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ABSTRACT

Environmental pollution caused by wastes generated from chrome tan is a major concern nowadays. This study
aimed to develop an eco-friendly alternative tanning agent using graphene oxide (GO) based nanocomposite
materials. GO was synthesized by a new approach with modification of the Hummers method. Two types of GO-
based nanocomposites, GO-TiO:2 (GT) and GO-TiOz-PEG (GTP) were prepared by adding TiOz nanoparticles and
polyethylene glycol (PEG) as surface modifiers. They were successfully applied to leather tanning processes at
different concentrations (2%, 4%, and 6%). Both synthesized GO, GO-nanocomposites, and the resulting tanned
leathers were characterized by Scanning Electron Microscopy (SEM), Thermogravimetric Analysis (TGA), and
Fourier-transform Infrared Spectroscopy (FT-IR). Different physico-mechanical properties of leathers tanned with
nanocomposites were evaluated and the results were compared with chrome-tanned leathers. The tensile
strength of chrome-tanned leather was 223 (kg/cm) whereas the maximum tensile strength was found at 228
(kg/cm) and 233 (kg/cm) in 6% GO-TiO; and GO-TiO»-PEG tanned leathers respectively. The environmental
pollution impact of the effluents generated by the new tanning process was assessed. The COD of effluents
generated from chrome tanning was 4800 ppm which was significantly reduced to 2400-1440 ppm and 2880-
1920 ppm when GO-TiO2z (GT) and GO-TiO2-PEG (GTP) were applied in leather tanning respectively. The TDS and
BOD were found at 183.8 and 200 ppm in conventional chrome-tanned wastewater which were significantly
reduced to the range of 47.5-18.3 and 100-50 ppm respectively in liquid wastes obtained from the GO-composite
tanning process. The maximum reduction of COD, BOD, TDS, and TSS in leather waste liquid was found with the
application of 2% GO-nanocomposites in tanning. The results revealed that leathers tanned with nanocomposites
possess characteristic properties which were very similar to those observed in chrome-tanned leathers whereas
the new tanning agents drastically reduced the intensity of pollutants in leather effluents. The application of new
nanocomposites in the leather tanning process is an innovative effort. This new nanocomposite-tanning method
showed minimal consequences regarding environmental pollution with the generation of less toxic effluents from
the respective tanning process.
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INTRODUCTION

Chrome-tanning is a widely used technique in raw leather processing which contributes to 90% of the
global leather supply [1]. This chrome tanning method emerged as quicker and more cost-effective in
comparison to the traditional vegetable tanning process during the Industrial Revolution. Trivalent
basic chromium sulfate, or Cr(OH)SQ,, solutions are commonly used in tanning operations conducted
in different tannery industries. However, only about 60-70% of the applied chromium compounds
react with collagen fibres throughout the tanning process and the rest remain unchanged and are
being released from industries as tannery effluents [2,3]. Discharge of tannery wastewater without
any chemical treatments or with partial treatment to the surrounding environment causes severe
contamination in air, soil, surface and groundwater bodies in the respective areas which pose health
risks to workers and other people in communities [4-7]. Chrome tanning causes serious environmental
pollution as the process consumes as well as releases large quantities of inorganic chemicals in raw
leather processing [8]. Uncontrol dumping of tannery wastes causes the distribution of toxic chromium
(V1) species in the surrounding environment which severely contaminates soil, waterbodies and other
components in terrestrial environments [9]. The trace quantity of Cr(lll) is considered an essential
element which plays an important role in the biochemical metabolism process, especially for diabetic
patients [10]. However, the presence of a trace amount of Cr(VI) is extremely toxic and harmful to
living organisms. Chromium pollution can cause a variety of serious health issues in humans working
in tanning industries which include skin allergies, anaemia, kidney dysfunction, liver failure, lung
disease, diarrhoea, vomiting, and situations that can produce mutagenic carcinogens [11]. Chromium
toxicity in living species can occur in both acute and chronic ways [12] which may cause lung cancer
[13]. Though Cr (lll) sulfate is used in the raw leather manufacturing process, a significant amount of
Cr (VI) is produced as a result of the oxidation of Cr (lll) species during tanning operations. Application
of unsaturated lipids and vegetable oils in the fatliquoring process may cause the oxidation of Cr (lll)
to Cr (VI) [3]. Moreover, exposure to UV light, a dry atmosphere, and high temperatures in the tanning
process may also facilitate the oxidation of Cr (lll) into Cr (VI) in the respective system [14]. Hexavalent
chromium species was found in the wet finishing process especially under certain conditions [15]. It
has been observed that the application of chrome tanning in leather industries posed a substantial
threat of pollution in terrestrial environments as this tanning method showed a poor chromium ion
absorption rate in leather processing steps. The unreduced dichromate species found in cationic
chrome liquor may also contribute to an increase in the presence of Cr (VI) in chrome wastewater [11].
Due to the severe environmental and potential health risks caused by chromium-containing wastes,
many researchers have worked on removing toxic chromium species from tannery wastewater bodies
[16-19]. To keep our environment safe from pollution and to reduce health risks for workers in tannery

industries, many attempts were made to avoid the application of chromium compounds in tanning
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processes. Different alternative tanning materials such as vegetable tannins, oils, aldehyde tannins,
zirconium tannins, aluminium tannins, titanium tannins, polymer tannins, amino acids, etc., were used
in tanning operations [20-22]. However, these alternating tanning agents showed many limitations in
tanning processes and they did not work effectively like chromium compounds thus the entire
replacement of chromium with a viable alternative material was not found to be feasible in tannery
industries [22]. Hence, there is an urgent need to design tanning chemicals that require minimal
dosages and exhibit high usage efficiency in tanning processes or pre-treatment methods that can
enhance the exhaustion of chromium species and thus fix the chrome tan issues [4,23]. Different
nanomaterials such as nano-silica, nano-aluminium dioxide, nano-ZnO, and nano-montmorillonite
have been increasingly integrated into traditional leather manufacturing systems in recent years to
augment the tanning process, which has shown to work efficiently by leveraging their smaller sizes,
expanded surface areas, and higher reactivities [24-28]. By optimizing the surface areas and enhancing
chemical reactivities, these potential nanomaterials can successfully be applied in leather
manufacturing which may result in the production of higher-quality leather materials [29-31]. Surface-
modified nanoparticles work as crosslinking agents which enhance the stability of tanned leathers by
making robust networks between tanning chemicals and collagen molecules. Among different
nanomaterials, graphene oxide (GO) stands out as an excellent choice for use in raw leather processing
as a potential nano-tanning agent because of its distinctive sheet-like structures which facilitate the
formation of nanosheets with diverse functional groups. GO can be dispersed in aqueous solutions and
allows the formation of crosslinking networks in leathers through chemical bonding with the influence

of nano-effects [27].

Figure 1. Structure of Graphene Oxide (GO)

On the other hand, due to higher surface area and stability, TiO,-based nanocomposite has attracted
considerable attention for its diversified applications. Furthermore, surface-modified nanoparticles

with smaller diameters may function as crosslinking hotspots which can successfully facilitate the
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formation of stable cross-linking networks [32]. The aim of the current study was to address and
minimize the issue of chromium pollution stemming from various leather industries by developing an
eco-friendly tanning agent using nanotechnology. The study initially concentrated on the synthesis and
characterization of new PEG-TiO,-GO nanocomposites from PEG-modified TiO, particles combined
with GO nanosheets. Then, the present study focused on the potential applications of new
nanomaterials in leather tanning processes as well as the evaluation of resulting leathers by conducting
different physico-mechanical tests. The novel and innovative approach replaces the applications of
toxic chromium compounds by GO-based nanocomposite in raw leather tanning processes to control
the environmental pollution load caused by various tannery industries.

It also offers an improvement in the compatibility of leathers with polymer matrices. To reduce
environmental pollution arising from leather manufacturing systems, GO-based nanocomposites were
introduced in tanning and physical tests of tanned leather were performed. The present study also
concentrated on the reduction of tannery wastewater pollution and determined different
environmental parameters such as total dissolved solids (TDS), total suspended solids (TSS), chemical
oxygen demand (COD), and biochemical oxygen demand (BOD) in the tanning effluents obtained from

the applications of both the traditional chrome tanning agent and the new nano-tanning agent.

EXPERIMENTAL

Materials and Methods

Analytical-grade chemicals and reagents were employed for the synthesis and analyses of synthesized
nanocomposite materials while commercial/industrial-grade chemicals and reagents were used in the
processing of raw leather samples. Graphite fine powder (98% extra pure), sodium nitrate (NaNOs),
potassium permanganate (KMnQ,) purified, sulfuric acid (H2504) (98% v/v), hydrogen peroxide (H20>)
(30% v/v), hydrochloric acid (HCI) (37% v/v), titanium dioxide (TiO2) (extra pure), and polyethene glycol
6000 were purchased from the Sigma Aldrich, USA and used without any further purification.
Potassium dichromate (K:Cr,0;), mercury sulfate (HgSO.), ferrous ammonium sulfate, ferroin
indicator, sodium hydroxide (NaOH), sulfuric acid (H.S0a4), silver sulfate (Ag,SO4) was purchased from
Thermo-Fisher Scientific, India. All reagents were prepared using distilled water, and the solutions and
glassware were autoclaved before their use. Goat skins were collected from the leather processing
workshop at the Institute of Leather Engineering and Technology (ILET), University of Dhaka,
Bangladesh. Figure 1 shows outlines the multistep preparation of graphene oxide-based

nanocomposites and their corresponding applications in leather processing.
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Figure 2. Schematic representation of synthesis of nanocomposites and their applications in raw leather processing

Synthesis of Graphene Oxide (GO) and GO-TiO, nanocomposite

The synthetic process of graphite oxide (GO) from graphite fine powder has been reported previously
in literature which is generally known as a "modified Hummers method" [33]. To synthesize GO, 120
mL of conc. sulfuric acid solution was placed in a beaker. 3 g of NaNOs; was slowly added to the acid
with continuous stirring at a temperature below 5 °C for 30 minutes. Subsequently, 3 g of graphite
powder was added, and the mixture was stirred for 2 h at 5 °C after that, 12 g of KMnO, was gradually
added while maintaining a low temperature (<5 °C) for 1 h. The resulting mixture was then stirred for
12 h at room temperature. To prevent overheating, 300 mL of distilled water was slowly added and
the mixture was stirred at 98 °C until it changed colour from black to brown. After cooling, 20 mL of
30% H,0, solution was added slowly to the resulting mixture to complete the reaction with KMnOa,.
The resulting solution was filtered and washed repeatedly with distilled and deionized water until it
showed a pH of 6. Finally, the GO product was separated and dried in an oven for 24 h.

Graphene oxide (GO) is an excellent choice among other materials to use as a nano-tanning agent due
to its characteristics and structural feature which is comprised of nano-structured sheets with
hydrophilic functional groups that facilitate their dispersion in water to form cross-linked networks in
collagen fibres. TiO; is a non-toxic material which can be used as a tanning chemical and it reacts
effectively with leather's collagen carboxyl groups. To enhance tanning effects, TiO, was combined
with GO using a hydrothermal process. During the synthesis of GO-TiO, nanocomposite, 1.0 g of
synthesized graphene oxide (GO) was added to 100 mL of deionized (DI) water in a beaker and the
mixture was stirred for 1 h. In a separate beaker, 2.0 g of Titanium dioxide (TiO,) was dissolved in 10
mL of DI water and the mixture was stirred for 1 h as well. Both solutions were then subjected to
sonication for about 2 h. Subsequently, the two solutions were combined and then stirred for an
additional 2 h. The resulting mixture was further sonicated for 6 h and then stirred for 2 h at a
temperature of 45 °C. The mixture was autoclaved at 180 °C for 2 h. The mixture was then cooled to

room temperature, filtered, and washed with distilled water which successfully yielded the GO-TiO,
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nanocomposite. Finally, the composite was dried in an oven for 24 h. The schematic diagram of the

preparation of GO-TiO, nanocomposite has been summarized in Figure 3.
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Figure 3. Synthesis of GO-TiO, nanocomposite

Hydrothermal process was used to synthesize GO-TiO; nanocomposites and the reaction scheme for

the synthetic process has been displayed in Figure 4.
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Figure 4. TiO,-GO nanocomposite synthesis

Synthesis of GO-TiO,-PEG (GTP) nanocomposite

Polyethylene glycol was used to modify the surfaces of TiO, nanoparticles. PEG-loaded Titanium-di-
oxide particles (PEG-TiO;) were incorporated into graphene oxide nanosheets to make GO-TiO,-PEG
nanocomposite which later was applied in the leather tanning process. To prepare the GO-TiO,-PEG
nanocomposite, 1.0 g of synthesized graphene oxide (GO) was mixed into 100 mL of DI water and the
mixture was stirred for 1 h followed by 2 h of sonication. In a separate process, 2 g of polyethylene
glycol (PEG) was dissolved in 100 mL of DI water at 45 °C temperature. Then, 2 g of TiO, was added to
the PEG solution and the mixture was stirred for 2 h. This TiO,-PEG solution was then mixed into the

GO solution. The GO-TiO,-PEG mixture was sonicated for 3 h and then stirred for an additional 2 h at
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45 °C. Subsequently, the solution was autoclaved at 180 °C for 2 h, followed by filtration and washing
with DI water which yielded the desired composite material with a 1:2:2 ratio of components. As a
resulting these steps, the material was oven-dried. The resulting final GO-TiO,-PEG composite was
dried in the oven for 60 h. Figures 5 and 6 show the different synthetic steps for making the GO-TiO-

PEG nanocomposite material.

- ’ Stie 2h &t rorm

rIrnE

G0 sonktadion

Graphsns oxide atir Zh then

acnicated Gk

Dy Ehar grinading
by ot

Autocisved Jh

%ﬁ
™
. a a1 120° ¢
\fﬁﬁ- N
g
g e GOFPEGSTIO? [ i i GOfPIGTa02
seshusrs B | 757 i i omeon oives/me
4 “*
&

F

Then sdd TIOZ

PEG aolution PEG/TIO? solution

Figure 5. Synthesis of GO-TiO,-PEG nanocomposite

GO-TiO, PEG composites

Figure 6. PEG-TiO,-GO nanocomposite synthesis

Characterization of GO, GO-TiO; nanocomposite and GO-TiO-PEG nanocomposite

The particle sizes and sizes distributions of Graphene Oxide (GO), GO-TiO,, and PEG-GO-TiO;
composites were measured using the Dynamic Light Scattering method (DLS) (Malvern, Zetasizer Waco
series) which is also known as Photon Correlation Spectroscopy. Different standard analytical

techniques such as FT-IR (model ALFHA II, spectrophotometer (BRUKER, Germany), BRUKER AXS
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diffractometer D8 (Germany), TG/DTA 7200 EXSTAR, (Hitachi, Japan) and JSM -6490LA, JEOL (Japan)
were employed to analyze the functional groups, crystallinity or undefined (XRD) properties, thermal

and morphological characteristics of the synthesized GO, GO-TiO,, and PEG-GO-TiO; materials.

Application of GO, GO-TiO; (GT) and GO-TiO,-PEG (GTP) nanocomposites in leather processing

Four salted goat skin samples were collected from the ILET leather processing lab and the mass of each
raw leather sample was measured separately. The leather samples were rinsed thoroughly with fresh
water and they were prepared for the beam house operation. The raw leather samples were soaked
in a drum which helped reverse the curing process and remove impurities like manure, blood, and dirt.
Lime and sodium sulfide mixture was used in the liming process and it took three days to disintegrate
hair and wool as well as it also plumped the hides. Adipose tissues were mechanically removed from
the flesh side during the fleshing process. A deliming process was carried out to adjust the pH and to
remove excess limes. The bating process was accomplished to improve the grain and overall quality of

the pelts. A summary of the tanning processes is shown in Table 1.

Table 1. Tanning processes with GO-Nano Composites tanning material

Soaking, liming, bating, and washing procedures were performed conventionally

% Chemicals Time pH
80 Water
7 Salt
1 Sodium Formate
Pickling 0.2 Impropel CO 20°
0.5 Formic acid ( 1:10) (20'+20’) 40
1 H,S04 ( 1:10) (30°+30’+30") 90’
0.5 Hypo 30 6

% picked bath

0.2 Hypo 30
4 RWP (Pre-tanning System) 45’

Tanning 1/3/5 GO-Nano Composites 6’ 6
0.2 Formic acid (1:10) 30 45
0.2 Bushan
0.2 Sodium-bi-carbonate (30’+30'+30’) 9’

Neutralization and fat liquoring were performed conventionally

Finally, the pickling process was carried out which lowered the pH to 6 and thus enhanced the

absorption of GO-containing tanning substances. A tanning drum was filled up with 80% water and the
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de-pickled goat skin. A mixture of NaAc, NaHCOs, and H,0 (1: 1: 10) was used to adjust the pH of the
pickle bath at 6. This pH condition was observed to be ideally suitable for the penetration or cross-
linking of GO-containing tanning agents with leather fibres [27]. The reaction mixture was rotated for
2 h at pH 6. After that, 10% dilute formic acid solution was added gradually to obtain the optimum pH
of 4 in the reaction mixture. 3% GO nano-tanning agent was added, and the resulting mixture was
placed in a drum which was spun for 6 h. Figure 7 shows all the processes which have been carried out

to make crust leathers by tanning with nanocomposite materials.

Conventional soaking— pickling

ﬂ PH-6.0 adjusted (NaHCOs: NaAc: H-0)

solution slowly

Tanning (with 2%/ 4%/ 6% nanocomposite)

i} pH-6.0 to 4 and pile up for 3day

Re-tanning (with extra 1% nanocomposite)

i

Dying

i

Fat liquoring

@ Horse up, setting, drying

Crust Leather

Figure 7. Flowchart of the whole procedure of making nanocomposite-tanned crust leather

After tanning with new nano-tanning agents, specific mechanical procedures were employed to modify
the surfaces of leather materials. Machine-operated sammying (using pressurized rollers) was used to
eliminate excess moisture content. The splitting and trimming of the resulting leather samples were
carried out by using the appropriate machine. Subsequently, the leathers were neutralized, re-tanned
using 1% nanocomposite, dyed with appropriate anionic brown dye solutions, and subjected to a fat
liguoring with 10.5% mixer of fat (sulphited-3%, anionic 1.5%, synthetic 2%, semisynthetic 2%, and
waterproof fat 2%) in process. The resulting leathers were then dried for four days in sunlight, followed
by toggling, staking, and ironing in sequential order which eventually yielded the crust leathers (Figure

8).
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Raw goat skin

Wet blue by GO/TIO2/PEG composite Crust Leather by GO/TIO2/PEG

Figure 8. Different sequences in leather tanning process with nanocomposites

Characterization of leather samples

A high-resolution Field-Emission Scanning Electron Microscope (FESEM, Model: JSM -6490LA, JEOL)
was used to study the surface morphology of the leather samples tanned with synthesized
nanomaterials. The micrograph of the cross-sectional area of leather was captured at x50000
magnification. Fourier-transform infrared (FT-IR) spectroscopy techniques (ATR-FTIR BRUKER, Model
ALFHA I, and spectrophotometer) were applied to investigate the presence of different functional
groups in the finished leather samples. The FT-IR measurements covered the range of 400 to 4000 cm”
1 A Perkin-Elmer TGA 8000 instrument was used to conduct the thermogravimetric analysis (TGA)
under a nitrogen environment. The TGA analysis was carried out in the temperature range of 25 to 700
°C at a heating rate of 10 °C /min.

Physical and mechanical tests were carried out on the conventional and GO nanocomposite-treated
leathers following the procedures of international standard methods. Different physicomechanical
properties such as shrinkage temperature, tensile strength, stitch strength, tear strength, flexing
endurance, and crack resistance were investigated, and the results were compared to understand
whether the applications of nanocomposites in the tanning process yielded the leathers with desirable
physical properties which are very similar to those found in the chrome-tanned leathers. The specific

international standards adhered to these tests have been listed in Table 1.

https://doi.org/10.31881/TLR.2024.036 747


https://doi.org/10.31881/TLR.2024.036

CHAKMA S et al. TEXTILE & LEATHER REVIEW | 2024 | 7 | 738-769

Table 2. The standard methods [34-39] of different physical tests which were carried out in the leather samples

S. 1. No Test name Standard Norm
1. Shrinkage Temperature SATRA TM-17: 1997
2. Tensile strength test IUP-6

3. Stitch tear strength test DIN-53329

4, Simple tear strength test SATRA PM-162

5. Grain crack resistance test IUP-09

6. Flexing endurance SATRA PM-55

The leather samples were cut parallel to the direction of strength to perform the tensile test, stitch
tear test, and Baumann tear test. The tensile tester (STD 172, Wright & Sons Ltd. England) was used to
carry out the tensile strength test, stitch tear test and Baumann tear test. The physical test results were

compared with the acceptable international standard values (Table 3).

Table 3. International standard values physical test of leather [40]

Physical test Standard value Physical test Standard value
Tensile strength Min. 200 kg/cm? Simple tear strength Min. 30 kg

% of elongation 30-40 % Grain crack resistance 16 kg

stitch tear strength 80-120 kg/cm flexing endurance (after 100000) peppiness scale rating (1-2)

Characterization of residual tanning liquor

The residual liquor generated from the tanning of raw leathers with nanocomposites was collected,
and the liquor was analyzed to evaluate its quality. Different standard quality parameters such as total
dissolved solids (TDS), total suspended solids (TSS), chemical oxygen demand (COD), and biological
oxygen demand (BOD), were measured in the residual liquor and the results were compared with those

obtained from the conventional chrome tanning liquor.

Total dissolved solids (TDS)

A systematic procedure was employed to determine the TDS in the liquor samples. 50 mL of
homogeneous liquor was transferred into a clean beaker (weighed out previously) while maintaining
agitation. Subsequently, the liquor contents were filtered and washed three times. The beaker along
with the filtrate was then dried in an oven at 105 °C until all moisture content was removed. After
cooling, the beaker was reweighed, and the TDS was calculated in milligrams per litre (mg/L). This
process was repeated three times for each sample and an average result was taken. The following

equation was used to calculate TDS concentration.
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. . _ (a—b) X1000
Total dissolved solids (mg/L) =50 L sampls (1)
Where,

a = the weight of the dried residue along with the beaker in mg

b = weight of empty beaker in mg

Total suspended solid (TSS)

To measure total suspended solids (TSS), 50 mL of the liquor sample was carefully filtered through
filter paper. The residue that remained on the filter paper was subsequently dried in an oven at about
105 °C until a constant weight was obtained. The increase in mass of the filter paper after drying
provided the quantity of total suspended solids in the respective sample. This procedure was repeated
three times to determine TSS in the other seven samples. The following equation was used to

determine TSS in all liquor samples:

Total suspended solids (mg/L) —(a=b) x1000 @)

“s50mL sample

Here,
a = mass of dried filter paper after filtration in mg

b = mass of empty dried filter paper in mg

Chemical oxygen demand (COD)

In the COD measurement procedure, 20 mL of a blank solution and 20 mL of the respective sample
were mixed into a reaction flask. Boiling aids and 10 mL of a mercury-containing K,Cr,07 solution were
added to the flask. Subsequently, 30 mL of Ag,SO, solution with H,SO4 was carefully introduced into
the flask while it was being cooled in ice to avoid overheating. A reflux condenser was attached to the
reaction flask and the reaction mixture was heated at 150 °C for 1.5 h. The resulting mixture was cooled
to room temperature and diluted to 100 mL with the addition of distilled and deionized water. Two to
three drops of ferroin indicator solution were added. Finally, the unreacted K,Cr,0; was estimated by
titrating with (NH,4),Fe(S04),:6H,0 solution until the colour changes occurred from blue-green to red-

brown. The chemical oxygen demand of the sample has been calculated using the following equation.
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(Vb— Vs) X CX fX Dg

COD (mg/L) = v

(3)

Here,

V,= Volume of the (NH4),Fe(S04),-6H,0 solution in mL consumed in the blank.

V= Volume of the (NH4)2Fe(S04),:6H,0 solution in mL consumed during the sample titration.
Ve=Volume of the sample (20 mL)

C= Concentration of the (NH4),Fe(SO4),-6H,0 solution in mol/L (C= 0.12 mol/L)

f = Equivalent factor (f= 8000 mg/mol)

D= Dilution factor (the time of dilution= 100 times).

Biological oxygen demand (BOD)

The following procedure was used to measure BOD in the liquor samples obtained from the leather
tanning process. 43.5 mL of the sample was transferred to a BOD bottle. A magnetic stirring rod was
placed in the sample bottle, and a rubber quiver was inserted into the bottle's neck in which two
sodium hydroxide pellets were delicately placed with tweezers to ensure that they mixed up with the
wastewater sample. After that, the sample bottle was tightly screwed onto the OxiTop. The
temperature of the Oxitop-covered measuring vial was maintained at 20 °C for five days in an
incubator. When the measurement temperature is reached (within 1 to 3 h through the Auto
Temperature Indicator), the Oxitop automatically commences the measuring of oxygen consumption
while continuously agitating the liquid sample for the entire five days. The measured value (digits)
which was being displayed in the instrument has been converted into the BOD value by using the

following equation:

Digits X Factor = BODs in mg/L (4)

where digits represent the highest reading among 5 days and the magnitude of a factor was considered

as 50 (for 43.5 mL sample factor = 50)

The magnitudes of TDS, TSS, COD and BOD measured in all the liquor samples were compared with the
standard permissible values of the Department of Environment (DoE), Bangladesh [38]. The results of
TDS, TSS, COD and BOD analyses as well as their comparisons with the standard permissible values

have been presented in Table 4.
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Table 4. Standard permissible values of TDS, TSS, COD, and BOD reported by DoE [41]

Parameter Standard value Parameter Standard value

TDS 2100 mg/L CcoD 200 (inland surface) - 400 (irrigated land)

TSS 150 - 500 mg/L BOD 50 (inland surface) - 250 (irrigated land)
RESULTS AND DISCUSSION

Characterization of Graphene oxide (GO), GO-TiO; and GO-PEG-TiO,

FT-IR analysis of graphene oxide (GO), GO-TiO;and GO-PEG-TiO;

FT-IR study on the synthesized composites provided significant information on the presence of
different functional groups in the respective materials. Figure 9 depicts the presence of various
functional groups within the structures of GO, GT, and GTP composites. The FT-IR spectrum obtained
from the GO layer reveals the presence of various functional groups such as carboxyl (-COOH), epoxy
(C-0-C), hydroxyl (O-H), and carbonyl (C=0) groups in the composite (Figure 9A). The intense resonance
that appeared at 3411 cm™ might be attributed to the carboxyl groups (O-H) formed by the integration
of water molecules. The ketone group (C=0) within the structures of composites provided significant
resonance at 1726 cm™, whereas the main graphitic component's (C=C) showed resonance at 1627 cm’
! indicating the occurrence of sp? hybridization [42]. Similarly, the IR-resonances at 1387 cm™, 1084
cmand 731 cm™ respectively might probably have originated from the stretching vibration of epoxy
groups along their C-O-C axes, C-O stretching of alkoxy groups and C-H bending vibrations [43] (Figure
9A). The characteristic resonances at 3201 and 1620 cm™ in Figure 9B might have appeared due to the
stretching vibration of the hydroxyl (—OH) group and the C=C skeletal vibration from the structural
moieties of graphene oxide (GO). Additional IR resonances observed at 1720, 1400, and 1055 cm™
might be attributed to the stretching vibrations of carboxylate C=0, carboxyl C—0O—C, and alkoxy C-O
respectively present in the nanocomposite. The appearance of a broad IR band at 723 cm™ might be
related to the stretching vibrations of Ti-O—C and Ti—O-Ti bonds [44]. A significant reduction in the
intensities of IR resonances associated with oxygen-containing functional groups in GT spectra in
comparison to those observed in graphene oxide suggests a substantial decrease in GO content during
the nanocomposites synthesis process which affirms the efficiency of hydrothermal treatment in

producing GT nanomaterials.
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Figure 9. FT-IR spectra of A. GO; B. GO-TiO; & C. GO-TiO,-PEG composite

Figure 9(C) shows broad resonances at 3411 cm™ and 1710 cm™ respectively which might have
originated due to the stretching vibrations of O-H and C=0 groups from carbonyl and carboxyl groups
present in graphene oxide. The IR band observed at 1382 cm™ might be attributed to C-O-C, and the
peak at 1620 cm™ could be related to the C=C functional moiety available in the respective composite
[45]. The presence of PEG in the nanocomposites caused the appearances of sharp resonances at 2928,
1710, and 1102 cm™ in the spectra which might have been associated with the stretching vibrations of
C-H, C=0, and C-O functional moieties respectively. Additionally, O-H bending vibrations from PEG
might cause the appearance of IR resonance at around 1224 cm™ (Figure 9C) [46]. The characteristic
peak appeared at 623 cm™ indicating the presence of Ti-O-Ti and Ti-O-C bond patterns in TiO,. The
characteristics of FT-IR resonances observed in the spectra of GO and GO-TiO,-PEG composites were
found to be very similar which evidenced the incorporation and dominance of graphene oxide within

the surfaces of both GO-TiO, and GO-PEG-TiO, composites materials.
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DLS analysis for particle size distribution

The sizes and shapes of particles as well as their distributions within the synthesized GO, GO-TiO,, and
GO-TiO,-PEG composites materials were determined by using the Dynamic Light Scattering (DLS)
technique [47]. The results of DLS analysis on the graphene oxide (GO), GO-TiO;, and GO-TiO,-PEG
composites have been illustrated in Figure 10. The average particle sizes of GO, GT, and GTP were
found as 369 nm, 390 nm, and 432 nm respectively. A single sharp peak was evident in each case, with
polydispersity indices of 23%, 30%, and 29% respectively. The overall efficiency and penetration
capability are contingent upon the particle size distributions where the smaller particle diameters are
observed to be associated with better performances [48]. The particles with smaller sizes work more

efficiently as nano-species and they exhibit better nano-effects in the leather tanning process.

(B)
(A) 14
14 4
124
124
104 10 4
2.? 8 ;" 8+
2 2 64
2 2
= £
4 4 44
2 -
2 -
0_
0 -
'2 T T T 1 T T T 1
500 1000 1500 2000 500 1000 1500 2000
particle diameter (nm) particle diameter (nm)
a) b)
C
© 12 =
10
a8
&g
2 61
B
| =
2
£ 44
2 -
0 -
T T T T T
500 1000 1500 2000 2500

particle diameter (nm)
c)

Figure 10. Particle size distributions in a) GO; b) GO-TiO,; ¢) GO-TiO,-PEG composite
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XRD analysis of Graphene Oxide (GO), GO-TiO, (GT) and GO-PEG-TiO;, (GPT)

An X-ray diffraction (XRD) study was conducted to assess the crystalline properties of GO (graphene
oxide) particles and the respective nanocomposite materials, GT, and GTP (Figure 11). The hydrophilic
GO particles displayed a robust peak at 28 = 10.2°, suggesting that water molecules have been trapped
between the nano-layers and it also demonstrated the crystallinity properties of nanomaterials.
Another resonance peak at 42.4° might have indicated the residual MnO; species as a byproduct of the
GO synthesis reaction with KMnOQa. The results of the XRD analysis confirmed the successful formation
of GO nanoparticles (Figure 11). In the case of GT nanocomposites, the diffraction pattern was
observed to be very close to those obtained from pure TiO,. The peaks at 20 values of 25.1°, 37.4°,
47.6° 54.4° 56.2° 62.9° and 69.9° were indexed as anatase TiO; crystal planes [49]. It was noted that
the peak at 10.2° which was assumed to appear for the trapped water in GO was absent in the XRD
spectra of GT indicating the release of water molecules during the synthesis of nanocomposite.
Importantly, the structures of all composites showed the crystal planes of both anatase and rutile
phases revealing that the introduction of graphene oxide did not alter the original structural feature
of TiO,. The absence of GO diffraction peaks in GT was attributed to TiO; intercalation disrupting GO's

regular stacking patterns.
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Figure 11. XRD pattern of graphene oxide, GO-TiO, and GO-TiO,-PEG nanocomposites

The results of XRD analysis also indicated the incorporation of PEG and TiO, nanoparticles in GTP
composites. The peaks that appeared at 19.3° and 23.2° were attributed to PEG structure while the
resonances at 25.1°, 37.4°, 47.6°, 54.4°, 56.2°, 62.9° and 69.9° were assigned to TiO,. There was no
peak at 10.2° which affirmed that TiO; intercalation might have disrupted GO's stacking in the GTP

composites.

SEM study on Graphene Oxide (GO), GO-TiO; and GO-PEG-TiO;

The surface characteristics of GO as well as synthesized GT and GTP composites were analyzed by using
the SEM technique and the corresponding results have been depicted in Figure 12. The micrograph of
the synthesized GO indicates the successful formation of a single layer of graphene oxide (Figure 12
A). The SEM image of GT nanocomposites reveals that TiO, nanoparticles are evenly distributed in
spherical shapes, although they show a tendency to aggregate (Figure 12B). The SEM image also shows
that the lattice structure in the GT nanocomposites is not visible due to the higher concentration of
TiO; in comparison to those observed in the GO sheets. However, the SEM image of GTP composites

also displays a uniform distribution of TiO, nanoparticles with spherical shapes, but they show a
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tendency to agglomerate due to the stickiness of PEG (Figure 12C). Similarly, the lattice structure in
the GTP composites is not found to be significant because of the presence of higher concentrations of

both TiO, and PEG in comparison to those present in the GO sheets as indicated in the respective SEM

images.
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Figure 12. SEM image of: a) GO; b) GO-TiO,; c) GO-TiO,-PEG nanocomposites

Characterization of leathers manufactured with graphene oxide-based nanocomposites

Fourier-transform infrared spectrophotometric (FT-IR) study of nanocomposites tanned leathers

The FT-IR analysis on the leathers tanned with nanocomposites provided significant information on
different functionalities present in the respective samples. ATR-FTIR spectra were recorded within the
range of 4000 and 500 cm™. Sharp IR resonances were observed between 3600 to 3400 cm™?in the

FTIR spectra indicating the presence of the hydroxyl group in the respective leather samples which
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were tanned with nanocomposite materials. The appearances of IR bands between 1850 to 1080 cm™
revealed significant detailed information on functional moieties present within the structures of

leathers tanned with the synthesized nanocomposite materials (Figure 13).

GO-TiO2 2%
GO-TiO, 4%
GO-TiO, 6%
Controlled Cr L/R
GO-TiO2-PEG 2%
GO-TiO2-PEG 4%

GO-TiO2-PEG 6%

Figure 13. ATR-FTIR spectra of nanocomposites tanned leather

FT-IR spectra of the leathers tanned with GT and GTP nanocomposites showed characteristic
resonances for different functional groups which were very similar to those observed in the spectra of
chrome-tanned leathers. There were no significant differences observed among the resonances that
appeared in the FT-IR spectra of chrome-tanned leather and nanocomposite-tanned leather samples
which revealed that the application of new tanning nanocomposite materials yielded the leathers
which were characteristically the same as those obtained by chrome tanning method. This also
suggested that leathers processed with nanocomposites possessed identical structural features as
observed in conventional chrome-tanned leathers and nanocomposites might have bonded with
collagen fibers with different functional groups. The sharp IR resonance at 730 cm™ was highly notable
in the spectra of the nanocomposites-tanned leathers which was found as insignificant in the
respective spectra of conventionally chrome-tanned leathers suggesting the existence of Ti-O-C and

Ti-O-Ti bonding between collagen and TiO; particles [44].

Thermal analysis of nanocomposite-tanned leathers

All leather samples were subjected to thermal analysis and this process was carried out using a TGA
8000 TM instrument (Perkin Elmer, USA). During the thermal study, 4 to 5 mg of each finished leather
sample was heated at 700 °C in a platinum pan at a constant rate of 10 °C per minute under the

constant flow of N,. Figure 14 shows the loss in mass of tanned leather upon heating. With the changes
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in temperatures from 30 to 600 °C, all leather samples showed similar weight losses suggesting the
occurrences of two distinct degradation processes. The initial reduction in masses was observed at a
temperature range of 90 to 120 °C which might be attributed to the evaporation of both free and
bound water contained within the samples. The major degradation in masses of leather samples was
observed between 230 and 600 °C which indicated the breakdown of collagen fibers. Interestingly, the
thermal characteristics of the leathers processed in dry conditions differed from those obtained in wet
conditions. The major weight loss (50-60%) was observed in all processed leather samples at 300 to
400 °C as revealed from the TGA graphs which showed sharp breakpoints (shoulder peak) suggesting
that the leather species were broken down at that temperature (Figure 14). The results of the TGA
analysis of all processed goat leathers were highly comparable to those observed in other similar
leather species as reported previously in literature which demonstrated that the leathers decomposed

at temperatures between 300 and 400 °C [50,51].
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Figure 14. TG analysis of leathers tanned with nanocomposites

Each of the finished goat leathers was found to be stable up to 300 °Cas revealed from the TGA data
(Figure 14) which indicated their excellent thermal stability. Interestingly, the leathers tanned with GT
(6%) and GTP (6%) showed relatively higher thermal stabilities than all other finished leather samples
(Figure 14).
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FE-SEM analysis of leather tanned with nanocomposite materials

FE-SEM study was carried out to investigate the surface morphology of conventional chrome-tanned
leather, GO-TiO,-tanned leather, and GO-TiO,-PEG composite-tanned leather. The results of FE-SEM
analysis provided significant information on the incorporation of nanoparticles into leather surfaces as

well as fibre dispersibility in the respective samples as shown in Figure 15.

X 50,000 5. S S 6.2mm 1 41

Figure 15. FE-SEM image of a) conventional, b) GO-TiO; and c) GO-TiO,-PEG composite tanned leather

Leathers tanned with chrome-based chemicals exhibit thicker collagen fibres with no apparent visible
particles on the surfaces (Figure 15A). In contrast, when GT composites were used in the tanning
process, these composites were permeated into the leather surfaces and integrated within the fibres
as shown in Figure 15(B). These leather fibres were observed to be well-dispersed, and the
nanocomposites formed bonds with the collagen fibres (Figure 15B). Similarly, GTP composites were
also permeated into leather surfaces and incorporated into the fibres (Figure 15C). It has been

apparent that a larger number of GTP nanocomposites penetrated the leathers in comparison to the
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incorporation of GT nanocomposites into the respective leather samples. Furthermore, the leather
fibres, in this case, were also observed to be well-dispersed with the bond formation between PEG-

GO-TiO; nanocomposites and the collagen fibres.

Evaluation of physical and mechanical characteristics of nanocomposite tanned leathers

The leather samples tanned with nanocomposites were subjected to tensile strength test, stitch tear
test, Baumann tear, strength test, cracking resistance test, and flexing endurance test. The results of
all physico-mechanical tests were compared with the properties of conventional chrome-tanned
leathers to evaluate the strengths of leathers processed with nanocomposite materials for their
applications in the respective fields. The findings of different physical and mechanical properties of
leathers tanned with nano-composites as well as conventional chrome-tanned leather have been

displayed in Table 5.

Table 5. Physical and mechanical properties of leathers tanned with nanocomposites and in conventional tanned leathers

Parameters Chrome GO-TiO; nano-composite tanned GO-TiO,—PEG nano-
Tanned leather composite tanned leather
Leather
Controlled 2% 4% 6% 2% 4% 6%
Shrinkage Temperature (°C) 105 90 95 95 90 95 100
Tensile Strength Horizontal 223 202 213 228 196 209 233
(kg/cm2) Vertical 183 147 169 188 133 152 201
Stitch Tear Horizontal 107 80 87 101 94 102 122
Strength (kg/cm) Vertical 87 66 71 80 81 90 98
Simple Tear Horizontal 41 37 42 44 37 40 42
Strength (kg/cm) Vertical 30 29 30 33 28 31 33
% of elongation Horizontal 35.5 25.7 26.1 32.3 28.3 23.4 33.7
Vertical 41.8 323 34.2 38.9 38.3 33.6 43.8
Flexing Endurance* 3 3/4 3/4 3 3/4 3 3
Grain crack strength (kg/cm) 38 21 27 33 25 34 30
Distension length (cm) 11.2 7.6 9.5 7.5 8.0 10.1 8.9

*Break peppiness scale rating after 100,000 cycles

The shrinkage temperature of 2% nanocomposite-tanned leather was observed to be slightly lower
than that of chrome-tanned leather but higher than that of vegetable-tanned leather (Table 5). The
leather samples tanned with 6% GTP nanocomposite exhibited the highest shrinkage temperature
which was very close to those observed in the chrome-tanned leathers. In the case of tensile strength
and percentage of elongation, nanocomposite-tanned leathers displayed very similar performances to

chrome-tanned leathers. Interestingly, the strengths of leathers tanned with GT (6%) and GTP (6%)
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nanocomposites exceeded the performances of chrome-tanned leathers as evidenced by the results
of various physiomechanical tests (Table 5). Additionally, the elastic properties of nanocomposite-
tanned leathers were increased gradually with the application of higher percentages of
nanocomposites in the tanning process. The percentage of elongation was observed to be higher in
the leathers tanned with 6% of GT and GTP nanocomposites (Table 5). The magnitudes of stitch tear
strengths of all nanocomposite-tanned leathers were very close to the international standard value
except for the leathers in the vertical position which were processed with 2% and 4% GT
nanocomposites respectively. The highest stitch tear strength was observed in the leathers tanned
with 6% of both GT and GTP nanocomposite materials (Table 5).

The magnitudes of simple tear strengths measured in nanocomposite-tanned leathers were very
similar to the international standard permissible value except for the leathers in the vertical portion
which were processed with 2% of GT and GTP nanocomposites respectively. Among all processed
leathers, the leathers processed with 6% of GT and GTP nanomaterials exhibited the highest simple
tear strengths in comparison to all other processed leather samples. In terms of upper leather criteria,
the break peppiness scale rating should fall within the magnitudes of 1 to 3/4 after 100,000 cycles. The
nanocomposite-tanned leathers met these criteria and showed this standard value in the respective
tests. The results of the Grain crack resistance test for nanocomposite-tanned leather were very similar
to those observed in conventional chrome-tanned leather (Table 5). All leathers tanned with
nanocomposite materials showed a degree of grain crack resistance which exceeded the international
standard values where the application of 6% of GT and GTP nanocomposite in the tanning process
yielded the leathers with the highest magnitude of the respective grain crack resistance. The distension
of each nanocomposite-tanned leather was observed to be very similar to that of controlled chrome-
tanned leather, and all processed leather samples showed results which were very close to the
international standard values. Different organic functional groups such as hydroxyl, carboxylic acid,
ether etc. might have remained in GO-nanocomposite as well as in the leather fibers. Various
interactive forces such as hydrogen bond, covalent bond, dipole-dipole interaction, van der Waals
force etc. might have occurred between the structural moieties of GO-nanocomposite and collagen

fibers which enhanced the physico-mechanical properties of experimental tanned leathers.

Physicochemical characteristics of residual liquor obtained from the leather tanning process

Different physiochemical parameters such as TDS, TSS, COD and BOD were measured in the residual
liguors obtained from the nanocomposites leather tanning process as well as the conventional chrome
tanning method where 12% basic chromium sulphate [Cr(OH)SO4] was employed and the results were
compared with the respective standard permissible values as reported by Department of Environment

(DoE) (Table 6).

https://doi.org/10.31881/TLR.2024.036 761


https://doi.org/10.31881/TLR.2024.036

CHAKMA S et al. TEXTILE & LEATHER REVIEW | 2024 | 7 | 738-769

Table 6. The magnitudes of TDS, TSS, COD and BOD in nanocomposites-tanned liquor as well as in chrome-tanned liquor

Parameters Chrome GO-TiO; nanocomposite tanned GO-TiO,—PEG nanocomposite tanned
Tanned Liquor residual liquor residual liquor
Controlled 2% 4% 6% Maximum 2% 4% 6% Maximum
12% Cr(OH)SO4 reduction reduction
TDS (mg/L) 183.8 18.3 22,5 345 90% 27.3 39.4 47.5 85%
TSS (mg/L) 23.8 2.2 4.9 7.4 91% 2.7 5.1 7.6 89%
COD (mg/L) 4800 1440 1920 2400 70% 1920 2400 2880 60%
BOD (mg/L) 200 50 50 100 75% 50 100 100 75%

The United States Environmental Protection Agency (EPA) recommends the TDS treatment when TDS
concentration in waterbody exceeds 500 mg/L. The Department of Environment (DoE) in Bangladesh
allows TDS contents in industrial wastewater bodies as 2100 mg/L [41]. The TDS level obtained in
residual liquor from the nanocomposite tanning process was much lower than the recommended
permissible value of EPA. When the TSS level exceeds 40 mg/L, it can cause cloudiness. DoE permits
TSS levels ranging from 150 to 500 mg/L. However, the TSS contents in the residual liquor generated
from nanocomposite tanning were found to be below 10 mg/L, which was significantly lower than the
tolerable levels reported by EPA and DoE suggesting that wastewater released from the leather
tanning process with nanocomposites is safe for aquatic life. In the case of Chemical Oxygen Demand
(COD), the EPA recommends an acceptable level of 250 ppm for aquatic life. DoE has established a
standard permissible value of COD at 200 mg/L for inland surface water and 400 mg/L for irrigation
water. Higher COD levels can be detrimental to aquatic life. The magnitudes of COD measured in the
residual liquors obtained from nanocomposite-leather tanning processes were much higher than the
threshold values of EPA and DoE (Table 5). A highly significant amount of COD (70%) and BOD (75%) of
the effluents decreased from the conventional tanning process when only 2% of GO-TiO;
nanocomposite was utilized in the experimental group. Almost similar results were found in the case
of 2% GO-TiO,-PEG nanocomposite. The COD and BOD values of the effluents again increase with the
increase of the addition of GO-TiO,-based nanocomposites in leather manufacturing. These results
prove that a 2% GO-TiO,-based nanocomposite tanning agent could be optimized for chemical bonding
with the active sites of leather fibres and additional dose does not chemically bond with the fibre.
Therefore, the physicochemical parameters of the effluents increase gradually (Table 6). The tolerable
limit of Biochemical Oxygen Demand (BOD) is 250 mg/L for irrigation water (for public sewerage
systems connected to second-stage treatment) and 50 mg/L for inland water as reported by DoE. The
extent of BOD determined in the nanocomposites-tanned liquors was found to be within the
acceptable level of DoE (Table 5). However, the magnitudes of BOD were significantly lower than those

observed in the chrome-tanned liquors indicating the benefits of the applications of nanocomposites

https://doi.org/10.31881/TLR.2024.036 762


https://doi.org/10.31881/TLR.2024.036

CHAKMA S et al. TEXTILE & LEATHER REVIEW | 2024 | 7 | 738-769

in raw leather tanning processes as less toxic wastewater is being released from the respective system

(Table 6).

CONCLUSION

Herein, GO-based new nanocomposites were synthesized and characterized using different standard
analytical techniques to utilize them in raw leather tanning processes. FT-IR and SEM analysis data
confirmed the successful formation of GO-based TiO, nanocomposite materials. XRD study provided
crystalline and morphological characteristics of synthesized Graphene Oxide (GO), GO-TiO, (GT) and
GO-PEG-TiO; (GPT) materials. The results of the DLS analysis showed the distribution and average
particle sizes of GO, GT, and GTP which were 369 nm, 390 nm, and 432 nm respectively. These new
nanocomposites [GO-TiO; (GT) and GO-PEG-TiO; (GPT)] have been successfully applied in the leather
manufacturing process and they were found to work efficiently as potential tanning agents. The FESEM
images of GO-TIO, and GO-TiO,-PEG nanocomposites tanned leather revealed the successful
penetration and bonding between leather fibres and composites functionalities. Different physico-
mechanical tests such as shrinkage temperature, tensile strength, stitch strength, tear strength, flexing
endurance, and crack resistance were carried out on the leathers processed with new nanocomposites.
The shrinkage temperatures (Ts) of leathers tanned with GO-TiO; and GO-TiO,-PEG composites ranged
from 90 to 95 °C and 90 to 100 °C respectively which were consistent with the conventional chrome-
tanned leather (control method). Thermogravimetric analyses of nanocomposites-tanned leathers
showed characteristic patterns of degradation at higher temperatures which were highly comparable
to those observed in the chrome-tanned leathers. The tensile strength of leathers tanned with the 6%
nanocomposite materials was found to be 228 and 233 kg/cm respectively whereas this value was
observed as 223 kg/cm in chrome-tanned leather. The maximum stitch tear strength of 6% GO-TiO,-
PEG composites tanned leather was found as 122 kg/cm which was significantly higher than the
corresponding value of chrome-tanned leather (107 kg/cm). On the other hand, the magnitudes of
total dissolved solids (TDS), total suspended solids (TSS), chemical oxygen demand (COD), and
biochemical oxygen demand (BOD) found in wastewater generated from the leather tanning processes
with both nanocomposites were significantly lower than those observed in the conventional chrome-
tanned liquors. Maximum 90% TDS, 91% TSS, 70% COD and 75% BOD can be reduced by using 2% GO-
TiO2 nanocomposites in leather manufacturing whereas those values were found as 85%, 89%, 60%
and 75% in the case of 2% GO-TiO,-PEG nanocomposites. Pollution analysis data revealed that
applications of new nanocomposites in raw leather tanning processes significantly reduced the toxicity
and contamination in wastewater generated from leather industries. This novel approach of treating
raw leathers with new nanocomposites is truly impressive and eco-friendly as these nanocomposite

tanning agents successfully minimized the pollution load in the tannery wastewater stream and
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worked more efficiently in comparison to those observed in conventional chrome tanning systems.
Therefore, these new nanocomposite materials could be an efficient and viable alternative to
traditional chrome tanning agents, which can potentially be used in leather manufacturing processes
in various tannery industries for minimizing environmental pollution as well as to produce good quality

leather products.
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