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LEATHER BY NUMBERS:

FACTS AND FIGURES FROM THE US LEATHER INDUSTRY AND BEYOND

Note: All figures as of January 2021 or latest available.

LEROD cattle are killed to make US leather. US hides
have been valued at JUST 1-2% of a cow’s total value for
the last two years, which is why they are considered
a by-product and often end up as waste. The average
price per head of US cattle is $2,000-2.200, while
hides vary in price from $39T0 $35 PER PIECE,

if sold at all.

330M hides come from the meat and dairy industries around the world. Approximately 34M
were processed the US. 2) AS MANYAS 2.4M US HIDES ended up as landfill in 2019, this is 7% of

the national total.

Worldwide the waste figure is approximately 40% or 132M hides. With the average hide
weighing 25Kg this means that 3M TONNES are thrown away ever year.

Leather production turns more than 4.5M TONNES OF potential waste, every year, into usable,
durable goods. This saves 2.IM TONS OF GREENHOUSE GAS EMISSIONS from landfill sites. (3)

Production, processing and distribution of hides and leather products directly employs an
estimated 9,486 individuals, who collectively earn more than $384M. US exports of hides
and leather was over $1.5BILLION in 2021. (4

The US exports approximately 95% of all cattle hide and wet blue leather products it

produces, worth $2.85BILLION. )

Around 45% of global leather production is used to make footwear, 22% for clothing, bags
and accessories, 18% for car upholstery, and about 15% for furniture. (¢

Water consumption for the production of leather from cattle hides has fallen by more
than 39% in the past 25 years, down from 60 CUBIC-METERS per ton of hides to 38 CUBIC-METERS
per ton. US tanneries are required, by law, to connect to effluent treatment plants to

prevent pollution. (7)

Leather will biodegrade in LESS THAN 50 YEARS. In contrast, it can take 500 YEARS or more
for synthetics, made from petrochemicals, to degrade. (g)

ReFed’s conversion rate for food waste is for EACH METRIC TON OF WASTEDISPOSAL there is
9.8 TMT of CO2 EQUIVALENT emitted. In this case, mostly as methane. (9)

This factsheet is produced
by the Leather and Hide
Council of America
(L&HCA), established

to promote the US

leather industry which
isresponsible for a
significant proportion of
the international trade in
hides. The L&HCA works
to establish best practice
in US leather production
and to share this
worldwide. Figures quoted
refer to the USA unless
otherwise stated.

(1) https://downloads.usda.library.cornell.edu/usda-esmis/files/rx913p88g/
w0893q25p/5d86qb66f/Istk0223.pdf

(2) https://downloads.usda.library.cornell.edu/usda-esmis/files/r207tp32d/
pg15c¢j852/hd76t4662z/Isan0422.pdf

(3) 2020 LHCA Infographic

(4) John Dunham & Associates, Economic Impact of the Meat Industry (2016)

(5) https://thesustainabilityalliance.us/wp-content/uploads/2020/04/US-
Hide-Skin-and-Leather-Factsheet-0420.pdf

(6) TBC

biodegrades%20slowly%E2%80%94taking %2025,0r%20more %20
years%20to%20decompose

(9) https://insights-engine.refed.org/impact-calculator?inputs=%7B%22
sector%22%3A%22manufacturing%22%2C %22type %22%
3A%22fresh-meat-seafood%22%2C %22unit%22%3A%22to
ns%22%2C%22alternative %22%3Afalse%2C %22destinations %22%3A
%5B%7B%22key%22%3A%22refuse-discards %22%2C%22current%22
%3A1%7D%5D%7D
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Sky Fruit Seed Crush (SFSC): A Potential Source
of less Salt Curing of Raw Goatskin

by

Md. Abdur Razzag,”™ M. Mahfujur Rahman,” Md. Motinur Rahman” and Md. Salamat Ullah?
'Leather Research Institute, Bangladesh Council of Scientific and Industrial Research (BCSIR), Dhaka, Bangladesh
*Bangladesh Atomic Energy Commission (BAEC), Dhaka, Bangladesh.
*Institute of Leather Engineering and Technology, University of Dhaka

Abstract

The curing of raw hides and skins using sodium chloride salt is a
widely recognized technique, although it has negative consequences
for the environment by elevating water salinity and introducing
a significant amount of Total Dissolved Solids (TDS). In order to
tackle this issue, goat skin was conserved through the utilization of
a mixture consisting of crushed sky fruit seeds and sodium chloride
salt. Various ratios of mixtures were applied to raw goat skin to
determine an optimal outcome. The most favorable result was
achieved by utilizing a blend of 10% seed crush and 10% salt, based
on the weight of the raw skin. A control specimen was run with the
experimental specimen, and preservation-related variables such as
odor, hair loss, shrinkage temperature, moisture level, and bacterial
population were evaluated. After preservation, the experimental
sample and a control sample were subjected to the standard leather
processing technique. The liquor from both samples was analyzed
to confirm the impact of the environment on preservation. The
experimental trial indicated a 59% decrease in total dissolved
solids (TDS) and a 44% reduction in chloride (Cl-) content. The
processed leather samples were assessed for their quality through
an analysis of their physical properties. Besides, the fiber structures
were assessed using a scanning electron microscope (SEM). The
comparative evaluation of the physiochemical properties of the
introduced preservation showed superb results with the hope of new
preservation possibilities.

Introduction

Preservation or curing is the primary stage of leather processing
where an appropriate conservation technique is followed within
5-6 h after the death of the animal or flaying the skin to desist
putrefaction.! Amongst dozens of preservation methods commonly
practiced techniques are salting, drying, cooling and chilling.
Salting is the most popular leather conservation method which
includes application of 40-50% common salt (based on the green
weight of skin) on fresh hides and skins.’ Since, approximately
13-17% salt is fixed into the hide and skins, the excess unabsorbed
salts are disposed into nearby rivers in form of waste water during
de-salting and soaking operations in tanneries.* This provides the

initial pollutants to the aquatic ecosystem and includes addition of
excessive amount of chlorides, sulfides and TDS.® Consequently,
immense degradation of water occurs which severely affects the
aquatic life and enters into the human food chain.® Besides, an
adverse effect on crop production appears due to deterioration of soil
fertility.” In addition to that, there is extreme possibility of blending
of chlorides with deeper groundwater which will result in adverse
phenomenon for human civilization.®

Hence, there is a strong appeal among scientific communities
to introduce environment friendly leather preservation recipes.
Traditional leather conservation techniques were based on physical
treatments or application of any substance on leather with a view
to either destruct bacteria or prevent bacterial action.’ Phyto-based
organic preserving agents are abundantly available and a potential
source of diminishing pollution load occurring in leather soaking."
A noticeable aptitude of phyto-based techniques to preserve raw
hides and skins has been proposed in recent scientific articles.
Diverse parts of plant viz. leaf paste of Acalypha indica,"! dry leaf
powder of Calotropis gigantean," seed oils" and peels etc. has been
being introduced by researchers in this regard.

Swietenia macrophylla, is a locally available timber tree and
commonly known as mahogany tree."* Although native to the West
Indies, it has been expanded in southern Asia (India, Sri Lanka,
Bangladesh) and in the pacific (Malaysia, Philippines, Indonesia
and Fiji), and West Africa by plantation.”” Mahogany roots, barks,
seeds etc. have been used for the treatment of hypertension, diabetes,
malaria, amoebiasis, coughs, chest pain and tuberculosis, and as
an abortifacient, antiseptic, astringent, depurative, and tonic."® A
recent study mentioned the potentiality of sky fruit seed extract asa
tanning agent in the leather industry.”

The synthesis of modified triterpenes known as limonoids, which
contain a 4,4,8-trimethyl-17-furanyl steroid skeleton, distinguishes
the mahogany (Meliaceae) family."®

Presence of triterpenoids in mahogany family is an important
constitutive and defensive substance against microbes.”” The
antimicrobial properties of different parts of Swietenia Mahogany
has been reported in many research articles.>*' Dye extracted

*Corresponding author email: arazzaq-lri@bcsir.gov.bd

Manuscript received January 1, 2024, accepted for publication February 3, 2024.
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248 Sky Fruit Seed Crush (SFSC)

from sky fruit seed pods has exhibited antimicrobial efficacy.’>*
Mahogany seed oil has applications in both agriculture to control
pests and leather preservation.'

Realizing potentiality, Swietenia Mahogany seed extract was applied
to raw goat skin with a view to develop a salt free skin preservation
technique.”® In thisresearch, powdered form of Swietenia macrophylla
fruit, also named as Sky Fruit, has been utilized in association with
minimum amount of salt to preserve raw goat skin. The goal of this
study was to develop a low salt preservation technique with a view to
decrease environmental pollution during skin preservation.

Material and Methods

2.1 Collection of Skin and chemicals

After purchasing freshly flayed goat skin samples from a local trader,
the samples were washed in water to remove impurities such as dirt,
filth, blood, and other substances. After that, the skin was hung for
a few minutes so that the water could drain off. Tannery Estate in
Savar, Dhaka was the source of all of the utilized chemicals and
auxiliaries, all of which were of a commercial grade and purchased
there. For the determination of the biochemical and pollution index,
chemicals of analytical grade were utilized.

2.2 Preparation of SFSC

The Sky fruits were gathered from the Plantation region of the
Leather Research Institute, and once the pods were opened, the
fruits were found inside. After the seeds had been peeled, they were
left out in the sun for two full days to dry. After that, the seeds were
ground into a fine powder with an analytical grinder and stored at
room temperature.

Fruits

Seeds

2.3 FTIR Analysis

To find out the functional groups of the SFSC, a Perkin-Elmer
FTIR spectrophotometer with UATR was employed. The obtained
absorbance from the FT-IR Spectra of the samples was recorded
and studied according to the literature.?*** The stored powder was
directly placed on a ZnSe-diamond crystal of the FTIR which
enables the acquisition of FTIR spectra directly from a sample
without the need for additional sample preparation.*

2.4 Application of SFSC for Curing

During our preliminary lab assessment, variable twelve (12) ratios
(w/w) of SFSC and salt mixture were applied on several portions
of freshly flayed goat skins as shown in Table I to determine the
optimum proportion for the preservation during initial trial for
about 30 days.

All measurement were taken based on the weight of raw skin.
Organoleptic properties viz. odor, hair slip, and moisture content
of all the samples were assessed periodically. All samples were kept
in the same environmental conditions. The preservation parameters
viz. moisture content (%), bacterial count, hair slip, odor, shrinkage
temperature and extractable nitrogen were assessed periodically
(raw, 1st, 4th, 7th, 15th and 30th days of preservation. Desired
combination was identified on the evaluation of preliminarily
preserved goatskins. The saltand SFSC utilized during determination
of Organoleptic properties viz. Hair slip, odor and physical feel have
been illustrated for a full observation period of 30 days in the Table
I. Among the twelve preserved samples one sample with supreme
performance was selected for final trial. During the final assessment,
a single section of recently removed goat hide was acquired. One side
of the setup was designated for the experimental group, while the
other side was designated for the control group.

Crushed Powder

Figure 1. Sky fruit tree with fruit, peeled seeds and crushed seed powder

Table I

Percentage of salt and SFSC used for preliminary trials

Sample ID A B C D E F G H I )] K L
Salt (%) 50 0 25 20 15 10 5 10 15 20 25 12.5
SESC (%) 0 18 10 10 10 10 10 5 5 5 5 7.5

JALCA, VOL. 119, 2024
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2.5 Moisture Content

During days of assessment, small pieces (1-2g) of skin samples were
cut and placed on the sample pan to determine moisture content by
using a High-performance Moisture Analyzer model WBA-110M.

2.6 Nitrogen Content

To quantify total extractable nitrogen, 5g sample from the preserved
skins were taken and treated with ten times (w/v) its weight of
distilled water into a conical flask. The flask was shaken at 200
rpm for 30 minutes by keeping it on a shaker. Then the liquor was
filtered using filter paper and subjected to the digestion unit of
kjeldhal chamber controlling temperature 400°C. The sample was
then distilled over into a receiving flask containing 50ml sodium
hydroxide solution in the distillation chamber. Finally the nitrogen
content was determined following titration method described in the
literature.””

2.7 Bacterial Count

Skin samples of known weight (5g) were cut and processed through
the nitrogen content determination procedure up to filtration at
various stages of preservation. One milliliter of the filtrate was taken
and diluted with sterile water to make 10 mL. The solution was
thoroughly shaken to obtain identical bacteria suspension, and 0.1
ml was placed in a sterile petri plate. The sample was serially diluted
up to the required colony formation level. Molten nutrient agar was
added and carefully shaken to ensure that bacteria were distributed
uniformly. Finally, petri plates were placed in an incubator for 48
hours at 37°C.% A bacterial colony counter (Bioevopeak CC-J2) was
used to count the bacterial population.

2.8 Hydrothermal Property

Shrinkage temperature indicates the hydrothermal property of hides
and skins. It was determined by using SATRA TD 114 shrinkage
temperature tester. Test samples (80x10 mm) were cut and hooked
in the holder of shrinkage temperature apparatus which was then
dipped in a bath containing a glycerin/water solution in the ratio of
70:30. The rate of temperature increment was 3°C/min. The skin’s
shrinkage temperature was recorded as the temperature at which the
shrinkage began.

99,

951

851

3000.73cm-1, BE.TINT

2.9 Leather Making

After finishing continuous observation of the preserved skin whose
duration was 30 days, both the preserved samples were processed up to
crust leather by following conventional leather processing technique.

2.10 Pollution Load Analysis

The wastewater in soaking operation generated from the control
as well as experimental trials were collected and analyzed for
Biochemical Oxygen Demand (BOD), Chemical Oxygen Demand
(COD), Total Dissolved Solids (TDS) and Chloride (Cl) content.
The standard APHA methods were followed in analysis and all the
experiments were triplicated.”’

2.11 Physical Properties Analysis

The prepared crust leathers were left about 1 month for aging.
Physical strength of the leathers was determined after conditioning at
temperature 23+2°C and relative humidity 50+2% for defined hours
relevant to method. Then the samples were taken from the specified
sampling location. The properties such as the tensile strength,
elongation at break, tear strength, and bursting strength were
assessed following SATRA TM 43, TM 162, and TM 24 respectively.

2.12 SEM Analysis

Processed wet blue leathers from the experimental and control trials
were subjected to an Electron Microscope (VEGA3 TESCAN, Czech
Republic) for evaluating their morphological characteristics. The
fiber structures were assessed by enabling cross section of the leather
and by accelerating voltage 30.0 kV with magnification 500X.

Results and Discussions

3.1 FTIR analysis result of SFSC

FTIR spectroscopy can identify unknown substances, analyze
chemical composition, study molecular structure, monitor
chemical reactions, and investigate materials’ physical properties.
Pharmaceuticals, polymers, forensics, environmental science and
more use it.** FTIR peak of the SFSC has been labeled and depicted
at the Figure 3. As seen in the figure, the Fourier transforms infrared
(FT-IR) spectrum analysis result shows various functional groups.

721.3%cm-1, T5.28%T

=
= 8y
1030, 14cm-1, T9.[T%T
751 1742 S5cm-1, TT.TAT
T
70 2023.18cm-1, B4.2T%T
2853 60om-1, TR19%T 1164.18em-1, 7.01%T
1700.92cm-1, TOGTHT
651
63 T v r v r v 3
4000 3500 3000 2500 2000 1500 1000 650

Figure 3. FTIR Spectrum of mahogany seed crush.
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Table I1
Organoleptic properties of goat skin preserved in preliminary trial
Sample ID A B C D E F G H I ] K L
Odor No No No No No No No Yes No No No No
Hair slip No No No No No No Yes Yes Yes No No No
Physical Feel | Soft | Hard | Soft | Soft | Soft | Soft | Soft | Soft | Soft Medium Soft Medium
Soft hard

The occurrence of aromatic rings in flavonoids results in absorption
peaks at approximately 3009 cm”, signifies the stretching of C-H
bonds within the aromatic rings. Peak at 2923.18 cm™ and 2853.69
cm™ shows the presence of aliphatic groups. The absorption peak at
1742.55 cm™ in the flavonoid structure corresponds to the stretching
of the carbonyl group (C=0), specifically indicating C=0 stretching.

The absorption peak at 1742.55 cm™ in the flavonoid structure
demonstrated the inhibitory effects of flavonoids on the proliferation
and maturation of fungal pathogens. Presence of ester group at the
wavelength 1709.92 cm™ is for presence of fatty acid. Hence, it can be
concluded that the SFSC could show strong antimicrobial effect on
preservation.

3.2 Organoleptic Properties

The initial indication of putrefaction comes about during the protein
degradation process carried out by bacteria in the hair bulb during the
early stages of decomposition.” Therefore, it is commonly accepted
that odor emission and hair slip are important factors to consider
when evaluating the effectiveness of a curing method, as they can
serve as indicators of the beginning stages of the putrefaction process.

Figure 2. Skins Preserved with 10% NaCl+10% SFSC (Experimental trial)
and 50% NaCl (Control trial).

Table II describes the properties of preserved leather during the
preliminary trial of a full month. Sample A was for conventional
control trial and exhibited no change in result as estimated. For
sample B, 18% SFSC was applied, and it was found hard after the
preservation duration. Samples C, D, E and F had 10% SFSC and
variable amounts of salt. There was neither existence of hair slip nor
formation of hard skin for these combinations. Samples G, H and
I had 5% SESC and variable amounts of salt. The surfaces of these
three tests showed signs of fungal growth, worms and hair loss, as
well as a slight putrid odor. Samples ] and L showed medium hard
skin. Sample K has a combination of 25% salt and 5% SFSC. This
combination was sustained in the trial. Although samples C, D, E,
F and K showed brilliancy in preservation, the sample F consists of
minimum amount of salt. Hence, considering minimum use of salt,
we decided to proceed with the sample F for the final experimental
trial holding combination of 10% salt and 10% SFSC.

3.3 Moisture Content

The durability, pliability, and aesthetic quality of leather goods
depend on the leather’s ability to withstand and be unaffected by
moisture.*? Fluctuation of moisture content of the experiment has
been depicted on the Figure 4 where identical moisture content was
observed for the fresh sample. After 1 day preservation duration,
the moisture content of the experiment and control samples was
found to be 54% and 57% respectively. The moisture content of the
experimental trial decreases to 30% after a 30-day preservation
period which is unfavorable for bacterial growth.

The moisture content of the control trial exhibits a gradual decline,
ultimately reaching a value of 35%. In contrast, the moisture content
of the experimental trial decreases to 30% after a 30-day preservation
period. The SFSC caused slightly more dehydration compared to

W Experimental trial

m Control trial

70

2 60

2 50
C

S 40
(]

5 30
e

RZ] 20
(@]

> 10

0

0 1 4
Days

15 30

Figure 4. Moisture content of preserved skins.
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=& Control trial
—l— Experimental trial /

A//L

Nitrogen content
N

7 15 30

Days

Figure 5. Nitrogen Content of preserved skins- lower value of the experimental
preservative combination is in no risk of putrefaction.

the control trial. This might be due to tanning effect of the applied
seed extract and evaporation by atmospheric action.'”’ Moreover,
comparatively lower moisture content of the preserved leather
would facilitate minimizing transport cost as well as acceleration
of antimicrobial activity.” The lower moisture content will also be
helpful to inhibit bacterial growth on the preserved skin."?

3.4 Nitrogen Content

Bacterial decomposition of hides/skins produces extractable
nitrogen.” The level of putrefaction caused by microorganisms
can be determined by testing the hide or skin for extractable
nitrogenous compounds. The total extractable nitrogen content of
the experimental and control skins at varying times over a 30-day
preservation period has been presented in the Figure 5. From the
Figure it is evident that the content of extractable nitrogen for both
trials was similar until the 7th day of preservation.

This might be due to the harmonious preservation of the skin. At the
end of 30 days the experimental sample discharged comparatively
less amount of extractable nitrogen. The extractable nitrogen value
of both trials was very low and comparable with values of many with
similar preservation techniques. Hence, it can be expressed that the
experimental preservative combination is in no risk of putrefaction.

3.5 Bacterial Count

The deterioration status of hides and skins can be described by the
number of bacterial colonies present on it at the time of preservation.'
Table III presents the quantitative data on the bacterial colony
count observed in the samples collected for monitoring and study
purposes. The samples were obtained from fresh (raw) sources on the
fresh, 1st, 4th, 7th, 15th, and 30th day of the experiment. In raw goat
skin, the bacterial population was about 3x10® CFU/g. The results
revealed that the quantity of bacteria present in the experimental
sample is comparatively lower than the control sample; both during
the initial and final stages.

3.6 Shrinkage Temperature

Shrinkage temperature serves as a barometer for any structural
alterations in the skin matrix because putrefaction causes collagen
to become less stable.’ The shrinkage temperature is a quantitative
assessment of the degradation of stabilizing linkages present within
the collagen matrix.* Shrinkage temperature variations of both
trials are depicted at the Figure 6. The initial shrinkage temperature
was 66°C. The shrinkage temperature value of the experimental trial
was determined to be 68.50°C after a 30-day preservation period. In
a similar manner, the control trial exhibited consistent results and
ultimately reached a temperature of 67.70°C on the 30th day.

Table I11
Bacterial Count in the preserved skins observed
Days Experimental (CFU/g) Control (CFU/g)

0 3x108 3x108

1 5.5x107 4x10°

4 4x107 6.2x107

7 4.5x10° 5x107

15 7x10° 3.7x107
30 3.1x10° 6.3x10°
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Figure 5. Shrinkage Temperature (°C) of preserved skins.

The observed increase in shrinkage temperature of the experimental
trial was due to the partial tanning effect of SFSC. The thermal
properties of collagen exhibit variability depending on the specific
curing agents and processing conditions employed.* Therefore, it
can be inferred that the developed curing system did not induce any
adverse structural alterations in the skin matrix.

3.7 Pollution load Analysis

To assess environmental effect of the experimental preservation,
soak liquor was allowed to undergo few test parameters and has
been illustrated in the Figure 4. The Figure displays the pollution
load generated during the soaking process of the optimized
experimental and corresponding control samples, including BOD,
COD, TDS, and chlorides. There was a significant reduction in
TDS and Chloride content. Since the 50% salt was used in the

experimental trial, there was around 48% reduction in Chloride
content. On the other hand, approximately 43% minimization of
Total Dissolved Solid (TDS) was obtained in the experimental trial.
Increased value of Total Suspended Solid (TSS) was found due to
less solubility of the dried powders. Since plant materials contain
biological substances, there was a slight decrease in BOD and COD
values.’

3.8 Physical properties study

The tabulated physical properties in Table V indicate the physical
strengths e.g., tensile strength, elongation at break, tear strength
and grain crack of the experimental trial and the control trial.
Values of both trials are much above the minimum requirement and
comparable to each other. Hence, the SKFC preservation technique
does not affect the physical properties of preserved skins.

Pollution load analysis of soak liquor of preserved goat skin

Table VI

Parameter Experimental(g/L) Control (g/L) Reduction (%)
Total Dissolved Solid (TDS) 18+0.17 42+0.21 43
Total Suspended Solid (TSS) 26+0.10 8+0.53
Chloride Content (CI) 8+0.11 16.5+0.09 48
Biological Oxygen Demand (BOD) 1.3£0.08 1.4+0.07
Chemical Oxygen Demand (COD) 4.5+0.06 4.740.06
Table V

Physical properties of processed crust leather

Parameter Experimental Control Standard requirement (ISO)
Tensile strength(kgf/cm?) 285+7 290+7 200
Elongation at break (%) 50.6%5 47.8+5 30-40%
Tear strength(N) 4346 46.2+6 30
Grain Crack Strength(N) 22.2+4 24.0+4 20
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View field: 554 pm
SEM MAG: 500 x Date(m/d/y): 09/08/22

SEM image of cross section of experimental trial

|IE, AERE, BAEC

View field: 554 ym Det: BSE

SEM MAG: 500 x Date(m/dly): 09/12/22 IE, AERE, BAEC

SEM image of cross section of control trial

Figure 7. SEM images of processed wet blue goat skin showed no any significant change in the leather
prepared from the experimental goat skin compared to the goat skin preserved with control trial.

3.9 SEM Analysis

High-resolution imaging, surface analysis, examination of fiber
structure, cross-section analysis, defect detection, and comparative
studies are all made possible by SEM, making it an indispensable tool
for the study of leather’s form.*” SEM images of the leather processed
crust leather from all trials have been illustrated in the Figure 7.

Conclusion

In pursuit of attaining sustainable industrialization, diligent
researchers are tirelessly endeavoring to render each industrial
operation ecologically sound. This study aimed to explore the
potential of utilizing sky fruit seed crush (SFSC) in conjunction
with conventional salt as a means to decrease the overall salt
consumption. The FTIR study found presence of flavonoids, ester
and fatty acids in the experimental substance which were indication
of strong antimicrobial activities. Similar to other phyto-based
preservation techniques, this preservation method necessitates the
utilization of a 10% concentration of crushed sky fruit seeds and 10%
concentration of sodium chloride and the evaluation of Bacterial
colony counts found advantageous. The nitrogen content, moisture
content, bacterial count, and shrinkage temperature properties of
the leather preserved in the experiment were found to be satisfactory.
The analysis of the immersed solution yielded remarkable findings.
The preservation method demonstrated a significant impact on
environmental pollution control, with the TDS accounting for 59%
and salinity control accounting for 44% of the overall effectiveness.
There was no statistically significant decrease observed in the
levels of Biological Oxygen Demand (BOD) and Chemical Oxygen
Demand (COD).

The scanning electron microscopy (SEM) analysis revealed
that the fiber structure observed in the experimental trial was
similar to that of the control trial. The strength properties under

consideration include tensile strength, tearing strength, and the
percentage of elongation exceeding the specified value as outlined
in the International Organization for Standardization (ISO)
guidelines. The novel preservation technique with reduced salt
content exhibited exceptional performance. Furthermore, sky
fruit exhibits extensive availability and presently lacks tangible
economic worth. For a nominal charge, one can acquire the
substance and employ a simple method of pulverization and
amalgamation to render it suitable for the purpose of leather
conservation. With a focus on environmental sustainability,
we foresee the potential utilization of sky fruit extract in the
preservation of leather materials.
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Abstract

In the process of animal leather processing, the surface damage
of wet-blue hides restricts the quality of leather products. To
ensure the efficiency and quality of animal leather processing, a
lightweight model for detecting surface defects on wet-blue hides
based on optimized YOLOV5s is proposed. The new model adopts
the lightweight EfficientNetV2 network to extract surface defect
features and incorporates a spatial pyramid pooling-fast (SPPF)
structure at the end of the network to obtain features at different
scales. Efficient multi-scale attention (EMA) was embedded in the
bottom-up structure of the Neck section to achieve comprehensive
feature extraction and retention, ensuring that spatial semantic
features are adequately distributed in each feature. A dataset
of wet-blue hide defects was constructed and used to verify the
performance of the new model. the experimental results show that,
the new model is superior to the commonly used classical detection
models. The precision rates for detecting three types of leather
surface defects, namely imprint, puncture, and breakage, are 86.5%,
95.3%, and 87.9%, respectively. These results can provide technical
support for research of surface damage detection in other leather
processing applications.

1 Introduction

Leather and its products are among the most traded products in
the world, with an annual international trade volume of more than
$80 billion.! These products encompass a variety of items such as
clothing, footwear, and decorative accessories.”> People’s demand
for leather is not only practical but also related to the pursuit of
aesthetics, thus posing a more stringent challenge to the production
of leather products.’® However, surface defects not only cause
damage to the appearance of leather but also may have an impact
on quality management.®” Therefore, research on the detection of
leather surface defects during animal leather processing can help to
improve the safety, efficiency and quality of leather production. In
the process of animal leather manufacturing, the grading of leather
quality currently relies predominantly on manual inspection of the
surface defects of wet-blue hides.*'® However, this approach faces
challenges such as time-consuming processing and significant

errors. There is an urgent need for efficient and precise research on
the detection of surface defects in wet-blue hides.

Traditional machine learning based methods play an important
role in the detection of leather surface defects. Georgieva et al.!
used rotational invariance and scale invariance of grayscale
histograms of leather images for feature analysis processing. On the
other hand, Kwak et al.”? used texture features to identify defects
on leather, surfaces and were able to accurately detect a variety of
defects, such as pinholes, scratches, and wrinkles, while missing few
small defects. Jawahar et al.” used an innovative multilevel holding
algorithm to segment the leather surface defect region to objectively
quantify the leather surface defects and demonstrated the potential
of classifying leather defects. Gan et al."* proposed an automatic
leather defect localization and detection system using AlexNet as a
feature descriptor and support vector machine (SVM) as a classifier
to determine the presence or absence of defects on leather patches.
Jawahar et al.® proposed an SVM classifier image processing
technique based on wavelet features that can automatically identify
leather blemish defects. Although the above methods have achieved
a series of results in the process of defect detection, some of the
defect features are difficult to extract due to the influence of noisy
environmental factors in the processing workshop, which further
restricts the detection accuracy of surface defects.

Deep learning methods, which can learn features directly from
raw data, have been widely used in the fields of surface defect
detection,'®"” equipment fault diagnosis'® and medical imaging®
and have achieved remarkable results; inspired by these methods,
deep learning theory has been introduced into the detection
of surface defects in animal leather. For example, Liong et al.?*
developed an automatic defect detection technique based on
AlexNet and U-Net to classify leather images into three categories
(normal, black lines, and wrinkles) to achieve accurate pixel-
level defect location. Liong et al.! reduced the number of defect
boundary points while maintaining the shape of the defects for tick
bite damage, and ultimately used a robotic arm to automatically
outline the boundaries of the defects on the leather surface. Luo
et al.?? proposed a robust breakage detection network (RBD-Net)
model for leather breakage detection, which can effectively address
various interfering factors and ensure reliable detection of leather in
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practical applications. Igbal et al.?* developed an automated system
for detecting defects in leather images based on visual surface
analysis and introduced a multi-layer residual convolutional neural
network (MLR-Net), which effectively and accurately identifies and
segments defects in leather images. In comparison to traditional
machine learning algorithms, the aforementioned defect detection
algorithm exhibits significantly improved accuracy and robustness.

Current algorithms are mostly designed to operate under ideal
conditions. Faced with noisy processing environments, factors such
as lighting, defect types, and shapes can significantly impact the
efficient and accurate detection of surface defects on wet-blue hides.
In the large-scale production process of animal leather, achieving
real-time and efficient detection is crucial. Employing lightweight
detection models can meet this requirement while providing
effective solutions and reducing hardware costs. Furthermore,
with the proliferation of industrial smart devices such as robots
and intelligent cameras, deploying lightweight detection models

on these embedded devices is more feasible, thereby enhancing
system flexibility and scalability. The mentioned lightweight model
is characterized by reduced parameter count and computational
complexity, while also demonstrating faster detection and inference
speeds. Therefore, this study proposed a lightweight detection
model based on optimized YOLOV5s. The primary contributions of
this study include the following:

(1) The introduction of the lightweight EfficientNetV2 network
is employed to extract surface defect features from wet-blue
hides, thereby reducing the model’s parameter count. This
approach aims to address the challenges associated with
inadequate feature extraction and low training efficiency.

(2) Introducing the spatial pyramid pooling-fast (SPPF) structure
at the end of the backbone network facilitates the fusion of
features across multiple scales. Additionally, embedding efficient
multi-Scale attention (EMA) in the bottom-up structure of the
Neck section ensures the effective distribution of spatial semantic
features, achieving cross-space multi-scale aggregation.

a) Brand

b) Broken hole

c) Broken surface

Figure 1. Three Different Types of Defects
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(3) Considering issues such as overlapping areas and geometric
features of detection boxes, the complete IoU (CloU) loss
is employed as the regression loss function, to enhance the
convergence speed and performance of the network.

The rest of the paper is organized as follows. Section 2 introduces
the dataset. Section 3 describes the proposed method. Section 4
conducts experiments and analyzes the results. Finally, Section 5
summarizes the work.

2 The wet-blue hide defect dataset

2.1 Image acquisition

The leather images selected for this study were obtained from
preliminarily processed cowhides, resulting in wet-blue hides. The
details of the acquisition are outlined below:

Defect types: Images were collected for three distinct surface defect
types on wet-blue hides: punctures, breaks, and imprints. Figure
1 provides examples of wet-blue hide images depicting these three
types of defects.

Collection sites: The data collection was conducted at Shandong Dexin
Leather Co., Ltd. and Zibo Dahuan Jiubaoen Leather Group Co., Ltd.,
both of which are located in Zibo city, Shandong Province, China.

Collection environment: The processing environment of wet-
blue hides is inherently complex. To simulate the actual factory

conditions as closely as possible, a diverse set of leather images
was collected. These images encompassed various time periods,
different shooting angles and distances, diverse lighting
conditions, and different types of interference and damage.
Samples closer to the camera were treated as large targets, while
those farther away served as small targets, thereby enriching the
dataset comprehensively.

Equipment for data acquisition: The wet-blue hide images were
captured using both smartphones and a Sony Alpha 7 II camera,
resulting in a total of 2162 images. To enhance the network’s
detection quality for low-resolution images under real-time detection
requirements, the images were compressed and uniformly scaled to
800 pixels x 600 pixels.

2.2 Data augmentation

Training a detection model often relies on a sufficient amount of
sample data. Therefore, to enhance the model’s generalizability
and stability, and to further improve its detection accuracy while
avoiding overfitting due to insufficient data collection, this study
employs Mosaic data augmentation® to process the input images. In
each iteration cycle (Epoch), this method randomly replaces images.
The replacement involves random scaling, random cropping, and
random arrangement to generate new images. During the training
process, images with different combinations are reconfigured in
the subsequent iteration cycle, thereby enhancing the network’s
generalization capability. Figure 2 shows the annotated images after
surgery with Mosaic data augmentation.

Figure 2. Mosaic Data Augmentation
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Table I
Statistical Summary of Defect Quantities by Different Sizes.

small target medium target large target total
Training Set 260 236 1776 2272
Validation Set 150 129 750 1029
Total 410 (12.42%) 365 (11.06%) 2526 (76.52%) 3301

2.3 Dataset creation

First, the leather defect dataset images were effectively annotated using
LabelMe software, with labels categorized as Brand, Broken hole, and
Broken surface. The annotated points denote the damaged regions on
the wet-blue hides, while the remaining areas serve as the background.
All the annotation information is stored in JSON files corresponding
to the original images, and these JSON files are converted into a leather
defect dataset in Microsoft COCO format.” Following the annotation
of target areas, defects are further categorized into small, medium,
and large sizes based on the following criteria:

small target: area < 322
medium target: 32% < area < 96
large target: area > 96

Finally, based on the generated dataset, the data were partitioned
into training and validation sets at a 7:3 ratio. The annotation
information for each dataset was consolidated, forming the ultimate
wet-blue hide surface defect dataset. The quantity of defects of
different sizes in the dataset is presented in Table I.

3 Lightweight detection model for surface defects
on wet-blue hides

Object detection networks are generally complex and involve
large model sizes. To improve the efficiency and quality of animal
leather processing, this study proposes a lightweight detection
model tailored for surface defects on wet-blue hides based on the
YOLOv5s model. This model not only allows for rapid and efficient
identification of surface defects but also facilitates deployment on
embedded devices. As illustrated in Figure 3, the overall network
is primarily divided into four parts: Input, Backbone, Neck, and
Output. The Backbone stage utilizes the EfficientNetV2* +SPPF
structure to reduce model complexity and expedite training. The
Neck stage adopts the feature pyramid network (FPN)+bottom-up?
structure and embeds the EMA attention module*®
up structure, enabling better retention of spatial semantic features
and improved fusion of multiscale features. The output layer of the

into the bottom-

network employs the CIoU loss® as the loss function.

MBCon
upsamplmg EMA Detect —>
1 40+40+24
MBCony,
upsamplmg ﬁ@downsamplmg
MBCony @ EMA ———— Detect —>

féx EMA  Detect —>

2042024
downsampling

808024

Neck Head

Figure 3. Lightweight Detection Model for Surface Defects on Wet-Blue Hides
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3.1 Defect feature extraction architecture

In the intricate production processes of animal leather processing,
ensuring that the detection equipment can accurately discern
surface defects on leather is of paramount importance. To achieve
this goal, embedding a fast and straightforward network model
into the detection equipment becomes imperative. This allows for
efficient detection of surface defects on animal leather in complex
environments while ensuring precise classification and processing
of the animal leather. In this study, the backbone network of the new
model utilizes the compact yet powerful EfficientNetV2 network
and the SPPF structure.

The EfficientNetV2 model® is characterized by its compact size,
fast training speed, and high parameter efficiency, and is achieved
through the utilization of multiple convolutions with a stride of 2
to reduce the data size. The network architecture of EfficientNetV2
is presented in Table II. This architecture employs fewer parameters
to attain higher accuracy and efficiency, thereby striking a balance
between model precision and operational speed.

The EfficientNetV2 network is primarily composed of shallow
Fused-MBConv and deep MBConv layers, as illustrated in Figure 4.

Table IT
The architecture of the EfficientNetV2 network

Stage Operation Stride Channels Layers
0 Conv3x3 2 24 1
. Fusedi(lg/li()onvl 1 24 2
5 FuSEdi(1\3/[>?3C0nV4 2 48 4
3 Fusedi<1\3{[>133C0nv4 ) 64 4
4 MBCOE;?(%SEO.ZS 2 128 6
5 MBC0£§>6<§SEO.2S ) 160 9
6 MBCOIIJ;ISéSEO.ZS 2 256 15
7 Convlx1 & Pooling & FC - 1280 1

Expansion Conv Depthwise Conv
1X1 3X3

Conv

SE |—* 1X1 —* Dropout —>®—>

(a) The MBConv structure

Expansion=1

3X3

Project Conv

Dropout @

Project Conv
3X3

Expansion#1

Project Conv

] — E—
1%3 Dropout @

(b) The Fused-MBConv structure

Figure 4. The Fused-MBConv and MBConv structures
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In the MBConv module, depth wise separable convolution is
employed, where each convolution kernel is responsible for one input
channel, meaning that each channel is convolved by only one kernel.
The number of channels obtained on the feature map is exactly
consistent with the number of input channels. This convolution
comprises depth wise convolution and pointwise convolution.
The Fused-MBConv module replaces Depth wise Conv3x3 and
Expansion Convixl in MBConv with the standard Conv3x3.
Through the combination of training-aware Neural Architecture
Search (NAS) and scaling, both modules work collaboratively to
optimize the model’s training speed and parameter efficiency.

While the rational combination of the aforementioned two modules
significantly reduces the number of parameters and computations,
there is a trade-off in terms of feature extraction efficacy. This is
because the modified feature extraction network, as part of the
streamlined model, loses a portion of the feature information. To
mitigate the risk of excessive information loss, an SPPF structure is
added after the EfficientNetV2 network architecture. This structure
utilizes pooling kernels of different sizes to extract features at various
scales, capture objects at different scales, and better understand the
contextual information in the input image. This addition aims to
alleviate the problem of information loss.

3.2 EMA attention module

To better integrate the defect features extracted by the backbone
network, EMA attention is embedded in the bottom-up structure
of the Neck section. This approach facilitates the spatial aggregation
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of multiscale features, ensuring an improved distribution of spatial
semantic features within each feature. The structure of EMA
attention comprises three main components: Feature Grouping,
Parallel Subnetworks, and Cross-spatial learning, as illustrated in
Figure 5.

First, the EMA divides any given feature map into G sub-features
along the channel dimension to learn different semantics. Second,
within the parallel subnets, the EMA employs three parallel routes
to extract attention weight descriptors for grouped feature maps. Two
parallel routes employ two one-dimensional global average pooling
operations encoding channels along two spatial directions, and the
third route merely stacks a single 3x3 kernel to capture multiscale
feature representations. Finally, in cross-space learning, two tensors
are introduced to encode the global spatial information via two-
dimensional global average pooling for the outputs of the two branches
in the parallel subnet. The corresponding outputs are subsequently
transformed into the respective dimensional shapes, denoted as
RPG x RS"H W and Ry x RY"“H™™ before being subjected to the
joint activation mechanism of channel features. The employed two-
dimensional global average pooling is expressed as follows:
1 SHYW._ ..

P 0
which is designed to encode global information and model long-
range dependencies, where, x, represents the input feature at the c-th
channel, C represents the number of input channels, and H and W
represent the spatial dimensions of the input feature.
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Figure 5. Diagram of the Efficient Multi-Scale Attention Structure
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Introducing EMA attention allows focused retention of information
in each channel while reducing computational overhead. It redefines
a portion of channels on a batch level and divides the channel
dimension into multiple sub-features, ensuring that spatial semantic
features are well-distributed within each feature. This approach
addresses issues such as unclear edges in defect images, where
regions formed by the leather edge and the input image boundary
are prone to being mistakenly identified as punctures. Consequently,
this approach enhances the ability of the model to detect surface
defects on leather surfaces.

3.3 The ClIoU loss function

The choice of a loss function plays a crucial role in model training
and is vital for optimizing the iterative process and achieving
optimal training results through gradient backpropagation. This
study enhances the loss function of the YOLOv5s model to improve
its ability to detect surface defects on leather surfaces. The loss
function for YOLOVS5s is presented in Formula (2), which consists of
three parts, with A5, A,, A3, as the balance coefficient. The first part,
loss_cls, employs the binary cross entropy (BCE) loss to calculate the
classification loss, focusing solely on positive samples. In the second
part, loss_loc, the generalized IoU (GIoU) loss is utilized to compute
the regression loss for only positive samples. Finally, loss_conf
employs the BCE loss to calculate the target confidence loss for all
samples.

Loss= A1 Lcls + /\2 Lloc + A} Lconf (2)

However, when two prediction boxes overlap completely, the
GIoU metric fails to accurately reflect the distance and positional
relationship between the prediction box and the ground truth
box. When the GIoU values are equal, the overlap effect of the two
boxes may differ, making it challenging to quickly and accurately
determine the optimization direction for the localization box. The
ClIoU loss function addresses this limitation by incorporating the
Euclidean distance between the prediction box and the ground truth
box, as well as the loss of the detection box scale, into the penalty
term. This approach enhances the aspect ratio of the target box,
progressively bringing the prediction box closer to the ground truth
box during continuous training, thereby improving the convergence
speed and regression accuracy of the network. Consequently, the
model proposed in this study replaces the regression loss function
with the CIoU loss, and the penalty term of the CloU loss is shown
in Formula (3).

2(b,be!

R = P ( > ) +av 3)

c

v
=" 4
=@ ToU)ey @

8t 2
v =i arctan v arctan w (5)
m? hst h

Where a is a positive balancing parameter, v measures the
consistency of aspect ratios, b and b¥' represent the center coordinates

of the predicted and ground truth boxes, respectively; p(b, b¥') is the
Euclidean distance between the center coordinates of the predicted
and ground truth boxes; ¢ is the Euclidean distance between the
two diagonal vertices of the minimum bounding rectangle for the
predicted and ground truth boxes; w, h, w and h¢' are the widths
and heights of the predicted and ground truth boxes, respectively;
and intersection over union (IoU) is the intersection over union
between the predicted and ground truth boxes. Thus, the CIoU loss
is defined as follows:

Lepu=1-10U+ ’L@ +av (6)
The introduction of the CloU loss expedites model convergence,
addressing the drawback where gradients were ineffective at
backpropagation when the predicted box overlaps with the ground
truth box. This enhancement results in more stable regression for
the target box.

4. Experiments

To better validate the effectiveness of the model in detecting surface
defects on animal leather, this study conducted the following
experiments, providing detailed descriptions of the experimental
setup and performing comparative analyses of the results. First, a
detailed description of the experimental platform was provided.
Second, experimental details for both the training and testing phases
were outlined. For the training process, the optimal model was
selected and applied to the validation set, allowing for a comparison
and evaluation of the experimental results. Finally, comparative
experiments were conducted using existing classical object detection
algorithms under the same experimental configuration to assess the
performance of the proposed model in this study.

4.1 Experimental operating platform

All the experiments conducted in this study were completed on
the same server system, which is primarily configured with the
Ubuntu 16.04 LTS operating system. The processor utilized is an
Intel® Xeon(R) Silver 4214R CPU @ 2.40 GHz x 45, complemented
by a 10 GB NVIDIA GeForce RTX 3080 GPU and V11.4 CUDA
environment. All the models are executed using the Python language
and the PyTorch 1.7 deep learning library.

4.2 Details of the experimental implementation

To conduct more effective experiments, enhance the model’s
adaptability to the dataset, and improve the detection accuracy of
surface defects on leather, the image size is standardized to (800,
600) before feeding it into the training network. During formal
training, a small-batch method is employed for 300 epochs of
iteration. After each epoch, the model’s training status is validated
using the validation set. This approach facilitates better adjustment
of hyperparameters to obtain optimal values and enhances the
overall efficiency of the model.
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Figure 6. The Precision-Recall (PR) curve for model training

Weights are normalized using batch normalization at each
refreshment, and model parameters are updated using stochastic
gradient descent. During the training process, the learning rate,
weight decay, and momentum are set to 0.01, 0.0005, and 0.900,
respectively. The training progress of the model is illustrated in
Figure 6.

4.3 Evaluation criteria

As the model needs to accurately predict the results of surface defect
detection on leather, this experiment employs precision and recall
as evaluation metrics for the model’s effectiveness. The precision
is calculated using Formula (7), and the recall is calculated using
Formula (8).

TP
P -
precision TP + TP (7)
recall = T (8)
TP + FN

Where TP, FP, FN and TN represent the sample quantities of true
positive, false positive, false negative, and true negative instances
of defects, respectively. To comprehensively evaluate the model,
further calculations are performed using Formula (9) to compute the

Average Precision (AP) metric at specified IoU thresholds and mAP,
as per Formula (10), to assess the mean average precision.

AP=1/101), . P(r) ©)
mAP =1/ny,;_AP, (10)

Where the letter 7 represents the recall, and R is the set of recall rates,
which consists of 101 values: [0.0, 0.01, 0.02, ..., 0.98, 0.99, 1.0]. P(r)
denotes the precision related to the recall rate. The letter i represents
the IoU threshold, and I is the set of IoU thresholds, comprising
10 values: [0.5, 0.55, 0.6, 0.65, ..., 0.9, 0.95]. n is the number of
categories, and in this study, n is set to 3, corresponding to three
defect categories.

When the predicted category of a defect on the leather surface
is correct and the IoU is greater than a certain threshold (the IoU
threshold in the experiment is set to 0.5), the detection result is
considered correct. The model’s evaluation results for the detection
of three different defect types in the leather dataset are presented in
Table 11, and the actual detection performance of the three defects
is shown in Figure 7.

Table I11

Results of Comparative Evaluations for Defect Detection in Three Leather Categories

Type Precision/% Recall/% mAP@.5/% mAP@.5:.95/%
Brand 86.5 83.8 52.5
Broken hole 95.3 99.2 80.9
Broken surface 87.9 86.6 55.8
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a) Brand

Broken hole

c) Broken surface

Figure 7. Results of Leather Surface Defect Detection

4.4 Ablation studies attention module, and CIoU loss function to detection efficiency
In this section, the effectiveness of the model’s backbone network and accuracy, the original backbone network is used as a baseline
and attention module was validated through ablation studies. To for comparison against the impacts of EfficientNetV2, EMA, and
comprehend the contributions of the EfficientNetV2 network, EMA CIoU loss.

Table IV

The Impact of the EfficientNetV2 and EMA Modules on the Experimental Results

Baseline Model Backbone Network EMA Attention Loss Function precision/% recall/% mAP@.5/% Params/M

CSPDarknet X GIoU loss 87.5 84.8 88.3 7.03
EfficientNetV2 v GIoU loss 88.7 84.8 89.2 5.60
YOLOV5s
EfficientNetV2 X CIoU loss 91.5 82.8 89.0 5.60
CSPDarknet v CIoU loss 87.4 86.3 88.4 7.03
YOLO v5s EfficientNetV2 R CIoU loss 89.6 84.9 89.9 5.60

JALCA, VOL. 119, 2024



264 Lightweight Detection Model for Surface Defects

As shown in Table IV, when the backbone network is replaced with
EfficientNetV2 and the CIoU loss is utilized as the loss function, the
improvementinaccuracyis most pronounced, withan increase of4%.
When using the original backbone network and incorporating EMA
attention with CIoU loss as the loss function, the recall rate shows
the most significant improvement, increasing by 1.5%. Furthermore,
when all three factors work together, all three metrics improve, with
the mAP experiencing the most notable increase, increasing by
1.6%. When EfficientNetV2 is employed as the backbone network
for all the cases, the model’s parameter count decreases by 1.43M.
These results indicate that the improved YOLOv5s model not only
effectively reduces the model’s parameter count but also enhances
the detection accuracy, validating the effectiveness of the various
modules in the new model.

4.5 Comparison experiments

To validate the detection performance of the improved YOLOvV5s
model, comparisons were made with classical and state-of-the-art
detection algorithms, including Faster R-CNN,* FSAF,*> Mask
R-CNN,* Grid RCNN,** Yolact,*® YOLOv3,* and YOLOv5s. The
experiments were conducted in the same environment using identical
equipment and image preprocessing procedures. Following model
detection, a uniform application of Non-Maximum Suppression

(NMS) and the same IoU threshold was employed for filtering.
The specific experimental results are presented in the following
table. Notably, the value of the mAP is particularly emphasized
because it accurately reflects the detection accuracy of leather
defect types, facilitating subsequent determination of leather grades
and corresponding processing. Thus, the IoU threshold of 0.5 and
the mAP corresponding to small, medium, and large targets were
selected as the comparative evaluation metrics.

According to the results presented in Table V, the improved model
achieved a mAP of 89.9%. For large targets with an IoU threshold of
0.5, the AP values were 67.1% and 74.4%, generating an AR paxpet-100
of 76.2%. According to the results presented in Table VI, the
model’s parameter count is 5.60M, surpassing the metrics of other
comparative models. However, to ensure the precision of detection,
the model’s frames per second (FPS) and inference time do not reach
the optimal level. Therefore, the improved model exhibits superior
detection capabilitiesandlower computational complexity. Moreover,
in comparison with the actual detection results of YOLOv5s shown
in Figure 8, the improved YOLOvV5s demonstrate finer handling of
regions formed by the leather edge and image boundary, avoiding
misidentifying edge regions as puncture damage.

Table V

The detection results of both classical and state-of-the-art detection models for leather defects.

Model Backbone Network mAP/% AP,/% AP,./% AP/% AR axDet=100/ %
Faster RCNN ResNet50 83.9 32.3 60.3 63.7 70.0
Mask RCNN ResNet50 71.7 26.6 45.6 50.7 57.4
Grid RCNN ResNet50 84.6 40.9 63.1 67.6 74.5
FSAF ResNet50 81.5 52.7 55.1 57.1 67.7
Retinanet ResNet50 82.7 54.2 60.3 65.1 714
Yolact ResNet50 73.0 18.9 44.8 52.6 55.1
YOLO v3 Darknet-53 85.8 35.3 63.4 65.6 69.4
YOLO v5s CSPDarknet 88.3 41.0 63.9 73.6 75.5
Ours EfficientNetV2 89.9 38.9 67.1 74.4 76.2
Table VI

The parameter count, computational complexity, and detection performance outcomes of the detection model.

Model Backbone Network Params/M FPS/s Inference time/ms Flops/GFLOPs
Faster RCNN ResNet50 41.3 16.0 62.1 71.7
Mask RCNN ResNet50 44.4 12.7 78.7 125.0
Grid RCNN ResNet50 64.5 9.8 102.0 291.0
FSAF ResNet50 36.4 12.9 77.5 60.7
Retinanet ResNet50 38.0 14.1 70.9 61.5
Yolact ResNet50 34.8 36.2 27.6 61.3
YOLO v3 Darknet-53 62.0 18.3 54.6 58.6
YOLO v5s CSPDarknet 7.0 45.2 20.9 16.0
Ours EfficientNetV2 5.6 259 37.5 6.9
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Figure 9. Comparison of Detection Images in the Wet-Blue Hide Dataset

The above analysis indicates that the improved detection model,
which has the characteristics of a simple network structure, low
computational complexity, and fast model speed, achieves high
detection accuracy. This ensures a balance between accuracy
and speed, making it suitable for application in animal leather
production inspection. The improved model can be deployed in the
leather surface defect detection process on production lines. Figure
9 shows a comparison of the images detected in the wet-blue hide
dataset.

5. Conclusion

Addressing the issue of surface defect detection in animal leather,
this research optimizes the YOLOv5s model tailored to different
defect types, thereby achieving robust results in leather surface defect
detection. In the proposed model, the EfficientNetV2 network and
SPPF structure replace the original backbone network, effectively
reducing the parameter count and computational complexity
while maintaining high accuracy. Additionally, the EMA attention

JALCA, VOL. 119, 2024



266 Lightweight Detection Model for Surface Defects

module is embedded in the Neck section, preserving semantic
features extracted from space more effectively and ensuring their
distribution across each feature. Finally, in the Head section of the
model, a more precise CloU loss is employed as the regression loss
function, which not only accelerates the model convergence but also
ensures more stable regression.

This study focused on surface defects in wet-blue hides in animals
and presents an improved lightweight detection model based on
YOLOv5s. The model exhibits a 23% reduction in parameters,
achieving the mAP of 89.9%. In comparison to other lightweight
networks, the proposed algorithm not only reduces the number
of parameters but also maintains high accuracy. This makes it
more suitable for deployment on mobile devices with limited
computational resources, facilitating efficient detection and
identification of surface defects in animal leather.

By simulating scenarios in animal leather production, this model
demonstrates the ability to overcome various interferences, enabling
cost-effective detection and exhibiting strong stability. Given the
model’s efficiency in detecting surface defects on animal leather, its
detection algorithm can be extended to other production inspection
contexts. While the model achieves efficient detection results, the
complexity of production work needs to be taken into consideration.
Future research may focus on further enhancing the model’s
efficiency and practical operability.
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Abstract

The global production of leather shavings (LSs) amounts to
millions of tons annually, posing significant challenges in terms
of resource waste and environmental pollution if not effectively
managed. This study explores the utilization of LSs by fabricating
modified leather fibers (MLFs) as reinforcing fillers to enhance the
mechanical and thermal insulation properties of polyvinyl chloride
(PVC) foams. The process involved pulverizing LSs and modifying
them with a polyethylene glycol-isophorone diisocyanate (PEG-
IPDI) prepolymer to create MLF. This MLF was then incorporated
into PVC to produce MLF/PVC foam. The PEG-IPDI prepolymer
modification aligned the surface free energy of MLF (33.82 + 1.97
mJ/m?) with that of PVC (31.08 + 3.65 mJ/m?), thereby improving
their interfacial compatibility and imparting thermal energy storage
capacity to the MLF. The resulting MLF/PVC foam exhibited
enhancements in compressive strength and modulus, showing
increases of 93.7% and 165.8%, respectively, compared to pure PVC
foam. Furthermore, MLF/PVC foam demonstrated a slower surface
temperature increase when heated using a heating plate at 110°C
compared to pure PVC foam. These findings indicate that MLF
enhances the mechanical and thermal insulation properties of PVC
foams, primarily due to the improved foaming and thermal storage
capacities imparted by the MLF.

Introduction

The leather industry significantly contributes to the global
economy, with its trade value estimated at approximately $400
billion annually.! However, it also generates millions of tons of
leather shavings (LSs) worldwide each year. These LSs can lead
to substantial resource waste and environmental pollution if
not treated properly.?® Currently, LSs are primarily utilized for
extracting collagen and its hydrolysate, or for producing adsorbents,*
conductive materials,” and reinforcing fillers.®® These applications
often involve simple processing methods. LSs are rich in leather
fibers (LFs) that have a multidirectional and hierarchical structure
from collagen fibrils to collagen fibers and further to collagen

fiber bundles. This structure potentially enhances the mechanical
properties of polymers.®® Thus, employing LF as reinforcing fillers
in polymer-based composites presents a viable approach for LS
resource utilization.

Polyvinyl chloride (PVC), a widely used commercial polymer,
is known for its excellent flame retardancy, chemical resistance,
and affordability.”® Specifically, foamed PVC, characterized by
its lightweight nature, water resistance, and thermal insulation
properties, finds applications in construction, transportation, and
packaging.!” However, linear PVC typically exhibits poor foaming
capacity, primarily due to its low melt strength and viscoelasticity,
which in turn affects the mechanical and thermal insulation
properties of PVC foams.'*™* Restricting the movement of PVC
chains through cross-linking or filling is thought to be able to
ameliorate the above defects. While filling PVC with materials such
as calcium carbonate,” mica,'® and graphene oxide" is an effective
strategy to improve its foaming capacity, these fillers often fall short
in improving mechanical and thermal insulation properties due to
their simple structures and high thermal conductivity. In contrast,
the complex structure and high porosity of LF can effectively
restrict polymer chain movement while exhibiting low thermal
conductivity.*”'® Therefore, incorporating LF into PVC foams
is expected to enhance the mechanical and thermal insulation
properties of PVC foams.

As global energy efliciency standards intensify, there is a growing
need for foams not only to provide thermal insulation but also
to possess thermal energy storage capabilities to further conserve
energy.” Phase change materials (PCMs) are pivotal in this
context, as they can store or release substantial energy during
their phase transition processes.?’ Integrating PCMs with foams
has been shown to enhance the thermal insulation performance
of the foams.”’ Among various PCMs, polyethylene glycol (PEG)
is a notable solid-liquid PCM, recognized for its high latent
heat, chemical stability, and thermal robustness. However, PEG
is prone to leak during the phase change process and results in
adverse effects on the surrounding environment.”? A promising

*Corresponding author E-mail address: xuwx@scu.edu.cn (Weixing Xu), zengyunhang@scu.edu.cn (Yunhang Zeng).
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Figure 1. Schematic for the preparation of MLF and MLF/PVC foam.

solution to this issue is the conversion of PEG into a solid-solid
PCM (SSPCM) using diisocyanate as a cross-linking agent and
LF as a support material, which is expected to effectively mitigate

leakage concerns.?**

This study aims to facilitate the resource utilization of LS by
employing LF as reinforcing fillers for fabricating PVC foams with
superior mechanical and thermal insulation properties. LF, rich
in hydrophilic groups such as -COOH, -NH,, and —~OH, exhibits
poor interfacial compatibility with hydrophobic PVC.? Therefore,
hydrophobic isophorone diisocyanate (IPDI)-capped PEG (PEG-
IPDI) was used to chemically modify LF, improve the interfacial
compatibility between LF and PVC, and endow LF with thermal
energy storage capacity. The resulting modified LF (MLF) was then
blended with PVC and foamed to produce MLF/PVC foam (Figure
1). A comparative analysis of the mechanical and thermal insulation
properties of MLF/PVC foam was conducted against those of pure
PVC foam, PEG-IPDI/PVC foam, and LF/PVC foam, focusing
on rheological behavior, foaming capacity, and compressive and
thermal properties.

Experimental

Materials

LSs were sourced from Senlu Leather Co., Ltd., Shandong, China.
PEG with an average molecular weight (M,) of 6000 g/mol, IPDI,
N,N-dimethylformamide (DMF), dibutyltin dilaurate (DBTDL),
and dioctyl phthalate (DOP) were acquired from Chengdu Chron
Chemical Co., Ltd., Sichuan, China, and were of analytical
grade. PVC (SG-5), obtained from Tianye Co., Ltd., Xinjiang,
China, was of commercial quality. Barium stearate, cadmium
stearate, Ca/Zn stabilizer, calcium stearate, polyethylene wax,
and azodicarbonamide (AC) blowing agent, all commercial grade,
were purchased from Winner New Material Technology Co., Ltd.,
Guangdong, China.

Preparation of MLF

Initially, the LS was thoroughly washed and neutralized to a pH of
7.0-8.0. After adequate dehydration and drying, it was pulverized
using an ultra-centrifugal mill (ZM 200, Retsch, Germany) to
produce LF with a size smaller than 40 mesh.

PEG was pre-dried under vacuum at 120°C for 2 h. In separate
containers, 30 g (0.005 mol) of PEG and 2.225 g (0.01 mol) of IPDI
were dissolved in DMF. The PEG solution was gradually added to
the IPDI solution under stirring, followed by the addition of 1-2
drops of DBTDL as a catalyst. The reaction was conducted in a
thermostatic oil bath at 60°C under a nitrogen atmosphere for 5 h,
resulting in the formation of PEG-IPDI prepolymer with terminal
isocyanate groups. Subsequently, 10 g of LF was incorporated into
this prepolymer mixture and thoroughly blended. The combined
mixture was then transferred to a vacuum oven and maintained at
60°C for 24 h to ensure complete cross-linking of the prepolymer
with the LF. The resultant material was ground to achieve MLF of
less than 40 mesh size. The grafting ratio of PEG-IPDI prepolymer
to MLF was calculated using Equation (1):

Grafting ratio = (w,—w,) x 100/wy, 1)

where w; and w, represent the weights of LF before and after grafting
with the PEG-IPDI prepolymer, respectively.

Preparation of PVC-based composite foams

The MLF, PVC, and various additives were homogeneously mixed
using a high-speed mixer for 10 min, following the formulation
presented in Table I. The blends were then melt-blended in a torque
rheometer (RM-200C, Harp, China) at 135°C for 10 min. The MLF/
PVC composite was subsequently hot-pressed at 150°C and 10 MPa
for 10 min and foamed at 180°C for 5 min to produce the MLF/PVC
foam. Control samples of PEG-IPDI/PVC foam and LF/PVC foam
were prepared using an identical process, but MLF was substituted
with PEG-IPDI prepolymer and LF, respectively.
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Table I

Formulation of pure PVC and composite foams

Sample Filler ) PVC ‘ Additives .
(per hundred/resin)  (per hundred/resin)  (per hundred/resin)
PVC 0 100 21.3
PEG-IPDI/PVC 51.5° 100 21.3
LF/PVC 25 100 21.3
MLE/PVC 25 100 21.3

*The additives comprised DOP (10 per hundred/resin), barium stearate (0.6 per hundred/resin), cadmium
stearate (0.4 per hundred/resin), Ca/Zn stabilizer (6 per hundred/resin), calcium stearate (1 per hundred/
resin), polyethylene wax (0.8 per hundred/resin), and AC blowing agent (2.5 per hundred/resin).

® The quantity of PEG-IPDI prepolymer in the PEG-IPDI/PVC foam corresponds to the amount grafted

onto LF in the MLF/PVC foam.

Analyses of morphology and chemical structure

Morphological examination of the samples was observed using a
scanning electron microscope (SEM; Apreo S HiVoc, FEI, USA). The
chemical structures of the samples were analyzed using a Fourier
transform infrared spectroscopy (FTIR; Nicolet iS 10, Thermo
Fisher, USA). The binding energies of the elements on the sample
surfaces were measured using an X-ray photoelectron spectroscopy
(XPS; Thermo 250Xi, Thermo Scientific, USA). The contact angles
of the samples were determined using a contact angle goniometer
(DSA30, Kriiss, Germany).

Analysis of rheological behavior

The rheological behavior of the samples was evaluated in an
oscillatory mode using a rotational rheometer (MCR302, Anton
Paar, Austria) equipped with a parallel-plate geometry (diameter =
25 mm, gap = 1 mm). Viscoelastic parameters were assessed through
dynamic frequency scanning (0.01-100 rad/s) at 180 °C, maintaining
a constant strain of 1% to ensure the linear viscoelastic range.

Analysis of foaming capacity

The mass densities of the samples were measured via the water
displacement method, adhering to the ASTM D792-00 standard.
The expansion ratio (P) was calculated using Equation (2):

O = ,DS/ Pp (2)

where p; and p; represent the densities of the unfoamed and foamed
samples, respectively. Pore diameter distributions were measured at
25°C using an automatic mercury intrusion porosimeter.

Testing of compressive properties

The compressive properties of the samples were tested using a
universal testing machine (5967, INSTRON, USA), following the
ASTM D695-02 standard.
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Analysis of thermal energy storage capacity

The thermal energy storage capacities of the samples were evaluated
using differential scanning calorimetry (DSC; DSC 204-F1, Netzsch,
Germany). Each sample was subjected to a heating phase from 0°C
to 80°C at a rate of 10°C/min, followed by cooling back to 0°C at the
same rate.

The thermal reliability of the samples was assessed through an
accelerated thermal cycling test. This involved repeatedly heating
and cooling the samples between 20°C and 80°C for 100 and 200
cycles at a rate of 10°C/min. Post-cycling, the thermal properties of
the samples were reanalyzed using DSC.

Testing of thermal insulation property

The thermal insulation performance of the samples was quantified
by measuring their thermal conductivity. This measurement
was performed using a transient plane source hot-disk thermal
constants analyzer (TPS 2500 S, Hot Disk, Sweden). The samples
were positioned on a heating plate set at 110°C, and infrared thermal
imaging was conducted using an infrared imaging camera (T540,
FLIR, USA).

Results and Discussion

Structure and properties of MLF

The primary objective of this research was to utilize the
multidirectional and hierarchical structure of LF to enhance the
mechanical and thermal insulation properties of PVC foams. The
morphologies of LF and MLF were observed using SEM, as depicted
in Figure 2a. The MLF retained a hierarchical structure similar to
that of LF, ranging from collagen fibrils (50-200 nm) to collagen fibers
(2-10 pm) and further to collagen fiber bundles (20-100 pm). This
observation indicates that the unique structure of LF was preserved
in MLF following modification with PEG-IPDI prepolymer.
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Figure 2. (a) SEM images; (b) FTIR spectra; (c) XPS Cls spectra; (d) water contact angles,
surface free energies, and digital photos of LF and MLF.

The impact of PEG-IPDI prepolymer modification on MLF’s
chemical structure was analyzed using FTIR and XPS. Figure 2b
shows the FTIR spectra of PEG-IPDI, LF, and MLF. The spectra of
LF and MLF exhibited characteristic absorption peaks at 1655-1657,
1540-1544, and 1238-1242 cm™, corresponding to amides I, II, and
I11,%%2¢ respectively, suggesting that the polypeptide chain structure
of LF remained unaltered after modification. In the MLF spectrum,
the disappearance of the N=C=0 group’s characteristic absorption
peak at 2250 cm™ (from PEG-IPDI) indicates a successful cross-
linking reaction of the N=C=0O groups of PEG-IPDI prepolymer
with the -NH, groups of LF (Figure 1).” The peak at 1720 cm™ in
the MLF spectrum is attributed to the C=0 stretching vibration of
the PEG-IPDI prepolymer. The XPS analysis of the MLF surface, as
shown in Figure 2c, reveals distinct features. The Cls spectrum of
LF was decomposed and fitted into three peaks, centered at 284.4,
285.6, and 287.6 eV, corresponding to C—C/C-H, C-O/C-N, and
O-C-0/C=0, respectively.?® Following the modification of LF with
PEG-IPDI prepolymer, the Cls spectrum of MLF shows four peaks:
C-C/C-H (284.4 eV), C-O/C-N (285.6 eV), O-C-0O/C=0 (287.1
eV), and N-C=0 (288.8 eV).” The appearance of N-C=0 bonds in
the MLF spectrum further confirms the successful grafting of PEG-
IPDI prepolymer onto LF (Figure 1).

Water contact angles and surface free energies of LF, MLF, and PVC
are presented in Figure 2d. The water contact angle of MLF increased
to 137.2° + 4.1°, compared to LF’s 76.8° + 2.6° and approached that
of PVC (103.4° £ 3.2°). Moreover, MLF’s surface free energy (33.82 +
1.97 mJ/m?) was more aligned with PVC’s (31.08 + 3.65 mJ/m?). These
results suggest that the PEG-IPDI prepolymer effectively enhances
the interfacial compatibility between LF and PVC, adhering to the
principle of “like-dissolves-like.”*

Interfacial structure of MLF/PVC

Effective interfacial compatibility between MLF and PVC is crucial
for securing the mechanical and thermal insulation properties of
MLE/PVC. The freeze-fractured surfaces of LF/PVC and MLF/PVC
before foaming were observed using SEM to visually evaluate the
interfacial compatibility between fillers and PVC. Figure 3a reveals
noticeable gaps (highlighted with yellow circles) between LF and
PVC, potentially hindering stress transfer between LF and PVC and
preventing LF/PVC from fully utilizing LF’s structural benefits. In
contrast, minimal gaps were observed in the MLF/PVC composite,
which can be attributed to the enhanced interfacial compatibility
imparted by the PEG-IPDI prepolymer.
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The interfacial chemical structure of MLF/PVC was further
analyzed by comparing the FTIR spectra of pure PVC and MLF/
PVC. The FTIR spectrum of the MLF/PVC composite encompasses
characteristic peaks of both MLF and pure PVC (Figures 2b and
3b). Notably, the C=0 peak at 1716 cm™ and the C-H peak at 2959
cm™ in the MLF/PVC spectrum were shifted to lower wavenumbers
compared to the C=0 peak at 1720 cm™ in MLF and the C-H
peaks at 2952 cm™ in pure PVC.>** This shift suggests the possible
formation of hydrogen bonds between the -NHCOO- groups of
MLF and the C-H groups of PVC (Figure 1),” indicating that PEG-
IPDI prepolymer enhances interfacial compatibility between MLF
and PVC by forming interactions between MLF and PVC (Figure
3¢). Improved interfacial compatibility between MLF and PVC is
expected to more effectively utilize LF’s structural advantages and
enhance PVC’s foaming capacity.

Rheological behavior of MLF/PVC

The rheological behavior of polymers is closely related to their melt
strength and viscoelasticity, which is an important factor affecting
their foaming capacity.** The variations in complex viscosity (*),
storage modulus (G’), loss modulus (G”), and loss tangent (tan J)
across dynamic frequencies for pure PVC and its composites are
depicted in Figure 4. The n" values of the four samples decreased with
the increase in dynamic frequency, exhibiting the shear-thinning
behavior of PVC melt (Figure 4a).”> Pure PVC exhibited a lower n*
value owing to weaker interactions among its chains, suggesting
limited melt strength at the macroscopic level and, consequently,
reduced foaming capacity. In contrast, PVC composites showed
higher n" values than pure PVC, attributable to the formation of
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various networks (PVC-PVC network, PVC-filler network, and
filler-filler network) that impeded the movement of PVC chains
(Figure 4a).’® Notably, the n’ value of MLF/PVC was higher than
that of LE/PVC (Figure 4a); this indicated that the more stable
networks of MLE/PVC resisted the movement of the PVC chains
more effectively compared to LF/PVC, thus greatly enhanced the
strength of the PVC melt.”
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Figure 4. (a) Rheological behavior of pure PVC and composites:
complex viscosity (), (b) storage modulus (G"), (c) loss modulus (G”),
and (d) loss tangent (tan 9).
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G’ and G” represent the energy stored and dissipated during
deformation, respectively, and are crucial in determining the
foaming behavior of PVC.?”® The G’ and G” values of the samples
were observed to follow the order MLF/PVC > LE/PVC > PEG-
IPDI/PVC > pure PVC (Figure 4b and 4c¢). The order indicated that
MLF/PVC had the highest elastic and viscous responses among the
four samples. The loss tangent (tan § = G”/G’) serves as an essential
parameter for assessing polymer viscoelasticity.*® The tan § values
of MLF/PVC exhibited the lowest value (Figure 4d), suggesting its
superior viscoelasticity. In summary, MLF’s multidirectional and
hierarchical structure enhances the strength and viscoelasticity of
PVC melt. This enhancement in melt strength and viscoelasticity
is also expected to improve PVC’s foaming capacity.

Foaming capacity of MLF/PVC

Foaming experiments were conducted on pure PVC, PEG-IPDI/
PVC, LF/PVC, and MLE/PVC at 180°C for 5 min. To evaluate
the influence of MLF on the foaming capacity of PVC, the
microstructures and expansion ratios of the samples were analyzed.
Figure 5arevealed that pure PVC foam exhibited large cell sizes and
a low cell count, attributed to the low strength and viscoelasticity
of the PVC melt. The inclusion of fillers (PEG-IPDI prepolymer,
LF, and MLF) led to reduced cell sizes and increased cell counts
in the PVC composite foams. Figures 5b-e show the pore diameter
distributions of the samples. The MLF/PVC foam demonstrated
superior properties, with the highest porosity (45.9%), smallest
average pore diameter (30.2 pm), and lowest density (0.5323 g/cm?®).
Furthermore, the expansion ratio of MLF/PVC foam increased by
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Figure 5. (a) Microstructures, (b-e) pore diameter distributions,
and (f) expansion ratios of pure PVC and composite foams.
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Figure 6. (a) Compressive stress—strain curves and (b) compressive strength and modulus
of pure PVC and composite foams.

30.7% compared to that of pure PVC (Figure 5f). These findings
indicate that MLF, with its multidirectional and hierarchical
structure, greatly improves the foaming capacity of PVC owing to
the improved strength and viscoelasticity of the PVC melt, which
is expected to enhance the mechanical and thermal insulation

12-14

properties of PVC foams.

Mechanical properties of MLF/PVC foam

The compressive properties, crucial for assessing the mechanical
performance of PVC foams, were evaluated.”” Figure 6a presents
the compressive stress-strain curves of pure PVC and the
composite foams. All four samples exhibited no yield and
maintained good ductility during compression. The ranking in
terms of compressive strength and modulus was as follows: MLE/
PVC foam > LF/PVC foam > PEG-IPDI/PVC foam > pure PVC
foam. The compressive strength and modulus of the MLF/PVC
foam were enhanced by 93.7% and 165.8%, respectively, compared
to those of pure PVC foam (Figure 6b). The data indicates that MLF,
with its multidirectional and hierarchical structure, enhances
the mechanical properties of PVC foams. This enhancement is
primarily attributed to MLF’s ability to reinforce cell walls and

struts. Additionally, the smaller cell size in the MLF/PVC foam
contributes to a reduced bending moment in the cell walls during

compressive deformation.*

Thermal energy storage capacity of MLF/PVC foam

The modification of LF with PEG-IPDI prepolymer transformed
MLF into an SSPCM capable of thermal energy storage.
Integrating MLF into PVC foam is theoretically beneficial for
energy conservation and enhancing the foam’s thermal insulation
properties.”?' The thermal energy storage capacity of MLF/
PVC foam was investigated by DSC analysis of the fillers and
foams (Figures 7a-b), with corresponding thermal performance
parameters summarized in Table II.

The DSC curves of LF showed no obvious endothermic or
exothermic peaks, suggesting no phase change below 80°C
(Figure 7a). However, PEG-IPDI prepolymer and MLF exhibited
noticeable endothermic and exothermic peaks within the
0°-80°C range, indicating reversible thermal storage and release
capabilities (Figure 7a). The phase change enthalpies (AH,, and
AH,) of MLF during melting and crystallization were lower than
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Figure 7. DSC curves of (a) fillers and (b) foams.
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Table II

Thermal performance parameters of fillers and foams

AH,, (J/g) * T (°C) ® AH, (J/g)* T.(°C)*

PEG-IPDI 170.1 55.2 164.2 35.2
LF - - - -

MLF 106.6 48.1 100.9 29.7
MLF-100° 104.7 48.2 100.4 29.7
MLF-200° 103.8 48.0 99.4 29.5
PVC - - - -

PEG-IPDI/PVC 48.6 55.0 44.3 353
LF/PVC - - - -

MLE/PVC 20.9 48.6 18.8 29.4
MLF/PVC-100° 20.3 48.4 18.1 28.7
MLF/PVC-200° 19.9 47.6 17.7 28.3

*AH, and AH. represent the phase change enthalpies during the melting and crystallization processes,
respectively; T, and T. denote the melting and crystallization temperatures, respectively.

®MLF-100 and MLF-200 indicate MLF after 100 and 200 thermal cycles, respectively; MLF/PVC-100 and MLF/
PVC-200 refer to MLF/PVC foam after 100 and 200 thermal cycles, respectively.

those of PEG-IPDI prepolymer (Figure 7a and Table IT), suggesting
a deterioration in thermal storage and release capabilities of MLF
compared to those of PEG-IPDI prepolymer.*** This is likely
due to the cross-linked networks between LF and PEG-IPDI
prepolymer restricts PEG chain movement. Despite this, the AH,,
and AH, values of MLF/PVC foam were maintained at 20.9 and
18.8 J/g, respectively, after incorporating MLF into PVC (Figure
7b), which contributes to energy savings and enhanced thermal
insulation properties of the foam. Furthermore, the phase change
enthalpies and temperatures for MLF and MLF/PVC foam
remained relatively unchanged after 100 and 200 thermal cycles,
demonstrating their excellent thermal reliability (Figure 7a and
7b and Table II).

Thermal insulation properties of MLF/PVC foam

As previously discussed, the MLF/PVC foam exhibits notable
foaming and thermal energy storage capacities, which are expected
to enhance its thermal insulation properties. Thermal conductivity
is a critical metric for evaluating the thermal insulation properties
of foams. Typically, the thermal conductivity of foams can be
greatly reduced by increasing their expansion ratio.**** Among
the tested samples, MLF/PVC foam had the highest expansion
rate, attributable to the improved foaming capacity imparted by
MLEF (Figure 5b). Consequently, MLF/PVC foam exhibited the

lowest increase in thermal conductivity with rising temperature
(25°-90°C) (Figure 8a). The thermal insulation properties were
directly observed by placing samples on a heating plate at 110°C
(Figure 8c¢), with infrared thermal images captured at different
intervals (Figure 8d). MLF/PVC foam exhibited the slowest increase
in surface temperature, suggesting that MLF effectively enhanced
the thermal insulation properties of PVC foams by increasing their
expansion rate.

Notably, the thermal conductivity of MLF (25°C, 1.7233 W/m-K)
was higher than that of LF (25°C, 1.1905 W/m-K) (Figure 8b). While
this might seem counterintuitive for enhancing thermal insulation,
the similar thermal conductivity of MLF and PVC (25°C, 1.6951
W/m-K) allowed MLF/PVC foam to effectively utilize the thermal
energy storage capacity of PEG during heat transfer. This was
evidenced by the variations in thermal conductivity and surface
temperature of MLF/PVC foam during the phase change interval
(40°-50°C) in Figures 8a and 8c. Moreover, SEM observations of
the sample cross-sections following impact fracture (Figure 8e)
revealed that the multidirectional and hierarchical structure of
MLF created numerous micropores and micro/nanofibrils in the
cell walls. These micro/nanostructures enhance heat transfer path
tortuosity and increase phonon scattering at micro/nanostructure
boundaries, thereby reducing solid-phase thermal conduction.* In
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(e) SEM images of the surfaces of LE/PVC and MLF/PVC foams.

summary, MLF enhances the thermal insulation properties of PVC
foams through its improved foaming and thermal energy storage
capacities.

Conclusion

This study demonstrated that the use of PEG-IPDI prepolymer
effectively aligned the surface free energy of MLF with that of

JALCA, VOL. 119, 2024

PVC, thereby enhancing their interfacial compatibility. This
modification also endowed MLF with thermal energy storage
capacity. Furthermore, MLF was shown to enhance the foaming
capacity of PVC by increasing the melt’s strength and viscoelasticity.
Consequently, MLF/PVC foam exhibited a high expansion rate,
small average pore diameter, and low density. These attributes
collectively contributed to the notable improvement in both the
mechanical and thermal insulation properties of PVC foams. The
integration of MLF as a natural filler thus not only enhances the
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properties of PVC foams but also presents a viable approach for

the resourceful utilization of LSs. This work offers a promising

direction for developing LF/PVC foam with superior mechanical

and thermal insulation properties, utilizing the potential of LSs as

a valuable resource.
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Abstract

Our research group previously established a practical approach
for salt-free chromium tanning by changing the order of addition
of masking salts (COAMS) for electrolyte-cum-masking effect.
The present work deals with the modified COAMS process for
developing a salt-chromium-free tanning system using aluminium.
The tanning conditions such as Al to masking salt (cirtate) ratio,
Al O; offer, the effect of phenolic syntan, and its order of addition
on tanning performance have been studied in detail. It was found
that the addition of 3% sodium carbonate (based on the weight
of aluminium sulfate) along with aluminium sulfate reduces the
acidity without affecting the tanning performance and leather
quality. The ideal conditions for the pickle-free aluminium tanning
were found to be 1.5% Al,O; offer, 5% phenolic syntan offer, and
an Al to citrate ratio of 1:0.2. It was also found that the order of
addition of phenolic syntan did not affect the tanning performance.
Furthermore, in comparison to leather produced without syntan,
the combined effect of aluminum and phenolic syntan raises the
shrinkage temperature by 6°C (Without syntan: 74°, with syntan-
80°) and decreases the rate of shrinkage by 74%. However, the
addition of phenolic syntan did not improve Al exhaustion and
leaching resistance to water. The physical characteristics and fiber
compactness have been improved by the addition of phenolic
syntan. SEX-EDAX study reveals that the aluminum is uniformly
distributed throughout the cross-section.

Introduction

The discharge of total dissolved solids from the tanning process
and its impact on the end-of-pipe treatment is one of the long-
standing problems associated with the leather industry. For a
considerable amount of time, there have been multiple attempts to
reduce the Total Dissolved Solids (TDS) load in tannery wastewater.
Several technological interventions such as low-salt pickling, salt-
free pickling'? and pickle-free tanning®° processes have been
implemented at commercial scale to reduce the TDS load. However,
it is not widely applied due to some practical difficulties. Recently,
our research team developed practical approaches for pickle-free
chromium tanning’ and the process details are given below:

(i) Salt-free Chrome Tanning in Deliming Liquor (CTDL)

In this system, the deliming is carried out at 50% float followed
by H,O, treatment to convert the sulfide into sulfate. After,
deliming the salt concentration in deliming liquor was around
3.5% and it was sufficient to adjust the pelt pH to 5.0 without acid
swelling. The pH-adjusted pelts were subjected to chromium
tanning without any further treatment.

(ii) Changing the Order of Addition of Masking Salts (COAMS)
Generally, masking salts are added before the basification (i.e)
after the acidification and chromium treatment to improve
the precipitation point of chromium. Whereas in the COAMS
process, the masking salts were added before the acidification
and chromium treatment, therefore it can also act as an
electrolyte that prevents the acid shock while adjusting the
delimed pelt pH to 5.0.

Both approaches are simple and easy to adopt at a commercial scale.
Further, the process does not involve any specialty chemicals and
also reduces the consumption of acid/alkali. Therefore, the above
methods are environmental/tanners-friendly and economically
beneficial.

On the other hand, globally the search for chromium-free tanning
systems is increasing due to the toxicity associated with chromium
compounds, especially Cr(VI).

Considerable attempts have been made to develop chromium-free
mineral tanning systems. Patent no PCT/NL2020/050773 deals with
the modification of zeolite with acid and used as tanning agent in
leather manufacturing.® In this method, the pickled pelt (pH: 3.0)
is treated with the modified zeolite. Xinhua Liu et.al., developed a
salt-free pickling and chrome-free tanning technology using epoxy-
terminated hyperbranched polyamine-ester (EHBP) and aluminium
(III) salt as pickling and tanning agent, respectively.” Madhan et al.,
developed the complexes ofaluminium (IIT) & Zinc(II) using different
ligand combinations such as sodium citrate, triethylenetetramine,
phthalic acid, and sodium tartrate.” An attempt had been made to
develop Zirconium-Aluminium-Titanium complex as a tanning
agent and the shrinkage temperature of the leather was increased up
to 95° (Patent No CN102787181A)."' Chandrababu et al., extensively
studied the use of Iron (III) as a self-tanning agent by chelating with
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the suitable ligands viz. fatty acid, aliphatic/aromatic carboxylic
acid to increase the stability of iron complex and also to increase
the hydrothermal stability of the final leather.”> Further, Fathima et
al., developed an iron-tetrakis hydroxymethyl phosphonium sulfate
(THPS)-based combination tanning and optimized the iron to THPS
ratio on thermal stability of the tanned leather.”” Further, they have
also studied the influence of various ligands on the thermal stability
of the final leather. US patent no 4731089 deals with the development
of a mixed metal tanning system using aluminum and titanium
complex masked with the salt of polyhydroxymono carboxylic acid.
Recently, Zhicheng Jiang et al., employed trojan horse strategy for
the development of Al-Zr-Oligosaccharides complex and used them
as a tanning agent.™

Further to reduce the salinity in wastewater, few attempts
have been made to develop pickle-free and chromium-free
tanning technologies. The US patent no US 7169191 provided
the process for the preparation of synthetic aluminium tanning
agent by incorporating the aluminum into the formaldehyde-
free polymeric matrix as a solo tanning agent for pickle-free

processes.!”” Further, Patent No CN115011742 provided the process
for pickle & chrome-free tanning-based epoxy-modified collagen
polypeptide.®

It is evident from literature that limited attempts have been made to
develop pickle-chromium-free tanning systems. While searching for
an alternative chromium-free mineral tanning agent, aluminium is
found to be a suitable material because of its low cost and availability.
In this work, we have attempted to develop pickle-chromium-free
tanning using aluminium with the modification of our previously
established COAMS process.

Materials and Methods

Conventionally processed goat delimed pelts have been taken as raw
material for tanning trials. Al,SO45.16H,0 and trisodium sodium
citrate dihydrate were procured from M/s Merck. Commercial-
grade chemicals were used for leather processing. Analytical-grade
chemicals were used for analysis.

Table I

Process recipe for salt-chromium-free tanning

Raw material: Goat delimed pelts, Thickness (Neck): ~ 1.5 mm

Process/Chemicals | % Offer | Time Remarks

Masking Salt Treatment

Water 50

Sodium citrate “X”

Sodium formate 1 30 min

Acidification

Formic acid 0.5

Water 5 3*15 min+30 min

Sulfuric acid 0.2

Water 10 2*30 min+60 min | pH adjusted to around 5.0

Tanning

Phenolic syntan “¥” 30 min

Alas AL,O3 7z

Sodium carbonate 3* 2*60+60 min After the complete addition aluminium pH
dropped to around 3.0. Aluminium penetration
was checked using pyrocatechol violet indicator

Basification

Sodium carbonate 1.0-1.5

Water 10 3*30 min+120 min | pH adjusted to 4.0. Drained and Piled

*9% offer based on the weight of aluminium sulfate

Y - Phenolic syntan offer varied from 0 to 10 % (0, 1, 2.5, 5, 7.5 and 10%)

Z - Al,O, offer varied from 1 to 3% (1, 1.5, 2, 2.5 and 3%)
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Optimization of Aluminium to Masking Salt Ratio

Thirty goat delimed pelts were grouped into 6 (each group contains
5 delimed pelts), marked, and subjected to tanning process as per
the recipe given in Table I. The amount of Al offer was kept constant
(AL,Os: 1.5% w/w - Based on pelt weight) and for every mole
equivalent of Al, the sodium citrate mole equivalent was varied from
0 to 0.3% w/w (0, 0.1, 0.15, 0.2, 0.25, 0.3).

Effect of Phenolic Syntan on Tanning Performance

Six groups of delimed pelts were marked (each group having 5
delimed pelts) and subjected to the tanning process as per the recipe
given in Table I where the optimized Al: Sodium citrate ratio and
1.5% AlL,O; were offered. The amount of phenolic syntan offered
(based on pelt weight) was varied from 0 to 10% w/w. The effect
of phenolic syntan on aluminium exhaustion was analyzed using
Inductively Coupled Plasma - Optical Emission Spectrometry (ICP-
OES)

Changing the Order of Addition of Phenolic Syntan on Tanning
Performance

Six groups of delimed pelts were marked (each group having 5
delimed pelts) and subjected to the tanning process (Al: Sodium
citrate ratio and 1.5% Al,O;) where the order of addition of phenolic
syntan was varied.

(i) Phenolic syntan followed by aluminium before basification
(ii) Phenolic syntan and aluminium together
(iii) Aluminium followed by syntan before basification

(iv) Aluminium followed by syntan after basification

Optimization of Al,O; Offer

Five groups of delimed pelts were marked (each group having 5
delimed pelts) and subjected to the tanning process as per the
recipe given in Table I. The optimized Al:Sodium citrate (1:0.2)
ratio was kept constant and the amount of Al,O; offer (based on
pelt weight) was varied from 1.0 to 3.0% w/w (1, 1.5, 2, 2.5, 3.0). The
aluminium exhaustion for different percentages of Al,O; offer was
estimated through Inductively Coupled Plasma — Optical Emission
Spectrometry (ICP-OES).

Optimized Tanning Process

Further, ten delimed pelts were cut along the backbone, marked,
and grouped separately. The left and right halves were subjected to
an optimized tanning process with and without phenolic syntan
treatment, respectively. After 15 days of aging, the tanned leathers
were converted into crust leather as per the process recipe given in
Table II.

Analysis of Aluminium Leaching

The tanned leather obtained from the optimized tanning process
was aged for 48 hrs and subsequently, a specimen was taken from
the official sampling position. Further, the specimen was cut into
small pieces. Fifteen grams (moisture-free basis) of cut pieces were
added into a conical flask containing 150 ml of double distilled water
and agitated at 250 rpm. Every 1 hr time interval, the leachate was
drawn from the conical flask and subjected to aluminium estimation
through ICP-OES.

Hydrothermal Shrinkage Temperature Measurements

Prolific shrinkage temperature was used for the measurement of
hydrothermal shrinkage temperature. The test specimens of 50*3
mm size (I*b) were cut from the samples to be tested. The jig is placed
inside the beaker containing water and it has a fixed pin at its lower
end and a hook at its upper end for holding the test specimen in
between. The thread from which the hook is suspended passes over
a lightweight aluminium pully, which also carries the circular scale.
The other end of the thread has a dead weight attached to it to apply
the specified tension on the test specimen. Further, the system was
heated at the rate of 2°/min with constant stirring. The temperature
at which the test specimen has shrunk to such an extent that moving
the dial (circular scale) half a division from the initial position is
noted as shrinkage temperature. Once the movement of the dial
started, the division of the circular scale was noted at different time
intervals to analyze the rate of shrinkage.

Physical Strength Characteristics and SEM Analysis

According to the IULTCS standard procedure, specimens for a variety
of strength characteristics, including tensile strength, % elongation at
break, tear strength, grain crack load, and distension at grain crack,
were obtained. Before analysis, every specimen was conditioned
for twenty-four hours at 25+1°C and 65% RH.”?* TESCAN-
CLARA scanning electron microscope was employed to analyze the
morphological characteristics and aluminium distribution (EDAX

mapping).
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Table II

Post-tanning process recipe (Thickness: 1.0 mm)

Process/Chemicals | % Offer | Time Remarks
Wetting back

Water 100

Wetting agent 0.1 30 min Drain
Neutralization

Water 100

Sodium Formate 1

Sodium bicarbonate 0.7 pH: 5.0-5.2 Drain/Wash
Re-tanning

Sulfone syntan 5.0

Melamine syntan 4.0

Acrylic syntan 2.0 90 min

Fatliquoring

Vegetable oil based fatliquor 5.0 30 min

Synthetic fatliquor 6

Sulfited fatliquor 4 150 min

Fixing

Formic acid + Water

| L5+5 | 2 x 10 min + 60 min | Drain/Wash, drying and staking

Results and Discussion

Salt-Free Aluminium Tanning - Process Strategy

The previously established COAMS process deals with the
addition of masking salts before the acidification. In this process,
the masking salts not only alter the charge/hydrolytic behaviour of
chromium but also increase the ionic strength, and therefore the
ionic imbalance of the system will be reduced. Hence, the delimed
pelt pH can be reduced to the required tanning pH (5.0) without
acid swelling/acid shock. A similar concept has been employed in
the present work with minor modifications. In our previous study
(chrome tanning) sodium acetate was used as masking salt but the
present study employed tri-sodium citrate and sodium formate as
masking salts. Further, it is a well-known fact that the acidity of
aluminium sulfate is higher than basic chromium sulfate due to the
high charge-to-size ratio. Hence there may be a possibility for the
occurrence of acid swelling after adding aluminium sulfate even
if the system has masking salt as an electrolyte. After conducting
a series of experiments, it has been found that the addition of
aluminium sulfate along with 3% sodium carbonate (% based on
the weight of aluminium sulfate) reduces the aluminium acidity
without affecting the tanning performance. After the complete
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addition of aluminium sulfate, the system’s pH would be around
3.0 and it will be increased up to 4.0 at the end of tanning.

Optimization Study

In order to optimize the Al:Citrate ratio, 6 different trials were
carried out and the shrinkage temperature of tanned leather
was taken as the basic criteria for shortlisting an ideal ratio. The
shrinkage temperature of each tanning trial is given in Table III.
It is evident from Table III that the shrinkage temperature of the
1:0, 0.1, 0.15 system is around 71° whereas it has been increased up
to 74° for a 1:0.2 ratio. However, it falls when the citrate equivalent
is increased beyond 0.2. It may be due to the over-masking and
generation of stable Al-citrate complex. Hence, the 1:0.2 ratio
has been optimized. It is well established that the combination
of aluminium with plant polyphenols improves the tanning
performance as well as quality of the final leather. However, the
wattle-aluminium complex imparts ash color to the tanned leather.
This work mainly focuses on understanding the effect of phenolic
syntan offer and its order of addition on the tanning performance.
The Al Citrate ratio and Al,O; offer is 1:0.2 & 1.5%, respectively. It is
evident from Figure 2 that no change in shrinkage temperature for
0, 1% phenolic syntan offer (74°), and a minor change in 2.5% offer
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(75°). However, a considerable increase in shrinkage temperature
has been observed for 5% (80°) and it remains unaltered for 7.5%
and 10%. Therefore, 5% phenolic syntan offer would be an ideal
offer. On the other hand, it was found that the order addition of
phenolic syntan does not affect shrinkage temperature and other

tanning characteristics.

Subsequently, tanning trials have been carried out with the
optimized ratio (Al:Cittrate — 1:0.2, Phenolic syntan - 5%) where
the Al,O; offer has been varied from 1 to 3.0%. Further, two sets
of trials have been carried out with and without phenolic syntan.
The shrinkage temperature and aluminium exhaustion is given
in Table III. In the case of without phenolic syntan treatment
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Figure 2. Optimization of phenolic syntan offer
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Table I1T
Optimization of Al,O; offer
Al Citrate Al,0; Offer (%) 0% Phenolic syntan 5% Phenolic syntan
Shrinkage Al exhaustion Shrinkage Al exhaustion

Temperature (°C) (%) Temperature (°C) (%)

1.0 71+1 76 76+1 77

1.5 74+1 81 80+1 81

1:0.2 2.0 74+1 83 80+1 84
2.5 74+1 75 80+1 76

3.0 76x1 70 82+1 72

the shrinkage temperature of 1% Al,O; offered leather was 71°
whereas it was 74° for 1.5 to 2.5% and further, it was increased to
76° for 3.0%.

On the other hand, the aluminium exhaustion for 1% system was
76% and subsequently increased to 81% and 83% for 1.5% & 2.0%,
respectively. It is also clear from Table III that the Al uptake falls
when the offer increases to 2.5 and 3%. Similarly, it was found
that the addition of phenolic syntan increased the shrinkage
temperature and also a marginal increase in exhaustion has been
observed. For 1% and 1.5% offer, shrinkage temperature is 76° and
80°, respectively. Further, it remains unaltered for 2.0 & 2.5% and
a marginal increment has been observed for 3.0%. The exhaustion
pattern of tanning trials with and without phenolic syntan is

Al Leaching (%)

almost similar. Hence, it can be concluded from the study that the
optimized tanning conditions are (i) Al:Citrate — 1:0.2 (ii) Phenolic
syntan offer- 5% (iii) AL,O; offer - 1.5% (iv) Order of addition — any
place after acidification.

Leaching Study

It is a well-known fact that aluminium-tanned leather has poor
resistivity against water leaching due to the formation of labile
complexes with protein carboxyl groups. In order to understand
the effect of phenolic syntan on the leachability of aluminium,
the matched pair of tanned leather obtained from the optimized
tanning process has been subjected to water leaching. The
leachability of aluminium at different time intervals is shown in
Figure 3. It is evident from the Figure that the leachability pattern

—&— Without Phenolic Syntan
—®— With Phenolic Syntan

3 4 5

Time (hr)

Figure 3. Effect of phenolic syntan on Al leaching
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Figure 4. Rate of hydrothermal shrinkage

of leather treated with syntan and without syntan is similar and
no considerable difference has been observed. It was also observed
that around 6-7% of aluminium is leached out for every 1 hr time
interval. After 5 hrs around 32% of the aluminium is leached out.
From this experiment, it can be concluded that the addition of
phenolic syntan is not reducing the aluminium leaching.

Rate of Hydrothermal Shrinkage

It is understood from the previous experiments that the addition of
phenolic syntan increases the hydrothermal shrinkage temperature.
Further, in order to understand the effect of phenolic syntan on
the rate of leather shrinkage, the change in the circular scale
division due to the contraction of the test specimen as a function
of time has been monitored (refer to method for further details). It
is evident from Figure 4 that the shrinkage pattern obeys the liner
model. The correlation co-efficient (R?) value of without and with
syntan-treated leather is 0.99325 and 0.98043, respectively. Further,
the corresponding slope value can be correlated with the rate of
shrinkage (higher the slope, faster the shrinkage). The slope value
of leather from without syntan treatment is 0.0232 whereas it is
0.0133 for syntan treated leather. Hence, the shrinkage rate of leather
processed without syntan treatment is 74% faster than the syntan-
treated leather.

Further, it is also evident from Figure 4 that the leather without
syntan treatment reached the final division (4 cm) of the circular
scale within 180 seconds whereas syntan-treated leather reached
only about 2.3 cm within 180 seconds. These results demonstrate
that the syntan-treated leather has better hydrothermal resistance

and also a slow shrinkage pattern. This may be due to the synergetic
effect of aluminium and phenolic syntan and also the formation of
a multipoint network.

Physical Strength Characteristics

The physical strength characteristics of the crust leathers (with and
without syntan) have been analyzed and results are given in Table I'V.
Further, the variations in strength characteristics with respect to the
without syntan system are shown in Figure 5. The tensile strength of
syntan-treated leather is 23% higher than the without syntan system
and also a 7% reduction in elongation at break. Similarly, 4%, 7%,
and 3% increase in tear strength, load at grain crack and distension at
grain crack, respectively. Further, 10% reduction has been observed
for water vapor permeability. The reduction in elongation and water
vapor permeability indicates the compactness of the syntan treated
system.

SEM Analysis

The distribution of Al in the crust leather has been mapped using
EADX analysis and the same is shown in Figure 6. It is evident from
the Figure that the Al is distributed uniformly throughout the cross-
section. Further, the aluminium to the sulfur ratio is also similar
for both syntan-treated and non-syntan systems. Further, the cross-
sectional view of the crust obtained from both systems is shown in
Figure 7. It is evident that the fiber structure of the syntan-treated
leather is more compact and cemented than the without syntan
system, Further, it is also observed that the fiber splitting of the
syntan-treated leather was good when compared to the non-syntan
system.
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% Variation
0
1

TS - Tensile strength (N/mmz)
TE - Tear strength (N/mm)

DGC - Distension at grain crack (mm)

WVP - Water vapor permeability (mg/cmz.hr)

EL - Elongation at Break (%)
LGC - Load at grain crack (kg)

Physical Strength Characteristics

Figure 5. Rate of hydrothermal shrinkage

Table IV

Physical strength characteristics of salt-free aluminium tanned leather
with and without syntan treatment

Physical Strength Characteristics Without Syntan With Syntan
Tensile Strength (N/mm?2) 23.04 28.4
Elongation at Break (%) 65.2 60.7
Tear Strength - N/mm 106 110
Load at Grain Crack (kg) 28.1 30
Distension at grain crack (mm) 8.3 8.5
Water vapor Permeability (mg/cm?.hr) 37 3.33
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Conclusions

A practically viable salt-free aluminium tanning has been
developed by changing the order of addition of masking salt (i.e)
the addition of masking salt before the acidification process to
increase the electrolyte concentration in the system. Further, it
was optimized that the addition of 3% sodium carbonate (based
on the weight of aluminum sulfate) along with aluminium sulfate
neutralizes the acidity without affecting its tanning performance.
The addition of 1.5% Al,0;, 5% phenolic syntan, and Al to citrate
ratio of 1:0.2 was found to be an optimal condition for high-
performance tanning. Further, the synergetic effect of aluminium
and phenolic syntan increased the shrinkage temperature by 6°C
and lowered the rate of shrinkage by 74% when compared to leather
produced without syntan. However, no considerable differences
have been observed for aluminium exhaustion and aluminium
leaching. The order of addition of phenolic syntan and its effect
on tanning performance is negligible, however, it improves
the mechanical properties and fiber compactness. SEM-EDAX
study indicates that the aluminium was uniformly distributed
throughout the cross-section. Hence, the developed chrome-free
tanning system is easy to practice with environmental/economic
benefits.
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