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1. Introduction

The leather industry generates substantial solid waste, primarily chrome-tanned leather
shavings (CTLS) and trimmings, leading to environmental and economic challenges due to
rising disposal costs and strict regulations.! While CTLS is used in fertilizers, leatherboard,
and biopolymer applications, its broader utilization remains limited by environmental
concerns, regulatory restrictions, and the risks associated with hexavalent chromium
contamination.?”> One approach to addressing these challenges is the hydrolysis of CTLS to
extract collagen-based hydrolysates for further applications.® However, studies have shown
that removing more than 95% of the chromium is difficult due to its strong binding affinity to
collagen, limiting the potential uses of CTLS hydrolysates as residual chromium raises
environmental and health concerns.>’” Consequently, disposal has largely relied on landfilling,
which not only carries the risk of chromium (III) oxidizing into its more toxic hexavalent
(VI) form but also comes at a significant economic cost.® In New Zealand, the annual cost of
landfilling has risen to approximately $1.5 million, highlighting the urgent need for
sustainable waste reduction strategies.

The hydrolysis of tanned leather waste offers a sustainable approach to recovering collagen-
derived materials, but its efficiency depends on the tanning agents used.’ Different tanning
methods alter collagen stability, affecting hydrolysis efficiency and the composition of
recovered byproducts. For example, wet white tanning, which uses glutaraldehyde and
Tetrakis(hydroxymethyl phosphonium sulfate (THPS) to reduce chromium use, still leaves
residual agents after hydrolysis.!®!! These residues can be cytotoxic, environmentally
persistent, or affect downstream applications, limiting the usability of the resulting
hydrolysates.

Zeolite-based tanning has emerged as a chrome-free alternative in sustainable leather
production.'>** Zeolites are crystalline, hydrated aluminosilicates with a highly ordered,
porous structure that contains water molecules and metal cations.'® Their low toxicity,
structural stability, and environmental benefits make them suitable for various applications,
including human and veterinary uses.!” In the tanning process, functionalized zeolites have
been explored for their ability to stabilize collagen fibres while reducing environmental
impact.!*!> This makes zeolite-based tanning a promising alternative to chromium and the
conventional wet white methods, addressing key environmental and waste management
challenges. While the partial removal of chromium in hydrolysates from CTLS is well-
documented, the behaviour of zeolites during the hydrolysis of ZTLS remains largely
underexplored. Due to their unique binding characteristics and non-uniform particle size,



zeolites interact with collagen differently from chromium during tanning and hydrolysis.'?
Understanding their behaviour in this process is crucial for assessing their impact on material
separation and hydrolysate purity.

This study investigates the hydrolysis of ZTLS and CTLS using a modified alkaline method
to assess their interaction with collagen and the efficiency of separation. The primary
objectives were:

e To optimize an alkaline hydrolysis protocol for ZTLS.

e To comprehensively characterize and compare the hydrolysis products of ZTLS and
CTLS.

e To determine the fate and distribution of the tanning agents (zeolite vs. chromium).

e To evaluate the potential for valorisation of all output streams (soluble hydrolysate
and insoluble residual solids).

By analysing the breakdown process and characterizing the resulting fractions, this work
evaluates the fate of tanning agents and their potential for reuse. Understanding these
interactions will help refine hydrolysis conditions and assess the composition of hydrolysates,
particularly their organic and inorganic content, thereby informing the development of more
sustainable and circular waste management strategies for the leather industry.

2. Experimental Methods
2.1. Materials

Zeolite-tanned leather shavings and chrome-tanned leather shavings were sourced from a
local tannery in New Zealand. All other reagents were from commercial sources and used as
received.

2.2. Alkaline Hydrolysis Protocol Optimization

Hydrolysis was carried out using a modified alkaline method based on Mu et al. (2003).!®
Preliminary experiments evaluated different sodium hydroxide (NaOH) concentrations (0.05,
0.1, 0.2, and 0.5 M) and reaction times (4, 6, and 24 hours) at 90°C to determine optimal
degradation conditions for ZTLS (Tables 1 & 2).

Table 1: Effect of Different Alkaline Conditions on ZTLS Degradation. Mass balance was
used to calculate the percentage of degradation (%). Data are presented as mean + standard deviation.
Statistically significant effects were compared using one-way ANOVA and Tukey’s post hoc test. Different
letters indicate significant differences between means. (p <0.05; n = 3).

NaOH Concentration Degradation (% w/w)
1. 90°C + 0.05 M for 4 hours 37.90 £ 0.010¢
2. 90°C + 0.1 M for 4 hours 74.67 £ 0.006°
3. 90°C + 0.2 M for 4 hours 76.70 £0.012%
4. 90°C + 0.5 M for 4 hours 77.98 £ 0.010¢




Table 2: Impact of Hydrolysis Duration on ZTLS Degradation. Mass balance was used to
calculate the percentage of degradation (%). Data are presented as mean + standard deviation. Statistically
significant effects were compared using one-way ANOVA and Tukey’s post hoc test. Different letters indicate
significant differences between means. (p < 0.05; n = 3).

Condition (90°C + 0.1 M NaOH) Degradation (% w/DW)
1. 4 hours 74.67 = 0.006°
2. 6 hours 76.10 = 0.010v
3. 24 hours 77.87£0.017¢

Based on these trials, the selected standard condition for comparative analysis was 0.1 M
NaOH, 90°C, 24 hours, with a solid-to-liquid ratio of 1:10 (w/v). Under these conditions, 300
g of ZTLS or CTLS were hydrolysed in an open vessel in a hot-water bath under constant
stirring. The initial pH of the 0.1 M NaOH solution recorded was approximately 12.5.
Following hydrolysis, the final pH of the ZTLS mixture was approximately 11.6. CTLS was
hydrolysed under identical conditions (Table 3).

Table 3: Impact of Hydrolysis Duration on CTLS Degradation. Mass balancing was used to
calculate the degradation %. Mean + standard deviation (n=5).

Condition (90°C + 0.1 M NaOH) Degradation (% w/DW)
24 hours 83.27+0.013

After hydrolysis, mixtures were centrifuged at 10,000 rpm for 30 minutes to separate the
soluble hydrolysate from the insoluble residue. The hydrolysate fraction was frozen, freeze-
dried, and milled into powder form. The unhydrolyzed residue was oven-dried at 100°C for
24 hours before being ground into powder for further analysis.

2.3. Preparation of Bovine Hydrolysate (Reference Control)

Delimed bovine hides were diced into approximately 1 cm? pieces (reported by volume due
to non-uniform hide thickness). A 300 g sample was subjected to enzymatic hydrolysis using
trypsin and bromelain (each at 1% w/w relative to wet hide weight) at a solid-to-liquid ratio
of 1:5 (w/v).

Hydrolysis was performed in an open vessel in a hot water bath at 55°C for 48 hours under
constant stirring. The pH was maintained between 7 and 8 using 0.1 M sodium phosphate
buffer. This enzymatic protocol was developed and optimized in-house by LASRA.

Following hydrolysis, the mixture was centrifuged to separate soluble and insoluble fractions.
The hydrolysate was frozen, freeze-dried, and milled into a fine powder, which served as a
reference material.

2.4. Mass and Protein Balance

Moisture content was determined using a modified version of ISO 4684:2005. Inorganic (ash)
content was measured according to ASTM D6716-08.

Total protein content was quantified via nitrogen determination using a modified Kjeldahl
method based on [SO 5397:1984. Nitrogen content was converted to protein using an



appropriate conversion factor. These measurements enabled calculation of degradation
efficiency through mass balancing of hydrolysed and residual fractions.

2.5. Elemental Analysis

Elemental distribution of aluminium (Al), silicon (Si), and sodium (Na) was quantified using
inductively coupled plasma techniques (ICP-OES and ICP-MS).

Total chromium content [Cr(III) and Cr(VI)) was determined in accordance with ISO 5398-
1:2018 and ISO 17075-2:2017, respectively.

For ZTLS samples, aluminium and silicon concentrations were measured using modified
APHA 3120 B procedures, while sodium content was determined using a modified AOAC
984.27 method. These analyses were used to assess tanning agent distribution between
soluble hydrolysates and insoluble residues.

2.6. Fourier Transform Infrared (FTIR) Spectroscopy

Hydrolyzed and unhydrolyzed samples were analysed using a Thermo Scientific Nicolet iS5
FTIR spectrometer equipped with a ZnSe ATR attachment. Spectra were collected over a
wavenumber range of 600—4000 cm!, averaged over 32 scans at 20 + 1°C.

Amide I and II bands were evaluated to assess collagen integrity, while characteristic
functional group vibrations were used to identify tanning agent interactions and confirm the
presence of chromium- or zeolite-related species.

2.7. Molecular Weight Distribution (SEC)

Peptide molecular weight distribution was determined using size-exclusion chromatography
(SEC) on a BioSep SEC-s2000 column (300 mm X 7.8 mm). The system was calibrated using
gel filtration standards ranging from 1,350 to 670,000 g/mol.

Samples (5 mg/mL in 0.1 M phosphate buffer, pH 7.6) were filtered (0.45 um) prior to
injection (10 pL). Isocratic elution was carried out with “mobile phase” at 0.5 mL/min over
40 minutes, and peptide profiles were monitored at 210 nm using UV detection.

2.8. Amino Acid Composition

Amino acid analysis was performed using HPLC following pre-column derivatization with 6-
aminoquinolyl-N-hydroxysuccinimidyl carbamate (AQC). Briefly, 10 pL of standard amino
acid solution or sample extract was mixed with 70 uL of 0.2 M borate buffer (pH 9.0) and 20
pL of 15 nmol/pL AQC dissolved in acetonitrile. The mixture was vortexed and incubated at
55 °C for 10 min.

Following derivatization, samples were diluted with 400 pL of water and centrifuged at
14,100 x g for 15 min. The supernatant was injected into a Gemini NX-C18 reversed-phase
column (150 mm x 3 mm, 3 um, 110 A; Phenomenex, USA) fitted with a Phenomenex
SecurityGuard™ C18 guard cartridge.



Chromatographic separation was performed at 45 °C using gradient elution. Mobile phase A
consisted of 0.4% (v/v) formic acid in water, while mobile phase B consisted of 60% (v/v)
acetonitrile in water. The gradient was programmed from 100% to 45% mobile phase A over
16 min. Eluted peaks were monitored at 260 nm.

2.9. Statistical Analysis

All experiments were performed in triplicates, and data are presented as mean + standard
deviation (SD). Statistical significance between sample groups was assessed using one-way
analysis of variance (ANOVA) followed by Tukey’s post hoc test for multiple comparisons.
For amino acid quantification, SEC molecular weight distributions, ICP-MS and ICP-OES
elemental analysis, Pearson’s correlation was employed to evaluate relationships between
different measured parameters. Statistical analysis was performed using JASP version
0.19.3.0 (JASP Team, University of Amsterdam, The Netherlands). A p-value of <0.05 was
considered statistically significant.

3. Results and Discussion
3.1. Hydrolysis Efficiency and Mass Balance

Hydrolysis of ZTLS and CTLS was conducted under the optimized standard conditions (0.1
M NaOH, 90°C, 24 h, solid-to-liquid ratio 1:10 w/v). Preliminary optimization (Tables 1 & 2)
confirmed that increasing NaOH concentration and reaction time enhanced degradation
efficiency.!® ZTLS degradation reached approximately 78%, whereas CTLS achieved ~83%.
Protein recovery into the hydrolysate was 71.7% for ZTLS and 68.2% for CTLS.

Table 4: Total Protein Quantification for ZTLS.

"Moisture content calculated using Modified ISO 4684:2005.

*Inorganic content determined using ASTM D6716-08 (2020), dry weight basis.

3The nitrogen content was measured using a modified Kjeldahl method and converted to protein content
using an appropriate conversion factor.

Mean =+ standard deviation (n=3). The percentages of protein recovery are presented in brackets relative to the
total protein content measured in ZTLS.

Sample Mass Balance (% w/w) Protein Content (% w/DW)
Moisture 52.94£0.19 /
Content'
[norganic 16.88 + 0.04 /
zTLs [content” .
Protein Content®> |(29.93 + 0.21 [Hydrolyzed ZTLS Fraction | 21.45+0.44
(100.0%) (71.7 £ 1.9%)
Unhydrolyzed ZTLS 0.63 +£0.01
Fraction (2.1 £0.0%)

Table 5: Total Protein Quantification for CTLS.

'"Moisture content calculated using Modified ISO 4684:2005.

?Inorganic content determined using ASTM D6716-08 (2020), dry weight basis.

3The nitrogen content was measured using a modified Kjeldahl method and converted to protein content
using an appropriate conversion factor.

Mean =+ standard deviation (n=3). The percentages of protein recovery are presented in brackets relative to the
total protein content measured in CTLS.

Sample Mass Balance (% w/w) | Protein Content (% w/DW) |




Moisture 56.51 £0.15 /

Content!
[norganic 5.10+0.03 /
CTLS Contejnt2
Protein 40.83 + 1.27 [Hydrolyzed CTLS 27.83 +£1.47
Content? (100.0%) [Fraction (68.2 £5.1%)
Unhydrolyzed CTLS 1.99 £0.55
Fraction (4.9 + 1.3%)

The hydrolyzed ZTLS produced a reddish-brown, slightly cloudy solution, likely due to
residual syntans, which upon freeze-drying yielded a fine, chalky powder. CTLS hydrolysis
initially produced a moss-green solution, which clarified upon filtration and dried to a pale-
yellow powder, suggesting chromium precipitation or oxidation. In contrast, the bovine hide
control yielded an off-white hydrolysate, reflecting the absence of tanning agents.

Alkaline hydrolysis effectively liberated protein from ZTLS, demonstrating its potential as a
valorisable feedstock. The slightly higher protein recovery from ZTLS compared to CTLS
may reflect differences in collagen cross-linking and the binding strength of the respective
tanning agents.

3.2. Fate of the Tanning Agent
Chromium in CTLS

FTIR analysis of the CTLS hydrolysate revealed a persistent peak at ~1590 cm™, indicative
of chromium-carboxylate interactions with collagen residues (Figure 1A, stacked with 1B).!*-
2l Quantitative analysis confirmed that 37.3% of chromium remained in the solid residue,
while a small but notable 0.3% persisted in the hydrolysate (Table 6). These observations
indicate that chromium-collagen binding largely persists post-hydrolysis, limiting
downstream applications where low metal content is required. Hydrolysate color changes and
precipitation behavior also support partial chromium separation during alkaline treatment.

Zeolite in ZTLS

FTIR spectra of the unhydrolyzed ZTLS fraction displayed characteristic Si-O-Si and Si-O-
Al vibrations, confirming the integrity and stability of the zeolite framework (Figure 1B,
stacked with 1A). Elemental analysis revealed that approximately 80% of aluminium
remained in the solid residue after hydrolysis, with silicon largely retained as well (Table 7).
This retention suggests that zeolite separates cleanly from the soluble collagen peptides,
supporting a valorisation pathway with minimal contamination of the hydrolysate. Partial



dissolution of labile Si-O-Al bonds may release some aluminate ions, but the bulk of the

zeolite remains intact, consistent with the FTIR and ICP data.
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Fig. 1 (A) FTIR spectra comparison of hydrolysates (CTLS, ZTLS and bovine hydrolysate)

and the respective intact

materials (CTLS and ZTLS); (B) zeolite tanning agent vs.

unhydrolyzed zeolite fraction from alkaline hydrolysis of ZTLS

Table 6: Quantification of Total Chromium (III) and (VI) in CTLS and Its

Derived Hydrolyzed and Unhydrolyzed Fractions. Mean + standard deviation. One-way ANOVA
and post-hoc Tukey’s tests revealed significant differences between Unhydrolyzed Fraction (a) and CTLS (b),
Unhydrolyzed Fraction (a) and Hydrolyzed Fraction (¢), CTLS (b) and Hydrolyzed Fraction (c) (p <0.05; n =
3). Different superscript letters indicate statistically significant differences between groups. n.d. = not detected
(below the detection limit of the method).

Sample Cr (IIT) (%ow/w, on dry weight) | Cr (VD) (%w/w, on dry weight)
CTLS 53+0.1° n.d.
Hydrolyzed Fracti 0.042 £ 0.007

ydrolyzed Fraction 0.3 4 0.2
Unh}{drolyzed 1734 1.3 -
Fraction




Table 7. Elemental Analysis of ZTLS and its derived Hydrolyzed and Unhydrolyzed

Fractions (*Data normalized to 1 kg of total ZTLS being digested. Mass balancing and moisture content
were used to calculate the amounts of hydrolysate and unhydrolyzed matter.) (See Tables 4-5)

Sample Reference Al (IIT) (mg/kg) Si (IV) (mg/kg) Na (I) (mg/kg)

ZTLS Hydrolysate 3,339 <10 51,983
ZTLS Unhydrolyzed 10,400 <10 5,444
ZTLS 14,600 <10 1,145

3.3. Peptide Profile and Molecular Interactions

Size-exclusion chromatography (SEC) revealed distinct molecular weight distributions across
the hydrolysates (Table 8).

Table 8. Comparison of Hydrolysates (CTLS, ZTLS, and Bovine) via Size Exclusion
Chromatography, Showing Molecular Weight Distribution and Peak Width at Half
Height (PWHH, min)

Sample Molecular Weight Peak Width at Half Height
Distribution (Da) (min)

ZTLS Hydrolysate 500 — 296,000 6.271

CTLS Hydrolysate 200 — 38,600 3.435

Bovine Hydrolysate 100 — 35,900 2.972

The bovine hydrolysate, produced enzymatically without any tanning agents, exhibited the
narrowest molecular weight distribution (0.1-36 kDa). This reflects the mild and selective
nature of enzymatic hydrolysis, which breaks down collagen into smaller peptides
consistently, without interference from metals or inorganic residues that could promote

peptide aggregation.>*?°

CTLS hydrolysates showed a slightly broader distribution (0.2-38 kDa), which can be
attributed to residual chromium interactions. FTIR and elemental analysis confirm that a
small fraction of chromium remains bound to carboxylate groups on collagen peptides, which
may hinder peptide aggregation or modify solubility, resulting in a population of slightly
larger soluble peptides compared to the bovine control.!?-%!

The ZTLS hydrolysate exhibited the broadest molecular weight distribution, ranging from 1
kDa to 300 kDa. This broad profile arises from a combination of factors: partial preservation
of large collagen fragments, interactions with aluminosilicate species released from the
zeolite matrix, and possible agglomeration of collagen—aluminosilicate complexes. The high
alkaline conditions can alter the charge state of peptides, reducing electrostatic repulsion and
promoting formation of larger complexes.!>???* FTIR analysis also supports that ZTLS



underwent comparatively less collagen degradation than CTLS, which further explains why

larger fragments are retained in the hydrolysate. Collectively, these observations indicate that
both the chemical nature of the tanning agent and the hydrolysis environment strongly

influence peptide distribution and molecular interactions.

3.4. Amino Acid Composition

Amino acid analysis reflected the influence of tanning agents on hydrolysate composition.

Table 9: Comparison of Amino Acid Composition (mg/g) in CTLS, ZTLS, Bovine
Hydrolysates (BH), and Type I Collagen standard (Note: Values are expressed as
milligrams of amino acid per gram (dry weight) of each respective hydrolysate).

Amino Acid ZTLS CTLS BH Type I Std
HyPro 43.7+£2.2 64.0+£3.0 95.5+34 102.0+9.0
His 27.5+1.2 24.6 £0.8 7.8+1.0 47.1+£3.8
Asp 347+£23 449 £ 1.7 56.8 1.7 55.6+4.7
Arg 41+1.0 16.8+3.4 63.3+2.9 83.2£8.5
Ser 7.5+0.5 11.0+ 0.6 28.6 0.8 32.5+2.0
Glu 64.4+£3.6 83.4+2.2 103.1 +£3.1 106.6 + 8.7
Gly 1259+ 6.8 168.7 £3.7 2046 +2.3 230.8+11.4
Thr 1.7+£0.1 32+£0.2 17.0£0.5 18.0+ 1.6
Ala 50.6+2.5 66.2 £1.7 81.2+19 86.8 £5.7
Pro 75.7+3.9 101.6 2.0 1153+0.8 141.1 £8.0
Cys 23+04 3.0+£0.6 0.0+0.0 0.0+£0.0
Tyr 4.0+£0.3 56+0.1 6.6+0.3 4.7+£04
Val 125+ 0.7 16.3+0.3 20.6 +0.3 21.7+1.0
Meth 33+0.1 5004 63+04 63+1.4
Lys 183+ 1.1 22.4+0.8 356 +2.2 33.9+£3.0
lle 7.6+0.8 10.8 £0.5 13.7+0.1 149+0.7
Leu 169+ 1.0 22.0+0.5 26.1+0.3 287+ 1.3
Phe 11.2+0.7 15.1+0.4 15.7+0.1 194+1.5
Total 511.9 +24.8¢ 684.5 + 15.1¢ 897.8 £17.2°| 1033.2 +50.8

The bovine hydrolysate (BH) exhibited the highest total amino acid content at 897.8 mg/g,
with high recoveries of glycine (204.6 mg/g), hydroxyproline (95.5 mg/g), and proline (115.3

mg/g), consistent with mild enzymatic hydrolysis and preservation of collagen structure.
Alkaline-sensitive residues such as serine (28.6 mg/g) and threonine (Thr) showed moderate

reductions relative to a Type I collagen standard, reflecting partial degradation even under

enzymatic conditions.

CTLS hydrolysate had a lower total amino acid content of 684.5 mg/g, reflecting both the
effects of alkaline hydrolysis and interactions with residual chromium. Structural residues,
glycine (168.7 mg/g) and hydroxyproline (64.0 mg/g), decreased by 17.6% and 33.0%,
respectively, relative to bovine hydrolysate. Acidic and basic residues known to interact with

chromium, including glutamic acid (83.4 mg/g), aspartic acid (44.9 mg/g), and lysine (22.4




mg/g), were reduced by 19.1%, 21.0%, and 37.1%, respectively. This supports the formation
of stable chromium—peptide complexes via coordination with carboxylate (-COO") groups
and amino (-NH.) groups, which can limit solubility.!”*! FTIR analysis corroborated the
presence of chromium—carboxylate interactions, confirming partial retention of chromium in
hydrolysates. Alkaline-sensitive residues such as serine (11.0 mg/g) and threonine were
further degraded, whereas proline (101.6 mg/g) remained largely intact.

The ZTLS hydrolysate exhibited the lowest total amino acid content at 511.9 mg/g, reflecting
both lower initial protein content (29.9%) and the higher inorganic fraction (16.9%) in the
substrate. Aluminosilicate—collagen interactions, including coordination bonds and hydrogen
bonding with peptide groups, likely restricted the release of glycine (125.9 mg/g), proline
(75.7 mg/g), and other residues.'? Acidic residues such as aspartic acid (34.7 mg/g) and
glutamic acid (64.4 mg/g) were strongly retained through primary valency interactions with
the polyaluminosilicate matrix, while basic residues, including arginine (4.1 mg/g) and lysine
(18.3 mg/g), were similarly reduced. Octahedral coordination of aluminium and silicon with
carboxyl and peptide groups may have further stabilized the complex, resulting in stronger
retention of collagen fragments.'? These observations highlight the significant influence of
tanning agent chemistry on amino acid recovery during hydrolysis.

4, Conclusion

This study highlights the comparative behaviour of ZTLS and CTLS under modified alkaline
hydrolysis. ZTLS hydrolysis enabled partial separation of organic and inorganic components,
with a significant portion of the zeolite remaining in the unhydrolyzed fraction, supporting its
potential for recovery and reuse. In contrast, CTLS hydrolysates retained measurable
chromium, limiting downstream applications and emphasizing the challenges of complete
metal removal.

FTIR and SEC analyses revealed clear differences between hydrolysates: ZTLS hydrolysates
exhibited broader molecular weight distributions, reflecting interactions between collagen
fragments and zeolite species. Elemental analysis confirmed partial dissolution of zeolites
under alkaline conditions, influencing peptide solubility and contributing to lower total amino
acid yields in ZTLS compared to CTLS and bovine hydrolysates. The lower initial protein
content of ZTLS also contributed to reduced amino acid recovery, with threonine, serine, and
arginine disproportionately affected, indicating selective interactions with the zeolite matrix.

Despite higher protein recovery percentages into ZTLS hydrolysates (Tables 4-5), molecular
weight distributions remained broad and shifted toward higher masses, consistent with
persistent zeolite-collagen complexes. Overall, these findings demonstrate that zeolite-based
tanning may offer a more sustainable alternative to chromium tanning, although complete
separation of inorganic components from hydrolysates requires further optimization. Future
work should aim to improve zeolite recovery and evaluate the environmental benefits of this
approach relative to conventional chromium-based processes.



5. Future work

Further optimizing alkaline hydrolysis conditions to enhance separation of zeolite
from collagen hydrolysates.

Developing methods for efficient recovery and reuse of zeolite from unhydrolyzed
residues.

Quantitatively assessing the environmental benefits of zeolite-tanned leather
processing compared to chromium-based waste streams.

Investigating the functional properties and potential applications of ZTLS-derived
collagen hydrolysates.

Exploring the influence of hydrolysis parameters on amino acid recovery and peptide
molecular weight distribution.
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