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ation of tannery chrome-solid
waste using Bacillus thuringiensis: optimization of
collagen hydrolysate extraction via response
surface methodology†
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A significant amount of chrome-containing shaving dust is generated by the leather industry during leather

processing, posing a threat to both the ecosystem and human health. Its widespread disposal, including the

mixing of leachate with groundwater, leads to a decline in water quality, while incineration can convert Cr(III)

into the carcinogenic Cr(VI). Since shaving dust contains a substantial amount of protein, discarding it

without recovering this valuable resource would be a considerable waste, as it could be repurposed to

produce various profitable goods such as protein hydrolysate. This study presents an efficient and eco-

friendly approach for managing chrome shaving dust through microbial degradation using the Bacillus

thuringiensis strain SRL4A (PP802975). The bacterium exhibited optimal growth after 36 hours of

incubation at 45 °C, at pH 8, and demonstrated high chromium resistance, tolerating up to 900 ppm of

Cr(III) salts. Response Surface Methodology (RSM) was employed in conjunction with Central Composite

Design (CCD) to investigate the impact of independent variables (seed volume, nutrient source, and

time) on the response variable degradation. The optimum values of the independent process parameters

for maximum degradation (94.80%) were obtained at 35% (v/w) seed volume, 12.86% (w/w) nutrient

source, and 101.27 hours of incubation time. Analysis of Variance (ANOVA) confirmed that the

degradation of chrome shavings was primarily influenced by seed volume, followed by nutrient source

and time. Hydrolysates were collected at various intervals during proteolysis, chromium was removed,

and the samples were characterized. The final protein and chromium content in the hydrolysate were

979.44 ± 4.88 mg L−1 and 1.40 ± 0.37 mg L−1, respectively. UV-vis and FTIR spectroscopy analysis

demonstrated characteristic protein peaks. TGA indicated the higher thermal stability of the recovered

collagen hydrolysate. SEM revealed a porous protein sample, and EDX confirmed the presence of C, N,

O, and S elements. The findings of this research provide valuable insights into developing sustainable

strategies for managing tannery waste per principles of circular economy and environmental stewardship.
Sustainability spotlight

A signicant amount of chrome-containing shaving dust is generated by the leather industry during leather processing, posing a threat to both the ecosystem and
human health. Its widespread disposal, including the mixing of leachate with groundwater, leads to a decline in water quality, while incineration can convert Cr(III)
into the carcinogenic Cr(VI). Since shaving dust contains a substantial amount of protein, discarding it without recovering this valuable resource would be
a considerable waste, as it could be repurposed to produce various protable goods such as protein hydrolysate. It was reported that chromium-cross-linked
collagen has a higher protein content of 75–79% and 4.4% chromic oxide. It also makes up 15–30% of the total amount of protein waste tanneries create. Due
to the presence of chromium, these disposal methods are increasingly posing substantial concerns and harming the ecosystem. Disposal in low-lying regions
without adequate liners results in the mixing of leachate with groundwater, leading to a decline in water quality. Approximately 40–50% of methane gas is released
from uncontrolled landlls of shaving dust, signicantly contributing to the climate crisis. Additionally, this chromium seeps into the ground, rendering it
unsuitable for cultivation andmany other purposes, while the incineration process can convert Cr(III) to Cr(VI). Previous research focused on obtaining collagen and
chromium using different chemical agents and sometimes enzymes, inferring this to deal with solid waste management systems. The chemicals employed in the
process are not environmentally friendly, and additional stages are occasionally required to extract these materials. This makes the procedures complex, time-
consuming, and expensive. Moreover, enzyme accelerated procedures generate signicant chrome sludge that requires additional large-scale treatment.
However, most of these previous studies have focused on the impact of individual experimental parameters, as it is time-consuming, laborious, and complicated to
execute the vast number of experiments necessary to ascertain their combined effects. Therefore, several statistical analogies have been employed in recent years to
optimize processes and investigate parameter interaction in a signicantly reduced number of experiments, thereby reducing the cost and time required. To ll
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these knowledge and experimental gaps, we employed a comprehensive approach that included the isolation of chrome-tolerant bacteria, targeted protein
quantication, and a process designed to be efficient, time-saving, and cost-effective. Response Surface Methodology (RSM) is one of the most frequently imple-
mented tools for process optimization. This study presents an efficient and eco-friendly approach for managing chrome shaving dust through microbial degra-
dation using the Bacillus thuringiensis strain SRL4A (PP802975). The bacterium exhibited optimal growth aer 36 hours of incubation at 45 °C, at pH 8, and
demonstrated high chromium resistance, tolerating up to 900 ppm of Cr(III) salts. Response Surface Methodology (RSM) was employed in conjunction with Central
Composite Design (CCD) to investigate the impact of independent variables (seed volume, nutrient source, and time) on the response variable degradation. The
optimum values of the independent process parameters for maximum degradation (94.80%) were obtained at 35% (v/v) seed volume, 12.86% (w/w) nutrient source,
and 101.27 hours of incubation time. Analysis of Variance (ANOVA) conrmed that the degradation of chrome shavings was primarily inuenced by seed volume,
followed by nutrient source and time. Hydrolysates were collected at various intervals during proteolysis, chromium was removed, and the samples were char-
acterized. The nal protein and chromium content in the hydrolysate were 979.44± 4.88mg L−1 and 1.40± 0.37mg L−1, respectively. UV-vis and FTIR spectroscopy
were demonstrated, and found the characteristic protein peaks. TGA indicated the higher thermal stability of the recovered collagen hydrolysate. SEM revealed
a porous protein sample, and EDX conrmed the presence of C, N, O, and S elements. The ndings of this research provide valuable insights into developing
sustainable strategies for managing tannery waste per principles of circular economy and environmental stewardship.
1 Introduction

The use of chromium(III) salts is currently the most popular
technique for tanning, with almost 90% of the world's leather
produced by chrome tanning.1,2 A signicant amount of
chrome-containing waste is generated during the production of
leather. One metric ton of raw hide/skin is estimated to yield
200 kg of leather, 200 kg of tanned waste, 250 kg of non-tanned
waste, and 50 m3 of wastewater.3 Among the solid waste,
chrome shaving dust is one of the most notable tanned wastes.
These tiny shaving dust particles are generated through
a mechanical shaving process, which is carried out to attain the
required thickness of the leather. It has been reported that
chromium-cross-linked collagen has a higher protein content of
75–79% and 4.4% chromic oxide.4 It also makes up 15–30% of
the total amount of protein waste tanneries create.5

Inmost developing countries, including Bangladesh, most of
this shaving dust is disposed of through on-site open burning
and landlling. Due to the presence of chromium, these
disposal methods are increasingly posing substantial concerns
and harming the ecosystem. Disposal in low-lying regions
without adequate liners results in the mixing of leachate with
groundwater, leading to a decline in water quality. Approxi-
mately 40–50% of methane gas is released from uncontrolled
landlls of shaving dust, signicantly contributing to the
climate crisis.6,7 Additionally, this chromium seeps into the
ground, rendering it unsuitable for cultivation and many other
purposes, while the incineration process can convert Cr(III) to
Cr(VI).6 Furthermore, these methods of disposal are costly and
ineffectual. Due to the abovementioned problems, stringent
restrictions on the leather industry worldwide have prompted
research into re-utilizing waste to generate wealth. Since
shaving dust contains a signicant amount of protein, dumping
it without recovering this protein would also be a substantial
waste of a resource that could be utilized to produce various
protable goods. Additionally, the escalation of disposal costs,
challenges in locating suitable landll areas, and the upsurge in
protein costs have led to increased emphasis on the reutiliza-
tion of chrome shavings.8

Therefore, current technological methodologies for recycling
these collagen by-products have focused on the extraction and
isolation of collagen/protein hydrolysate and chromium from
leather shavings via a hydrolysis process utilizing chemicals,
enzymes, and acidic or alkaline environments.9–12 Shanthi et al.,
025 The Author(s). Published by the Royal Society of Chemistry
(2013) utilized a potent, chromium-tolerant bacterium identi-
ed as Alcaligenes faecalis, which degraded 90% of shaving dust
in just 5 days when administered in the optimal dosage.13 Kat-
sifas et al., (2004) used Aspergillus carbonarius to study the
degradation of chrome shavings in solid-state fermentation,
achieving liquefaction of the tannery waste to the extent of
around 97% in a long-term experiment.14

Previous research focused on obtaining collagen and chro-
mium using different chemical agents and sometimes enzymes,
inferring this to deal with solid waste management systems.
The chemicals employed in the process are not environmentally
friendly, and additional stages are occasionally required to
extract these materials. This makes the procedures complex,
time-consuming, and expensive. Moreover, enzyme accelerated
procedures generate signicant chrome sludge that requires
additional large-scale treatment. However, most of these
previous studies have focused on the impact of individual
experimental parameters, as it is time-consuming, laborious,
and complicated to execute the vast number of experiments
necessary to ascertain their combined effects. Therefore, several
statistical analogies have been employed in recent years to
optimize processes and investigate parameter interaction in
a signicantly reduced number of experiments, thereby
reducing the cost and time required. To ll these knowledge
and experimental gaps, we employed a comprehensive
approach that included the isolation of chrome-tolerant
bacteria, targeted protein quantication, and a process
designed to be efficient, time-saving, and cost-effective.
Response Surface Methodology (RSM) is one of the most
frequently implemented tools for process optimization. It is
a mathematical approach extensively employed to optimize
processes and identify the inuencing parameters.15 RSM
predicts the impact of process parameters by analyzing indi-
vidual and cumulative interactions to determine an optimal
range.16 It enhances the reproducibility of results and the effi-
ciency of processes. The statistical design of experiments can
also aid in selecting optimal conditions and processes,
producing more reliable information than conventional
methods.

The present study explored the applicability and usefulness of
employing a chrome-tolerant bacterium, Bacillus thuringiensis
SRL4A, isolated from soil to extract collagen and chromium from
shaving dust through degradation. Microorganism-assisted
degradation is a cleaner process because it breaks down
RSC Sustainability, 2025, 3, 3198–3214 | 3199
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complex substances into smaller intermediates without any
negative impact on the surrounding environment.17,18 Degrada-
tion by microbes alone could be a more cost-effective, less
complex, and environmentally friendly method, as it entails
minimal use of harmful chemicals. The degradation process was
able to convert waste into valuable wealth successfully. The
collagen hydrolysate can be used as peptones, packaging mate-
rial, bio stimulators, scaffolds, soil conditioners/fertilizers,
cosmetics, building materials, biodegradable polymers, poultry
and animal feed, glue, leather nishes, edible gelatin, and as
a ller in the retanning stage of leather processing.19 The residual
chrome precipitate can be used to make different colored
pigments for the ceramics industry.20 The experimental param-
eters and their interactions, such as seed volume, nutrient
source, and time, were optimized using the Central Composite
Design (CCD) feature of Response Surface Methodology (RSM),
as is the case in industrial-scale fermentation processes, where
the cost of the nutrient medium and enhancement of enzyme
production are vital considerations.21

To the best of our knowledge, this is the rst time that such
an isolation method, optimization process, and application for
tannery chrome-containing solid waste have been reported. To
ll this gap in the existing literature, this study has two primary
objectives. Firstly, it seeks to enhance knowledge about the
specic bacterial isolation process for chrome shaving dust
degradation and the optimization of bacterial activity. In
particular, the research aims to provide a more comprehensive
understanding of the key stakeholders in the value chain, their
primary strategies for valorizing tannery shaving waste and
extracting collagen, with the most inuential related socio-
economic factors. This study offers a valuable opportunity to
improve practical applications and advance the understanding
of circular models and metrics that are relevant and useful to
organizations in the tannery sector.
2 Materials and method
2.1 Chemicals and materials

Tryptone (pancreatic digest of casein) and Bovine Serum
Albumin (BSA) were obtained from Sigma-Aldrich. Skim milk
agar, nutrient broth media, and nutrient agar media were ob-
tained from HiMedia Laboratories Pvt. Ltd. API® 50CH panel
(50 CHB/E medium) and were collected from BioMérieux.
Puried NaOH pellets, hydrochloric acid (37%), have been
supplied by Active Fine Chemicals Ltd., Dhaka, Bangladesh.
Acetone, methanol, phosphoric acid and nitric acid, and
ethanol were procured fromMerck KGaA, Darmstadt, Germany.
All samples' solutions were prepared using puried distilled
water from a UV water purication system purchased from
Labtron Equipment Ltd., UK. All chemicals and reagents were
utilized without further purication.
ðU=mLÞ ¼ mM of tyrosine�
time of the assayðminutesÞ � amount of en

3200 | RSC Sustainability, 2025, 3, 3198–3214
2.2 Soil sampling and collection

The soil was obtained from the front side of the Institute of
Leather Engineering and Technology, University of Dhaka
(23.73° N, 90.37° E). The sample was collected in large quanti-
ties from the top layer (0–15 cm deep), gathered in aseptic
plastic containers, and stored at 4 °C until needed.

2.3 Isolation of bacteria

The serial dilution method was used to isolate and count the
microorganisms. One gram of the collected soil was added to
the rst falcon tube and serially diluted up to a 10−6 dilution,
with the 10−5 dilution being employed in subsequent analyses.
Skim milk agar media was prepared and autoclaved at 15 lbs
pressure and 121 °C for 15 minutes for sterilization. The
bacterial consortium was grown using the spread plating tech-
nique, which involved introducing 0.1 mL from the 10−5 diluted
sample and spreading it with an L-rod until it was completely
absorbed into the media. The Petri dishes were then incubated
at 37 °C andmonitored for microbial development for 48 hours.
To isolate a pure colony using the streak plate method, a colony
with the largest clearance zone and similar bacteria was chosen
aer 48 hours. Nutrient agar media was prepared and sterilized,
and then streaked with each pure colony using the quadrant
streaking technique. The Petri dishes were incubated at 37 °C
for 48 hours and observed for a pure isolated colony.

2.4 Screening of a proteolytic bacterial isolate for protease
production

2.4.1 Primary screening. On the same skimmed milk agar
media plate, the isolate was rst screened by spot inoculation
using a sterile platinum wire loop, and the plate was then
incubated at 37 °C. Due to proteolytic activity, a clearing zone
was observed surrounding the inoculation site.

2.4.2 Secondary screening. Selected isolates from primary
screening were then grown in a nutrient broth medium at pH 7.
This is known as the bacterial pre-culture or seed. Then, 1% of the
fully grown culture was inoculated in a freshly prepared nutrient
broth and incubated at 37 °C at 150 rpm in a rotary shaker. The
culture was centrifuged at 7000 rpm for 20 minutes at 4 °C. The
enzyme solutions were taken to determine protease activity.

2.5 Determination of proteolytic activity

The protease activity of the strain was measured using the
universal protease test that uses casein as a substrate. The
tyrosine standard curve was also obtained to measure the
protease activity. The absorbance for both methods was
measured with a UV-vis spectroscopy at 680 nm.22 Here, one
unit of proteolytic activity denotes to the amount of enzyme that
releases 1 mg tyrosine per mL per minute. The activity (U/mL) of
the enzyme was determined using eqn (1):
total volume of assayðmLÞ
zymeðmLÞ � volume used in spectrophotometerðmLÞ (1)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.6 Morphological characterization of bacteria

2.6.1 Gram staining. A 24 hour-old culture was prepared,
smeared on a slide, and then xed with heat. Then, aer being
treated with crystal violet for 1 minute, the smear was rinsed
with distilled water. It was then ooded with a solution of gram
iodine for 1 minute and then rinsed it with an alcohol solution.
Finally, it was overrun with safranin, washed with distilled
water, dried, and observed under oil immersion.23

2.6.2 Motility test. The motility test was done using an
MIU medium base that is generally used to determine
motility, indole, and urea-producing bacteria through one
examination. 1.89% of the media was added to distilled water,
dissolved by heating, and transferred to 3–4 mL per test tube.
The tubes were sterilized by autoclaving and cooled to
50–60 °C. Then, with a sterilized platinum wire loop, fresh
bacterial culture was carefully inoculated by keeping the
platinum wire loop in a vertical position up to two-thirds of
the semi-solid media. The tubes were then incubated at 37 °C
for 24–48 hours.

2.6.3 Endospore staining. This staining was done by xing
the smear with heat on a microscopic slide. Malachite green
(0.5 g per 100 mL of water) was used to show the endospore. The
slide was covered with a paper cut to match the size of the slide,
and malachite green was ooded on the slide dropwise. Care
was taken so that the stain did not dry. It was kept on the hot
beaker for 5 minutes. Then, the stain was rinsed with water.
Safranin was then added and rinsed away. It was observed
under an electronic microscope.24
2.7 Biochemical characterizations of bacteria

The bacterial isolate was initially identied using API
(Analytical Prole Index). It is a system that categorizes
bacteria by performing biochemical tests, enabling quick
identication. API test strips feature wells with dehydrated
substrates that detect enzymatic activity, usually associated
with the introduced organisms' breakdown of proteins and
amino acids or fermentation of carbohydrates. 50 CH and 20 E
strips were used to determine the bacterium. The bacterium
colony was suspended in 0.85% NaCl for the API 20 E strip and
50 CH B medium for the API 50 CH strip to match the
McFarland standard 2. The suspension was used to rehydrate
each well of the rst 12 wells of the 20 E strip and the wells of
the 50 CH strip, excluding the cupules. The remaining 8 wells
of API 20 E strips were not rehydrated as these tests are repli-
cated on the API 50 CH strip. The strips were kept in an
incubator and examined for any color changes. The API 50 CH
test was conducted to identify Bacillus species. The initial 12
tests of the API 20 E strip were conducted with the API 50 CH
strip test for additional testing.

These supplemental tests are not required for Bacillus and
its related taxa but are essential for Enterobacteriaceae and
Vibrionaceae. Carbohydrates underwent fermentation to
produce acids, leading to a pH fall, as shown by a color change
in the indicator. These ndings form the biochemical prole,
which the identication program analyses to recognize the
strain.
© 2025 The Author(s). Published by the Royal Society of Chemistry
2.8 DNA extraction and 16S rRNA gene identication

The genomic DNA of the isolate was extracted using a Bacterial
Genomic DNA extraction kit according to the manufacturer
protocol (QIAGEN, QIAamp DNA Mini Kit).

Polymerase chain reaction (PCR) protocol was conducted by
mixing 5.0 mL reaction buffer, 1.50 mL of 25 mM MgCl2, 0.50 mL
of 10 mM dNTPs, 1.0 mL of 10 mM forward primer 27F 50-
AGAGTTTGATCCTGGCTCAG-30, 1.0 mL of 10 mM reverse pri-
mer1492R 50-CTACGGCTACCTTGTTACGA-30, 0.50 mL of taq
polymerase, 2.50 mL of DNA sample (45 ng), 13.0 mL of MQ
water. 16S rRNA gene sequencing of the puried PCR product
was performed by following Sanger method at DNA Solution
Ltd., Dhaka, Bangladesh. An amplied sequence was submitted
to the National Centre for Biotechnology Information (NCBI),
and NCBI BLAST was carried out to distinguish the isolated
bacterium.
2.9 Optimization of growth parameter of bacterial culture

Several parameters such as pH (5–11), temperature (35–60 °C),
and time (24–96 hours) were optimized. Additionally, the
concentration of peptone (0.25–1.5%), yeast extract (0.15–
0.90%), and sodium chloride (0.25–1.25%) were optimized. The
growth was measured by determining the OD at 600 nm using
a colorimeter APEL AP 120 (Japan). The pH, time, temperature,
and the specic concentrations of peptone, yeast extract, and
sodium chloride at which the growth of the culture was highest
were considered the optimum growth parameters.
2.10 Minimum inhibitory concentration (MIC) of chromium

The lowest concentration of chromium that hinders bacterial
growth is known as the minimum inhibitory concentration
(MIC). Loops containing pure bacterial cultures were streaked
on nutrient agar plates that had been spiked with several
amounts of chromium (0, 100, 200, 300, 400, 500, 600, 700, 800,
900, and 1000 mg L−1). The plates were incubated for 24 hours
at 37 °C. Chromium tolerance was recorded based on the
growth of isolates in the media.
2.11 Experimental design

Response surface methodology (RSM) was employed to examine
the effect of various independent variables, such as seed volume
(A), nutrient source (B), and time (C), on the response variable,
which is degradation (Y). According to,25 the Central Composite
Design (CCD) is the standard RSM. It enables estimation of the
second-degree polynomial of the relationships between the
independent variables as well as the dependent variable. It also
provides insights into the interaction between variables and
their impact on the dependent variable.26 Thus, a central
composite design with ve levels and, three factors, and
a quadratic model was chosen to design the experiment. The
levels of the selected independent variables used in the exper-
iments are provided in Table 1. Twenty treatments, including
six axial points, eight fractional factorial points, and six central
points, were randomly performed according to CCD, which is
RSC Sustainability, 2025, 3, 3198–3214 | 3201
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Table 1 Levels and codes of variables for Central Composite Design
(CCD)

Factors

Levels

−1.68 (−a) −1 0 +1 +1.68 (+a)

Seed volume% (v/w) 20 26.08 35 43.92 50
Nutrient source% (w/w) 5 7.02 10 12.97 15
Time (hours) 72 81.72 96 110.27 120

Table 2 Central composite design matrix in coded values, actual and
predicted values of the responsea

Run order

Coded values

A B C

Responses

Degradation (%)

A B C Actual Predicted

1 0 −a 0 35 5 96 78.00 75.42
2 0 0 0 35 10 96 84.00 89.56
3 +1 −1 +1 43.92 7.02 110.27 92.00 94.07
4 +1 +1 −1 43.92 12.97 81.72 93.00 91.73
5 −1 −1 −1 26.08 7.02 81.72 47.00 49.22
6 −a 0 0 20 10 96 56.00 52.09
7 0 0 −a 35 10 72 74.00 75.42
8 −1 −1 +1 26.08 7.02 110.27 62.00 64.87
9 0 0 0 35 10 96 92.00 89.56
10 0 0 0 35 10 96 88.00 89.56
11 +a 0 0 50 10 96 90.00 91.60
12 +1 +1 +1 43.92 12.97 110.27 93.00 92.39
13 0 0 0 35 10 96 93.00 89.56
14 +1 −1 −1 43.92 7.02 81.72 87.00 85.42
15 0 0 0 35 10 96 86.00 89.56
16 −1 +1 −1 26.08 12.97 81.72 74.00 73.53
17 −1 +1 +1 26.08 12.97 110.27 78.00 81.18
18 0 +a 0 35 15 96 94.00 94.27
19 0 0 0 35 10 96 94.00 89.56
20 0 0 +a 35 10 120 93.00 89.40

a A = seed volume% (v/w), B = nutrient source% (w/w), and C = time
(hours).
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summarized in Table 2. Real levels of independent variables
were coded based on eqn (2).

xi ¼ Xi � X0

DX
; i ¼ 1; 2;.; k (2)
% of degradation ¼ initial weight of shaving dust� final weight of shaving dust

initial weight of shaving dust
� 100 (4)
where xi is the dimensionless value of a variable, Xi represents
the actual value of the variable, X0 corresponds to the value of Xi

at the center point, and DX represents the step change.26

Experimental data obtained from the CCD were analyzed using
the RSM algorithm Design Expert 13.0.5.0 (State Ease, Inc.,
Minneapolis, MN, USA). The predicted response (degradation)
3202 | RSC Sustainability, 2025, 3, 3198–3214
as a function of an independent variable was represented by the
following second-order polynomial equation (eqn (3)).

Y ¼ b0 þ
Xk

i¼1

biXi þ
Xk

i¼1

biiXi
2 þ

Xk�1

i¼1

Xk

j¼2

bijXiXj þ 3 (3)

where Y represents the predicted response, Xi and Xj are the
input variables, b0 is the intercept term, bi represents the linear
effects, bii is the squared effect, and bij is the interaction term.27

The validity of the polynomial equations of the response was
conrmed through the application of a statistical test known as
ANOVA (Analysis of Variance). Additionally, several determina-
tions of co-efficient such as R2, predicted R2, and adjusted R2, as
well as the degree of freedom, were analyzed to verify the reli-
ability of the model. In addition, an analysis was conducted to
investigate the effects of independent process variables and
their interaction terms on the degradation percentage. This was
done by utilizing 3D surface and contour plots. The optimal
value for each of the process parameters or independent
responses was obtained through the numerical optimization
package within the soware.

2.12 Experimental process for degradation

Fig. 1 displays the experimental setup of the process. Firstly,
shaving dust collected from the tannery area was thoroughly
dried in an oven at 100 °C for 30 minutes. Then, 10 mL distilled
water per g of chrome shavings and % (w/w) tryptone used as
the nutrient source was measured. pH was adjusted with the
help of an alkali. The samples in a conical ask were then
sterilized by an autoclave machine and cooled to (50–60) °C.
Then, % (v/w) bacterial cell suspension (also known as seed) of
an initial optical density (OD) of 1.0 was inoculated with
a sterilized pipette and run for specic days in a rotary shaker at
150 rpm. The experimental setup depicted in Table 2 was fol-
lowed, with a seed volume of up to 50% (v/w), a nutrient source
of 15% (w/w), and a 120 hour process. Care was taken to inoc-
ulate seed volume having the same OD into all the samples.
Aer that, the samples were centrifuged at 10 000 rpm for 20
minutes to separate the microbial cells that settled at the
bottom as pellets. The hydrolysate was ltered with lter paper,
and the residual weight of shaving dust was noted down aer
complete drying. The percentage of degradation was then
calculated using eqn (4).
Aer that, the hydrolysate was treated with MgO and NaOH
at 55 °C on a stirring machine. This process was conducted for
two hours to separate the chromium by turning it into insoluble
Cr(OH)3. The residual sludge obtained aer the degradation
was re-suspended in distilled water and subjected to further
processing to recover the remaining collagen and chromium.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Flowchart of hydrolysis process through microbial degradation.
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Aer allowing the solution to settle at ambient temperature, the
solution was ltered to recover the remaining chrome sludge.
The hydrolysate was refrigerated overnight and freeze-dried to
obtain a powdered product. This was subsequently employed
for characterization purposes.
2.13 Analysis of the collagen hydrolysate and shaving dust

The shaving dust and protein hydrolysate obtained were taken
for the following analysis.

2.13.1 Protein content. Bradford's technique was used to
measure the protein content. In brief, 100 mg of Coomassie
Brilliant Blue G-250, which is the protein reagent, was dissolved
in 50 mL of 95% ethanol (C2H5OH). Subsequently, 100 mL of
85% phosphoric acid (H3PO4) was cautiously added while stir-
ring, and then 1 L of water was added. The solution was ltered
and stored at 4 °C. Bovine serum albumin (BSA) (0, 0.0625,
0.125, 0.25, 0.5, and 1 g L−1) was used for generating a standard
% moisture content ¼ initial weight with sample� final weight with sample

initial weight with sample
� 100 (5)
curve, and absorbance was recorded at 595 nm. Next, 0.1 mL of
the collagen solution was taken into test tubes, followed by the
addition of 5 mL of protein reagent, and it was le to incubate
for 5 minutes. Aer that, the absorbance at 595 nm was recor-
ded. Protein content in unknown samples was calculated by
plotting the absorbance of protein against the equivalent
absorbance of a standard curve.28
% ash content ¼ weight of the crucible

weigh

© 2025 The Author(s). Published by the Royal Society of Chemistry
2.13.2 Chromium content. Samples weighing 1.0 g each
were treated in a 3 : 1 ratio using 15 mL HCl and 5 mL HNO3.
Aer that, the sample was heated on a hot plate, and the
temperature was progressively raised until the decomposition
process was nished and the volume evaporated to roughly 5
mL. Atomic absorption spectroscopy (AAS, PinAAcle 900H,
PerkinElmer, USA) was used to evaluate the chromium content
of the samples aer they had been ltered and diluted with
deionized water.29

2.13.3 Moisture content. Collagen hydrolysate's moisture
content was calculated using ASTM D3790-2012 guidelines.
10 mL of collagen hydrolysate were measured into a crucible,
heated to 85 °C for 75 minutes using a heating mantle, and then
the samples were brought out and weighed again. This process
was carried out again until a steady weight was attained, and the
samples' moisture content was determined using the weight
loss.30 The moisture content was measured using eqn (5):
2.13.4 Ash content. The crucibles were numbered, pre-
washed with 0.2 N HCl, dried, and stored in a desiccator before
their weight was noted down. Then, 1 g of the sample was
taken in a crucible and then heated in a muffle furnace at
700 °C for 2 hours. The samples were taken out and cooled in
a desiccator, weighed, and the ash content was measured
using eqn (6):
with ash� weight of the crucible

t of the sample
� 100 (6)
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2.14 Characterizations

2.14.1 UV-vis absorption spectroscopy. UV-visible spectra
(T60 UV-visible spectrophotometer, PG Instruments Ltd.
England) were measured using the 200–800 nm wavelength
range. A plot of absorbance vs. wavelength was taken to get the
absorption spectra.

2.14.2 Fourier transform infrared spectroscopy (FT-IR).
FTIR (Bruker ALPHA II FT-IR Spectrometer, Germany) analysis
is used to analyze the existence of various functional groups
along with changes in the secondary structure of the sample in
the region of 4000–500 cm−1 wave numbers at 4 cm−1

resolutions.
2.14.3 Thermogravimetric analysis (TGA). Thermal gravi-

metric analysis (TGA) was conducted using a thermogravimetric
analyzer (TGA 8000, PerkinElmer, USA). Approximately 5 mg of
the sample was taken in a platinum crucible on the pan of the
microbalance, and heating was done from 50 °C to 700 °C with
a heating rate of 10 °C min−1 under the nitrogen atmosphere at
a ow rate of 20 mL min−1.
Fig. 2 The growth and zone of proteolytic bacteria in skimmed milk
agar after 48 hours.

Fig. 3 The phylogenetic tree of Bacillus thuringiensis SRL4A.

3204 | RSC Sustainability, 2025, 3, 3198–3214
2.14.4 Scanning electron microscopy (SEM) and elemental
analysis. The morphological characterization of the lyophilized
collagen hydrolysate was performed using a Scanning Electron
Microscope (JSM-7610F, JEOL Ltd. Japan). The sample was
affixed to the stage using carbon conductive tape. An Energy
Dispersive X-ray spectrometer (EDX) was utilized for the
elemental analysis. The method enables the analysis of
elemental composition, offering insights into the distribution
of particle components. The ndings were presented in terms of
mass (%).
3 Results and discussion
3.1 Isolation and screening of proteolytic bacterial isolate

From the primary screening process, the bacterial isolate with
the highest zone of clearance in the skim milk agar media was
selected for secondary screening. It was found that the diameter
of the zone of clearance was 14 mm aer 24 hours and 28 mm
aer 48 hours shown in Fig. 2.

The bacterial isolate was then grown in a nutrient agar
medium to study its morphological characteristics. The
morphological and biochemical results of the selected bacterial
isolate are given in Fig. S1 and Tables S1–S3 in the ESI.† Aer
secondary screening, the bacteria's proteolytic activity was found
to be 20 U mL−1. The antibiotic susceptivity test for the isolated
bacteria was also conducted and is given in Fig. S2 and Table S4.†
3.2 Molecular identication

The genomic DNA of the selected bacterial isolate was extracted
and subsequently amplied by polymerase chain reaction
(PCR). Gel electrophoresis of the DNA was done and compared
with the NEB 100bp DNA ladder. The DNA fragment of the
isolated bacterium was around 1500 bp, which means that the
mass of the DNA fragment was 45 ng. The DNA was used for the
identication of the bacteria. The sequence was uploaded to
NCBI GenBank, and Blast result showed that based on the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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analysis on NCBI, the 16S rRNA gene sequence of the isolated
bacterium had a 99.57% similar percent identity with
a maximum score of 2553, the total score of 2553, query cover of
100%, and an E value of 0.00 with two bacteria, namely Bacillus
thuringiensis strain (sequence ID: MK878553.1; length: 1425)
and Bacillus thuringiensis strain BH1 (sequence ID: KY910253.1;
length: 1483).

These results matched with the result obtained from
APIWEB™, which was used for the primary identication of the
bacteria. So, the isolated bacterium is Bacillus thuringiensis,
which is closely related to the bacterium Bacillus cereus and is
Fig. 4 Optimization of growth condition and culture medium of bacte
concentration of yeast extract, and (f) concentration of salt. The error b

© 2025 The Author(s). Published by the Royal Society of Chemistry
a member of the Bacillus cereus group. This strain was uploaded
to NCBI with the name Bacillus thuringiensis SRL4A, and the
accession number is PP802975. A phylogenetic tree was con-
structed using the neighbouring joining method via the Mega
soware (Version 11.0.13) and illustrated in Fig. 3.
3.3 Optimization of growth conditions and culture medium
of the bacterium

The optimum parameters for the bacteria were determined by
measuring the optical density (OD). The level of light scattering
ria. (a) pH, (b) temperature, (c) time, (d) concentration of peptone, (e)
ar shows for three experimental data.
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in a culture is determined by the concentration of bacteria
present, with higher concentrations resulting in increased light
scattering. The 600 nm wavelength has been selected for bacte-
rial optical density (OD) measurements due to its non-harmful
nature to the culture, unlike UV wavelengths. According to the
data presented in Fig. 4a, it is evident that the strain SRL4A
exhibited the highest bacterial growth at pH 8. The lowest value
of OD was observed at pH 5. The growth exhibited a signicant
reduction under both acidic and alkaline pH conditions. Fig. 4b
illustrates the effect of temperature on the growth of the strain.
The growth of the bacterium reached its peak at 45 °C, displaying
the highest OD of 1.398. However, the growth rate signicantly
declined as the temperature increased from 45 to 60 °C. In
a study conducted by G. G. Khachatourians,31 it was found that
Bacillus thuringiensis cells can thrive in temperatures within
a range of 10–45 °C. Thus, the degradation process with the
bacteria was done at pH 8.00 and a temperature 45 °C. Fig. 4c
illustrates that the growth of the bacterium was highest aer 36
hours of incubation. The presence of nitrogen sources is crucial
for bacteria as it is a fundamental element in various biomole-
cules such as amino acids, nucleic acids (DNA and RNA), vita-
mins, and certain coenzymes. It also plays a critical role in the
growth and survival of the bacteria. Fig. 4d and e illustrate the
growth of the bacterium at varying concentrations of nitrogen
source. The optimal condition for maximum growth of the strain
SRL4A was at a concentration of 1% peptone. The growth
exhibited a gradual decline following an initial increase in
concentration from 1%. Similar ndings were observed for
Bacillus spp. by Qadar et al. (2009).32 The optimum yeast extract
concentration was 0.45% (Fig. 4e). Khachatourians, (2009)31

stated that Bacillus thuringiensis cells can withstand high levels of
NaCl up to 7%. However, in this instance, the bacteria's growth
peaked at 0.75% NaCl concentration and progressively declined
as the salt concentration increased (Fig. 4f).
3.4 Minimum inhibitory concentration (MIC) of bacteria

The minimum inhibitory concentration represents the lowest
chromium concentration that prevents the apparent in vitro
Table 3 ANOVA for reduced quadratic model for response (Y): degrada

Source Sum of squares df Mea

Model 3318.16 6 553.
A-seed volume 1902.29 1 1902
B-nutrient source 433.11 1 433.
C-time 229.25 1 229.
AB 162.00 1 162.
A2 541.91 1 541.
C2 83.11 1 83.1
Residual 256.64 13 19.7
Lack of t 173.14 8 21.6
Pure error 83.50 5 16.7
Cor total 3574.80 19
Mean 82.40 R2

Std dev. 4.44 Pred
C.V.% 5.39 Adju
Adequate precision 17.720

3206 | RSC Sustainability, 2025, 3, 3198–3214
growth of bacteria. The minimum inhibitory concentration
(MIC) of the bacteria for [Cr(III)] salt was determined using the
quaternary streaking method on a nutrient agar medium with
chrome concentrations ranging from 100 to 1000 mg L−1, as
illustrated in Fig. S3 (ESI).† The bacteria exhibited robust
growth in media with chromium concentrations up to 700 ppm.
The growth rate started to decline steadily at 800, and aer 24
hours, there was no more growth when the chromium content
in the nutrient agar medium reached 1000 mg L−1.

This suggests that the bacterium is extremely resistant to
chromium, as 1000 mg L−1 is the minimum inhibitory
concentration of bacteria. Similar observations for chromium
tolerance of Bacillus thuringiensis up to 1000 mg L−1 were also
reported in the literature.33
3.5 Statistical analysis

The response data were analyzed by default without any data
transformation in the Design Expert soware. Next, the effects
for all model terms were calculated, and various statistics
including lack of t, F-values, and R2-values were utilized for
comparing the models. Finally, a quadratic model was selected.

The model terms in the equations are determined through
a process of eliminating some insignicant variables and their
interactions having p-values greater than 0.1. Additionally, the
terms with the lowest F-values were also removed. The summary
of ANOVA results for all responses can be found in Table 3. The
adequacy of the model was assessed by conducting lack-of-t F-
tests. The comparison between the residual error and the pure
error is a key aspect of lack of t. It is preferable to have a small
F value and a probability greater than 0.1. According to ref. 34, if
a model demonstrates a lack of t, it is not suitable for pre-
dicting the response. As shown in Table 3, the lack-of-t of the
model is not statistically signicant with a probability of greater
than 0.1. This suggests that the model is accurate in statistical
terms. The probability value of the model, which was less than
0.0001, suggests that the model used in this study is highly
signicant. The model F-value of 28.01 indicates that the model
is statistically signicant. There is only a 0.01% chance that
tion

n square F-Value p-Value Remarks

03 28.01 <0.0001 Signicant
.29 96.36 <0.0001 Signicant
11 21.94 0.0004 Signicant
25 11.61 0.0047 Signicant
00 8.21 0.0133 Signicant
91 27.45 0.0002 Signicant
1 4.21 0.0609 —
4
4 1.30 0.4041 Not signicant
0

0.9282
icted R2 0.7986
sted R2 0.8951

© 2025 The Author(s). Published by the Royal Society of Chemistry
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such a large model F-value could occur. Moreover, the models
demonstrate an extremely high determination coefficient of
0.9282 (R2). The R2-value is a metric that quanties the extent to
which variability in the observed responses can be explained by
the experimental variables along with their interactions. A
higher R2-value closer to 1 indicates a stronger predictive ability
of the model for the response.35 Alternatively, lower R2 values
indicate that response variables were not suitable for explaining
the variability in behavior.36 In this study, proximity to unity R2

demonstrates that the inuence of seed volume (A), nutrient
source (B), and time (C) on response variables could be
adequately described using a quadratic polynomial model. The
difference between predicted R2 and adjusted R2 should be less
than 0.2 for reasonable agreement between the two coefficients.
In this case, predicted R2 and adjusted R2 values were 0.7986
and 0.8951, respectively, showing a good agreement. The low
values of the coefficient of variation (5.39) indicate very good
precision and reliability of the experiments.37 When evaluating
the signal-to-noise ratio, it is generally considered desirable to
have a ratio greater than 4.38 This measurement, known as
adequate precision, helps assess the quality of the signal in
relation to the background noise. The ratio of 17.720 suggests
an adequate signal. Thus, this model can be used to navigate
the design space.

Furthermore, the residual, which is the variability between
the predicted and experimental responses, is employed to
assess the accuracy of the model. The residuals are regarded as
changes in the model that are not well-tted.39 Fig. 5 displays
the residual curve for assessing their normal distribution. A
straight line is formed by the points on the normal curve, which
suggests that the residuals are distributed normally. Predicted
vs. experimental yield plot, plot of residuals vs. run, Cook's
distance plot, Box–Cox plot for power transforms, and desir-
ability plot for the degradation of shaving dust are illustrated in
Fig. S4 and S5.†
Fig. 5 Normal probability plot for degradation (percent vs. residuals).

© 2025 The Author(s). Published by the Royal Society of Chemistry
3.6 Effect of individual process parameters

The microbial degradation of tannery shaving dust was carried
out by varying three independent parameters namely bacterial
pre-culture (seed) volume, nutrient source, and time. Before
microbial degradation, a preliminary pre-treatment of chrome
shavings is essential. The stability of collagen is enhanced
through the formation of complexes with the carboxyl groups of
aspartic and glutamic acid side chains by chromium. Chrome
shaving degradation may occur through the disruption of
bonds between chrome and protein or the cleavage of peptide
bonds. The tightly coiled collagen triple helical structure poses
a challenge for enzymatic degradation due to the limited
penetration of enzymes into the cross-linked superstructure.40

To address this issue, chrome shaving dust was autoclaved,
which served the dual purpose of sterilization and loosening of
the ber.13 Additionally, it also made the ber susceptible to
bacterial attack. When bacterial pre-culture is inoculated in the
ask, rstly, bacteria attack the peptide bond of loose bers.
They generate bacterial collagenases, which are typically
thought of as enzymes that break down helical regions of
brillary collagen molecules under normal physiological
conditions such as pH, temperature, and agitation.41 They
degrade the collagen into simpler compounds and release
various substances, including amino acids, and amines.

The bacteria take nutrients from these simpler molecules for
rapid growth and start multiplying. As bacterial and enzymatic
activities progress, the bers start to break down further, and
the decaying mass may become increasingly liqueed. Based on
the data presented in Fig. 6a, it is evident that as the concen-
tration of bacteria increases, the percentage of microbial
degradation increases. Prior research also showed that the rate
of biodegradation is proportional to the size of the microbe
population.42 Nutrients support the growth and reproduction of
microbes, which are essential for breaking down matter.43

When the concentration of nutrients is increased, there is
a corresponding increase in the number of microbes and their
metabolic effectiveness. In a previous study, researchers
utilized peptone, skimmed milk, soya bean meal, and yeast
extract as a nutrient source.13 This study utilized tryptone as the
exclusive nutrient source. The same outcome is seen in Fig. 6b,
where an increase in the concentration of tryptone utilized as
a nutrient source was accompanied by an increase in the
degradation rate. Fig. 6c illustrates the impact of time on
Fig. 6 One-factor plot (a) degradation vs. seed volume, (b) degrada-
tion vs. nutrient source, and (c) degradation vs. time.
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degradation. Over time, the level of degradation increases.
Similar results were also reported in literature.13 Aer reaching
a seed volume of 35% and a time of 96 hours, any further
increase in seed volume and time had minimal impact on the
degradation rate. One possible explanation for this phenom-
enon could be the restricted accessibility of different nutrient
sources in the media. Aer 96 hours, 94% degradation was
achieved, leading to a dark green coloration in the supernatant
attributed to the presence of Cr3+. These excessive levels of
chromium accumulation might also impede the organism's
growth and function. From Table 3, it is evident that the seed
volume (A) and its squared term (A2), nutrient source (B), and
time (C) have p-values less than 0.05.

This indicates that these parameters play a signicant role in
the degradation process. Among these, the p-value for seed
volume is less than 0.0001 indicating its high level of signi-
cance. Additionally, the greater F-value further emphasizes the
importance of seed volume as a parameter for determining the
maximum degradation rate of chrome shaving dust.

3.7 Interaction effect of process parameters

The effect of the interaction of the process variables (seed
volume, nutrient source, and time) was analyzed by 3D surface
plots and contour plots using design expert soware. The
simultaneous impact of two parameters was investigated on the
degradation rate. The signicance of the parameters was
determined using ANOVA. The signicance of the interaction
between seed volume (A) and time (C), as well as nutrient source
(B) and time (C), and B2, was found to be insignicant with p-
values greater than 0.05. As a result, these factors were removed
from the model to enhance its accuracy.

They are not presented in the ANOVA table as only signi-
cant terms have been considered and mentioned. The regres-
sionmodels made to predict the degradation of tannery shaving
dust by Bacillus thuringiensis SRL4A for coded and actual vari-
ables are presented in eqn (7) and (8), respectively.

Degradation = 88.1983 + 11.8022A

+ 5.63151B + 4.09714C − 4.5AB

− 6.10185A2 − 2.38954C2 (7)

Degradation = −266.119 + 8.38967A

+ 7.8339B + 2.53999C − 0.169706AB

− 0.0767051A2 − 0.0117338C2 (8)

The 3D and contour plots in Fig. 7a depict the coupled effect
of seed volume and nutrient source on degradation while both
are xed at their central values, that is, 35 for seed volume and
10 for nutrient source. The diagram explicated the linear effect
of both variables. The degradation percentages showed an
upward trend as the seed volume and nutrient source
increased. Aer reaching a peak of 94%, increasing one
parameter whereas the other held at a constant value, had
minimal impact on the yield. The curve section in the 3D plot
of Fig. 7a suggests a good interactive inuence of these two
variables on the degradation rate. Although based on eqn (7)
and (8), the interaction of seed volume (A) and nutrient source
3208 | RSC Sustainability, 2025, 3, 3198–3214
(B) is negative. It means that the increase of A will reduce the
signicant effect of B. The coupled impact of BC and AC are
also shown in Fig. 7c–f respectively. As the seed volume and
time, along with the nutrient source and time, increase,
degradation also increases. Nonetheless, the interaction
between them does not hold much signicance in relation to
the response. This can be understood from the at nature of
the 3D plot of AC and BC; which indicates that the coupled
effect of these process variables on the degradation rate is
minimal.44 The microbial degradation at different time inter-
vals is illustrated in Fig. S6.†

3.8 Validation of the RSM models

The numerical optimization was executed using the desir-
ability function using the Design Expert soware. The selected
goals for optimizing seed volume were set at a target of 35%. It
was found that beyond this value, increasing the seed volume
had minimal impact on degradation. The goals for nutrient
source and time were set in the experimental range. The
dependent parameter (degradation) was set to a maximum
level. Based on the given conditions, a total of 95 solutions
were provided. Among them, a total of 90 solutions had
a desirability of one. However, the solution selected by the
soware was considered. The optimum values of the inde-
pendent process variable for maximum degradation (94.80%)
were found to be at seed volume 35% (v/w), nutrient source
12.86% (w/w), and time 101.27 hours. The optimum condition
obtained by the soware was further validated to check the
suitability of the model by conducting an actual experiment at
a seed volume of 35%, nutrient source of 12%, and time 101
hours in triplicate. The mean experimental value for degra-
dation was 93.67%. The experimental and predicted results
demonstrated a high level of agreement, with an error of only
1.22%. This close correspondence serves to validate the reli-
ability of the developed model.

3.9 Analysis of the collagen hydrolysate and shaving dust

The samples were taken out at different time intervals for the
determination of protein content, moisture content, ash
content, and chromium content in the collagen hydrolysate.
Raw shaving dust was also analysed initially. The results are
summarized in Tables 4 and 5.

3.10 Characteristic analysis

3.10.1 UV-vis absorption spectroscopy. The obtained
collagen hydrolysate was characterized using UV-vis spectros-
copy. It is known that the absorption of protein in the range of
(250–350 nm) is due to the protein's triple helical structure and
aromatic amino acids. Fig. 8 shows the UV-visible spectra of the
prepared collagen hydrolysate. The maximum absorption at
280 nm indicates the presence of amino acids in the
hydrolysate.

3.10.2 Fourier transform infrared spectroscopy (FTIR).
FTIR of the recovered collagen hydrolysate is shown in Fig. 9.
The polypeptide, as well as protein repeat units, results in nine
distinct IR absorption bands, specically amides A, B, and I–VII.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Response surface plots for effects of seed volume and nutrient source (a), nutrient source and time (c), and seed volume and time (e) on
the degradation of chrome tanned shaving dust, and contour plots of interaction between seed volume and nutrient source (b), nutrient source
and time (d), and seed volume and time (f) on the degradation of chrome tanned shaving dust.
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Two of the most prominent vibrational bands of the protein
backbone are the amide I and II bands.45 One of the most
crucial spectral regions for detecting secondary structural
components of protein is the amide I band (1700–1600 cm−1),
© 2025 The Author(s). Published by the Royal Society of Chemistry
primarily originating from the C]O stretch vibrations of the
peptide linkages (around 80%). The FTIR spectrum of pure
collagen shows a wide absorption band at 3290 cm−1, which is
attributed to the vibration of the hydroxyl (OH) group. The
RSC Sustainability, 2025, 3, 3198–3214 | 3209
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Table 4 Results of the proximate analysis of the chrome shavings

Name pH Protein yield (%) Total chromium content (ppm) Total ash (%) Moisture content (%)

Result 3.45 � 0.04 88 � 1.50 171 � 2.00 13.11 � 2.1 17.5 � 1.21

Table 5 Characterization of the recovered collagen hydrolysate

Time (hours) 24 48 72 100

Protein content (mg L−1) 471.11 � 1.13 729.44 � 1.50 832.77 � 3.87 979.44 � 4.88
Total chromium content
(ppm)

1.38 � 0.93 1.80 � 0.25 2.60 � 0.58 1.40 � 0.37

Total ash (%) 9.5 � 0.40 9.47 � 1.44 9.94 � 1.56 9.60 � 1.82
Moisture content (%) 11.03 � 1.25 8.75 � 0.45 10.24 � 1.95 9.58 � 2.25

Fig. 8 UV-vis spectra of the recovered collagen hydrolysate.

Fig. 9 FTIR spectra of the recovered collagen hydrolysate.

Fig. 10 TGA-DTG curve representing thermal decomposition of
recovered collagen hydrolysate.
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peaks observed in collagen at 1631, 1548, 1240, and 682 cm−1

are associated with specic functional groups known as amide
I, amide II, amide III, and amide IV respectively. These
3210 | RSC Sustainability, 2025, 3, 3198–3214
characteristic peaks proved that the collagen was in hydrolysed
form.46 The bands detected at 1448 and 1082 cm−1 are linked to
the C–H deformation and C–O stretching of the collagen func-
tional groups.47

3.10.3 Thermogravimetric analysis (TGA). The TGA graphs
of all the samples are shown in Fig. 10. All the samples showed
multi-steps of thermal decomposition. The initial weight loss
is due to the removal of residual moisture from the sample.
The second stage is related to the peptide degradation in the
backbone.48 As temperature increased, the sample experienced
a rapid and substantial weight loss. This loss in weight at the
nal stage is caused by the degradation of carbonaceous
matter and the loss of remaining groups within the samples.49

The result also showed that the lyophilized collagen powder
had higher thermal stability at lower temperatures, but as
temperature increases, it becomes more susceptible to
degradation.

3.10.4 Scanning electron microscopy (SEM) and elemental
analysis. The SEM study of the lyophilized collagen powder is
shown in Fig. 11a and S7 in ESI.† The images revealed the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 SEM and EDX analyses of collagen hydrolysate powder recovered from shaving dust via microbial degradation.

Table 6 Percentage of different elements determined by Energy
Dispersive X-ray analysis (EDX)

Element Carbon Nitrogen Oxygen Sodium Sulphur Total

Mass (%) 50.39 21.52 25.31 0.55 2.23 100.00
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presence of irregularly shaped powder particles, densely lled
with void spaces or pores. The irregular shape of the sample
may be a result of grinding to obtain a ne powder of collagen.
In a study conducted by ref. 50, it was observed that protein
molecules exhibit signicant porosity, characterized by a variety
of pore sizes, as a result of their intricate 3D arrangements. The
analysis of the lyophilized collagen is presented in Table 6 and
Fig. 11b.

The content of carbon, nitrogen, oxygen, sulphur varied from
50.39% to 21.52%, 25.31%, and 2.23% (by mass) respectively. In
biological systems, carbon is generally found in higher quan-
tities compared to nitrogen. As per the ndings,51 it has been
observed that when the carbon-to-nitrogen ratio within an
organic substrate falls between 1 and 15, there is a higher
probability of experiencing immediate mineralization and
nitrogen release. The sample may biodegrade quickly as a result
of this. The data presented in Table 6 indicates that the C/N
ratios of the sample fall between 1 and 15. It indicates that
Table 7 Comparison of collagen hydrolysate extraction yields by variou

Extraction type Treatment

Biocatalytic/enzymatic hydrolysis Protease, a-amylase & CaO
Microbial treatment Alcaligenes faecalis
Microbial treatment Aspergillus carbonarius
Two-step alkaline-enzymatic hydrolysis CaO, MgO & 1398 neutral prote
Microbial treatment Bacillus thuringiensis

© 2025 The Author(s). Published by the Royal Society of Chemistry
the extracted collagens will experience rapid degradation due to
the release of nitrogen.
3.11 Comparison with other studies

The extraction percentage of collagen hydrolysate using
different methods is shown in Table 7. Due to the cost and
complexity of acidic extraction, different alkaline and alkaline-
enzymatic treatments are extensively investigated. Neverthe-
less, the highest yields of collagen hydrolysate through these
methods are 60% and 80%, respectively. Table 7 illustrates that
although microbial treatment may take longer, it minimizes the
use of different chemicals during the extraction process, does
not require large energy inputs, and lowers the risk of toxic
substances being released into the environment. Most impor-
tantly, when compared to traditional physical or chemical
treatments, microbial treatments usually result in less sludge;
making it easier to handle. Compared to other commonly used
procedures, the amount of sludge produced in this study was
lower (5–6% on a dry weight basis). Thus, when time, yield, and
other processing parameters are compared, it becomes
apparent that the microbiological treatment of tannery shaving
dust with Bacillus thuringiensis is an efficient and sustainable
way of extracting collagen hydrolysate from this tannery solid
waste.
s reported methods

Experimental parameters

Extraction (%) ReferenceTemperature (°C) Time (hours)

55 20 80 12
30 120 90 13
30 288 97 14

inase 80 & 46 6 60 52
45 101 95 Our study

RSC Sustainability, 2025, 3, 3198–3214 | 3211
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4 Conclusions

Efforts to detoxify tannery wastes have primarily centered
around utilizing enzymes or an amalgam of alkaline and enzy-
matic hydrolysis. More efficacy in utilizing microbes for the
remediation of solid tannery wastes remains needed. The study
demonstrates the efficient utilization of bacteria, Bacillus thur-
ingiensis strain SRL4A, specically for the decomposition of
shaving dust to recover collagen hydrolysate and chromium.
The most favourable growth conditions for the bacteria were
a pH of 8, a temperature of 45 °C, and 36 hours of incubation
period. The bacterium was resistant to a maximum of 900 ppm
of chromium. RSM-based CCD was employed for the optimi-
zation of variable parameters for the degradation of shaving
dust. The optimum process condition predicted by RSM for
maximum degradation (94.80%) was obtained at 35% (v/w) seed
volume, 12.86% (w/w), and time 101.27 hours. The experimental
conditions were marginally varied and conducted in triplicate at
a seed volume of 35%, nutrient source of 12%, and a time of 100
hours. The experimental yield was 93.67% with an error of
1.22%. Additionally, the collagen hydrolysate was characterized
by UV-vis spectroscopy, FTIR, TGA, SEM, and EDX. The collagen
hydrolysate contained 979.4 ± 4.88 mg L−1 of protein and 1.40
± 0.37 mg L−1 of chromium. It suggests that the recovered
collagen hydrolysate is safe to be used as fertilizer and as
poultry feed. The insoluble chromium that is recovered aer
precipitation can also be utilized in the re-chroming process by
adjusting its basicity with H2SO4. Additionally, it can be
employed to prepare a variety of ceramic pigments. However,
the hydrolysate peptides must undergo a thorough investiga-
tion for any contamination from bacterial culture before their
use in pharmaceutical applications. Likewise, more studies
should be conducted to investigate the potential of collagen
hydrolysate as a peptone for the growth of various bacteria. This
may be benecial for cost reduction and material reuse.

Thus, this research study demonstrates that the degradation
of chrome shavings studied in this investigation is environ-
mentally friendly and aligns with the principles of a circular
economy. The suggested method for managing waste from
tanned leather presents a viable and affordable solution for
addressing the disposal of this complex waste stream. Addi-
tionally, it may aid in material recovery, cost reduction, and
land conservation.
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