation of 
currently proposed bio-based leathers are fabricated from 

unconventional biomaterials, which makes these products very 
expensive. Furthermore, the majority of the alternative leathers 
contain PU layers that play a vital role in their performance.35

Leather technologies that use readily accessible renewable materi
als as feedstocks have not been developed and are in great 
demand. In addition, it is worth noting that the commercial poten
tial of such technologies highly depends on their manufacturing 
technologies. The most promising ones are those that can be 
implemented using existing leather production equipment and 
processes without significant modifications.

Our ultimate goal is to develop artificial leather using widely 
available biomaterials. Given their abundance and renewability, 
oils from agricultural sources have been intensively investigated 
in different areas as potential replacements for petroleum-based 
polymers.36–38 Various chemical modifications of triglycerides, 
with epoxidation being the most important, produce oligomer res
ins that can be further converted into useful thermoset poly
mers.39–43 A common drawback of plant oil–based thermosets is 
their low glass transition temperature, which is attributed to their 
long flexible chains and results in low modulus and high flexibil
ity. Currently, the primary application of epoxidized vegetable oils 
is as plasticizers.44–48 In this work, the authors show that the flexi
bility of plant oil–derived thermosets offers an advantage in artifi
cial leather. The authors explore plant oils to fabricate the layers 
of artificial leather using cottonseed oil as an example. All layers 
of artificial leather were produced from cotton-derived materials. 
The leather was prepared using the classic three-layer structure 
approach, where the top layer and the middle layer were made 
from polymeric resin and the bottom (substrate) layer from cotton 
fabric. Epoxidized cottonseed oil (ECO) was used as the major 
ingredient in fabricating the base and the foamed layers of leather. 
To the best of the authors’ knowledge, this is the first report of an 
artificial leather composition developed from plant oil–derived 
materials.

Figure 1. The manufacturing process and multilayer structure of PVC or PU artificial leather. Figure 1(a) is adapted from reference 17 with 

permission from Elsevier and Figure 1(b) is adapted from reference 18 with permission from Covestro LLC.
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2. Experimental section 

2.1 Materials 

ECO was synthesized using a method reported earlier.49 The 
epoxy equivalent weight of the resin was determined via hydrogen 
bromide titration (ASTM D1652) and the value was 264.8 g/eq. 
Dodecenyl succinic anhydride was purchased from VWR 
(Radnor, PA). BV-CAT 7 catalyst was provided by Broadview 
Chemicals (Newark, New Jersey). Azodicarbonamide (ADA) 
foaming agent and zinc oxide (accelerator, decomposition catalyst) 
were received from Sigma Aldrich (St. Louis, MO). Tegostab B 
8993 surfactant (polyether-polydimethylsiloxane copolymer) was 
kindly provided by Evonik (Piscataway, New Jersey). All materi
als were used as received without further purification.

2.2 Preparation of leather top layer 

ECO and dodecenyl succinic anhydride curing agent were used 
for the preparation of the top layer. The ratio of epoxy to anhy
dride (ECO: anhydride) was fixed at 1:1.5, based on equivalent 
weights. BV-CAT 7 catalyst was added to the epoxy-anhydride 
formulations to ensure efficient polymerization. The amount of 
catalyst was fixed at 3% by the total weight of the epoxidized oil 
and the anhydride. The preparation of the top layer is as follows. 
ECO, anhydride, and catalyst were mixed at 3500 rpm for 3 min in 
a FlackTek high-speed mixer. Following this, the formulations 
were transferred into glass vials and precured on a hot plate while 
continuously stirring at 1208C. After precuring, the formulations 
were applied using a drawdown bar at 25 mil on cleaned glass pan
els and steel panels (Q-Lab, QD-36). The panels were put in a pre
heated oven and cured at 1608C for 30 min.

2.3 Preparation of leather foamed layer 

The foamed layer was prepared using a procedure similar to the 
base layer. ADA blowing agent and zinc oxide were used in the 
formulations to enable foaming. The amount of ADA in the for
mulations was fixed at 3 pph (pph = parts per hundred of the total 
weight of epoxidized oil and anhydride), while the amount of ZnO 
was kept at 0.5 pph. ADA and ZnO were added to the previously 
prepared mixture comprising ECO, anhydride and catalyst. 
Surfactant was used to ensure the formation of a homogeneous 
cell structure. The amount of surfactant was kept at 0.5 wt.%. The 
formulations were mixed in a Flacktek Speed high-speed mixer at 
3500 rpm for 3 min. The formulations were precured at 1208C on a 
hot plate. After precuring, formulations were poured into silicone 
molds with different shapes or applied on glass panels using a 
drawdown bar at 15 mil. Specimens were cured at 1608C for 
30 min.

2.4 Preparation of leather prototype 

The leather prototype was prepared by a three-layer structure 
method. In this method, the foamed formulation was layered on 
top of the fabric layer, followed by applying the top layer over the 
foamed layer. All three layers, the base layer, the foamed layer, 
and the fabric layer, were based on cotton derivatives. Detailed 

description of the preparation procedure is given in the last section 
of this manuscript.

2.5 Characterization methods 

The physical properties of the top layer, applied on metal panels, 
were evaluated according to ASTM International coating stand
ards. The hardness was determined by subjecting coatings to 
König pendulum hardness (ASTM D4366) and pencil hardness 
(ASTM D3363) tests. In the König pendulum hardness test, the 
time taken for the oscillating pendulum to decrease its amplitude 
from the 68 deflection angle to 38 is measured. The more flexible a 
coating is, the faster the amplitude decreases. The results were 
reported in seconds. In the pencil hardness test, pencils with hard
ness values from 8H (the hardest) to 9B (the softest) were pushed 
across the sample. The hardest pencil that could not produce a 
visible scratch on the coating was reported. Adhesion to the sub
strates was characterized by a cross-hatch adhesion test (ASTM 
D3359). Loss of adhesion was reported according to the scale 
from 0B to 5B, where 0B indicates full delamination of coating 
from the metal surface. Conical mandrel bend (ASTM D522) was 
performed to determine flexibility of the coatings, namely, resist
ant to cracking upon bending. Reverse impact strength (ASTM 
D2794) was conducted to define resistance of material to rapid 
deformation using a Gardner Impact Tester. The drop weight was 
4 lb and the maximum drop height was 43 in. The results were 
reported in inch-pounds. Chemical resistance of the coatings films 
was determined using the methyl ethyl ketone (MEK) double rubs 
test (ASTM D5402). A cheesecloth was wrapped around a ham
merhead and soaked in MEK. The results were reported as the 
number of double-rubs a coating can withstand until coating dam
age was observed. Dry film thickness was measured with a Byko- 
Test 8500 thickness gauge.

Gel content of the top layer films was determined via Soxhlet 
method. Samples were placed in a paper thimble, which was then 
inserted into a Soxhlet extractor. Toluene was refluxed through the 
extractor for 24 h. Samples were removed from the thimble and 
dried in the oven for several hours. The weight of the samples was 
measured, and the gel content was calculated as the final weight/ 
initial weight. The results were reported as a percentage.

Differential scanning calorimetry (DSC) was performed using a 
TA Instruments Discovery DSC 2500 differential scanning calo
rimeter. Nitrogen was used as a purge gas. Depending on the sam
ples, hermetic aluminum pans (liquid formulation) or standard 
aluminum pans (cured films) were used. The weight of the sam
ples was 5–10 mg. Experiments were run at a heating rate of 
58C/min from 258C to 2508C. In the case of the cured films, the 
scans were performed in a heat-cool-heat mode (temperature range 
−508C-2508C).

Thermogravimetric analysis (TGA) was run on a TA Instruments 
Discovery TGA 550 thermogravimetric analyzer. Samples were 
placed in tared platinum pans and heated from room temperature 
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to 6008C with a heating rate of 108C/min in a nitrogen atmosphere. 
The weight of the samples was 5–12 mg.

Viscosity measurements were performed using a Brookfield CAP 
2000 cone/plate viscometer. To analyze the viscosity, samples 
were placed between the cone and the plate of the viscometer and 
subjected to shear. Measurements were taken four times for each 
sample at temperature 24 ± 0.48C using cone spindle CAP 03 
(shear rate = 133 s−1) at 100 rpm. The measured average viscosity 
was reported.

Dynamic mechanical analysis (DMA) was conducted on a TA 
Instruments Discovery DMA 850 dynamic mechanical analyzer 
using a single cantilever geometry. The temperature was raised 
from −508C to 2008C with a heating rate of 58C/min. The glass 
transition temperatures (Tg) of the samples were defined as the tan 
δ peak. The storage moduli (E′) were determined at 608C above 
the Tg. The cross-link densities (νe) of the thermosets were calcu
lated by following equation:

E′ = 3νeRT.

where E′is the storage modulus in the rubbery plateau region, R is 
the gas constant and T is the absolute temperature.50

Optical microscopy was used to analyze the foamed samples. 
Microscopic images were taken on a Keyence VNX-7000 Digital 
Microscope.

Scanning electron microscopy (SEM) was used to study the mor
phology of the foamed samples. A slice (�5 mm thick) of each 
foam sample was cut by hand with a double-edged razor blade. 
Slices were attached to cylindrical aluminum mounts with silver 
paint (SPI Products, West Chester, Pennsylvania) to view the cross 
section, and then sputter coated (Cressington 108auto, Ted Pella, 
Redding, California) with a thin layer of gold. Images were 
obtained with a JEOL JSM-6490LV scanning electron microscope 
(JEOL USA, Inc., Peabody, Massachusetts) at an accelerating 
voltage of 15 kV.

Micro-computed tomography (micro-CT) was used for imaging 
the internal structure of the ECO-based foams and to define their 
porosity. Foamed samples were scanned in a GE Phoenix v|tome| 
x s X-ray CT system equipped with a 180-kV nanofocus X-ray 
tube and a high-contrast GE DXR250RT flat panel detector (GE 
Sensing & Inspection Technologies GmbH, Niels Bohr Str 7, 
31515 Wunstorf, Germany). At a voltage of 80 kV and a current of 
500 mA with a diamond target, 1500 projections were acquired. 
Detector timing was 100 msec. Sample magnification was 12.27× 
with a voxel size of 16.3 mm. Acquired images were reconstructed 
into a volume data set using GE datos|x 3D computer tomography 
software version 2.2 (GE Sensing & Inspection Technologies 
GmbH, Niels Bohr Str 7, 31515 Wunstorf, Germany). The 

reconstructed volume was then viewed and porosity analysis was 
performed using VGStudio Max version 2023.3 (Volume 
Graphics, Inc., 3219 Arbor Pointe Drive, Charlotte, North 
Carolina).

3. Results and discussion 

Currently, synthetic leather is manufactured on a mass scale using 
well-established processes. Integrating new bio-based materials 
with established manufacturing technology represents the most 
promising approach to developing innovative bio-based leather. In 
view of this, in this study we produced leather samples with a 
three-layer structure (Figure 2) similar to commercial synthetic 
leather using ECO as the resin.

In this approach, the leather is prepared by a typical manufacturing 
method, where the top layer and the foamed layer are made from 
ECO thermoset resin and the third layer from fabric. Each layer 
serves its specific function. The top layer is needed for the protec
tion of the internal foamed layer and for the creation of the ‘natu
ral’ grain and texture of real leather. In addition, by using 
colorants, the top layer can be produced in various colors. The 
porous structure of the foamed layer provides the soft, warm feel 
typical of genuine leather. The fabric layer, which is composed of 
woven or nonwoven textiles, gives the leather most of its strength. 
Overall, all layers should be made from materials that can repli
cate the pliable quality of genuine leather. This study demonstrates 
the fabrication of leather prototypes from cottonseed oil. 
However, other types of vegetable/plant oils could also be utilized. 
The use of cottonseed oil in the composition has some advantages. 
The main benefit is the more flexible nature of cottonseed oil–
based resins compared with resins made from oils with a higher 
degree of unsaturation.49

3.1 Preparation and properties of the top layer 

The top layer is produced first in the industrial manufacturing pro
cess of synthetic leather. In this study, this layer was prepared by 
reacting ECO with dodecenyl succinic anhydride (DDSA). In our 
previous work, we examined the curing conditions of ECO with 
DDSA to produce bio-based foams.51 It was determined that the 
optimal ratio of epoxy to anhydride was 1:1.5 (based on equivalent 
weight), and the best curing conditions were 1608C for 30 min. We 
applied the same process in this study to assess whether the ECO- 
based thermoset can serve as the top layer of the leather composi
tion. BV-CAT 7 catalyst was added to the formulation to 

Figure 2. Structure of ECO-based artificial leather
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accelerate the reaction rate between ECO and anhydride and to 
link the anhydride in the early stage of the reaction. A consider
able amount of anhydride could be lost due to evaporation if no 
catalyst is used, as discussed below.

The formulations were applied to metal panels and cured for 
30 min at 1608C. The resulting films were tack-free after curing, 
and their properties were examined according to ASTM standards. 
The films exhibited modest chemical resistance, demonstrating 
only 50 double rubs in the MEK double rub test (ASTM D5402). 
The nonisothermal DSC thermogram of the cured films revealed 
no exothermic peaks, indicating complete curing. Soxhlet extrac
tion on the sample produced an average gel content of 91.3%. To 
investigate the cause of the sample’s low chemical resistance, the 
same formulation was cured at lower temperatures for longer dura
tions: 1208C for 2 h and 1508C for 5 h. The gel content of the new 
samples was 96.9%, which was only slightly higher than that of 
the sample cured at 1608C for 30 min despite the significantly lon
ger curing time. Furthermore, the MEK test results still showed 
low chemical resistance of the new samples.

To investigate the issue further, TGA experiments of the formula
tion and DDSA were conducted. In Figure 3, the formulation 
shows a mass loss starting at 1508C, corresponding to the mass 
loss of DDSA at the same temperature range, which suggests that 
the mass loss of the formulation can be attributed to the evapora
tion of DDSA. The epoxy resin does not contribute to this weight 
loss because its degradation starts at 2988C. These results explain 
the low solvent resistance of the ECO-based films. During the cur
ing process at 1608C, a certain amount of DDSA most probably 
evaporated and led to a low cross-link density of the cured films. 
The higher gel content achieved at 1208C/2 h and 1508C/5 h is 
attributed to reduced DDSA loss and extended curing time. 
However, the poor chemical resistance of the sample cured even at 
1208C indicates that the loss of the curing agent still takes place at 
this temperature. To overcome this challenge, a precuring stage, 

during which the formulation was heated to the start temperature 
of the reaction in a closed system to allow partial reaction, was 
incorporated into the curing procedure.

A DSC scan of the formulation was used to determine the precur
ing temperature. Figure 4(a) shows the thermogram of the formu
lation. The exothermic peak indicates the cross-linking reaction, 
which starts at about 1208C and peaks at around 1608C. Therefore, 
1208C was chosen as the precuring temperature.

The precuring was performed in reaction vials for three different 
durations: 60, 90, and 120 min. As expected, the viscosity of the 
formulation increased after curing, from 0.54 Pa·s before curing to 
5.78 Pa·s after 1 h of precuring (both viscosities measured at 248C 
and 100 rpm). The increase in viscosity is due to the increase in 
molecular weight as a result of the epoxy-anhydride reactions. To 
analyze the formulation’s curing behavior further, DSC was con
ducted on the precured formulations to monitor the progress of the 
epoxy-anhydride reaction after the precuring stage. As shown in 
Figure 4(b), all the samples display exothermic peaks around 
1608C, indicating the cross-linking reaction of the uncured part of 
the formulation. This is expected because the precuring is intended 
to partially react the resin components to prevent significant vola
tilization of the cross-linker.

The total enthalpy of the reactions (DH) for the three samples 
shown in Figure 4(b) can be determined by calculating the areas 
under their corresponding exothermic peaks. DHs for the three 
samples and uncured formulation are summarized in Table 1. DH 
decreases with longer precuring times because less uncured resin 
remains after precuring. This difference indicates the progress of 
the reaction between ECO and DDSA during the precuring stage.

The curing behavior of the formulation was also investigated in a 
two-stage curing cycle. In the first stage, the formulations were 
precured at 1208C for 60, 90, and 120 min. The precured formula
tions were then applied to metal panels and cured in an oven at 
1608C for 30 min. The cured samples were studied using DSC, 
and the results are shown in Figure 4(c). No exothermic peaks are 
detected on the thermograms of any of the samples, indicating the 
completion of the reaction between ECO and DDSA after the two- 
stage curing process. The chemical resistance of the samples was 
evaluated using the MEK double rub test and all demonstrated 
good chemical resistance with more than 200 MEK double rubs. 
Based on these findings, it is suggested that a precuring stage be 
included in the manufacturing of ECO-based thermosets, espe
cially when the end products require good chemical resistance. 
The optimal condition for precuring is 1208C for 60 min.

Other properties of the two-stage cured sample, such as hardness 
and adhesion strength, were also tested to better understand its 
performance. The König and pencil hardness test results indicate 
low hardness of the sample (Table 2). It also exhibits the highest 
possible value in the reverse impact resistance test and passes the 

Figure 3. Thermogravimetric curves of uncured top layer 

formulation and DDSA
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conical mandrel bend test, demonstrating extremely high flexibil
ity. The flexible properties of the sample are demonstrated in 
Figure 5 and Video 1 (Supplementary Information).

The demonstrated properties are directly attributed to the flexible 
nature of the ECO-based resin. The fatty aliphatic chains present 

in the ECO significantly influence the material’s flexibility. In 
addition, the aliphatic molecular structure of the anhydride cross- 
linker also contributes to the properties of the sample. The combi
nation of these two reactants through cross-linking results in a net
work that provides the material with good mechanical robustness 
and flexibility. Furthermore, the sample exhibits strong adhesion 
to steel substrates, as indicated by the results of the cross-hatch 
adhesion test. While this property is not crucial for leather applica
tions, it may be advantageous in other potential uses. It is worth 
noting that the properties listed in Table 2 are measured from sam
ples prepared according to a curing schedule of 1208C for 1 h (pre
curing) and 1608C for 30 min (second-stage curing). However, 
films prepared with longer precuring times show very similar 
properties.

The thermomechanical properties of the top layer were also eval
uated using TGA and DMA, and the results are presented in 
Figure 6 and Table 3. The TGA results show that the initial 
decomposition temperature, which corresponds to a 5% mass loss 
of the material, is around 3108C, indicating its high thermal stabil
ity. The material almost fully decomposes around 4458C. The 
glass transition temperature Tg, determined from the tan delta (δ) 
peak of the DMA test, is 228C, and the sharp peak indicates a uni
form and homogeneous network structure of the sample. Despite 
the relatively low value of the cross-link density, the material 
exhibits good thermal and solvent resistance. Based on these 
results, it is expected the sample is suitable for its potential use as 
the top layer of bio-based leather.

Figure 4. (a) Nonisothermal DSC thermogram of the top layer formulation; (b) nonisothermal DSC curves of the top layer formulation after 

being precured at 1208C for different durations; and (c) nonisothermal DSC scans of the films cured by a two-stage curing process

Table 1. Reaction enthalpies determined from DSC analysis

Formulation DH: J/g

Uncured 104

Precured for 60 min 68

Precured for 90 min 59

Precured for 120 min 47

Table 2. Properties of the top layer prepared by the two-stage 

curing process: precuring at 1208C for 1 h followed by final curing 

at 1608C for 30 min

Properties ECO:DDSA ratio 1:1.5; 3% BV-Cat 7

König hardness (s) 12 

Thickness (mm) 220 6 3.85

Cross-hatch adhesion 5B 

Pencil hardness 7B

Reverse impact (in�lb) >168.56

Conical mandrel bend PASS

MEK DR 200
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3.2 Preparation and properties of the foamed layer 

The foamed layer was created by foaming the same formulation 
that was used to produce the top layer. Two methods were used to 
produce the foam, and in both methods, the foaming agent (ADA) 
and accelerator (zinc oxide) were fixed at 3 pph and 0.5 pph, 
respectively. In Method 1, ECO, DDSA, BV-CAT 7, ADA, and 
zinc oxide were mixed in a Flacktek high-speed mixer for 3 min 
and precured at 1208C for 1 h. The precured formulations were 
poured into silicone molds and cured in the oven at 1608C for 
30 min. In Method 2, ECO, DDSA, and BV-CAT 7 were mixed in 
the high-speed mixer for 2 min and precured at 1208C for 1 h. 
After that, ADA and zinc oxide were added into the precured for
mulation, and the mixture was mixed again for 3 min before being 
poured into molds and cured in the oven at 1608C for 30 min.

Both methods resulted in successful curing and foaming of the for
mulations. Samples from the two methods demonstrated a similar 
degree of expansion but different cell morphology. The foam pre
pared by Method 1 displays a higher cell density (number of cells/ 
unit area) than the foam prepared by Method 2, as shown in 
Figures 7(a) and 7(b). As a result, the first foam exhibits a lower 
density and is softer (easier to compress). In addition, the foam 
made using Method 2 appears to contain undecomposed ADA, 
while the sample by Method 1 is free of it, as illustrated in 
Figures 7(c) and 7(d). The presence of ADA residues in the 
Method 2 sample can be attributed to the imbalance between the 
curing and foaming processes, which will be discussed later.

SEM was utilized to further study the morphology of the foams. 
Both foams contain a mixture of open and closed cells; however, 
most of the cells of the foam prepared by Method 2 are closed 
ones (Figures 8(a) and 8(b)). The broad cell size distribution in 
both cases can be attributed to the absence of a surfactant in the 
formulation, which can stabilize the growing cells. A surfactant 
was not used in this study because of our focus on determining the 
effects of the two preparation methods. SEM images also confirm 
the higher cell density of the foam prepared by Method 1 as 
observed from the optical images. Micro-CT was additionally 
employed to quantify the porous structure of the foams. 
Figures 8(c) and 8(d) shows cross sections of the two foams, with 
the Method 1 foam displaying a denser cell distribution, which 

Figure 5. Demonstration of the flexibility of the top layer sample

Figure 6. (a) TGA and (b) DMA curves of the top layer

Table 3. Thermomechanical properties of the top layer

Properties

ECO:DDSA ratio  

1:1.5; 3%  

BV-Cat 7

Initial decomposition temperature, Td (5%): 8C 310.87

Temperature of 50% weight loss, Td (50%): 8C 369.62

Temperature of 95% weight loss, Td (95%): 8C 445.11

Glass transition temperature, Tg: 8C 22.19

Storage modulus E´ (at Tg + 608C): MPa 4.599

Cross-link density, ve: 103 mol/m3 1.36
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aligns with the results from the optical and SEM studies. The 
porosity of the foams was calculated using the equipment’s analy
sis software, and the results show that Method 1 foam exhibits a 
significantly higher porosity than the Method 2 one (Table 4). The 
differences in the morphology and porosity of the two foams can 
be attributed to their different foaming kinetics. Curing and foam
ing occur simultaneously, competing with each other during the 
foam manufacturing process. Foams with different morphologies 
can be produced depending on which process is more dominant, 
as discussed below.

The process of foam fabrication involves curing the resin and 
foaming the material in one single operation.52 The overall reac
tion kinetics depends on the curing kinetics of the epoxy- 
anhydride network and the decomposition kinetics of the blowing 
agent.53 The two processes must occur at a suitable rate ratio to 
produce a homogeneous cell structure. Depending on which pro
cess is dominant, foams with different morphologies can be pro
duced. Figure 9 demonstrates the main effects of curing and 
foaming on properties of the polymer foams. Curing leads to a 
gradual increase in the viscosity of the formulation, which signifi
cantly affects the nucleation, growth, and coalescence of the cells. 
If foaming occurs too quickly, the viscosity of the formulation 
may still be low when the cells begin to grow, leading to larger 
cells, cell coalescence (creating interconnected open cells), or 
even catastrophic cell rupture and gas escape from the material. In 
this study, both foaming methods showed no signs of significant 
cell rupture or gas escape. In Method 1, curing and foaming 
occurred concurrently, meaning that cells started to expand when 
the viscosity was relatively low. In Method 2, cells grew in a 

higher-viscosity environment due to the precuring process. As a 
result, the foam prepared by the latter has a lower porosity and 
more closed cells. In addition, in the second method, the foaming 
agent and accelerator were incorporated into a precured formula
tion, whose relatively high viscosity could cause inhomogeneous 
dispersion of the particles. Due to the agglomeration, the interac
tion between the foaming agent and the accelerator was hindered, 
which led to a suppressed decomposition (gas-generating) rate.54

This also contributed to the lower porosity of the foam.

Surfactants are commonly used to stabilize cells and create foams 
with a uniform cell size. Method 1 is a simple, one-step process 
favored for industrial applications. However, the foam prepared 
using this method demonstrates a relatively large variation in cell 
size, as illustrated in Figure 8(a). The variation can be reduced by 
incorporating Tegostab B 8993 surfactant into the formulation. 
Figure 10(a) presents SEM images of a foam sample produced 
using Method 1 with the added surfactant. The cells in this foam 
exhibit a significantly more uniform size. Micro-CT images of 
three cross sections of the foam further validated this 
(Figure 10(b)). The porosity of the foam was determined to be 
68%. Thus, the inclusion of the surfactant did not result in higher 
porosity but enhanced the uniformity of the foam.

To prepare a thin foamed layer that is suitable for artificial leather 
fabrication, the formulation containing the surfactant was precured 
at 1208C for 60 min, and then applied on a glass panel using a 
drawdown bar. The coated glass panel was placed in an oven at 
1608C for 30 min to complete the curing and foaming processes. A 

Figure 7. Optical microscopic images of foamed samples prepared by Method 1 (a) and (c) and by Method 2 (b) and (d). Top surfaces 

shown in (a) and (b), bottom surfaces in (c) and (d)
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soft, highly flexible foamed layer was obtained after removing the 
product from the panel, as shown in Figure 11 and Video 2.

3.3 Fabric layer of bio-based leather 

As mentioned earlier, the bottom layer of artificial leather is typi
cally made of fabrics, either woven or nonwoven. Woven textiles 
are generally more durable and stronger than nonwoven ones and 
therefore are often preferred in leather fabrication. Since both the 
top and foamed layers are made of cottonseed oil–based resin in 

this study, it makes sense to choose cotton fabrics as the bottom 
layer so that the entire leather structure is derived from cotton. 
The fabric layer is often adhered to the foamed layer using adhe
sives in the industry. The formulation for producing the top layer 
is a natural choice for adhesive because this approach eliminates 
the need for additional materials for producing cotton-based artifi
cial leather.

3.4 Preparation of leather prototypes 

To produce leather prototypes, a piece of 100% warp knit cotton 
was secured onto a glass substrate using polytetrafluoroethylene- 
coated fiberglass tape. The formulations for the top and foamed 
layers were prepared according to procedures detailed earlier in 
this work. The fabric was then saturated with the top-layer formu
lation and cured at 1608C for 10 min. This step was necessary to 
prevent the foamed-layer formulation from being absorbed into 
the cotton fabric and to ensure strong bonding between the foamed 
layer and the fabric. The foamed-layer and the top-layer 

Table 4. Foam properties measured by micro-CT

Sample/ 

preparation 

method

Total 

volume: 

mm3

Material 

volume: 

mm3

Air 

volume: 

mm3

Material: 

%

Air: 

%

Method 1 1722.629 439.903 1282.726 25.53 74.46

Method 2 1833.431 907.554 925.877 49.50 50.50

Figure 8. SEM images of foamed samples prepared by Method 1 (a) and Method 2 (b); micro-CT images of foamed samples prepared by 

Method 1 (c) and Method 2 (d)
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formulations were then applied sequentially to the fabric and 
placed in the oven at 1608C for 30 min. This batch production 
method allows for relatively quick production of the leather. The 
leather prototype made by this batch process is shown in 
Figure 12 and Video 3.

It should be noted that the leather-like appearance of the leather 
prototype can be adjusted by using textured rollers, as men
tioned earlier. DMA was performed on the leather prototype to 
evaluate its basic thermomechanical properties and compare 
them to those of the top layer. The temperature dependence of 

Figure 9. Impact of curing/foaming equilibrium on properties of the foams

Figure 10. (a) SEM images of the foam sample containing a surfactant in the formulation and (b) micro-CT images of the foam sample 

containing a surfactant in the formulation
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tan delta and storage modulus of the sample are shown in 
Figure 13. The glass transition temperature, defined as the tan 
delta peak temperature, is 32.38C, whereas the storage modulus 
in the rubbery plateau region is 9.4 MPa. These values are 
higher than those of the top layer (Figure 6(b)), which is 
expected due to the presence of the cotton fabric as a reinforce
ment to the material. The presence of the porous foamed layer 
did not diminish the thermomechanical properties of the leather 
prototype. This is attributed to the thermosetting nature of the 
foamed layer, which is made from the ECO-based polymer 
matrix. Overall, the leather prototype exhibits excellent flexi
bility and good mechanical strength.

The batch process developed in this study for creating ECO-based 
artificial leather can be adapted to continuous or semi-continuous 
processes currently employed in the artificial leather industry. 
Production lines utilizing conveyor ovens can manufacture the 
new leather without requiring major changes. It is important to 
note that this study focuses on formulation and parameter develop
ment. Systematic property characterization of the leather falls out
side the current scope and can be addressed in future research.

4. Conclusions 

While most contemporary artificial leather is produced in a more 
environmentally friendly manner than genuine leather, it still falls 
short of adhering to the principles of green chemistry. This 
research seeks to enhance the sustainability of artificial leather by 
utilizing bio-based materials to create all three layers of typical 
artificial leather. The top and foamed layers with desirable proper
ties were successfully developed using ECO as the primary ingre
dient. The formulations and processes applied to produce these 
two layers were optimized based on thermomechanical properties, 
chemical resistance, microstructure, and hand feel. The conditions 
can also be further tailored to meet specific property requirements. 
Prototype ECO-based artificial leather was created through a 
layer-by-layer batch process using cotton fabric as the base layer 
and the top-layer formulation as the adhesive to eliminate the need 
for other non-bio-based chemicals. Consequently, all three layers 
of this innovative artificial leather are derived from cotton. This 
new leather has the potential to serve as a replacement for petro
chemical synthetic leathers like those made from PVC and PU.

Figure 11. Demonstration of the high flexibility of the foamed layer

Figure 12. ECO-based leather prototype

Figure 13. Temperature dependence of tan delta and storage 

modulus for the leather prototype
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