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Abstract

The fragility and weakness of historical, archaeological, and heritage leather artifacts in museums, and libraries

due to unsuitable environmental conditions are significant challenges. This study aims to assess the effectiveness

of Hydroxypropyl Beta Cyclodextrin, a novel material, in consolidating leather artifacts by examining their physical,
chemical, and mechanical properties. Vegetable-tanned leather samples were treated with different concentra-
tions of Hydroxypropyl Beta Cyclodextrin and subjected to artificial heat aging. Evaluation methods included digital
and scanning electron microscopy, contact angle measurements, mechanical testing, color analysis, pH measure-
ment, and Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy. Results showed that Hydroxypropyl
Beta Cyclodextrin at 1% and 2% concentrations improved chemical stability, surface morphology, color retention,
and mechanical properties of the leather samples. The third concentration yielded less favorable outcomes. This
study recommends using Hydroxypropyl Beta Cyclodextrin at 1% and 2% concentrations for consolidating historical
leathers.
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Introduction the reverse side, with the top layer made up of thin and
tightly packed collagen fibers [5].

Leather artifacts in museums, libraries, and store-
houses often show signs of deterioration such as warping,
cracks, stains, and dust accumulation due to inappropri-
ate conditions. The fragility of leather is a major concern,
caused by physical, chemical, and biological factors. Fluc-
tuations in humidity and temperature, unsuitable light
exposure, air pollution, and microbial activity contribute
to the degradation of leather artifacts [6-11].

Various factors, whether acting alone or in combina-
*Correspondence: tion, significantly contribute to the fragility of archaeo-
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Leather artifacts are a common part of tangible cultural
heritage found in libraries and museums [1, 2]. Leather
bookbinding, in particular, is highly valued for its ability
to protect historical manuscripts and printed books [3].
Leather is made up of collagen, a protein that provides
structure [4]. It consists of intertwined fibrils and fibers
that are cross-linked during the tanning process. The
material density of leather varies from the grain side to
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latter half of the twentieth century to the present day.
Many researchers have employed consolidation materi-
als to address this issue, aiming to prevent deterioration
and enhance the mechanical properties of leather. The
remarkable advancements in the field of materials sci-
ence for conservation, coupled with the utilization of
cutting-edge technologies for research and analysis, have
shed light on the strengths and weaknesses of the con-
solidation materials utilized in the treatment of delicate
historical and archaeological leathers [12].

Several authors have found that using specific con-
solidants can be beneficial for treating dry leather. For
instance, Kronthal et al. [13] highlighted the advantages
of BEVA 371 solution and film in adapting adhesive prop-
erties to suit various materials like skin and leather. They
noted that BEVA 371 offers excellent resistance to dete-
rioration factors. Koochakzaei et al. [14] demonstrated
that treating dry leather with silicone oil enhances hydro-
thermal stability without altering color, pH, or physi-
cal properties significantly. Abdel-Maksoud et al. [15]
reported that Polyacrylamide consolidation improved
the resistance of fragile vegetable-tanned leather to heat
aging, enhanced mechanical properties, stabilized chemi-
cal composition, and improved surface morphology.

Caruso et al. [16] found that specific materials have
effectively consolidated leather. They recommended
using materials commonly used in artworks to maintain
the original chemical composition and aesthetic appeal.
For instance, fibroin can be used to consolidate colla-
gen in leather without altering its internal fat balance or
appearance. Johnson [17] studied the effects of polymer
treatment materials like Klucel G, SC6000, and Renais-
sance Wax on leather. In a related study, Koochakzaei
et al. [18] investigated the effectiveness of a hydroxypro-
pyl cellulose/zinc oxide nanocomposite for leather book-
binding consolidation.

Other authors have pointed out potential drawbacks of
using certain consolidants on leather. Mahony [19] found
that polyvinyl acetate emulsions like Vinamul 3252 can
increase acidity and cause discoloration and instabil-
ity over time, making them unsuitable for use. He also
noted that while Paraloid B72 offers more flexibility, it
can result in tackiness and migration. Koochakzaei et al.
[14] demonstrated that treating dry leather with polyeth-
ylene glycol can reduce color stability, pH, and shrink-
age temperature. Soriano and Moline [20] mentioned
that natural polymers used for consolidation can become
unstable and form a hard layer that cracks, peels, and
detaches from the object’s surface over time.

The field of heritage and archaeological materi-
als conservation has seen significant advancements
in materials science. As a result, there is a growing
need to explore and assess new polymer materials for
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consolidating fragile leathers. This expansion of mate-
rials options will offer conservators a broader selec-
tion for consolidation, moving beyond reliance on a
single or limited set of materials. Biopolymers, ver-
satile substances used for various purposes such as
cleaning, sterilization, and strengthening, present
promising opportunities. Among these biopolymers,
Hydroxypropyl-B-cyclodextrin (HP-B-CD) stands out
as a material suitable for coating and consolidating pro-
cesses in conservation work.

Hydroxypropyl-B-cyclodextrin  (Cg3H;1,04,) is a
cyclodextrin derivative commonly used in the pharma-
ceutical and food industries. This biopolymer has excel-
lent properties that make it suitable for use as a coating
and consolidant for dry vegetable-tanned leathers.
By applying this compound, leathers can be protected
from fragility, improved in chemical stability, and
enhanced in mechanical properties. Hydroxypropyl-p-
cyclodextrin is a truncated cone-shaped oligosaccha-
ride with hydroxypropyl groups, featuring a hydrophilic
external surface and a hydrophobic central cavity [21].
This structure gives the polymer a high melting point
of 278 °C [22], increasing the hydrothermal stabil-
ity of leather and providing resistance to temperature
changes in environments like museums and libraries.
Additionally, its clear and colorless solution makes it a
practical choice for leather treatment [23].

Analyses and investigations are crucial in the con-
servation field and play a significant role in evaluating
the characteristics of leather treated with the stud-
ied polymer. This will help the authors determine the
appropriate concentration to apply for treating fragile
vegetable-tanned leathers.
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Chemical structure of Hydroxypropyl-B-Cyclodextrin
[24, 25]This study evaluates the use of a new polymer,
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Hydroxypropyl-B-Cyclodextrin, for the treatment and
preservation of fragile historical leather artifacts in muse-
ums and libraries. The polymer was tested on both new
and aged samples subjected to artificial accelerated heat
aging. Various properties such as microscopy, contact
angle, mechanical properties, color change, pH meas-
urement, and ATR/FTIR analysis were used to assess the
effectiveness of the treatment.

Materials and methods

Preparation of new vegetable-tanned leather samples

The authors prepared new vegetable-tanned leather from
goat skin using mimosa extracted from the barks of Aca-
cia mearnsii, following references [7, 26, 27]. The samples
were 10X 15 c¢m in size, with a total of 27 samples used in
the study (three replicates for each treatment).

Accelerated aging

The new vegetable-tanned leather samples underwent
accelerated heat aging at 105 °C in a dry oven for 2 weeks
[7]. Subsequently, the treated samples underwent a sec-
ond accelerated aging process at the same temperature
for 1 week.

Preparation of polymer used
Hydroxypropyl-p-cyclodextrin (HP-f-CD) from Wacker,
Germany, was dissolved in 70% ethanol to prepare solu-
tions at concentrations of 1%, 2%, and 3%.

Application technique of the polymer

The aged untreated samples were soaked in polymer
solutions of varying concentrations for 5 min. After
immersion, the samples were taken out and allowed to air
dry at room temperature for 24 h.

Analytical techniques

Digital light microscope

The Digital Light Microscope (Wireless Microscope,
Model: USB, Magnification: 500, China) was utilized to
examine the surface of the new untreated, aged untreated,
treated, and aged treated samples. A single sample from
each treatment was selected for examination.

Scanning electron microscope

Surface morphology changes were analyzed using a
Quanta 3D 200i by FEI at 20.00 kV. Observations were
conducted on untreated samples in low vacuum condi-
tions. One sample from each treatment was selected for
examination.
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Contact angle measurement (wettability)

The contact angle of the samples was measured using a
Compact Video Microscope (CVM) from SDL-UK, as
described in studies by Arkas et al. [28] and Koochakzaei
et al. [18]. A 2.5 pL water drop was applied to the sur-
face of each sample, and the test was conducted at a tem-
perature of 22 +°C and relative humidity of 65+ 5%. The
measurement uncertainty was+ 1° (coverage factor, k=2
for a confidence level of 95%). One sample from each
treatment was examined.

Mechanical properties (tensile strength and elongation)

The mechanical properties were measured following ISO:
3376 standards [29]. Samples were taken from adjacent
zones of the leather, measuring 90 mm in length with a
free length between the testing machine jaws of 50 mm
and a width of 10 mm. The stretching speed during test-
ing was set at 100 + 20 mm/min. The Tinius Olsen Model
HSKT SDL—Atlas Tensile testing machine was used
for the measurements. Tensile force and elongation (%)
results were averaged from three measurements with an
uncertainty of + 2%.

Index method for the evaluation of mechanical prop-
erties: The index method, proposed by Abdel-Maksoud
[7], compares the changes in tensile strength and elonga-
tion of vegetable-tanned leather samples before and after
treatment. The index of the effectiveness of the conser-
vation treatment and determination of accelerated heat
aging rate is calculated using the following equation:

X1 —X2

Indexesof TSand E = ——
X3 — X4

where TS=Tensile strength; E=Elongation; X1=Ten-
sile strength or elongation of the new sample (control);
X2=Tensile strength or elongation of aged untreated
sample; X3 =Tensile strength or elongation of the treated
sample with HP-B-CD before aging; X4 = Tensile strength
or elongation of the treated sample with HP-B-CD after

aging.

Color change measurement

Color changes of all samples studied were measured
using the CIE*Lab system. The L* scale measures light-
ness from 0 (black) to 100 (perfect white). The a* param-
eter measures the red-green axis (+a means redder, —a
means greener), and the b* parameter measures the yel-
low-blue axis (+b means more yellow, -b means bluer).
The total color differences (AE) between the two speci-
mens are determined using the following equation:

AE = \/(AL)2 + (Aa)? + (Ab)?
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The measurement results were averaged from three
readings using an Optimatch 3100® from the SDL Com-
pany [14, 30].

Measurement of pH value of treated leather samples
The pH values of new, aged untreated, treated, and
aged treated leather samples with Hydroxypropyl-p-
cyclodextrin (HP-B-CD) were measured following ISO:
4045 [31] guidelines with some adjustments. A sample
weighing 0.50g was taken from each leather sample and
placed in 10 ml of deionized water. The samples were
soaked in deionized water for 6 h. The pH value was
measured using the waterproof pH tester AD11 at a tem-
perature of 20+ 2 °C, calibrated with standard buffers of
pH 4 and 7 (+0.01 pH). The average of three measure-
ments was taken for each sample.

The percentage change in pH values was calculated as
follows [12]:

Change%of pH = x 100

pHt — pHa

Ht
where pHt=pH of the control sample or treated sample,
pHa=pH of the aged sample.

Attenuated total reflectance Fourier transforms infrared
spectroscopy (ATR-FTIR)

The chemical changes in the functional groups of the
leather samples were studied using ATR-FTIR analysis.
The FTIR spectra were obtained from the upper surface
of each sample using a Bruker Optik Lumos OPUS 8.2
instrument from Germany. The measurements were con-
ducted in the frequency range of 4000—400 cm™, with
one sample analyzed for each treatment.

Results and discussion
Digital light and scanning electron microscopes
investigation of the surface of the studied samples
The results from digital light and scanning electron
microscopes for the new vegetable leather sample
(Figs. 1A and 2A) revealed a smooth, clear, flat surface
with wide distances between follicles in the grain layer
of the goat skin used. The grain surface pattern was eas-
ily identifiable. Additionally, the leather surface exhibited
homogeneity in color (Fig. 1A), indicating that the new
vegetable-tanned leather samples were well-prepared.
The digital light microscope investigation of the aged
untreated leather sample after 2 and 3 weeks (Fig. 2B and
C) revealed the impact of heat aging on the granular layer
surface. The surface appeared coarse and dark compared
to new un-aged vegetable-tanned leather. Witt [32] stated
that leather is primarily composed of fibril-forming
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collagen, with collagen molecules forming a triple helical
structure and further organized into a fibrillary super-
structure. Heating causes leather to shrink as collagen
deteriorates or denatures, leading to the disintegration of
collagen molecules’ triple helices into single strands and
loss of the rod-like structure. Sebestyén et al. [33] and
Abdel-Maksoud et al. [15] reported that thermal aging
affects vegetable-tanned leather, resulting in a darken-
ing of color. SEM investigation (Fig. 2B and C) showed
shrinkage of the samples, with some deformation like
cracks observed on the grain surface pattern, particularly
in the aged sample after 3 weeks. The grain surface was
visible in the aged untreated sample after 2 weeks but not
after 3 weeks. Carol [34] said that accelerated heat aging
is a significant factor in the deterioration of historical
leather, along with other factors like humidity, light, and
air pollutants. The initial signs of deterioration manifest
as cracks on the leather surface, progressing to affect col-
lagen fibers and eventually leading to the disintegration
of the leather.

The results of the treated leather samples (Figs. 1D,
F, and Fig. 2D-F) demonstrated that the surface was
smooth, and the grain surface pattern was well recog-
nized at 1% and 2% polymer concentration, and slightly at
3%. This indicates that the polymer showed good distri-
bution and integration through the fiber structure at 1%
and 2%, but at 3%, some polymer remained on the leather
surface, indicating less effective bonding and integration.
Under a digital light microscope (Fig. 1D-F), there was
no change in color at 1% and 2%, but at 3%, there was a
slight darkening compared to the aged untreated sample
after 2 weeks.

The results of the aged treated samples using digital
light at 1% (Fig. 1G) were similar to those of the treated
sample at the same concentration. A slight change
in color and appearance of the grain surface pattern
occurred for the aged treated sample at 2% (Fig. 1H). Sig-
nificant changes in color and smoothness were observed
in the aged treated sample at 3% (Fig. 1I).

The SEM investigation of the aged treated samples at
1% (Fig. 2G) and 2% (Fig. 2H) yielded similar results to
the treated samples before aging. The results of the aged
treated sample at 3% (Fig. 2I) indicated that the surface
was affected by accelerated heat aging, with a very thin
crack observed; suggesting the polymer’s permanence on
the surface was impacted by heat aging.

Both microscopes’ investigations showed that concen-
trations of 1% and 2% resulted in surface improvement,
closely resembling the aged untreated sample after 2
weeks and outperforming the aged untreated sample
after 3 weeks.
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Fig. 1 Digital light microscope investigation of vegetable-tanned leather samples treated with Hydroxypropyl-B-cyclodextrin at different
concentrations before and after accelerated aging: A New vegetable-tanned leather (control), B Aged untreated leather sample after 2 weeks, C
Aged untreated sample after 3 weeks, D Treated sample (1%), E Treated sample (2%), F Treated sample (3%), G Aged treated sample (1%), H Aged

treated sample (2%), | Aged treated sample (3%)

Contact angle (wettability)

The contact angle measurement is a crucial charac-
teristic of leather, especially when exposed to water-
containing solutions [35]. The data (Fig. 3) from the
study indicated that the contact angle of new vegetable-
tanned leather decreased from 79° at 0 s to 28° after 3
s. This decrease is typical for leather due to its porous
nature. Previous research [35] has shown that the con-
tact angle of untreated leather decreases steadily until
water droplet absorption occurs, typically around 1
min. Aged untreated samples exhibited contact angles
of 60° at 0 s and 52° after 3 s after 2 weeks of aging,
and 70° after 3 weeks, indicating an increase in contact
angle with aging time. Izquierdo et al. [36] reported
that accelerated heat aging was found to increase the
contact angle of vegetable-tanned leather, making it
more hydrophobic and non-wettable. This change may
be attributed to heat-induced chemical modifications
of leather components, leading to increased hydropho-
bicity and rugosity at the nano- or micrometric scale.
Heat exposure can also cause protein aggregation and
rearrangement, contributing to the observed changes
in contact angle.

The contact angle of the treated samples was 25°, 28°,
and 37° at concentrations of 1%, 2%, and 3%, respectively,
which closely matched the results of the new vegetable-
tanned leather (control). This suggests effective distri-
bution and penetration of the polymer throughout the
leather fiber structure. Additionally, the contact angle
slightly increased with higher polymer concentrations.

After aging, the contact angle of the treated samples
was 67° at 1% and 2%, and 54° at 3%. Aging increased
the contact angle, but this increase was mitigated by
higher polymer concentrations. The difference in contact
angle between treated and aged samples was not signifi-
cant. These findings are consistent with Resmerita et al.
[37], who demonstrated that using Hydroxypropyl-f-
cyclodextrin (HP-B-CD) treatment increased hydrophi-
licity, resulting in contact angles of 69° or less.

Jia et al. [38] found that adding Hydroxypropyl-B-
cyclodextrin to an object reduced the contact angle from
76.0° to 64.4°. They attributed this decrease to the abun-
dance of hydroxyl groups in HP-B-CD.
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Fig. 2 Scanning electron microscope micrographs of vegetable-tanned leather samples treated with Hydroxypropyl-B-cyclodextrin at different
concentrations before and after accelerated aging: A New vegetable-tanned leather (control), B Aged untreated leather sample after 2 weeks, C
Aged untreated sample after 3 weeks, D Treated sample (1%), E Treated sample (2%), F Treated sample (3%), G Aged treated sample (1%), H Aged

treated sample (2%), | Aged treated sample (3%)

Mechanical properties

The tensile strength test results (Table 1) indicated
that the tensile strength of the new vegetable-tanned
leather (control) was 35 N/mm? However, this strength
decreased in the aged untreated samples, with reduc-
tions of 14% and 22% after 2 and 3 weeks, respectively.
The elongation of the control sample was 33%, but this
value also decreased after accelerated heat aging at differ-
ent times, with reductions of 18% and 33% after 2 and 3
weeks of aging. These findings are consistent with previ-
ous studies by Ork et al. [39] and Abdel-Maksoud et al.
[15], which reported that heat aging negatively impacted
tensile strength and elongation, resulting in decreased
values that worsened with longer aging periods.

The results from Table 1 show that the use of polymer
at different concentrations (1%, 2%, and 3%) improved
both tensile strength and elongation before and after
accelerated heat aging. Before aging, the treated samples
showed a percentage increase of 9%, 12%, and 14% at 1%,
2%, and 3%, respectively, compared to the aged untreated
sample after 2 weeks. After 3 weeks of aging, the percent-
age increase was 18%, 20%, and 23% at 1%, 2%, and 3%,
respectively. After aging, the percentage increase was 6%,
6%, and 3% at 1%, 2%, and 3%, respectively, compared to

the aged untreated sample after 2 weeks. After 3 weeks of
aging, the percentage increase was 17%, 17%, and 13% at
1%, 2%, and 3%, respectively.

The index method was used to measure the tensile
strength of the samples. After 2 weeks, the treated and
aged treated samples showed a 5%, 2.5%, and 1.25%
improvement in tensile strength compared to the con-
trol and aged untreated samples. After 3 weeks, the
improvement was 8%, 4%, and 2% for the treated sam-
ples at concentrations of 1%, 2%, and 3%, respectively,
compared to the control and aged untreated samples.

The elongation results showed improvement in the
treated and aged treated samples compared to the aged
untreated samples after 2 and 3 weeks. The treated sam-
ples exhibited a percentage increase of 7%, 10%, and 7%,
while the aged treated samples showed a percentage
increase of 4%, 4%, and —4% after 2 weeks of aging. After
3 weeks, the treated samples had a percentage increase of
24%, 27%, and 24%, and the aged treated samples had a
percentage increase of 21%, 21%, and 15% at 1%, 2%, and
3% compared to the aged untreated sample.

The elongation index method showed that the
treated and aged untreated samples had better results
compared to the control and aged untreated samples
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Fig. 3 Contact angle measurement of vegetable-tanned leather
samples treated with Hydroxypropyl-B-cyclodextrin (HP-3-CD)

at different concentrations before and after accelerated heat aging: a
Control (0 time) =79°, b Control (3 5)=28°, ¢ Aged untreated sample
after 2 weeks (0 time) =60°, d Aged untreated sample after 2 weeks
(35)=52° e Aged untreated sample after 3 weeks=70°, f Treated
sample (1%) =25°, g Aged treated sample (1%)=67°, h Treated
sample (2%) =28, i Aged treated sample (2%)=67°, j Treated sample
(3%)=37°, k Aged treated sample (3%) =54°

at various time points. After 2 weeks of aging, the
improvement in elongation for the treated and aged
treated samples was 8%, 4%, and 3% compared to the
control and aged untreated samples. After 3 weeks of
aging, the improvement was 11%, 5.5%, and 4% for the
treated and aged treated samples at 1%, 2%, and 3%
concentrations, respectively, compared to the control
and aged untreated samples.

The index method results for both tensile strength and
elongation indicated that the best concentration was 1%
polymer, followed by 2%, with the lowest results seen at
the 3% concentration.

The treatment of vegetable-tanned leather samples
with Hydroxypropyl-p-Cyclodextrin has been shown
to improve their mechanical properties. The authors
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Table 1 Mechanical  properties  (tensile  strength  and
elongation) of vegetable-tanned leather samples treated with
Hydroxypropyl--cyclodextrin at different concentrations before
and after accelerated heat aging

Leather samples Tensile Elongation (%)
strength (N/
mm3)
New untreated sample (Control) 350 330
Aged untreated sample (2 weeks) 30.0 27.0
Aged untreated sample (3 weeks) 270 220
Treated sample (1%) 330 29.0
Aged treated sample (1%) 320 280
Treated sample (2%) 340 300
Aged treated sample (2%) 320 280
Treated sample (3%) 350 290
Aged treated sample (3%) 310 260

suggested that when vegetable-tanned leather samples
are treated with Hydroxypropyl-B-Cyclodextrin, there is
a noticeable enhancement in their mechanical proper-
ties. This improvement is attributed to the interaction
between the cyclodextrin molecules and the leather fib-
ers. The presence of hydroxypropyl groups in the cyclo-
dextrin molecule allows for the formation of hydrogen
bonds with the leather fibers, resulting in improved adhe-
sion and cohesion within the material. As a result, the
treated leather exhibits increased tensile strength and
elongation compared to untreated aged leather samples.
This novel treatment approach shows promise in enhanc-
ing the quality and durability of vegetable-tanned leather
samples.

Change of color

Color change is a crucial factor in the evaluation of mate-
rials for conservation purposes. One of the key princi-
ples in conservation is that the materials used should not
cause any color changes in historical objects. This crite-
rion is considered essential when selecting materials for
treatment. The results of color change are explained as
follows:

Lightness (*L)

The results from Table 2 indicate that the Lightness (L*)
of the new vegetable-tanned leather (control) was 75.79.
However, this value decreased in the aged untreated sam-
ple to 60.68 and 56.67 after 2 and 3 weeks, representing
a percentage loss of 20% and 25% compared to the con-
trol sample. This decrease was attributed to the impact of
accelerated heat aging on the samples.
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Table 2 Change of color of vegetable-tanned leather treated
with Hydroxypropyl-3-cyclodextrin at different concentrations
before and after accelerated heat aging

Samples Color values
L a b Total color
difference
(AE)
Untreated sample (Control) 7579 699 1823 000
Aged untreated sample (2 weeks) 6068 12.15 1638 16.10
Aged untreated sample (3 weeks) 56.67 1347 1540 2040
Treated sample (1%) 5805 1228 1551 18.70
Aged treated sample (1%) 5780 13.10 1520 19.20
Treated sample (2%) 5800 1246 1559 1880
Aged treated sample (2%) 5750 1320 1492 19.60
Treated sample (3%) 5791 1262 1550 1890
Aged Treated sample (3%) 5735 13.70 1562 19.80

In contrast, the L* value of the treated samples also
decreased, but the loss percentage was lower at 4%, 4%,
and 5% for the treated samples. For the aged treated sam-
ples, the loss was 5%, 5%, and 6% at 1%, 2%, and 3% con-
centrations, respectively, compared to the aged untreated
sample after 2 weeks.

Furthermore, the results revealed that the L value of
the treated and aged treated samples at all concentrations
was superior to the aged untreated sample after three
weeks. The percentage loss of the aged untreated sample
compared to the treated and aged treated samples ranged
from 1% for the aged treated samples at 2% and 3% con-
centrations to 2% for the treated samples at all concentra-
tions and the aged treated sample at 1%.

Overall, the study demonstrated minimal changes in
all the samples studied, indicating that the polymer effec-
tively withstood the accelerated aging process.

Red-green value (a*)

The results in Table 2 indicate that the control, aged
untreated, treated, and aged treated samples turned red
in color, with the intensity increasing as the aging time
increased. This suggests that accelerated heat aging had
an impact on the vegetable-tanned leather. The loss per-
centage of the aged untreated samples was 42% and 48%
after 2 and 3 weeks of aging, respectively. Additionally,
the a* value showed a slight increase for the treated and
aged treated samples at different concentrations com-
pared to the aged untreated sample after 2 weeks. How-
ever, after 3 weeks, the a* value decreased slightly for all
samples except the aged treated sample at 3%.
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Yellow-blue value (b*)

The results in Table 2 indicate that all b* values leaned
towards yellow. Accelerated aging had an impact on
the yellow color, causing a decrease in all samples com-
pared to the control. The untreated aged samples expe-
rienced a 10% and 15% reduction in b* value after 2 and
3 weeks, respectively. Treated and aged treated samples
showed a lower decrease in b* value compared to the
aged untreated sample, with losses ranging from 5% for
all treated samples at the concentrations used. Specifi-
cally, the b* value decreased by 7%, 9%, and 5% at 1%,
2%, and 3% concentrations, respectively, compared to
the aged untreated sample after 2 weeks. After 3 weeks,
the b* value of the treated samples at different concen-
trations showed a slight increase (1%) compared to the
aged untreated sample, while the aged treated samples
decreased by 2% and 3% at 1% and 2% concentrations,
respectively. However, the aged treated sample at 3% con-
centration increased by 1%.

Cappa et al. [40] found that as the aging time and tem-
perature increased, the untreated sample’s color changed,
with the brightness (L) showing an inverse relationship
with aging temperature. They observed a shift towards
yellow and red in the single-color coordinates (a and b)
on both corium and grain sides with increasing aging
temperature, indicating browning. This browning was
attributed to denaturation and hydrolysis processes
releasing amino acids that react to form brown pigments
through a Maillard-type reaction.

The total color difference (AE)

The data from Table 2 showed minimal changes in the
total color difference between the treated and aged
treated samples compared to the aged untreated sam-
ple after 2 weeks. The difference ranged from 2.6 to 3.7,
which is imperceptible to the human eye. This indicates
that the polymer concentrations used provided excel-
lent stability against aging and color alteration. Previous
studies by Abdel-Maksoud and Khattab [41] and Abdel-
Nasser et al. [10] have also shown that a total color differ-
ence of less than 3 is not visible to the naked eye.

pH measurement

The pH values measured in Table 3 revealed that the new
untreated vegetable-tanned leather sample had a pH of 4.5.
After two and three weeks of aging, the untreated sam-
ples showed a decrease in pH, with a loss of 29% and 36%
respectively. This is consistent with findings from Carol
[34], Lama et al. [42], and Abdel-Maksoud et al. [12], who
observed that accelerated heat aging caused oxidation,
hydrogen bond breakdown, and weakened collagen struc-
ture in leather.
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Table 3 Measurement of pH values of new, treated vegetable
tanned leather with Hydroxypropyl-B-cyclodextrin at different
concentration before and after accelerated heat aging

Leather Samples pH value
New untreated sample (control) 4.5
Aged untreated sample (2 weeks) 32
Aged untreated sample (3 weeks) 29
Treated sample (1%) 47
Aged treated sample (1%) 46
Treated sample (2%) 4.8
Aged treated sample (2%) 46
Treated sample (3%) 49
Aged treated sample (3%) 45

The results showed that treating vegetable-tanned
leather with Hydroxypropyl-B-cyclodextrin increased the
pH values both before and after accelerated heat aging. The
pH value of the treated samples rose with higher polymer
concentrations. Specifically, the pH increase for the treated
samples at 1%, 2%, and 3% concentrations was 32%, 33%,
and 35%, respectively, compared to the aged untreated
sample after 2 weeks. There was a slight pH change in
the aged treated samples, with increases of 30%, 30%,
and 29% compared to the aged untreated sample after 2
weeks. Overall, all concentrations led to an improvement
in pH values, with the 1% and 2% concentrations show-
ing better results than the 3% concentration after aging.
The enhanced pH values in the treated and aged treated
samples may be attributed to the high pH of the polymer
solution, which had a pH of 6.5. Additionally, the effective
penetration of the polymer at 1% and 2% concentrations
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into the fiber structure of the leather samples likely contrib-
uted to the improved resistance of the leather to acceler-
ated heat aging.

The authors suggested that the pH increase in treated
leather samples with Hydroxypropyl-p-Cyclodextrin com-
pared to untreated aged leather can be attributed to the
buffering capacity of Hydroxypropyl-p-Cyclodextrin. This
compound has the ability to maintain a stable pH level by
absorbing excess acidic or basic components in the leather,
thereby preventing drastic pH changes. Additionally, the
treatment with Hydroxypropyl-p-Cyclodextrin may also
neutralize any acidic compounds present in the leather,
leading to an overall increase in pH.

Attenuated total reflectance-Fourier transforms infrared
spectroscopy (ATR-FTIR)

The ATR-FTIR analysis (Fig. 4) of the samples revealed
the presence of collagen absorption bands. In the
untreated vegetable-tanned leather sample, key bands
such as Amide A (N-H), amide I (C=0), amide II (CN
and NH), and amide III (in-plane NH and CH,) were
observed at 3333.42 cm™, 1643.88 cm™, 1551.17 cm ™},
and 1236.40 cm™, with corresponding intensities. Addi-
tionally, CH bands were detected at 2927 cm™" and 2850
cm! [43, 44].

Upon subjecting the untreated sample to acceler-
ated heat aging for 2 weeks, changes in the position and
intensity of collagen bands were noted. The aged sam-
ple exhibited a shift to lower wavenumbers and reduced
intensities in the Amide A, amide I, amide II, amide III,
and CH bands. Notably, a widening of the absorption
band at 1760-1810 cm ™' was observed in the aged sam-
ple, indicating oxidation and cleavage of peptide bonds

W
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Fig. 4 ATR/FTIR analysis of vegetable-tanned leather samples treated with Hydroxypropyl-3-cyclodextrin (HP-3-CD) at different concentrations

before and after accelerated heat aging
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in collagen. This suggests degradation of collagen in the
aged untreated sample compared to the new vegetable
leather.

The results showed that the wavenumbers decreased
further and some intensities increased in the aged sam-
ple after 3 weeks compared to the untreated sample after
2 weeks. The amide A, amide I, amide II, amide III, and
CH bands of the aged untreated sample after 3 weeks
were observed at 3330.41 cm™', 1634.23 cm ™', 1533.84
cm™, 1233.12 em™}, 2942.23 ¢cm™’, and 285341 cm™!
with reduced intensities. Moreover, there was a broader
range around 1699-1810 cm™, indicating more collagen
oxidation.

Cappa et al. [40] found that changes in band positions
and intensities, such as peak height or peak position, are
indicative of alterations in the molecular structure of col-
lagen due to thermal aging. They observed a decrease
in peak intensities of Amide I, Amide II, and Amide III,
suggesting the gradual cleavage of peptide bonds in col-
lagen molecules. Wu et al. [45] noted a decrease in the
intensity of the broadband between 3500 and 3000 cm™*
in leather spectra after dry heat exposure, indicating the
disruption of hydrogen bonds between water and colla-
gen molecules. This suggests that water molecules were
released from collagen fibers during dry heat treatment.
Badea et al. [46] explained that oxidation of polypeptide
chains leads to the formation of carbonyl compounds,
which manifest as a band in the 1700—-1750 cm™ region.

The O-H stretching vibration in the treated sample
was observed between approximately 3401.78 to 3445
cm™!, attributed to the Hydroxypropyl-B-cyclodextrin
polymer used. Other bands associated with the polymer
were seen at 2930 cm™' (C-H stretching vibrations),
1639 cm™! (H-O-H bending), and 1033 cm™! and 1080
cm™! (C-H, C-O) stretching vibrations [47-49]. In the
treated and aged treated samples, Amide A was detected
between 3322-3340 cm™', while Amide I appeared
between 1634—1638 cm™'. The wavenumbers were simi-
lar to or slightly higher than the control sample. Amide
A and amide I bands decreased compared to the control
but increased compared to the aged untreated sample.
Amide II was observed between 1526-1542 cm™', and
Amide III at 1234 cm™" in all concentrations before and
after accelerated heat aging. The region at 1797 cm™ dis-
appeared in the treated samples with 1% and 3%, possi-
bly due to the absence of oxidized functional groups [50].
Treatment with 3% showed notable changes, especially
after accelerated heat aging, with band positions and
intensities higher than the aged untreated sample after 2
weeks and close to the control sample. This suggests that
the polymer treatment at the specified concentrations
enhanced the chemical stability of leather and protected
it from accelerated heat aging.
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Conclusion

The microscope analysis revealed that accelerated ther-
mal aging caused changes in the fiber structures of
untreated samples, resulting in color alteration, sur-
face roughness, and fiber shrinkage. Treatment with
Hydroxypropyl-p-cyclodextrin at different concentra-
tions showed varying effects on leather fibers. The 1%
and 2% treatments protected the fibers from heat aging,
while the 3% treatment led to color darkening and loss
of grain pattern clarity. Contact angle measurements
confirmed the effective absorption and distribution
of Hydroxypropyl-p-cyclodextrin in vegetable-tanned
leather. Treated samples exhibited similar contact angles
to new samples, with a consistent decrease as water
droplets were absorbed. Aged treated samples main-
tained similar contact angles to aged untreated samples,
indicating that the polymer did not block pores and pre-
served mechanical properties like elasticity. The polymer
improved the mechanical properties of the leather at all
concentrations, with the 1% concentration showing the
most significant enhancement. However, the 3% concen-
tration showed the least improvement, especially after
accelerated heat aging. Color change measurements indi-
cated positive results, with a total color difference below
3, which was not visible to the naked eye, highlighting the
effectiveness of the polymer. The pH values of the treated
samples increased compared to aged untreated sam-
ples after 2 and 3 weeks, suggesting an improvement in
chemical stability. ATR-FTIR analysis confirmed that the
polymer maintained chemical stability in the functional
groups of the treated samples before and after exposure
to accelerated heat aging. The consistent band positions
and intensities closely resembled those of new vegeta-
ble-tanned leather samples and were superior to aged
untreated samples after 2 weeks.

This study also recommends further research on addi-
tional properties like shrinkage temperature, porosity,
water vapor permeability, etc., to provide a comprehen-
sive understanding of the effectiveness of Hydroxypropyl-
B-cyclodextrin in treating vegetable-tanned leather.
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