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A B S T R A C T

Sustainable leather production has long faced the challenge of finding eco-friendly methods maintaining quality 
standards. This study investigates vegetable tanning with oak bark extracts obtained using eco-friendly Ultra
sound-Assisted Extraction (UAE), providing a straightforward analytical approach for a better understanding of 
the molecular mechanisms by which these extracts stabilise the collagen-tannin interactions. Aqueous extraction 
of oak bark polyphenols, achieved employing a continuous UAE process, scalable for industrial use, was also 
boosted using very low concentrations of NaOH (0.1 to 0.5 %) or 0.25 % sulfite/bisulfite. Collagen-tannin 
matrices were characterized using micro-differential scanning calorimetry (micro-DSC), ATR-FTIR spectros
copy, NMR MOUSE, and thermal microscopy. Key results show that aqueous and low-alkali bark extracts stabilise 
collagen mainly through hydrogen bonding. Alkali and sulfonated extracts create a mixed network of hydrogen 
and covalent bonds, likely linked to lignin derivatives. Micro-DSC analysis revealed the highest increase in 
denaturation temperature, up to 11–14 ◦C, and a narrowing of transition peaks in collagen matrices treated with 
0.2 % and 0.5 % NaOH extracts. ATR-FTIR confirmed the formation of ester bonds. NMR MOUSE results showed 
increased chain packing and water exclusion, linking to enhanced physicomechanical properties. Leather pro
duced using the oak bark extracts showed hydro-thermal and mechanical resistance and structural homogeneity 
that match those of conventional vegetable-tanned leathers. These findings highlight the technological, com
mercial and environmental value of UAE-derived oak bark tannins for sustainable leather production. The 
approach adopted in manuscript fosters sustainability in the tannery sector by reducing the environmental 
impact and converting tree bark, a low-value by-product, into valuable tannins.

1. Introduction

The global leather industry faces an urgent environmental and health 
crisis due to widespread chrome tanning, which accounts for 80 to 85 % 
of the world's leather production and produces about 40 kg of chrome- 
laden solid waste per ton [1]. Chrome tanning releases large amounts 

of chromium (III) salts, which can oxidise into the highly toxic and 
carcinogenic chromium (VI) under improper conditions. Effluents 
contain chromium concentrations from 100 to 250 mg/L, challenging 
wastewater treatment due to high chemical oxygen demand (COD) 
values [2]. Workers in chrome tanneries risk chromium exposure, 
leading to health issues such as dermatitis, respiratory problems, and 
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cancer [3]. In contrast, vegetable tanning with tannin-rich plant extracts 
offers a more sustainable and ecologically responsible alternative. For 
example, under composting conditions, vegetable-tanned leather de
grades by up to 50 % within 90 days, while chrome-tanned leather de
grades by less than 10 % [4,5]. Vegetable tanning uses renewable, 
untapped raw biomass like bark, shrubs, and branches. Oak, pine, alder, 
birch, and willow bark have been used for leather tanning in Eastern and 
Western Europe and the Balkans until the first half of the 19th century, 
when exotic tannins such as mimosa and quebracho came to the fore [6]. 
Oak bark is notable for its high tannin content, including both hydro
lysable and condensed categories, like catechin, ellagic acid, proto
catechuic acid, gallic acid, and vanillic acid [4,5]. Bark can be harvested 
periodically without destroying trees, supporting forest ecosystems and 
reducing dependency on imported tannins from mimosa and quebracho. 
The revival of vegetable tanning is also supported by the broad biolog
ical activities of tannins, including antioxidant and antimicrobial 
properties [6]. Recently, Quaratesi et al. [7] assessed the molecular 
profile of the Q. robur bark extracts obtained via ultrasound-assisted 
extraction (UAE) using FTIR-ATR spectroscopy, revealing typical sig
nals of both condensed and hydrolysable tannins [7]. The extracts have 
also shown antimicrobial activity against gram-negative (Escherichia 
coli) and gram-positive (Staphylococcus aureus) bacteria [7]. However, 
the reliance on natural materials contributes to the higher costs of 
vegetable-tanned leather. In addition, the traditional hot water extrac
tion of vegetable tannins has several drawbacks. It consumes a signifi
cant amount of energy and solvent, requires lengthy extraction times, 
leads to tannin degradation, has lower extraction efficiency, and results 
in reduced yields. On the other hand, ultrasonic-assisted extraction 
(UAE) is recognised as an environmentally friendly and efficient 
extraction technology [8]. In particular, ultrasound-assisted extraction 
(UAE) offers rapid extraction kinetics and typically requires no more 
than 30min [9]. It also significantly improves extraction efficiency [10]. 
For example, Quaratesi et al. [7] demonstrated that UAE at 50 ◦C was 
more efficient in 10 min than the conventional extraction at 70 ◦C for 30 
min. The TPC value increased by 14.4 % and the dry extract by 6.3 %. 
Mild extraction temperature in the UAE preserves the biological activity 
of heat-sensitive compounds, such as phenols and flavonoids [11]. 
Tannins provide UV protection to leather because their natural poly
phenolic structure absorbs and scavenges UV light. They also confer 
antimicrobial resistance by preventing enzymatic activities and inhib
iting the synthesis of nucleic acids [12,13] [ref]. These advantages 
highlight the UAE as a rapid, energy-saving, and environmentally 
friendly alternative for extracting valuable tannins from bark.

It is noteworthy that, despite long-standing application of vegetable 
polyphenolic extracts in leather tanning, the molecular mechanisms by 
which these compounds stabilise the collagen matrix are only partially 
understood [14,15]. This raises a key research question: How do specific 
compounds within Q. robur bark extracts interact at the molecular level 
to enhance collagen stabilization during tanning? Understanding the 
mechanism of vegetable tanning offers several key advantages: opti
mizing tannin concentration, improving tannin penetration and uni
formity, enhancing leather quality and innovation, and supporting 
process control.

The structural stability of collagen matrix in commercial leathers is 
crucial for their function and durability. Leather durability (i.e., the 
capacity to endure wear, tear and time while maintaining its structural 
integrity and appearance) mainly depends on the collagen matrix sta
bilization induced by tannins. Vegetable-tanned leather is known to last 
much longer than chrome-tanned leather. However, interactions be
tween plant extracts with non-soluble hide collagen are difficult to 
predict due to the diverse chemical interactions of the extracts' com
ponents with collagen. Collagen and vegetable tannins interacts in 
complex ways and via multiple: hydrogen bonding (tannins can form 
hydrogen bonds with the amino acid side chains in collagen, leading to 
changes in the structural conformation of the collagen fibers); hydro
phobic interactions (tannin hydrophobic regions interact with those of 

collagen, promoting aggregation or cross-linking of collagen fibers); 
electrostatic interactions (tannins carry negative from phenolic groups, 
while collagen has positively charged regions enabling ionic in
teractions); and cross-linking (tannins act as cross-linkers, forming co
valent bridges between collagen molecules, that improve e mechanical 
properties).

Understanding these interactions is crucial for optimizing the use of 
sustainable tanning agents and promoting the circular economy in the 
leather industry.

This study aims to show how Q. robur (English oak) bark extracts, 
obtained through UAE (ultrasound-assisted extraction), stabilise 
collagen during tanning. It also aims to provide a straightforward 
method for characterising plant extracts based on their effects on 
insoluble proteins. The analytical approach of this work is novel in its 
combined use of micro-differential scanning calorimetry (micro-DSC) 
and unilateral 1H nuclear magnetic resonance (NMR MOUSE). micro- 
DSC provides a sensitive, quantitative assessment of the hydrothermal 
stability and cross-linking of collagen-tannin matrices, revealing subtle 
differences that traditional techniques like shrinkage temperature 
measurement [16]. NMR MOUSE offers spatially resolved insights into 
water distribution and molecular mobility within the tanned collagen. 
This complementary use of micro-DSC and NMR MOUSE delivers a 
multi-dimensional understanding of collagen stabilization mechanisms 
during eco-friendly vegetable tanning. Fourier transform infrared 
spectroscopy in attenuated total reflection mode (FTIR-ATR) was also 
applied to analyse spectroscopic properties of leather specimens tanned 
with oak bark extracts. Their physical and mechanical properties were 
measured using industrial standard methods.

This approach aligns with several goals of the Sustainable Develop
ment: Affordable and Clean Energy, Industry, Innovation and Infra
structure, Responsible Consumption and Production and Life on Land 
[17].

2. Materials and methods

2.1. Tannin content of the oak bark extracts

The oak bark (Q. robur) used in this study was supplied by Hofigal S. 
A. (Bucharest, Romania). For processing, the raw bark was first dried in 
a circulating air oven at 40 ◦C to constant weight, resulting in a material 
with a final moisture content of 14 %. After drying, the bark was ground 
using an electric grinder and the resulting powder was sieved to select 
particles smaller than 400 μm. The prepared oak bark powder was then 
stored under refrigerated conditions (4–5 ◦C) in sealed containers until 
the extraction of polyphenols.

The hide powder (HP) was the SLTC official batch B60 purchased 
from BLC: Leather Technology Center Ltd., Moulton Park Northampton. 
Pickled sheepskins were provided by the Leather and Footwear Research 
Institute (ICPI) of the National Research and Development Institute for 
Textiles and Leather (INCDTP), Bucharest. Sodium hydroxide, sodium 
sulfite, and sodium bisulphite, all analytical grade, were purchased from 
Merck, Darmstadt, Germany. Sodium chloride, sodium bicarbonate and 
sodium formate, as well as sodium sulfite and bisulfite, used in the micro 
pilot scale process, were all technical grade and were purchased from 
Chimreactive S.R.L., Bucharest, Romania, whereas Poylol AK and Sul
phirol EG60 were purchased from Smit & Zoon, Weesp, The 
Netherlands.

2.2. Preparation and characterisation of bark extracts

Water extracts from oak bark (Q. robur) were obtained using the 
ultrasound-assisted extraction (UAE) as reported earlier by some of the 
authors [7]. Low percentages of sodium hydroxide (0.1 %, 0.2 %, and 
0.5 % w/w), sodium sulfite (0.25 % w/w), and sodium bisulfite (0.25 % 
w/w) were used to enhance the extraction of tannins from bark. NaOH 
solutions are widely used to release phenolics linked via ester or ether 
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bonds to cell wall carbohydrates [18], while sulfonation is often used to 
facilitate the tannin extraction by inserting a sulfonic polar group after 
the heterocyclic ring opening, thus increasing the solubility and 
decreasing the viscosity of tannins [18,19].

A modified Dual-Frequency Reactor (DFR) (from Advanced Sonic 
Processing Systems, USA) operating on a 600 mL batch reactor was used 
to achieve the extraction at a mild temperature (50 ◦C). The DFR 
equipment which consists of two magnetostrictive transducers, each 
with a diameter of 10 cm, resonating at different frequencies (16 and 20 
kHz) and using 50 W of power per transducer, yields a lower power 
density of 0.64 W/cm2. Such equipment allows to scale the process 
without losing the efficiency of the ultrasonic treatment [20].

The ratio of plant material to solvent was kept at 1/10 (w/v) 
throughout the extraction processes. The extraction mixture was 
continuously circulated between the ultrasonic reactor and the loading 
tank for up to 30 min, the material being intermittently exposed to 
ultrasonication to prevent potential degradation of bioactive compo
nents. Due to the loop design, the extraction mixture was ultrasonicated 
for 15 s every 60 s. The extracts obtained using only water, as well as 
those in which sodium sulfite and bisulfite were added, were concen
trated by mixing the extract from the first extraction with a fresh 
quantity of oak bark and subjecting it to a second extraction under the 
same conditions as the first. The extraction was conducted in triplicate. 
The phenols extraction yield for the five extracts selected for this study is 
reported in Table S1 [7], indicating a successful recovery of phenolic 
compounds. Total phenolic content was determined using the procedure 
reported in the International Standard ISO 14502-1 guidelines [21]. The 
extracts were subsequently evaluated for their ability to interact with 
the collagen matrix in hide.

The analysis of tannin content (hide-powder test) was conducted 
according to the official methods of SLC 114, 115, 116 and 117 (SLC- 
114, 1996; SLC-115, 1996; SLC-116, 1996; SLC-117, 1997) [22]. An 
aqueous solution of extracts (100 mL) was vacuum filtered through a 
0.45-μm filter to determine the soluble solids of the extract. This solution 
was then added to 7 g (±0.05) of hide powder. The suspension was 
stirred for 20 min, then left for 10 min at rest, and finally filtered 
through a sintered glass filter. The filtrate (50 mL) was then subjected to 
evaporation to determine the non-tannins. The tannins were calculated 
as the difference between the soluble solids and the non-tannins.

2.3. Leather samples' preparation

The operative procedures for the tanning process, including 
handling, temperature, pH, and commercial additives, are reported in 
Table S3. We applied a one-step tanning process to distinguish between 
vegetable tanning stabilization and re-tanning further stabilization, and 
focus solely on the effect of oak bark extracts. Tanning and re-tanning 
are two distinct but related stages in the leather processing industry. 
Tanning is the primary process that converts raw animal hides or skins 
into leather. It stabilises the protein structure of the hide, making it 
resistant to decomposition, more durable, and flexible. Re-tanning is a 
secondary process applied to leather that has already been tanned to 
further modify the leather's properties, i.e., softness, fullness, colour, 
and feel, according to the desired end use.

2.4. Leather samples' characterisation

The thermal stability of the leather samples obtained with the five 
oak bark extracts at the micro-pilot scale level was evaluated by a 
combined approach based on micro-DSC and 1H NMR. ATR-FTIR The 
interaction of collagen with the bark components was monitored using 
ATR-FTIR spectroscopy. The physical-mechanical characteristics of 
leather obtained using the oak bark extracts were determined according 
to the specific standard tests used in the tanning industry: SR EN ISO 
2589:2016; SR EN ISO 3376:2020; SR EN ISO 3379:2016; SR EN ISO 
3377-2:2016; SR EN ISO 17235:2016.

The Infrared Spectroscopy in Attenuated Total Reflection mode 
(ATR-FTIR) analyses were performed with an ALPHA spectrometer 
(Bruker Optics) equipped with a Platinum ATR module. The penetration 
depth, depending on the refractive indices of ATR crystal and sample, 
typically amounts to a few microns (ca. 0.5–3 μm). Spectra were 
recorded in the 4000–400 cm− 1 spectral range with a 4 cm− 1 resolution, 
using 32 scans. Opus software (Bruker Optics, Germany) was used to 
acquire and elaborate the spectra.

Micro-Differential Scanning Calorimetry (micro-DSC) measurements 
were carried out with a high-sensitivity Micro-DSC III calorimeter 
(SETARAM) in the (25–95) ◦C temperature range, at 0.5 ◦C/min heating 
rate. This low scan rate ensures the quasi-equilibrium condition for DSC 
analysis and accurate measure of the denaturation parameters. Samples 
of approximately (5.0–10.0) mg were suspended in 0.5 M acetate buffer 
(pH = 5.0) directly in the measurement cell and left for 30 min to ensure 
full hydration and hence avoid the variation of denaturation tempera
ture and enthalpy with the hydration level. Experimental DSC data ac
quired using SETARAM SetSoft2000 software were analyzed using 
PeakFit 4.1 (Jandel Scientific). Multicomponent DSC peaks were treated 
as overlapping Gaussian functions and deconvoluted using the PeakFit 
asymmetric Gaussian fit function to improve the fit of the asymmetry in 
the peaks.

The proton relaxation times for the leather specimens obtained with 
the oak bark extracts were obtained with an NMR MOUSE® PM2 from 
Magritek GmbH controlled by a Kea 2 spectrometer and operating at 27 
MHz 1H resonance frequency. The proton spin-lattice (longitudinal) 
relaxation times T1 were measured with the saturation-recovery pulse 
sequence using a Hahn-echo with an echo time (TE) of about 25 μs for 
detection (64 echoes). The analysis of the saturation recovery data was 
best performed with the help of a single exponential function (1): 

A(t) = Aequilibrium

(

1 − exp
(

−
t

T1

))

(1) 

The 1H spin-spin (transverse) relaxation times T2 were measured 
using the Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence [23,24] 
with an echo-time (TE) of about 25 μs, 256 echoes and pulse sequence at 
a depth of 1 mm. The number of scans was fixed at 2048. The data 
obtained applying the CPMG pulse sequence were fit to the following 
function (2): 

Y = Σn
i=1W1e

− t
T2i (2) 

where n is the number of components used to fit the decay of the 
magnetization, Wi is the spin population of the ith component, and T2i is 
the transverse relaxation time of the ith component. The sum of spin 
populations was normalized to 100 %. A regularized inverse Laplace 
transformation [25] was applied to the echo decay obtained by applying 
a CPMG sequence. After the transformation, the experimental T2 decays 
were represented as a distribution of T2 relaxation times. Distributions 
were obtained using a software implemented within the MATLAB 
(MathWorks) framework. The error in the reported T1 and T2 values was 
within 10 % of the nominal values.

The micro-pilot tanning test is described in detail in the Supple
mentary Material and schematically reported in Table S3.

The physical-mechanical characteristics of leather obtained using the 
oak bark extracts were determined according to the specific standard 
tests used in the tanning industry: SR EN ISO 2589:2016; SR EN ISO 
3376:2020; SR EN ISO 3379:2016; SR EN ISO 3377-2:2016; SR EN ISO 
17235:2016.

3. Results and discussion

3.1. Tannin content of the oak bark extracts

The tannin and non-tannin content of the five extracts is reported in 
Table 1. As the NaOH concentration increases from 0.1 % to 0,2 % and to 
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0.5 % (N0.1, N0.2 and N0.5, respectively), a rise in the content of both 
insoluble solids and non-tannins is observed. The high percentage of 
non-tannins and insoluble solids shown by aqueous extract (W) and 
sulfonated extract (S) are due to the secondary extraction cycle.

These results are in agreement with our previous results showing (i) a 
depletion of tannin-specific ATR-FTIR bands, while lignin-specific bands 
increase in strength, with increasing NaOH concentration, also consis
tent with the TPC and dry extract values and (ii) a similarity between the 
molecular spectra of W and S extracts [7]. Regardless of the vegetable 
source, all tannins exhibit distinct common bands (Table S2): four 
prominent bands, two at 1615–1606 cm− 1 and 1452–1446 cm− 1 

attributed to aromatic ring stretching vibrations, and the other two at 
1211–1196 cm− 1 and 1043–1030 cm− 1 ascribed to C–O bond stretch
ing vibrations [26]. Specifically, the second derivative spectra of the five 
extracts in the fingerprint region 1750–800 cm− 1 clearly show the 
presence of condensed tannins with the characteristic bands at 
1288–1282,1162–1155, 1116–1110, 976 and 844–842 cm− 1, and of 
hydrolysable tannins which exhibit bands at 1731–1704 and 
1325–1317 cm− 1, while gallotannins presents distinctive bands at 
1070–1072, 867–872 and 763–758 cm− 1 (Table 2, Fig. 1) [27,28].

The occurrence and intensity of the 1413 cm− 1 band associated with 
the C–H in-plane bending of aromatic rings within the lignin structure 
in the spectra of N02 and N05 extracts can serve as an indicator of the 
overall amount of lignin in the sample. Lignin becomes more soluble due 
to scission of ether and ester bonds linking lignin with hemicellulose and 
other wall components when NaOH concentration increases. NaOH 
potentially degrades tannins, cleaving C–C and C–O bonds in their 
polyphenolic backbone and leading to condensation reactions and 
oxidative polymerization, resulting in precipitation or irreversible 
modification of the tannin structure. Comparatively, as tannins degrade 
or precipitate, the measured lignin content in the extract increases, 
reflecting both more lignin solubilised and fewer tannins [29,30].

3.2. Evaluation of thermal stability of collagen-tannin matrices

The thermal stability of a collagen-tannin matrix is affected by both 
intramolecular changes and intermolecular interactions caused by the 
tannin's interaction with collagen. The reaction sites differ according to 

the tannin type (e.g., mineral, aldehyde, and vegetable): the stronger the 
bonds and the more frequent the binding sites, the more stable the 
leather. Covalent, coordinative, and electrostatic interactions, as well as 
hydrogen bonds and hydrophobic interactions, result in a more regular 
structure, reduce entropy, and therefore require more energy to dena
ture the collagen matrix. Mineral tannins interact with collagen's 
abundant carboxyl ions, resulting in the most stable and commercially 
important tannins to date. Aldehyde-based tannins form stable, cova
lently cross-linked compounds due to a limited number of accessible 
amine groups. The binding process of vegetable tannins to collagen is 
substantially more complex due to the wide range of chemical in
teractions enabled by this large and heterogeneous group of phenolic 
chemicals.

The standard method of assessing the thermal stability of leather in 
the tanning industry is to measure its shrinkage temperature Ts. [16]. 
This empirical test uses heating a leather stripe in water at 2 ◦C/min, 
causing it to shrink abruptly when it reaches a threshold temperature, 
called the shrinkage temperature. However, this simple test has some 
drawbacks: (i) it cannot be applied to measure the hydrothermal resis
tance of hide powder matrices, and (ii) it provides a measure of the 
thermal stability of the majority collagen population but fails to evaluate 
the homogeneity of the tanning process.

Micro-differential scanning calorimetry (micro-DSC) is a sensitive 
and reliable technique used to assess the thermal stability and dena
turation behaviour of collagen matrices, providing both qualitative and 
quantitative indicators [7,31–34].

Table 1 
Tannin and non-tannin content of the five oak bark extracts.

Extract symbol/solvent Extraction 
cycles

Tannins adsorbed on HP (g/100 g 
extract)

Total dissolved solids 
(%)

Insoluble solids 
(%)

Non-tannins 
(%)

Tannin content 
(%)

N0.1 (NaOH 0.1 %) 1 0.84 ± 0.05 98 ± 1 2.4 27 ± 2 68.3
N0.2 (NaOH 0.2 %) 1 0.93 ± 0.07 98 ± 1 6.9 28 ± 1 65.0
N0.5 (NaOH 0.5 %) 1 1.11 ± 0.04 92 ± 2 8.3 39 ± 1 52.6
W (water) 2 0.50 ± 0.02 89 ± 3 10.8 34 ± 2 54.9
S (sulfite 0.25 % + bisulfite 0.25 

%)
2 0.79 ± 0.02 98 ± 2 12.1 36 ± 2 50.2

Table 2 
ATR-FTIR characteristic bands of aqueous tanning extracts.

Extracts W N01 N02 N05 S

Hydrolysable tannin I 1724 1726 1729 1730 1711
Tannins II 1611 1610 1610 1606 1608
Tannins III 1512 1509 1509 1494/1511 1512
Tannins IV 1445 1449 1448 1453 1448
Lignin V – – 1413 1413 –
Lignin VI 1369 1367 1369 1365 1372
Hydrolysable tannin VII 1315 1315 1315 1313 1317
Condensed tannin VIII 1281 1277 1282 1260 1283
Condensed tannin IX 1110 1103 1106 1102 1110
Gallotannins X 1072 1067 1069 1067 1071
Tannins XI 1031 1026 1027 1013 1031
Condensed tannin XII 1000 1004 1003 – 994
Gallotannins XIII 872 872 872 877 867
Condensed tannin XIV 821 826 826 826 819

Fig. 1. ATR-FTIR second derivative spectra for oak bark extracts in the 
1750–800cm− 1 fingerprint region: water extract (black line); 0.1 % NaOH 
extract (orange line); 0.2 % NaOH extract (blue line); 0.5 % NaOH extract (red 
line) and sulfonated extract (green line).
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Micro-DSC analysis reveals an endothermic denaturation peak 
(Fig. 2a), often multicomponent for heterogeneous collagen matrices, 
providing key thermal parameters [35–37]. Denaturation temperature 
(Tmax) indicates hydrothermal stability. Peak width (ΔT1/2) reflects 
structural heterogeneity resulting from tanning interactions. Denatur
ation enthalpy (ΔH) is crucial for assessing collagen-tannin interactions. 
Onset temperature (Tonset) identifies initial destabilization of the least 
stable collagen and correlates with shrinkage temperature (Ts) [16].

3.3. Hide powder matrix thermal stabilization by oak bark extracts

The thermal denaturation peaks for the five collagen matrices ob
tained by treating hide powder (HP) with oak bark extracts are illus
trated in Figs. 2 b-f, while the corresponding thermal denaturation 

parameters are reported in Table 3. The rise in Tmax due to collagen- 
tannin interaction is denoted as ΔT.

When considering the tanner's criterion for selecting a tanning agent 
(i.e. the highest achievable Tmax and the narrowest transition peak), the 
results indicate the 0.2 N and 0.5 N extracts as the most effective tanning 
agents. Interestingly, the ΔH values indicate two distinct behaviours 
corresponding to distinct stabilization patterns, namely the HP matrices 
reticulated with 0.1 N, W and S extracts exhibiting higher enthalpy 
values and those interacted with 0.2 N and 0.5 N extracts showing 
higher Tmax. This suggests that although higher NaOH concentrations 
increase the release of extractives, the proportion of intact, active tan
nins decreases due to condensation reactions and oxidative polymeri
zation, leading to precipitation or irreversible structural modification of 
the tannins. This grouping is consistent with the molecular profile of the 

Fig. 2. Micro-DSC denaturation peaks of collagen matrix within (a) hide powder compared with hide powder matrices treated with: (b) 0.1 N extract, (c) 0.2 N 
extract, (d) 0.5 N extract, (e) W extract, (f) S extract, For the multi-component denaturation peaks of HPs matrix, deconvolution into component peaks was applied.
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extracts obtained via FTIR-ATR and previously described by some of us 
[7]. The ATR-FTIR spectra of the HP matrices treated with 0.1 N, W and 
S extracts showed the absorption bands characteristic of oak tannins (at 
1720 cm− 1, 1510 cm− 1, 1315 cm-1, and 1180 cm− 1) and statistically 
grouped [27], while the characteristic bands of lignin (1600 cm− 1, 
1370–1380 cm− 1) were more intense in the spectra of HP matrices 
treated with 0.2 N and 0.5 N extracts [30,38]. The chemical reactivity of 
lignin is due to its functional groups, including alcohol hydroxyl group, 
phenolic hydroxyl group, carbonyl group, carboxyl group, methoxyl 
group, and sulfonic acid. The hydroxyl and phenolic hydroxyl groups 
create intermolecular hydrogen bonds, as in the case of tannins, whereas 
the carbonyl and carboxyl groups offer the possibility of forming cova
lent bonds. It was shown that lignin degradation products have tanning 
ability equivalent to vegetable (flavonoid plant polyphenol) tannins 
[39]. We could assume that several interlinked factors underlie the two 
types of thermal behaviours revealed by the micro-DSC results: (i) lignin 
can form stronger covalent bonds with collagen, but its high molecular 
mass may prevent it from penetrating the fiber structure; (ii) tannins can 
form more diffuse and dense hydrogen-bonding network through the 
fiber structure; (iii) ability of the various extracts to bind to collagen 
fibers (Table 1, column 3); (iv) total phenols content of the extracts 
(Table S1). These findings should subsequently be validated by a micro- 
pilot test.

3.4. Sheepskin matrix thermal stabilization by oak bark extracts

Pickled sheepskins were tanned using the oak bark extracts using a 
tanning formulation and process (Table S3) that did not include the re- 
tanning phase, even though it is crucial for the technological perfor
mance of the finished leather. In fact, in almost all cases, the initial 
tanning of the leather (also known as primary tanning) is not sufficient 
to achieve the desired properties specified by the customer. Re-tanning 
helps to adjust suppleness, fullness, dyeability, light fastness, grain 
stability, and hydrothermal stability [40,41]. We applied a one-tanning 
step process to avoid the stabilizing influence of the re-tanning agents 
and focus solely on the effect of oak bark extracts.

The thermal stability of the leather samples obtained with the five 
oak bark extracts at micro-pilot scale level was also evaluated by micro- 
DSC. The results are shown in Fig. 3 and Table 4.

Although all extracts improved the hydrothermal stability of the 

collagen matrix, the results indicate that the best-performing extracts 
were 0.2 N, 0.5 N, and S. The least effective extract was the water extract 
W, confirming the results obtained at laboratory scale. Notably, the 
S–W leather gave the only one-component denaturation peak, whereas 
a two-component peak was obtained for all other leather specimens. The 
two-component peaks consist of a main peak at about (62–65) ◦C and a 
shoulder at a temperature higher than 70 ◦C. This could be seen as a 
confirmation of two simultaneous stabilization mechanisms: one based 
on the hydrogen bond network, specific to hydrolysable tannins, and a 
second one based on covalent bonds, specific to condensable tannins and 
other extractives such as soluble lignin and lignin degradation products. 
As shown in Table 2, oak bark tannins consist of a mixture of hydro
lysable (gallo- and ellagitannins) and condensed (gallocatechins, pro
cyanidins, leucoanthocyanidins, etc.) tannins [42,43]. The condensed 
tannins led to leather with higher thermal stability than that obtained 
with hydrolysable tannins [44–46].

These findings are consistent with the ATR-FTIR analysis, which also 
demonstrates an interaction between the leather specimens and the five 
extracts (Table 5) [44,47]. Specifically, the hydrolysable tannin signal at 
1724 cm− 1 shifts slightly to 1711–1707 cm− 1 due to interaction with 
collagen. Same for the signals at 1445 cm− 1, 1369 cm-1, and 1110 cm-1, 

which shift to 1458–1455 cm− 1, 1336–1341 cm-1, and 1167–1159 cm− 1, 
respectively. The signals at 1610 cm− 1 and 1510 cm− 1 overlap with the 
more prominent signals of AI and AII and cannot be evaluated.

The peak at 1740–1747 cm− 1 is reasonably attributable to the tri
glyceride ester groups, thus to the residual fat in the sheepskin (Fig. 4, 
black line) [48]. Its increase in all leather samples' spectra can be 
attributed to the collagen-tannin crosslink formation, specifically to 
ester carbonyl stretching vibrations (C=O) of ester linkages formed 
between tannin's hydroxyl groups and collagen's carboxyl or amino 
groups.

3.5. Changes in the water dynamics due to collagen-tannin interactions

As collagen is synthesised in the aqueous environment of human 
cells, water plays a crucial role in its structure and stability through 
hydrogen bonding [49,50], influencing the characteristics of collagen in 
vivo, i.e., by allowing for precise adjustments in the mechanical prop
erties of living tissues, as well as of collagen-based materials where 
macroscopic properties can be modulated by water–collagen in
teractions [51]. The relaxometric characterisation by 1H NMR of the five 
leather specimens was therefore performed to complement the calori
metric results.

Unilateral NMR technique in general, and particularly the NMR 
MOUSE®, has proved to be suitable for studying the dynamic properties 
like relaxation for structurally and chemically heterogeneous materials, 
including collagen-based materials, whose constituents, due to the 
different molecular mobility, show different relaxation properties 
[32,52–58].

A recent study reveals that specific binding of water molecules to 
collagen chains, particularly through the hydroxyl groups of hydroxy
proline residues, contributes to the overall stability of the collagen 
structure [59]. Water molecules form extensive hydrogen bonds with 
collagen molecules, creating a stable hydration layer that influences the 
collagen's structure and function. These water networks, or “topological 
water networks”, also play a role in stabilizing the collagen triple helix. 
When the tannin molecules are wrapped into the collagen interfibrillar 
space, the interfibrillar water molecules are displaced. The larger the 
tannin molecules, the more their accommodation process causes an 
alteration of the ability of collagen to interact with water, affecting the 
H-bonding patterns and hence water dynamics. The two major NMR 
relaxation phenomena that characterize the water dynamics are longi
tudinal relaxation, characterized by a relaxation time T1, and transverse 
relaxation, characterized by a relaxation time T2. According to earlier 
research by Badea et al., the transverse relaxation time T2 is more sen
sitive to the degree of matrix cross-linking, whereas the longitudinal T1 

Table 3 
Thermal denaturation parameters of the hide powder matrices treated with oak 
bark extracts measured by micro-DSC.

Collagen 
matrix

Tonset 

(◦C)
Tmax 

(◦C)
ΔT 
(◦C)

ΔT1/2 

(◦C)
ΔH 
(J⋅g− 1)

ΔH (%)

Hide powder 
(HP)

48.8 T1 =

54.1 
T2 =

61.9

– 5.9 35.4 ΔH1 =

74.4 
ΔH2 =

25.6
HP-N0.1 55.4 T1 =

63.6 
T2 =

70.2

9.5 
8.3

10.2 33.5 ΔH1 =

89.8 
ΔH1 =

10.1
HP-N0.2 61.8 T1 =

68.7 
T2 =

76.8

14.4 
14.9

7.4 20.5 ΔH1 =

88.3 
ΔH1 =

11.7
HP-N0.5 57.9 T1 =

66.4 
T2 =

76.4

12.3 
14.5

9.5 19.7 ΔH1 =

94.5 
ΔH1 =

5.5
HP-W 48.8 T1 =

57.8 
T2 =

63.6

3.7 
1.7

13.4 22.8 ΔH1 =

53.6 
ΔH1 =

46.4
HP-S 49.3 T1 =

60.6
6.3 11.0 30.7 ΔH1 =

100

i = 1–2 index of the collagen population with distinct hydrothermal stability.
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is more sensitive to the type of collagen-tannin interaction [44,54]. 
Since there has been documented evidence of a clear correlation be
tween thermal stabilization/destabilization (i.e., Tmax increase/ 
decrease) and T1 decrease/increase [32,54].

The values of the proton-spin lattice (or longitudinal) T1 relaxation 
time and the components of the spin-spin (or transverse) T2 relaxation 
time are given in Table 6. The monoexponential component T1 for the 

five leather specimens shows different values, ranging from about 19 ms 
to 29 ms, suggesting different stabilizing mechanisms. Since the 
decrease in T1 is compatible with an increase in the leather matrix 
structural stability, the stability of the leather matrix increases in the 
following order: S-0.1 N ≈ S-W < S-0.2 N ≈ S-S < S-0.5 N. This 
behaviour agrees with the progressive increase of TPC content of the 
tanning extracts (Table S2), as well as the increased ability of the tannin 

Fig. 3. Micro-DSC denaturation peaks of the sheepskin compared with sheepskin tanned with: (a) 0.1 N extract, (b) 0.2 N extract, (c) 0.5 N extract, (d) W extract and 
(e) S extract. For the multi-component denaturation peaks, deconvolution into component peaks was applied.
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to bind to collagen fibers (Table 1), reflecting a direct relation between 
thermal stabilization (i.e. Tmax increase) and T1 decrease, as reported 
earlier [32,60].

Unlike T1, the transversal relaxation times T2 of the investigated 
leather specimens splits into four components: two short relaxation 
times (T2A and T2B), in the range of (0.04–0.42) ms, attributable to the 
rigid/crystalline component of collagen matrix, a medium relaxation 
time (T2c), in the range of (1.07–4.01) ms, and a long relaxation time 
(T2D) in the range (7.00–13.89) ms, all ascribable to the amorphous 
component [52,55] The fact that T2A and T2B do not vary significantly, 
except for the S-0.5 N sample, suggests that tanning has little effect on 
the crystalline phase of the collagen matrix. This is confirmed by the 
constant percentage of (Wa + WB) corresponding to the more tightly 
bound structures. The higher values of T2c are related to a reduced chain 
mobility, and it can be interpreted in terms of a tighter packing of the 
collagen 3D matrix due to the bonds (i.e., cross-linking) established with 
the tannins. The higher values were measured for sheepskin tanned with 
0.5 N and 0.2 N extracts, and the lower for the sheepskin tanned with W 
and S extracts. These results are perfectly correlated with those obtained 
by micro-DSC (Table 4). The fourth long component T2D, present in all 
specimens, except for S-0.5 N sample, is not well defined. It might be 

related to a possible interaction between a liquid phase and not non- 
interacted molecules from the extract, namely those too large to pene
trate the leather pores, which remain attached to the surface of the 
leather [61].

3.6. Influence of extract type on physical-mechanical properties of leather

Leather's key thermal and mechanical properties (tensile strength, 
elongation, distension, tear resistance) and its softness dictate its end- 
use suitability, durability, and performance. Higher thermal stability 
means leather better resists shrinking, hardening, or degradation in 
variable environments (e.g., temperature and relative humidity fluctu
ations), as highly requested in the automotive, footwear, bag applica
tions, and protection garments (e.g., firefighting, industrial work in hot 
environments, and military roles), helping it last longer and retain its 
flexibility in variable environments. The cross-linking achieved during 
tanning, which raises the thermal stability, also contributes to other 
desirable physical properties like fullness and softness, making the 
leather suitable for a variety of finished products. However, true dura
bility also requires strong mechanical, chemical, and environmental 
resistance (e.g., resistance to UV light and antimicrobial activity). For 
example, higher strength and tear resistance are essential for demanding 
applications (e.g., footwear, upholstery), flexibility for items like lin
ings, and appropriate softness for comfort (clothing) versus solid struc
ture (soles), higher strength and tear resistance are essential for 
demanding applications (e.g., footwear, upholstery), flexibility for items 
like linings, and appropriate softness for comfort (clothing) versus tough 
structure (soles). High-quality vegetable-tanned leather can last for a 
lifetime, becoming more beautiful with age and developing a desirable 
patina. The main factors affecting the physical-mechanical properties of 
leather are skin type (animal species, age and feeding regime), tannage 
(tanning and re-tanning), and finishing. Standard physical-mechanical 
tests were carried out to help understand the effects of different oak 
bark extracts on leather properties. These tests help manufacturers 
ensure that leather meets specific standards and specifications, aiding in 
the development of new and improved materials, and ensuring consis
tent quality, and preventing faulty products from reaching the market. 
The results shown in Table 7 indicate how well the five leather samples 
will withstand stress, stretching, wear and tear, and other forces, in 
different environments and applications. In general, all measured 
properties indicate better performance for the leathers tanned using 

Table 4 
Thermal denaturation parameters of the sheepskin matrix tanned with oak bark 
extracts measured using micro-DSC.

Collagen 
matrix

Tonset 

(◦C)
Tmax 

(◦C)
ΔT 
(◦C)

ΔT1/ 

2(◦C)
ΔH 
(J⋅g− 1)

ΔHi(%)

Sheepskin 
(S)

47.1 T1 =

51.5
– 5.8 29.3 ΔH1 =

100
S-0.1 N 56.0 T1 =

62.9 
T2 =

68.3

11.4 
16.8

10.8 31.1 ΔH1 =

75.3 
ΔH2 =

24.7
S-0.2 N 55.7 T1 =

62.0 
T2 =

70.0

10.5 
18.5

7.7 43.1 ΔH1 =

80.9 
ΔH2 =

19.1
S-0.5 N 60.7 T1 =

65.5 
T2 =

71.4

14.0 
19.9

8.0 38.1 ΔH1 =

73.6 
ΔH2 =

26.4
S-W 54.4 T1 =

58.9
7.4 5.1 35.9 ΔH1 =

100
S-S 58.7 T1 =

62.6 
T2 =

70.0

11.1 
18.5

4.9 40.4 ΔH1 =

80.2 
ΔH2 =

19.8

i = 1–2 index of the collagen population with distinct hydrothermal stability.

Table 5 
ATR-FTIR bands of the leather samples tanned with oak bark extracts.

Sample S S-S S-W S-0.1 
N

S-0.2 
N

S-0.5 
N

Ester carbonyl 
(C=O) stretching

I 1741 1741 1745 1747 1745 1746

Hydrolysable 
tannin

II 1711 1707 1711 1711 1714 1707

Amide I 
components

III 1656 1658 1661 1658 1658 1661
IV 1621 1629 1629 1621 1629 1629

Amide II 
components

V 1545 1549 1551 1552 1552 1549
VI 1514 1519 1519 1522 1519 1519

Tannins VII 1457 1458 1458 1456 1455 1455
Lignin VIII 1376 1377 1377 1377 1377 1377
Hydrolysable 

tannin
IX 1336 1338 1338 1341 1338 1338

Amide III X 1236 1237 1238 1237 1236 1237
Condensed tannin XI 1159 1160 1163 1167 1163 1160
Gallotannins XII 1080 1080 1084 1084 1083 1084
Tannins XIII 1028 1032 1032 1032 1028 1032
Gallotannins XIV 875 873 876 876 875 876

Fig. 4. FTIR-ATR second derivative spectra in the 1800–800 cm− 1 region of 
tannin matrix in sheepskin (black line) compared with sheepskin treated with 
oak bark extracts: W extract (blue line), S extract (red line), 0.1 N extract 
(orange line), 0.2 N extract (green line) and 0.5 N extract (pink line).
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N.02, N.05 and S extracts, confirming that these extracts give rise to 
more stable and resistant matrices. These data allow for informed 
tannage design and application decisions.

In conclusion, the combination of micro-DSC, NMR MOUSE, ATR- 
FTIR, and standard tests used in the tanning industry converges to 
assign two distinct interaction patterns when collagen matrices interact 
with oak bark extracts, depending on the extraction medium, i.e., water 
or water to which small percentages of sodium hydroxide and sodium 
sulfite/bisulfite have been added. Using small percentages of sodium 
hydroxide and sulfite/bisulphite facilitated the extraction of phenolic 
compounds, which can interact with collagen, stabilizing the collagen- 
tannin matrix in leather. This paves the way toward the obtaining and 
direct use of bark extracts in tanneries with several economic, envi
ronmental, and quality benefits such as: (i) elimination of drying costs; 
(ii) reduced transportation, packaging, and storage costs; (iii) enhanced 
fresh extract quality and efficacy (fresh extracts retain a higher con
centration of active molecules); (iv) lower carbon footprint (from 
reduced energy consumption (from no drying) and eliminated trans
portation); (v) reduced waste (due to less packaging); (vi) potential for 
greener solvents (if water is the primary solvent, using fresh extracts 
directly minimizes concerns about residual organic solvents that might 
be used in some commercial drying or concentration processes). In 
addition, sourcing bark locally for on-site extraction supports the local 
forest industry and biodiversity and promotes a circular economy. All 
these add to the sustainability of ultrasonic extraction of plant extracts 
which stems from its ability to: (i) minimize resource use (less energy, 
less solvent, and more efficient use of raw plant material); (ii) reduce 
environmental impact (lower emissions due to reduced energy con
sumption and less solvent waste); (iii) enhance product quality (better 
preservation of bioactive compounds).

4. Conclusion

This study demonstrates that ultrasound-assisted extraction (UAE) of 

oak bark offers a sustainable and effective method for obtaining poly
phenolic compounds with strong tanning properties. By exploring the 
molecular interactions and stabilization pathways between collagen and 
oak bark tannins, supported by a powerful combination of analytical 
techniques, such as micro-DSC, 1H NMR and FTIR-ATR, complemented 
by standard mechanical analyses, this work provides strong arguments 
for scaling up both the UAE of oak bark and the tanning process with the 
oak extracts. The results show that extraction conditions significantly 
influence tannin yield and quality: when NaOH concentration increases, 
tannin yield initially rises due to efficient hydrolysis but also leads to 
tannin degradation and higher lignin extraction, reflecting the structural 
sensitivity of polyphenols to alkali. The interaction between fibrillar 
collagen and oak bark tannins was investigated using FTIR-ATR, micro- 
DSC, 1H NMR, and industrial tests. FTIR-ATR confirmed the formation of 
intermolecular bonds between tannin and collagen through shifts and 
changes in the spectral characteristics of collagen when interacting with 
tannins. Notably, the intensity increase of the peak at 1740–1747 cm− 1 

was attributed to ester carbonyl stretching vibrations of ester linkages 
formed between tannin's hydroxyl groups and collagen's carboxyl or 
amino groups. Micro-DSC revealed two stabilization pathways: 
hydrogen bonding for water and 0.1 % NaOH extracts, and a combina
tion of hydrogen and covalent bonds (likely from lignin) for 0.2 % 
NaOH, 0.5 % NaOH extracts. These two pathways were reflected in the 
relaxation properties of leather: a direct correlation was found between 
chain mobility and packing of the collagen 3D matrix, depending on the 
interaction type. The standard performance tests confirmed enhanced 
collagen matrix stability and higher mechanical resistance for leathers 
tanned with 0.2 % NaOH, 0.5 % NaOH extracts.

Overall, the findings highlight the commercial and environmental 
potential of locally sourced, UAE-derived bark extracts. They support 
the transition toward more sustainable leather production that reduces 
reliance on hazardous chrome salts, imported tannins, and energy- 
intensive extraction processes, aligning with circular economy princi
ples and industry demands for high-quality, eco-friendly materials.

Table 6 
Longitudinal relaxation time T1 and the components of transverse relaxation time T2 for the sheepskin and the five leather specimens and W parameters evaluation.

Leather sample T1 (ms) T2A 

(ms)
WA 

(%)
T2B 

(ms)
WB 

(%)
T2C 

(ms)
WC 

(%)
T2D 

(ms)
WD 

(%)

Sheepskin (S) 49.0 ± 1.0 0.14 62.5 0.42 18.7 0.87 8.0 12.40 2.9
S-0.1 N 29.0 ± 1.0 0.14 54.0 0.32 39.0 1.18 3.3 12.88 3.7
S-0.2 N 21.0 ± 0.6 0.16 56.8 0.34 36.6 1.70 5.0 13.89 1.6
S-0.5 N 18.9 ± 0.7 0.04 48.2 0.25 46.0 4.01 5.8 – –
S-S 29.0 ± 1.0 0.10 41.2 0.41 51.5 – – 10.24 7.3
S-W 22.0 ± 1.0 0.11 49.8 0.31 43.7 1.07 3.9 7.00 2.6

Table 7 
Physical-mechanical properties of the new leather samples obtained using various oak bark extracts at a pilot scale.

Test name Technical 
characteristic

UM S-0.1 N S-0.2 N S-0.5 N S-W S-S Standard method

Thickness Thickness mm 1.36 1.32 1.38 1.38 1.40 SR EN ISO 2589:2016
Tensile strength and percent elongation Elongation at 10 N/ 

mm2
% 4.4 4.8 4.9 4.4 4.9 SR EN ISO 3376:2020

Elongation at cracking % 34.3 33.0 36.4 27.6 38.8
Elongation at break % 22.9 24.6 29.6 29.6 24.4
Tensile strength N/ 

mm2
19.9 25.7 24.2 18.9 28.8

Tear strength N/ 
mm2

19.65 26.50 25.60 16.70 29.25

Determination of distension and strength of surface (Ball 
burst method)

Strength N 196.00 231.00 231.00 199.00 236.00 SR EN ISO 3379:2016
Distention mm 12.00 16.50 14.50 8.50 16.00

Tear resistance on two edges Tear resistance N 30.00 37.00 41.00 43.00 45.00 SR EN ISO 3377- 
2:2016

Softness Ring opening 
Ø 20 mm

mm 2.40 2.70 2.40 2.50 1.90 SR EN ISO 
17,235:2016

Ø 25 mm mm 3.00 3.30 3.10 3.40 2.20
Ø 35 mm mm 4.50 4.50 4.40 4.60 2.90
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