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Abstract

Traditional tanning practices often result in harmful waste products that pose significant environmental risks, including
water pollution, non-biodegradable solids, hazardous emissions, and unpleasant odors. However, this study introduces
a simple and effective alternative method for industrial-scale vegetable tanning, with the goal of minimizing
environmental pollution. This innovative method eliminates the use of common salt and substantially reduces water
consumption. The environmental benefits of this new approach are remarkable. It has led to a significant 70% reduction
in water usage, a 25% decrease in energy consumption, and complete elimination of chloride discharge. These changes
have also contributed to a notable reduction of 60-70% in tanning and treatment expenses. Furthermore, the leathers
produced using this method exhibit comparable physical, chemical, and sensory properties to those produced through
conventional tanning practices. This eco-friendly approach not only addresses environmental concerns but also offers
economic advantages, making it a sustainable choice for vegetable tanning processes.
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1. Introduction

Vegetable tanning, the oldest known tanning process, held its reign until the introduction of chrome tanning [1,2]. The
exceptional properties displayed by chrome-tanned leathers led to over 80% of the global industry adopting this
method. Chromium tanning became renowned for its versatility and dominance in the industry. However, escalating
concerns regarding the environment, health, and safety have compelled tanners to seek and embrace alternative, eco-
friendly tanning systems, or revert back to vegetable tanning [3-6]. Consequently, a worldwide quest is underway to
discover cleaner, safer, and economically viable tanning systems [7-10]. Numerous alternatives have been extensively
examined, including aluminum, iron, zirconium, titanium salts, as well as organic compounds such as aldehydes or their
combinations [11,12]. However, most of these alternatives fail to meet the functional requirements of leather or fall
short of satisfying eco-friendly criteria. In response, research is actively focused on investigating combination tanning
systems primarily based on vegetable tannins as potential substitutes for chrome tanning [13]. Consequently, there is a
renewed surge of commercial interest in vegetable tanned leathers. Vegetable tannins, which are polyphenolic
compounds found in plant extracts, play a crucial role in this revival. Vegetable tannins, with molecular weights ranging
from 500 to 3000 Dalton, are known as mixed polyphenolic species based on chromatographic studies. These
polyphenols have the ability to form multiple hydrogen bonds, enabling them to cross-link with collagen [14]. The
resulting leathers from vegetable tanning offer notable advantages, including compatibility with human skin, enhanced
comfort, and excellent dimensional stability. Furthermore, the chosen tanning methodology allows for effective
treatment and disposal of spent liquors. However, it's important to note that the issue of salinity remains unresolved in
vegetable tanning, posing a significant concern.
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In traditional tanning methods, the pH of skins and hides is typically reduced to around 2.5-3.0 through the "pickling"
process, involving the use of mineral acids. To counteract the swelling effect caused by the acid, a significant amount of
common salt (sodium chloride) is added, ensuring the leather's physical stability. In vegetable tanning, a depickling step
is carried out before tanning, where mild alkalis are used to raise the pH to 4.5-4.8 in a saline bath. While the presence
of common salt in pickling and depickling prevents excessive swelling and preserves the strength and quality of the
leather, it also results in a significant discharge of chlorides and total dissolved solids (TDS) in the effluents. Moreover,
the conventional process is time-consuming, with skins and hides immersed in concentrated vegetable tannin liquor for
an extended period of around 14 days. Due to the diverse molecular composition of vegetable extracts, a prolonged
tanning process is necessary to ensure proper diffusion of vegetable tannins. To achieve high-quality leathers, the
tanning is typically conducted using a static method. Extensive research has been dedicated to addressing the issues of
common salt and salinity in effluents [11,12,15-17]. Previous attempts have been made to mitigate these concerns
through the utilization of non-swelling acids, such as naphthalene sulfonic acid condensates, during pH adjustments,
recycling of pickle liquor, and modification of tanning materials. Previous attempts to address the salinity concerns in
vegetable tanning methods, such as altering leather characteristics through various methods, have not been widely
accepted by users and have not gained commercial adoption [18-20]. Likewise, end-of-pipe treatment approaches to
meet discharge regulations have proven to be neither successful nor economically feasible for salinity issues [21,22].
However, the current work presented here successfully overcomes these limitations, providing a commercially viable
solution without compromising leather quality.

2. Material and methods

2.1. Materials

A total of ten wet salted cattle skins sourced from Sudan, each weighing approximately four kilograms, were selected.
Commercial grade garad pods tannin extract derived from (Acacia nilotica ssp tomentosa) was utilized. To ensure
effective monitoring of changes, the skins were halved, with one portion tanned using the conventional vegetable
tanning system, and the other using the salt-free vegetable tanning system. This approach aimed to minimize variations
in results arising from differences between individual skins. Following the assessment of the processed leathers'
physical and chemical properties at the laboratory scale. This large-scale production took place in a commercial tannery
located in the Khartoum, Sudan, enabling the evaluation of the new method's feasibility and effectiveness in a real-world
setting.

2.2. Traditional and innovative tanning techniques

The dehaired and defleshed skins were prepared for further experimentation. They underwent a neutralization process
before being utilized in both conventional and modified tanning experiments. Detailed information about the tanning
procedures for both methods can be found in Tables 1 and 2. Following the tanning process, the skins were subjected
to oiling, samming, and drying, with careful attention to achieving proper setting. In order to gain a comprehensive
understanding of the ecological advantages, a comparison was made between the vegetable tanning methodology and
the conventional chrome tanning system.

2.3. Chemical Analysis of leather

2.3.1. Preparation of Sample

Leather was cut into small pieces to pass through a screen with circular perforations of 4 mm. The pieces were
thoroughly mixed and brought to a state of homogeneity by keeping them in a closed container for at least overnight.
Then Moisture content, Fat content, Insoluble ash, hide substances, Water soluble % was determined [23].

2.4. The Physical analysis of Leather

Criteria such as tensile strength, tear strength, and grain crack resistance serve as indicators of the robustness and
longevity of leathers. The shrinkage temperature, on the other hand, measures the leather's capacity to withstand
deformation and disintegration during the fabrication process. Factors like color fastness are essential to maintain the
aesthetic appeal and uniformity of products when exposed to different environmental conditions, contributing to their
overall eloquence. The tanned experimental and control leathers underwent a thorough evaluation to assess their
softness, grain tightness, fullness, and overall appearance. This evaluation was conducted using a standard tactile
assessment technique, which is a subjective practice commonly employed in leather evaluation. Experienced leather
technologists assigned grade scores ranging from 0 to 10 for each of the aforementioned properties, providing a
comprehensive evaluation of the leathers' quality.
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2.4.1. Conditioning

The specimens for physical testing were kept in a standard atmosphere of temperature 20 + 2°C and relative humidity
65% * 2% during the 48 h immediately preceding their use in a test [24].

2.4.2. Tensile strength and percent of elongation

The jaws of the tensile machine (Instron 1026, Instron, UK) were set 50 mm apart, and then the sample was clamped in
the jaws, so that the edges of the jaws lay along the midline. The machine was run until the specimen was broken and
the highest load reached was taken as the breaking load. The tensile strength load is in Newtons [25].

Maximum breaking load

Tensile strength = -
Cross sectional area

2.4.3. Percent of Elongation at Break

Percent of Elongation at Break was measured according to the society of leather technologist and chemists [25].
Calculation

Final free length — Initial free length

El ion, % =
ongation, % Initial free length

2.4.4. Hydrothermal stability analysis

Tanned leather samples with conventional and innovative tanning were examined for measurement of hydrothermal
stability. Differential scanning calorimeter is used for measurement of shrinkage temperatures (Ts). Results disclosed
that extracts of Acacia nilotica ssp tomentosa pods performed better in terms of hydrothermal stability [26,27].

2.5. Statics analysis

The analysis is done using paired two sample for means t-Test.

Table 1 Procedure for traditional vegetable tanning method

Process Chemical materials | Quantity, % | Time/min | Notes
Pickling (Drum) | Water 100

Common salt 15 15

Sulphuric acid 2.5 3X10

Formic acid 1 3X10+60 pH-3.0
Depickling Water 100 30 Overnight ageing; drain

Common salt 7.5 90

Sodium formate 2 60

Pretanning syntan 3 pH -3.9; drain
Tanning (pit) Water 150
I Garad extract 25 °Be 5 days
11 Garad Extract 35 °Be 8 days
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Table 2 Procedure for the modified vegetable tanning process

Process Chemical materials | Quantity, % | Time/min | Notes
Acid treatment (Drum) | Water 100
Organic acid 1.5 120 pH 4.8-4.9
Pretanning syntan 3 60
Tanning (Pit) Water 150
I Garad extract 25 °Be 5 days
11 Garad Extract 35 °Be 8 days

3. Results and discussion

3.1. Impact of the novel process on leather properties

Regarding the sensory properties, the modified processed leathers exhibited a more pronounced sense of fullness and
enhanced softness in comparison to conventional leathers (Figure 1). This can be attributed to the increased tannin
absorption by the cattle skins due to improved fiber opening, as observed in the new process. When skins were treated
with unionized organic acid, it binds to the collagen chains at a molecular level, disrupting the hydrogen bonds present
in the collagen. This process leads to improved fiber splitting and further contributes to the overall enhanced
organoleptic properties of the leather.
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Figure 1 Evaluation of tanned leathers based on visual cues

The chemical analyses conducted on both conventional and salt-free tanned leathers reveal that all the parameters are
comparable, indicating no significant difference in the tanning characteristics. This is further supported by the degree
of tannage, as depicted in Table 3.

The reduced water solubility (8.5+0.3%) indicates that modified vegetable tanned leather ensures better water
resistance compared with the Conventional (9.4+£0.2%) (Table 3) (17). The shrinkage temperature of these leathers was
also measured and documented in Table 4. There is not much of variation in the shrinkage temperature of conventional
and novel tanned leathers.
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Table 3 Chemical characterization of tanned leathers

Parameters Conventional | Novel
Moisture content, % 11.6%£0.4 11.5+0.2
Water Soluble solid, % 9.4+0.2 8.5+0.3
Metal Oxide, % 1.5+0.1 2.5+0.3
pH 4.3+0.2 4.9+0.2
Ash content, % 0.9+£0.1 1.4+0.3
Water soluble organics, % | 6.7+0.4 8.4+0.2
Hide Substances (T)% 39.4+0.7 36.9£0.2
Fat content, % 4.5+£0.2 4.8+0.5
Degree of Tanning, % 81.5%0.6 82+0.2

Table 4 Shrinkage temperature of Tanned Leathers

Process Shrinkage temperature, ST, oC

Chrome Tanning 98.6+3

Conventional tanning | 83+ 2

Novel tanning 801

The tensile strength, percentage elongation, tear strength, and grain cracks of the tanned leather using conventional,
novel methods are shown in Table 5. Vegetable tannins material is capable of diffusing into the molecular pore
dimensions. An increase in the tensile strength can be interpreted in terms of the number of covalent cross-links formed
during the tanning processes. However, a decrease in the tensile strength at a higher concentration of vegetable tannin
material may be owing to the increased stiffness (shown by the decreasing elongation) results in a brittle fiber;
consequently, it breaks more easily at a reduced load. Based on the outcomes of the statistical analysis tensile strength
of skin tanned with conventional and novel methods showed significantly different results. Tensile strength values of
tanned skin with novel method are higher than that tanned with conventional. On the other hand, tanned skin with
novel method produced greater skin elongation 35 % compared to tanned with conventional and chrome which was 30
and 33% respectively. The bonds extent of the vegetable tanning skin collagen provides an explanation of the increased
tensile strength of skin fiber [28].

Table 5 Physical testing characteristics of leathers

Types of | Tensile strength | Tear strength | %, elongation | Grain cracks strength

tanning (N/mm?2) (N/m) at break Load (kg) Distension (mm)
Chrome 26+0.9 39.5+0.6 33+2 33 12+0.2
Conventional 23+0.9 34.6+0.6 30+2 25 8+0.2

Tanning

Novel Tanning 25+0.9 45.5+0.6 35+2 30 10+0.2

3.2. Impact of the new process on the quality of tanning effluent.

Despite maintaining the same initial concentration of tan liquor for both tanning methods, the spent vegetable tan liquor
indicates a higher absorption rate with the modified tanning process (Table 6). This can be attributed to the molecular
association of the organic acid, which promotes better fiber bundle opening, facilitating the accelerated diffusion of
vegetable tannins. Consequently, there is a noticeable difference in the values of biological oxygen demand (BOD) and
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chemical oxygen demand (COD) between the spent liquors, further validating the effectiveness of the modified tanning
process in improving tanning effluent quality.

Table 6 Characteristics of the spent liquor effluent

Parameters (mg/1) Process types

Chrome | Conventional Novel
pH 3.8-40 | 4.2-43 4.5-4.6
Chemical oxygen demand | 1100 18000 9000
Biological oxygen demand | 3000 35000 10000
Chloride 30000 60000 -

Including depickling | -

Total dissolved solids 95000 45000 15000
Total suspended solids 2750 8000 4000
Sulphates 17500 - -
Chromium as Cr203 3800 - -

The analysis of cumulative spent tan liquor, as presented in Table 6, demonstrates a significant decrease in total
dissolved solids (TDS) and chlorides due to the elimination of traditional salt-based acidification and deacidification
stages. With the removal of chloride ions from the waste streams, there is complete elimination of chlorides, while TDS
reduction exceeds 67% due to the elimination of sodium chloride and the depickling process step. In conventional
processing, pH fluctuations resulting from acidification and deacidification often contribute to the generation of
substantial amounts of neutral salts. Due to concerns over toxicity and health issues associated with mineral tanning
materials, there has been a resurgence of interest and increased global demand for plant-based and mineral-free leather
and leather products. The availability of advanced post-tanning auxiliaries has facilitated the production of leathers
with improved color characteristics, overcoming the conventional limitations of color deficiency while also reducing
costs. Although the new tanning method results in a higher biological oxygen demand (BOD) compared to mineral
tanning, as evident in Table 6, it is significantly lower than that of conventional vegetable tanning. When comparing the
treatment costs, it is found that the expenses for treating BOD are much lower compared to the costs associated with
salt and chromium treatment. Consequently, the present method proves to be both economically viable and safe when
compared to conventional vegetable or chrome tanning methods.

For a sustainable process in a traditional industry like tanning, it should not only offer environmental improvements
but also be economically viable. The findings reveal that the tanning system without pickling and depickling is more
cost-effective compared to the traditional method. It is important to note that implementing this system does not
require any additional infrastructure investment or changes in factory workflows. During an industrial-scale trial
involving 1500 kgs of cattle skins, significant cost savings were achieved through the elimination of common salt and
reduction in process time. Furthermore, adopting this salt-free vegetable tanning process brings additional benefits by
reducing environmental pollution and associated risks, leading to further cost reduction. Overall, the salt-free vegetable
tanning process is a cost-effective, environmentally friendly, and easily adoptable solution.

4., Conclusion

The aim of this novel study is to demonstrate the environmental benefits of a traditional tanning system based on
vegetable tanning through a simple and viable method that eliminates the use of common salt. The trial conducted at
commercial scales revealed that by implementing appropriate technical interventions in the vegetable tanning process,
significant water savings could be achieved while producing leathers of comparable quality. The improved tanning
system resulted in a remarkable reduction in water consumption (70%) and the complete elimination of salinity
associated with vegetable tanning. These changes contributed to a reduction in tanning and treatment expenses by 60-
70%, in addition to saving approximately 25% of power consumption. The proposed methodology not only yields
environmental benefits but also brings about significant cost savings, thereby promoting the sustainability of the
vegetable tanning process from both an environmental and economic standpoint.
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