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Abstract: In today’s industrial landscape, minimizing environmental impact is a growing priority, particularly
in water and chemical-intensive sectors like leather production. One of the main challenges in chrome tanning
is the low chromium uptake, with only 40-60% of the tanning agent binding to collagen fibers resulting in
significant chromium discharge. This study focuses on improving chrome exhaustion by optimizing water
usage in the tanning process. Experimental tanning trials were conducted with reduced water ratios.
Following the tanning process, chromium oxide concentration and conductivity were measured in the
wastewater. Additionally, the chromium content and shrinkage temperature of the tanned leathers were
analyzed to evaluate tanning efficiency and thermal stability. The results were compared to those from
conventional chrome tanning processes. Findings revealed that decreasing the water ratio can significantly
enhance chromium uptake, reduce environmental impact, and maintain or improve the performance of the
final leather product, supporting the development of more sustainable tanning technologies.
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1. INTRODUCTION

The leather industry heavily relies on large volumes of water and various chemical agents to
convert raw hides into finished leather through complex chemical modifications of collagen. This
transformation involves multiple stages, including liming, pickling, tanning, and post-tanning
operations, each of which consumes considerable amounts of water and contributes to the generation
of polluted effluents. However, this conventional production approach generates a substantial
amount of highly polluted wastewater, posing significant environmental threats. The presence of
organic matter, sulfides, ammonium compounds, and heavy metals like chromium in these effluents
has raised concerns over their discharge into natural water bodies. Therefore, reducing the use of
both water and chemicals during leather processing is vital for environmental protection, resource
conservation, and the sustainability of leather manufacturing [1].

In response to the increasing awareness of environmental and human health concerns,
stricter regulations and limitations on the use of hazardous substances in leather production have
been introduced [2]. Particularly in developed countries, initiatives have been taken to evaluate the
environmental impact of chemicals, develop predictive models, establish chemical databases, and
implement process designs aligned with the principles of sustainable production. The REACH
regulation is one such effort, aimed at improving chemical safety, enhancing risk management, and
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promoting alternative assessment methods. These regulatory frameworks encourage manufacturers
to shift toward greener formulations and safer process routes. Despite these efforts, both the
presence of hazardous residues in finished leather products and the discharge of chemical-laden
wastewater remain pressing issues that hinder sustainable leather production [3].

Achieving zero-waste production is essential to advancing a cleaner and healthier
environment. Accordingly, the adoption of cleaner production strategies centered around the
principles of "reduce, reuse, and recycle™ has become increasingly important. Cleaner production not
only aims to minimize pollutant generation at the source but also promotes the reuse of process
streams and by-products within the production cycle. International organizations are also promoting
the transition to green and low-carbon economies, supporting innovations in closed-loop processing
and energy-efficient technologies [4]. Reports on water use in the leather industry indicate that
producing 1 ton of leather consumes approximately 35-50 tons of water, leading to an estimated
annual wastewater output of 1.0 x 10® tons [5]. This figure has recently increased to about 1.6 x 108
tons [6], reinforcing the urgent need to develop water-saving solutions across all stages of leather
manufacturing.

A critical aspect of the tanning process is the effective penetration and fixation of the
tanning agent within the collagen fiber matrix of the hide. However, studies have consistently shown
that the uptake of tanning agents under conventional aqueous processing conditions remains
inefficient. Typically, only 50-60% of the chromium offered is fixed within the leather, while the
remainder is discharged into wastewater, representing both an environmental burden and a financial
loss. Significant portions of the tanning agents, particularly chromium salts, remain in the process
bath, contributing to pollution loads [7]. Research indicates that exhaustion rates in conventional
tanning are relatively low, resulting in high volumes of wastewater contaminated with unconsumed
tanning agents. With chrome tanning still accounting for approximately 90% of global leather
production, the environmental implications are substantial [8].

Globally, the leather industry uses nearly 500,000 tons of chromium (l11) salts annually.
With a tanning efficiency of just 55-65% under current methods, nearly half of the chromium
applied ends up in wastewater [9]. This inefficient use of chrome not only results in economic loss
but also contributes to chromium-related environmental concerns. Despite various studies focusing
on alternative tanning agents [10], these substitutes have generally failed to match the hydrothermal
stability and physical performance of chrome-tanned leather [11-12]. For this reason, chrome
tanning remains indispensable to large-scale leather production. Consequently, approaches that
retain chrome use while minimizing environmental risks particularly by improving fixation
efficiency and reducing chemical load in wastewater—may be more viable and practical for
widespread industry adoption.

Although numerous efforts have focused on post-process wastewater treatment [13],
relatively little research has addressed the reduction of water usage during the process itself. Most
wastewater solutions have concentrated on end-of-pipe treatments, which, although helpful, are
energy-intensive and do not address the root cause of pollution. While suggestions have been made
to lower water consumption for sustainability, few practical strategies have been developed to ensure
sufficient chemical penetration under reduced water conditions [13]. Therefore, developing efficient
in-process solutions that reduce float volume without compromising leather quality is an emerging
necessity. As such, previous efforts have been limited in both scope and effectiveness, and have not
been widely implemented in commercial practice.

In light of these challenges, the present study aims to address the inefficiencies of
conventional chrome tanning by designing novel tanning recipes that significantly reduce both water
and chromium tanning agent consumption. By developing high exhaustion chrome tanning systems,
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this research seeks to evaluate the resulting leather properties and wastewater characteristics, and to
identify the most effective formulations through optimization studies. Ultimately, the study aims to
support the transition to more sustainable tanning processes that maintain leather quality while
minimizing environmental impact. These efforts align with the global push toward circular resource
use, cleaner industrial practices, and compliance with future environmental legislation.

2. EXPERIMENTAL

2.1. Materials
Pickled sheepskins obtained from the commercial domestic market were used as the raw
material for tanning experiments in the conventional process.

2.2. Recipes for experiments
Prior to the tanning process, a depickling process was carried out. The formulation used for
depickling is presented in Table 1.

Table 1: Depickling recipe

Process % | Substances Temperature (°C) | Time (min.) | Remarks
Depickling | 150 | Water 25 20 7-8 Bé
1.5 | HCOONa 40 pH: 4.0
0.6 | NaHCOs 45 pH 5.5, drain
Bating 100 | Water
1.5 | Acidic bating agent | 35 60 Drain
Washing 200 | Water 30 10 Drain
Degreasing | 6 Degreasing agent 28 60
50 | Water (3 Bé) 28 90 Automatic for night, drain
Washing x 3 | 200 | Water 30 30 Drain

Following the depickling process, conventional chromium tanning was applied to the skins.
The tanning formulation is provided in Table 2.

Table 2: Conventional chromium tanning process

Process % | Substances Temperature (°C) | Time (min.) Remarks
Pickling 100 | Water 30 20 6-7 Bé

15 | HaSO4 Run overnight | pH 3.0

0.1 | Fungicide 20
Chrome tanning | 4 Chromium salt 60

1 Synthetic fatliquoring agent

4 Chromium salt 600 10 hours

1 HCOONa 45

0.8 | NaHCO3 90 pH 4.2, drain
Washing x 2 100 | Water 30 20 Drain
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In the high-exhaustion tanning system, the chromium application level was reduced from
8% to 5% to improve efficiency. To optimise water usage, experiments were conducted using water
levels of 80%, 60%, and 40%. The recipe employed in these trials is presented in Table 3, where the
water usage levels are denoted by the variable X.

Table 3. High chrome exhaustion tanning recipe

Process % Substances Temperature(°C) | Time(min.) | Remarks
Tanning X Water X:80-60-40
0.25x2 | HCOOH 60 pH: 5.0-5.2
5 Chromium salt
0.25 Masking agent 60
1 Electrolyte stable fatliquor 30
Next morning 50 60 pH5.2
Washing x2 | 100 Water 30 20 Drain

2.3. Shrinkage temperature analyses

Shrinkage temperature was determined in accordance with TS 4120 EN 1SO 3380.
Rectangular samples (50 mm x 3 mm) were prepared, and a 1:3 glycerol-water mixture at 65°C was
used as the test medium. The temperature was increased at a controlled rate of 2°C per minute, and
the shrinkage point was identified as the temperature at which significant contraction occurred.
Readings were taken every 30 seconds, and the shrinkage temperature was defined based on the
movement of the indicator needle.

2.4. Chrome oxide (Cr.0s3) analyses
The chromium oxide content in leather was determined in accordance with TS EN ISO
5398-1, while its concentration in wastewater was analysed following the SLC 208 procedure.

2.5. Conductivity and salinity analyses

Conductivity and salinity analyses of the waste float water following the tanning process
were performed using a YSI Incorporated (Yellow Springs Instrument) device. In cases where the
conductivity and salinity values exceeded the instrument’s measurement range, the floats were
diluted at predefined ratios to allow accurate readings, and final values were calculated by
accounting for the dilution factor. Conductivity was expressed in millisiemens per centimeter
(mS/cm), and salinity in parts per thousand (ppt).

2.6. Statistical evaluations

For all experimental trials, two sheepskins were placed into the same drum to ensure
uniform processing conditions, and each tanning formulation was repeated in three independent
production cycles to achieve replication. As a result, a total of six leather samples (2 skins x 3
replicates) and three corresponding residual float samples were obtained for each test condition. All
analytical measurements including chromium oxide content, shrinkage temperature, conductivity,
and salinity were performed on these replicated samples to ensure statistical reliability. The mean
values and standard deviations of the data sets were calculated using the SPSS 15.0 statistical
software package to assess the consistency and reproducibility of the results.
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3. RESULTS AND DISCUSSION

The increasing global focus on sustainable production has underscored the importance of
scientific studies aimed at saving water and energy, and ensuring the efficient use of raw materials
and natural resources. Within the scope of environmentally friendly leather processing, many studies
emphasize the development of technologies that reduce water and chemical consumption.
Nevertheless, research efforts targeting water saving in leather production have often fallen short of
providing sufficiently effective outcomes or translating laboratory findings into industrial
applications [14].

In this study, rather than completely eliminating water from the tanning process, a high
exhaustion chrome tanning system was developed with the goal of minimizing water use without
compromising leather quality. Preliminary trials revealed that eliminating water entirely caused
undesirable effects like heating on fiber structure and leather integrity due to inadequate lubrication
and tanning agent mobility. Based on these observations, the experimental focus shifted toward
identifying the lowest possible water usage levels that still allow effective tanning reactions and
maintain leather performance characteristics. The results obtained from the conventional chrome
tanning method were compiled and are presented in Table 4, serving as a baseline reference to
evaluate the efficiency and environmental advantages of the high exhaustion system tested at
different reduced water ratios, as given in Table 5.

Table 4: Characteristics of leather and wastewater after conventional chrome tanning
Analyses Conventional tanning results
Cr03% 2.91+0.88

Shrinkage temperature (°C) | 103 + 1.50

Cr0s (residual float) (g/L) | 4.4 +0.56

Conductivity (mS/cm) 121.6 £ 14.25

Salinity (ppt) 98.2+£9.24

As can be seen from Table 4, the shrinkage temperature of the leathers produced by the
conventional chrome tanning system was determined to be 103 + 1.50 °C. This result reflects that the
leather structure has been adequately stabilized by the chrome tanning agent and shows typical
thermal behavior for chrome-tanned leathers.

The Cr20s content in the leather was found to be 2.91 & 0.88%, which is slightly lower. This
moderate Cr.Os content suggests that although tanning occurred, the level of chromium uptake into
the leather matrix was not maximized. This could be attributed to relatively low float exhaustion
levels typical of conventional tanning, where chromium penetration and fixation are limited by bath
concentration and diffusion gradients. Supporting this point, the residual chromium oxide
concentration in the float after tanning was measured as 4.4+ 0.56 g/L, which indicates significant
unutilized chromium remaining in the bath. This relatively high residual content is a critical
drawback of conventional chrome tanning, highlighting inefficient chemical uptake and
environmental concerns due to higher chromium loads in the effluent.

In addition, the conductivity of the residual float was recorded as 121.6 + 14.25 mS/cm, and
salinity as 98.2+9.24 ppt. These high values reflect the substantial presence of dissolved salts and
electrolytes in the spent float, which can arise from salt additives used during pickling. High
conductivity and salinity levels are important indicators of environmental impact, especially in terms
of wastewater treatment challenges. Altogether, the data in Table 4 confirms that conventional
chrome tanning results in acceptable leather quality in terms of shrinkage temperature but suffers
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from inefficiencies in chrome fixation and significant environmental burden due to high residual
chromium, conductivity, and salinity in wastewater.

Table 5: High exhausted tanning processes at different water ratios
Analysis 80% water | 60% water | 40% water
Cr,03% (leather) 413+0.14 |4.27+0.19 | 3.68+0.46
Shrinkage temperature (°C) | 102.5+1.25 | 102+0.71 | 102+1.23
Cr,03 (residual float) (g/L) | 0.88+0.15 | 0.65+0.12 | 0.61+0.44
Conductivity (mS/cm) 54.2+23 45.7+35 |448+16
Salinity (ppt) 38.4+25 402+17 40723

Table 5 illustrates the results of high exhaustion chrome tanning processes carried out at
different water use levels (80%, 60%, and 40%), and the findings clearly demonstrate the
effectiveness of high pH based exhaustion system with water reduction strategies in increasing
chrome uptake and reducing effluent pollution.

At 80% water usage, the Cr.0s content in leather was determined as 4.13 +0.14%, which is
substantially higher than that achieved in the conventional system (2.91%). The shrinkage
temperature was 102.5+ 1.25 °C, which is very close to the conventional system and confirms that
the leather achieved comparable thermal stability despite using less water and a different process
approach.

The residual chromium oxide in the float was found to be 0.88+0.15 g/L, significantly
lower than the value observed in the conventional system (4.4 g/L). This indicates a highly efficient
exhaustion process with improved chromium fixation and a corresponding reduction in
environmental load. When the water usage was decreased to 60%, the Cr0s content in leather
increased slightly to 4.27 +0.19%, representing the highest chromium uptake among all conditions
tested. This value strongly suggests that moderate reduction in water can enhance chromium
diffusion and fixation due to more concentrated reaction conditions. The shrinkage temperature
remained high at 102 +0.71 °C, indicating that structural stabilization was effectively achieved. The
chromium content in the residual float decreased further to 0.65+0.12 g/L, supporting the
conclusion that 60% water usage provided optimal exhaustion performance in terms of both leather
quality and environmental output.

At the lowest water usage level of 40%, the Cr20s content in the leather decreased to
3.68 £ 0.46%, although it still exceeded the conventional system’s chromium content. The shrinkage
temperature remained stable at 102+ 1.23 °C, indicating that tanning was still effective. The
chromium oxide remaining in the float was 0.61 +0.44 g/L, the lowest among all conditions, which
may reflect better exhaustion in low-moisture environments. While the exhaustion appears very
efficient, the slightly lower Cr20s in leather suggests that under extreme water reduction, the
diffusion of chromium into the hide matrix becomes more difficult, possibly due to limitations in
mobility within the reduced aqueous phase. Conductivity values in the residual float showed a clear
downward trend with decreasing water: from 54.2 + 2.3 mS/cm at 80% to 45.7 £ 3.5 mS/cm at 60%
and 44.8 £ 1.6 mS/cm at 40%. These results indicate a lower ionic concentration in the wastewater,
which aligns with the more efficient utilization of tanning chemicals. However, salinity values
remained relatively stable across all trials, ranging between 38.4-40.7 ppt, possibly due to retained
salt residues from previous processing stages.

The data in Table 5 highlights that the high exhaustion system is capable of achieving better
chromium fixation, lower chromium waste, and comparable leather quality even when the float
volume is significantly reduced. Among the tested conditions, 60% water usage appears to be the
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most favorable, delivering the highest chromium uptake in leather, low residual chromium in the
float, and high shrinkage temperature, thereby offering an optimal balance between performance and
sustainability. While 40% water usage also showed excellent exhaustion efficiency, a slight decrease
in chromium uptake into the leather suggests that diffusion limitations may arise at very low water
levels. Therefore, it can be concluded that high exhaustion tanning systems operating with 60% float
offer a promising pathway toward water-saving leather production without sacrificing quality or
environmental performance.

4. CONCLUSIONS

This study demonstrates that substantial environmental and technical benefits can be
achieved in chrome tanning through the implementation of a high exhaustion tanning system with
reduced water usage. By lowering the float ratio to 60% and optimizing process conditions, it was
possible to not only increase chromium uptake in leather but also significantly reduce residual
chromium concentration in wastewater without compromising shrinkage temperature or overall
leather quality. Compared to the conventional system, the high exhaustion approach resulted in up to
46% higher Cr0; fixation in leather and a drastic reduction in effluent chromium levels,
conductivity, and salinity. These improvements contribute directly to mitigating the ecological
impact of tanning operations, particularly in terms of chromium discharge and salt pollution, which
are among the industry's most pressing sustainability challenges. The findings confirm that reducing
water usage does not inherently diminish tanning efficiency; rather, when appropriately engineered,
it enhances exhaustion performance. Among the tested float levels, the 60% water ratio emerged as
the optimal condition, offering the best balance between environmental performance and leather
properties.

In conclusion, this study offers a viable and practical solution for the leather industry to
advance toward cleaner production practices. The proposed high exhaustion tanning methodology
enables significant reductions in both water consumption and chemical discharge, paving the way
for more sustainable chrome tanning without sacrificing product performance thus making it suitable
for broader industrial application.
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