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Abstract

In this study we used an analytical approach based on complementary techniques that targets all structural levels of
collagen in leather to investigate how vegetable-tanned leather deteriorates during soil burial tests. For the first time,
a group of deterioration markers specific to molecular, fibrillar and fibrous structure of collagen in leather was associ-
ated with the deterioration of buried leather. The application of the second order derivative of FTIR-ATR spectra analy
sis allowed us to detect loosening of collagen—tannin matrix, de-tanning and gelatin formation based on the behav-
iour of collagen and tannin spectral components (intensity variation and shifts). Collagen denaturation observed by
DSC analysis and its thermo-oxidative behaviour measured by TG/DTG analysis, as well as the altered morphology of
collagen (namely melt-like fibres and distorted fibrillar ultrastructure) imaged by SEM confirmed the FTIR-ATR analyis
results. These analytical outcomes enabled us to understand the effect of leather hardening/cementing through

soil mineral penetration into its fibrous structure and thus correctly interprete the higher-than-expected shrinkage
temperatures and intervals determinatd by MHT method. Thus, MHT method proved to be suitable for a quick evalu-
ation method that can direcly support the first conservation decision after excavation. The combination of FTIR-ATR,
DSC, TG/DTG and SEM can be particularly useful to provide insights on the deterioration mechanism of archaeological

leather and support best decision on its long-term preservation.
Keywords: Vegetable tanned leather, Soil burial, Deterioration, FTIR-ATR, DSC, TG/DTG, SEM, MHT

Introduction

Materials, whether natural or created by humans, sooner
or later undergoes alterations as a consequence of the
interaction between their structure and environment.
Leather can be considered as the first biomaterial ever
produced. It was one of the major materials in the past,
and its use continues into the present. Its wide usability
is the reason why leather artefacts are frequently found
during archaeological excavations. The varied proper-
ties of leather that provide such a wide use are due to the
intrinsic chemical, morphological and physical properties
of collagen, hence to the species from which it originates,
and to the method with which hide was processed. The
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vital characteristics of collagen as the main structural
protein of most hard and soft tissues in animals and the
human body, including thermal stability, mechanical
strength and the ability to engage in specific interac-
tions with other biomolecules, lies on its hierarchical
structure based on the collagen fibril as an elementary
building block [1]. A collagen fibril is a bundle of colla-
gen molecules of approximately 10 to 300 nm in diameter
and several micrometres in length. A collagen molecule
is composed of three left-handed helical chains, which
assemble to form a triple-helix structure [2-5]. This triple
helix, coiled structure is stereo-dynamically favourable
to allow strands to be interwoven together and assemble
by way of cross-linking in a complex, in a hierarchical
manner that ultimately leads to the macroscopic fibres
that form extensive and robust networks, providing the
dermis with strength, firmness and elasticity. A collagen
fibre essentially comprises bundles of smaller fibrils and
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has a characteristic coiled structure [6]. Through tanning
(namely collagen binding with tanning agents), mechani-
cal strength and thermal stability of skins and hides are
enhanced allowing their conversion into a durable and
manageable material called leather which does not rot in
moist condition and withstand wear and tear. Such prop-
erties have allowed leather to survive even under extreme
condition such as arid waterless areas, waterlogged areas,
permafrost, peat bogs etc.

Leather making is a very long process and consists of
many different chemical and mechanical process steps
[7]. Tanning is the most important step of the whole
leather making process. It is commonly performed either
by vegetable or mineral tanning. Vegetable tannage
with organic materials obtained from different parts of
plants including woods, barks, fruits, fruit pods, seeds
and leaves left to macerate in water was mostly used
up to nineteenth century. Current commercial tanning
agents, include mostly mineral (mainly Cr(III) salts) and
organic (aldehydes) reagents, while vegetable tannins
(polyphenolic tannins) are used for luxury leather [8].
Each of these tannages have different chemistries, veg-
etable tanning being the least well understood [9]. The
most recent tanning theory proposed by Covington [10]
is based on the link-lock concept that requires an initial
reaction to link the collagen into the surrounding matrix
of water and a second reaction component to lock the
linked structure together, creating a supramacromolecu-
lar structure around the triple helices. According to Cov-
ington, only the primary link reaction occurs between
plant polyphenols and collagen through multiple hydro-
gen bonding and some covalent bonding via quinoid
species, at the collagen lysine amino group. However, a
further stabilisation of the collagen matrix is provided by
the substitution of some of the supramolecular water (i.e.
dehydration) and interaction of tannins with some of the
remaining water.

Although vegetable-tanned leather is a highly durable
material, its integrity is influenced by external factors
which may alter its physical, chemical and mechanical
properties. Yet, physical and chemical properties, but
also the aesthetic appeal of leather, gradually deterio-
rate as a result of interaction with its environment until
the loss of the function of the object or even until its
total loss. In the case of archaeological leather recoverd
from underground, the kinetics of deterioration may
also be influenced by the sudden change of the environ-
mental conditions through exposure to the atmosphere.
It is known that during burial, most objects will experi-
ence a period of rapid and extensive degradation ini-
tially followed by a longer period in which the object
nearly reaches equilibrium with its environment, then
deterioration gradually slows down until the moment of
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excavation, when exposure to a new environment accel-
erates the process again [11]. The archaeological leather
damage condition should therefore be evaluated with
utmost urgency to define the optimal conservation con-
ditions and prioritize possible conservation interven-
tions. However, the few studies on archaeological leather
reported so far are dealing with the origin of neolithic
leather by microstructural, chemical and isotopic evi-
dence [12], identification of archaeological leather by
mass spectrometry (ZooMS) [13], evaluation of archae-
ological leather through amino acid composition and
thermal analysis [14], red stain degradation [15] or lin-
seed oil emulsion used in dressing archaeological leather
[16]. On the other hand, some of us have used multi-
technical approaches to characterize historical leathers
which may be composed from a heterogeneous mixture
of tanned collagen (chemically modified collagen show-
ing a leather-like hytdrothermal behaviour), un-tanned
collagen (chemically unmodified collagen showing a
parchment-like behaviour), gelatinised and amorphous
collagen, and deterioration compounds [17-20].

To facilitate the application of a multi-analytical
approach to the study of leather remains which spent
prolonged periods of time within the earth, burial tests
were performed on newly produced leather from both
bovine and ovine hides tanned with bydrolisable and
condensed tannins. A combination of techniques such
as Fourier transform infrared spectroscopy in attenu-
ated total reflection mode (FTIR-ATR), thermal micros-
copy (MHT method), differential scanning calorimetry
(DSC), thermogravimetry (TG/DTG) and scanning elec-
tron microscopy (SEM) was employed to provide the best
possible insight into the deterioration pattern of burried
leather with special focus on collagen—tannin matrix de-
tanning and collagen gelatinisation. This approach targets
different structural levels of collagen, from molecules to
fibrils and fibres, while bringing the advantage of com-
bining surface and bulk analyses.

Materials and methods

Materials

Four newly manufactured vegetable tanned leathers
purchased from the Gara TZL PLUS s.r.o0., Otrokovice,
Czech Republic were used to perform the burial tests.
The possible influence of the animal species (bovine
and sheep) and age (calf and cattle) as well as of the
tannin type (hydrolysable and condensed) was consid-
ered. In Table 1, the symbols of the investigated leather
samples are explained: the first letter refers to animal
species (C for calf, Ca for cattle and S for sheep), the
second one to the tannin type (C for condensed tan-
nin and H for hydrolysable tannin) while the figure
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Table 1 List of the buried leather samples, with their symbols,
animal origin and burial time

Burial time
(years)

Animal species Tannin type Symbol

CHo
CH1
CH2
CcCo
ca
2

Calf Hydrolysable 0
1
2
0
1
2

Condensed 0 SCO
1
2
0
1
2
4

Calf Condensed

Sheep
SCl

SC2

CaCo
CaCl
CaC2
CaC4

Cattle Condensed

represents the burial time (0 for not-buried samples, 1,
2 or 4 for samples buried for 1-year, 2-year and 4-year
periods).

Leather samples were buried to 50 cm depth, at
454 m altitude, in the western part of Czech Repub-
lic, a region characterised by the mild central-Euro-
pean climate [21]. The average annual temperature
is (6.6-8.0) °C and the average rainfall per year is
(550-650) mm [22]. The soil has a sandy loam struc-
ture and neutral pH around 6.5. Sandy loam is a well-
drained soil mostly composed of sand (silicon dioxide
and calcium carbonate) and clay (hydrous aluminium
phyllosilicate minerals). Leather is best preserved in
very wet, very dry, frozen or low-oxygen burial envi-
ronments which protect it against biological activity.
On the other hand, leather is poorly preserved on sites
where there are seasonal freeze-thaw cycles, the soil
is well-drained and oxygenated. The pH of the burial
environment will also influence the preservation of
leather, a material produced with a pH of about 4.5 to
5.5 to ensure the fats and tannins remain bound in the
leather structure. Hence, the soil and climate condi-
tions of our experiments should rapidly degrade the
buried samples. The samples were dug up and ana-
lysed after 1- and 2-year burial periods. Only the cat-
tle sample was kept buried for a 4-year period. Before
performing the analytical measurements, all leather
samples were soft brushed and rinsed with jets of
deionised water to remove the ingrained soil remains,
and dried at room temperature (21 £1 °C, 454+ 5% RH)
under light pressure to avoid wrinkling.
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Methods

Fourier transform infrared spectroscopy in attenuated total
reflection mode (FTIR-ATR)

FTIR-ATR measurements were carried out using an
ALPHA FTIR (Bruker Optics, Germany) equipped with
a Platinum ATR module. The penetration depth, depend-
ing on the wavelength, the refractive indices of ATR crys-
tal typically amount to a few microns (ca. 0.5-3 pm).
Spectra were recorded by co-adding of 64 scans in the
range from 4000 to 400 cm™! with a spectral resolution
of 4 cm ™. Six diferent replicates were measured on both
sides of each sample and averaged before data preproc-
essing. Opus 7.0 software (Bruker Optics, Germany) was
used for the acquisition and processing of the spectra,
while their graphic presentation was done with Origin
7.5 software.

Differential scanning calorimetry (DSC)

DSC measurements were performed with a DSC 204 F1
Phoenix instrument (Netzsch, Germany) in nitrogen flow
(20 mL/min), in the temperature range (25-280) °C at a
scanning rate of 10 K/min, in open aluminium crucibles
as previously described [23]. Three measurements were
performed using fresh subsamples of about 5 mg for each
leather sample.

Thermogravimetry/differential thermogravimetry (TG/DTG)
TG/DTG curves were obtained using a STA 449 C Jupi-
ter instrument (Netzsch, Germany). Leather samples of
about 5 mg were heated in open aluminium pans in the
temperature range (25—500) °C in nitrogen flow (100 mL/
min), at a scanning rate of 10 K/min. The rate vy,
(d%Am/dt) of the first process of thermo-oxidation was
calculated at 310 °C from the first derivative of TG curve
(DTG curve) [23].

Micro Hot Table (MHT)

MHT measurements were carried out using a homemade
MHT equipment consisting of a micro-heating plate
(Caloris Group, Romania) controlled by a temperature
processor and a stereomicroscope (Leica S4E) assisted
by a homemade software EL.T.K. 1.1.X. for data collec-
tion. Samples composed of a few fibres from each side of
a leather sample were wetted with demineralised water
and kept for 10 min on a microscope slide with concavity
to facilitate fibres’ separation. Well separated fibres were
then covered with a slide, placed on the heating table and
heated at 2 C/min. Their shrinkage activity was observed
at 40x magnification. At least two measurements were
made for each sample.
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Scanning electron microscopy (SEM)

Examination of the leather surface morphology before
and after the soil burial tests was performed using a Tes-
can MIRA3 (Brno, CZ) scanning electron microscope.
Samples mounted on carbon stubs and covered by a
20 nm AuPd (80/20) layer were observed at different loca-
tions at increasing magnification (from 500 to 50,000 x).
Only the grain surface of leather samples was AuPd cov-
ered. SEM observation was performed at 15 keV acceler-
ating voltage and 15 mm working distance.

pH measurement

Surface pH measurements were carried out according
to the ISO 10390 standard [24] using a surface electrode
WTW SenTix Sur and a pHmeter Mettler Toledo Sev-
enCompact $220. Each measurement spot (1 x1 cm?)
was damped with a droplet of water using a pipette.
After 3 min extraction, the electrode was placed on the
spot surface and the pH of the water film was measured.
The pH value was obtained as the average between 3
measurements.

Results and discussion

Effects of leather burial on collagen shrinkage activity

by MHT method

It was shown that the hydrothermal stability of new,
undamaged leather depends on the tannin type, animal
species and processing method, and influences leather
resistance against deterioration [24—27]. However, both
the effect of animal species and tannin type levels out
as the damage progresses and hydrothermal stabil-
ity becomes increasingly influenced by the mechanism
of deterioration. The MHT method was purposely set
up for quick and simple evaluation of the hydrother-
mal stability of historical leather and parchment using
very tinny sample. It combines thermal treatment and
stereomicroscopy [28] allowing conservators to visu-
alise how collagen fibres contract on heating using
an inexpensive equipment, easy to use and providing
apparently easy to interpret results [29]. The shrinkage
(contraction) activity of collagen fibres is described by a
sequence of temperature intervals: no activity—A1-B1—
AC-B2-A2-complete shrinkage. Interval A is charac-
terized by shrinkage activity in individual fibers, one
fibre at a time and with pause in between the individual
movements. When shrinkage activity in one fibre is
immediately followed by shrinkage activity in another
fibre without pause, interval B is reached. Interval AC,
known as the main shrinkage interval, is defined by the
simultaneously and continuously shrinking of at least
two fibres. Shrinkage temperature T refers to the start-
ing temperature of the main shrinkage interval, while
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T and Tp, are defined as the temperatures at which
the first and last shrinkage activity of an individual fiber
is observed. The total length of the shrinkage process is
expressed as AT = (T}, — Tpys)-

In the last two decades, shrinkage temperature has
been widely used as a metric for damage in old leather
and parchment [23, 30-33] as well as to study the
effects of various ageing or conservation treatments
on leather and parchment [34-38]. Some of us have
reported how leather hydrothermal stability, expressed
as Ty and T, and structural cohesivity and heterogene-
ity, expressed as AC and AT, respectively, correlates
with natural or artificially induced ageing patterns [18,
25, 33].

For the investigated vegetable tanned leathers, the
variation of shrinkage parameters with burial times is
reported in Fig. 1 where the cumulated (Al1+ B1) and
(A2 4 B2) intervals are illustrated. The most important
changes we observed were the following:

i. T, increased for all leather samples, regardless of
the type of tannin (hydrolysable or condensed),
animal species (calf or sheep) or age (calf and cat-
tle) and duration of treatment, except for the CaC4
sample which no longer shows contraction activity
in the main shrinkage interval AC.

ii. Tpdecreased for all samples, except for SC2. A dra-
matic decrease occurred for the CH leather sam-
ples tanned with hydrolysable tannin.

ili. The shrinkage interval AC generally increased,
except for the CaC4 sample.

iv. The total shrinkage interval AT generally increased
as a result of increasing either (A1+4Bl) or
(A2 +B2) or both intervals.
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Fig. 1 Stacked column charts displaying the shrinking intervals
for collagen fibres for the investigated leathers before and after the
soil burial tests. The main shrinkage temperatures (T, T, and 7)) and
intervals (AC and AT) are indicated
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v. The shrinkage interval AC disappears for CaC4-.

The most important change refers to an increase in the
degree of leather structural inhomogeneity. The increase
in structural inhomogeneity was correlated to the key-
steps of leather deterioration: thermal destabilization of
chemically modified collagen (collagen—tannin matrix),
de-tanning (breakdown of the interactions between col-
lagen and tannin), thermal destabilization of chemically
unmodified collagen (de-tanned collagen) and gelatini-
zation [18]. Thus, the length of (A1+B1) interval was
related with formation of pre-gelatinized collagen and
gelatin, while de-tanning was associated to the length of
(A2+B2) interval [18]. For example, in the case of CH1
and CH2 leather samples, T; sharply decreases below
30 °C causing the (A1+B1) interval lengthening. This
could be explained by thermal destabilisation and gelati-
nisation of collagen microfibres [18, 25, 39] and attrib-
uted to the neutral soil pH and humidity which favour
de-tanning process. It is known that vegetable tannin
fixation on collagen is at minimum at pH 5 and decreases
with pH increasing. Once the bonds between collagen
and tannin are broken, collagen hydrolyses is promoted
by soil moisture, while tannins and their possible deg-
radation compounds are washed out by rainwater. On
the other hand, de-tanning is in contrast the T increase
measured for CH samples, from 62 °C to around 70 °C.
In general, thermal stabilisation is related to a stronger
attraction between the collagen fibres that makes the
fibrous network more cohesive (indicated by a shorter
AC interval) and less susceptible to gelatinisation.

In the case of CCl and CC2 leather samples, the
increase of structural inhomogeneity is equally due to
the increase in the number of collagen fibres showing
discrete shrinkage of individual fibres in both (A1+ B1)
and (A2+ B2) intervals. T values higher than 60 °C pre-
clude the existence of gelatin and pregelatinized collagen
fractions. On the other hand, the increase of (A2 -+ B2)
interval might be attributed to collagen de-tanning and
formation of multiple collagen—tannin fractions with dis-
tinct tanning degree and distinct thermal stability.

CaCl and CaC2 leather samples behaves similarly to
CC1 and CC2, respectively. SC1 leather sample behaves
similarly to CC1, too, while the SC2’s behaviour is clearly
different in that the (A2 4 B2) interval fully disappears. A
more rapid thermal destabilisation of the collagen—tan-
nin matrix within sheep leather and a greater propensity
to de-tanning during artificial ageing compared to calf
leather has already been observed by some of us [25, 39].

Interestingly, for all leather samples, the more coher-
ent collagen fibres (namely those showing shrinkage in
the main shrinkage interval AC) shown a slight increase
of their thermal stability (indicated by the T increase),
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while the length of AC interval increased. This behav-
iour is in contrast to what Larsen et al. [29] and Car-
sote and Badea [18] observed for most artificially aged
and historical leathers, namely a parallel decrease of T
value and AC length as deterioration increases. On the
other hand, a parallel increase of T, and AC interval was
recently reported for vegetable tanned leather exposed
to low-dose gamma irradiation and explained by the
formation of molecular cross-links that draws the col-
lagen molecules and fibrils closer together, thus increas-
ing their structural order and thermal stability [40]. In
the case of buried leathers, we could infer a mechanical
strengthening of collagen fibres through the cementation
effect of soil minerals, especially silica, instead of a chem-
ical strengthening (cross-linking), with similar effects on
leather shrinkage temperature T, and AC interval. Con-
sequently, the extension of (A1+ B1) and (A2 + B2) inter-
vals should also be partially ascribed to the slowdown of
the contraction movements caused by “hardening and
welding” of collagen fibres and silica minerals.

Finally, the AC disappearance, as for CaC4 sample,
has been related to a major damage, i.e., the conversion
of collagen ordered structures into coiled structures [38,
39].

Effects of leather burial on collagen thermal stability

by DSC

The DSC curves for the new leather samples measured
in open crucibles and gas flow (Fig. 2) displayed a broad
endotherm ranging from room temperature to about
120 °C, associated with loss of moisture, followed by two
small endotherms in the temperature intervals (135—
150) °C and (220-240) °C, respectively (Table 2). These
two small endotherms are in good agreement with the
literature data [41-43] and our previous results [44, 45].
Budrugeac et al. [17] assigned these two endotherms to
thermal denaturation of the crystalline collagen embed-
ded in the amorphous matrix. Considering the very dif-
ferent thermal stability of the two collagen populations,
we attribute the two endotherms to two collagen popu-
lations with distinct crystallinity and hydration degree
according to the two-phase model of collagen in leather
represented by a crystalline phase embedded into an
amorphous matrix [43].

For all buried samples, these small endotherms disap-
peared after 1-year underground. A similar behaviour,
previously observed for parchments exposed to the com-
bined action of polluting gases (50 ppm NO, + SO,) and
dry heat (100 °C), was attributed to the full denaturation
of both the amorphous and crystalline collagen fractions
[45]. This indicates that he burial tests we performed
had already a strong denaturing effect on collagen after
the first year regardless of the type of tannin or animal
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species. The DSC results thus confirm that the increased
thermal stability determined by MHT method is not real
and can only be explained by the mechanical effect of
fiber aggregation through soil minerals.

Effects of leather burial on collagen susceptibility

to thermo-oxidative deterioration by TG/DTG

It was reported that the non-isothermal deteriora-
tion of leather occurs through three processes accom-
panied by mass loss: (i) water loss at T<150 °C, (ii)
pyrolytic thermo-oxidation and (iii) thermal decom-
position of the material [17, 23]. These processes are

evidenced in the DTG curves by the peaks I, II and
III (Fig. 3). The rate of the thermo-oxidation process
corresponds to the maximum of the thermo-oxidation
peak, namely the peak II (Fig. 3). For various collagen-
based materials it was shown that the rate d%Am/dt of
the pyrolytic thermo-oxidation process calculated at
310 °C well correlates with the collagen matrix cross-
linking degree. Accordingly, Budrugeac et al. [17] used
this parameter as an indicator of the damage level in
historical collagen-based materials relating the high
rates of the thermo-oxidation process to not-damaged/
well conserved leather, and the lower rates to various
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Table 2 DSC and TG/DTG parameters of leather samples before
and after the soil burial tests: denaturation temperature of the
collagen matrix (Ty;), denaturation temperature of the crystalline
fraction (Ty,) and the rate (V5;¢/%min~") of the first process of
thermal oxidation

Method DSC TG/DTG
Sample Ty, (°C) Ty, (°C) V310/%min~"
Collagen-tannin  Crystalline
matrix collagen
CHO 139.9 2221 4.24
CH1 - - 3.76
CH2 - - 340
cco 134.7 2374 3.96
cal - - 2.52
cc2 - - 1.90
SCO 1344 2290 4.05
SCI - - 2.75
SC2 - - 253
CaCo 149.8 2352 4.85
CaC1 - - 349
CaC2 - - 312
CaC4 - - 252

damage levels. In fact, the lower the rate the higher the
deterioration degree. The rates d%Am/dt of the pyro-
lytic thermo-oxidation process for the investigated
leather samples reported in Table 2 show a progressive
decrease of the oxidation rate as burial time increases.
This trend of the thermo-oxidation susceptibility
clearly indicates an increase of the damage level with
burial time.

Page 7 of 14

Effects of leather burial on molecular alteration

of collagen-tannin matrix by FTIR-ATR

FTIR spectroscopic analysis is widely used to charac-
terise the molecular changes in the collagen secondary
structure [46-51]. Due to its non-invasivity and non-
destructivity, FTIR-ATR technique has proved suitable
for studying the alterations in the secondary structure of
collagen within historical leathers [20, 52] as well as for
characterizing their vegetable tannin composition [53,
54]. The following aspects were considered when study-
ing the FTIR-ATR spectra of the investigated leather
samples: (i) the effects of burial tests on the complex
spectral bands of leather characterised by the overlap-
ping of collagen (amide I and amide II) and vegetable tan-
nin bands; (ii) the identification of other compounds on
the leather surface, due to either the fabrication process
or burial test.

In Fig. 4, the FTIR-ATR spectra of the buried leather
samples, CaCl, CaC2 and CaC4, are illustrated and com-
pared with that of the new leather CaCO0. For all leather
samples, the main infrared absorption bands of collagen
were cleary detected and attributed: (i) the amide A (AA)
at ~3300 cm™! related to stretching vibrations of the
amide N—H bonds; (ii) the amide B (Ag) at ~3080 cm™*
attributed to the Fermi resonance overtone of the amide
II vibration; (iii) the amide I (A;) at ~1633 cm™! aris-
ing mainly from the C=O stretching vibration; (iv) the
amide II (Aj) at ~1538 cm ™! attributed to NH in plane
bend and CN stretching vibration and (v) amide IIT (Ayy)
at ~1235 cm™! corresponding to the NH bending, CN
stretching vibration and small contributions from both
CO in plane bending and CC stretching vibration. The
presence of lipids typical bands at ~2920 and 2850 cm™*
(V¥ and Vo) and at ~ 1735 (v-_y) could be ascribed
to the fatliquoring products used in the leather finishing
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Fig. 3 TG and DTG curves showing the typical decomposition pattern for a newly manufactured vegetable-tanned leather characterised by three
successive exothermic processes: water loss (peak I), pyrolytic thermal oxidation (peak Il) and thermal decomposition (peak I11)
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process to impart softness and flexibility to leather. Wor-
thy of note, these bands show a significant intensity
reduction in the CaC4 spectrum indicating the loss of
fatliquoring oils which are water-soluble and susceptible
to oxidation. Oils leaching makes leather more vulnerable
to hydrolysis and to losing its collagenous ordered struc-
ture. This finding well correlates with the lack of the main
shrinking interval in case of CaC4 sample. Soiling effects
are indicated by the aluminosilicates specific bands at
~1030 cm™ (vg_o), 525 (8,5 o_g) and 465 cm™! (8g;__
si)» as well as by the calcium carbonate main absorption
bands at 1405 cm ™! (v¥q;) and 874 cm ™! (§n3).-

To discern the peak positions in the overlapping IR
bands of collagen and tannins, the second derivatives
of FTIR-ATR spectra were calculated in the spectral
range of amide I and amide II (1700-1450 cm ™) for all
the investigated samples (Fig. 5a—d). The overlapping
spectral bands were assigned to the following compo-
nents: amide I components centered near 1660 cm™*
and 1622-1628 cm™!, respectively; amide II band
observed near 1550 cm™}; vegetable tannins bands near
1602-1605 cm™! (visible as a shoulder of the second
component of amide I) and 15021515 cm™! (this band
completely overlap the second component of amide
II). Previously, amide I band at about 1658 cm™! has
been reported for native collagen, while the bands at
1651 cm™! and 1633 cm™! were correlated with dena-
tured collagen and gelatin, respectively [55]. Similarly,
the amide II components at lower wavelengths have
been associated to collagen disordered structures (i.e.,

the band near 1530 cm™?) [48, 52] and gelatin (i.e., the
band near 1518 cm™!) [38, 48].

As a result of the burial tests, the intensity of both
amide I components decreased, suggesting a loosening
of the collagen—tannin interactions (Figs. 5a—d). This
destabilization process led to the dissappearance of
the shoulder at 1602—-1605 cm™! after the second year,
most likely due to a de-tanning process. The loosen-
ing and then breaking of collagen—tannin interactions
during burial is also suported by the changes in the
amide II band, namely the shift of the amide II compo-
nent at 1550 cm™! (a-helix) towards lower wavenum-
bers (1546—1538 cm™!) accompanied by a progressive
depletion of the complex band at 1502—1515 cm ™! 38,
52, 55]. In case of CH leather samples, the intensity of
the 1660 cm™! component (a-helix) decreased while
the intensity of the 1628 cm™' component (gelatine)
increased [37, 38, 40, 55]. This behaviour, explained
by the unfolding of the native triple helix structure
and conversion to gelatin, confirms the gelatinisation
of CH leather revealed by the dramatic decrease of T
evidenced through the MHT method. A similar spec-
tral behaviour was previosly explained by Stani et al.
[51] through the formation of a larger number of water-
mediated hydrogen bonds in denatured collagen. They
assigned the component near 1630 cm™! mainly to the
carbonyl stretching of hydroxyproline and of the oth-
ers amino acids involved in water mediated hydro-
gen bonds in the native state. Recently, some of us
related the concomitant increase in intensity of amide
I component at 1632 cm™! and depletion of amide II
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component near 1549 cm™! to collagen gelatinisation as
a result of parchment dry heating [38].

Effects of burial tests on leather surface morphology

by SEM

Scanning electron microscopy (SEM) is an invasive but
non-destructive high-resolution technique used for
imaging a wide range of materials including the collagen-
ous materials. Depending on magnification, changes in
the surface microstructure of leather, i.e. the morphology
of fibre network, fibres and microfibrils, can be observed
as a result of either natural or induced deterioration
[56-58].

The collagen structural damage documented by SEM
imaging of both new and buried samples are illustrated in
Figs. 6, 7 and 8. The newly manufactured leather showed
ordered fibrillar networking with the fibrils grouped in
bundles (Fig. 6a) and their typical periodic structure
cleary visible at higher magnification (Fig. 7a). The buried
samples displayed discontinuities and loosening of the
fibre matrix cohesion, progresive shrinkage and extended
melted/gelatinised areas (Fig. 6b, c). The distorted fibri-
lar structure and massive presence of amourphous and
gelatinised structures are already evident at higher mag-
nification after 1-year burial period (Fig. 7b). Bozec and
Odlyha [59] related the loss of the repeted periodicity of
collagen fibril ultrastructure to collagen entirely struc-
turally denaturated. This is in accordance with the DSC
results presented above.

In addition, a microbial attack with the leaching of
mineral component on the leather surface (most probla-
bly calcium carbonate, as indicated by FTIR-ATR results)
was observed (Fig. 8). The chains of bacterial spores and
filaments resemble the typical structure of some Actino-
mycetes [58, 60], aerobic spore forming gram-positive
bacteria, which are the most abundent organism that
form thread-like filaments in the soil and play a major
role in the cycling of organic matter [61].

pH variation as a result of the burial tests

The pH value of the new vegetable tanned leathers was
in the range 3.5-4.6, depending on the tannin type and
manufacturing process. The pH values of the buried
leather increased to 6.5-7.3, which is actually the pH
value of the soil. In fact, the soil acts as a buffer, so the
pH value of the archaeological leather does not depend
on the type of damage, but on the type of soil in which it
was buried. In the burial experiment we performed, the
pH increase facilitated de-tanning of collagen—tannin
matrix, thus promoting the subsequent deterioration of
collagen until complete denaturation and gelatinization
[18]. In addition, at pH > 6, the leaching out of vegetable

Page 10 of 14

SEM HV: 10.6 kv WD: 13.41 mm
View 55.3 ym Det: SE
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SEM HV: 15.0 kV WD: 15.98 mm
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Fig. 6 SEM images showing a the ordered fibrillar networking with
the fibriles grouped in bundles for CaC0; b, ¢ loss of the fibre matrix
cohesion, progresive shrinkage and melted/gelatinised areas for CaC1
and CaC2. Magnification 5000 x
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Fig. 7 SEM images showing a the typical periodic structure of the
collagen fibril for CaC0 and b complete loss of the surface fibrillar

structure for CaC1. Magnification 50,000 x

tannins is favoured. They are easily washed out by rain-
water thus speeding up de-tanning process.

Conclusions

This work aimed to study the deterioration induced in
vegetable leather by ground burial for 1 to 4 years. For
the first time, burial tests were applied on new leather
obtained from both bovine and ovine hides using both
hydrolysable and condensed tannins. The analytical
approach based on FTIR-ATR, DSC, TG/DTG, MHT
and SEM provided clear evidences that could help under-
standing deterioration of archaeological leather.

The MHT method shown a general trend of increasing
the structural inhomogeneity degree of collagen within
the microfibres. The lengthening of (Al+Bl) inter-
val was correlated with collagen pre-gelatinization and
gelatin formation while de-tanning was the main cause
of the (A2+B2) interval lengthening. However, it must

Fig. 8 SEM images of CC1 a at 5000x magnification and b at
15,000 magnification showing the presence of CaCO; crystals (1),
bacterial spores (2) and filaments (3) resembling the typical structure
of Actinomycetes

be taken into account that the length of these intervals
is partly due to fibre hardening/cementing through soil
mineral penetration into leather porous structure. This
also causes an artificial increase of T,. Hence, the use of
shrinkage temperature as a metric of deterioration might
be highly misleading. Noteworthy, the MHT method is
still suitable for detecting pregelatinized/gelatinized col-
lagen microfibres being thus essential for deciding the
conservation interventions immediately after leather
excavation. We also found that leather samples tanned
with hydrolysable tannin suffered a much faster de-tan-
ning process at the neutral pH of the soil, while sheep
leather shown a sudden thermal destabilisation after the
second year underground.

DSC analysis revealed a strong denaturing effect on
collagen by the disappearance of both the denaturation
peaks corresponding to the two collagen populations
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with distinct thermal stability, crystallinity and hydra-
tion degree usually detected in the temperature interval
(135-240) °C. TG/DTG results indicated the progres-
sive reduction of cross-linking degree in the collagen—
tannin matrix for all leather samples.

The second derivative of the FTIR-ATR leather spec-
tra allowed us to differentiate between collagen and
tannin spectral components and detect their individual
shifts and relative intensity variation induced by the
burial test. Thus, the de-tanning process (namely, loos-
ening and breakdown of the collagen—tannin interac-
tions) is indicated by the depletion of the tannin bands
at 1602—1605 cm™! and 1502-1515 cm™!, accompanid
by the shift of the amide II component at 1550 cm™*
towards lower wavenumbers (1546—1538 c¢cm™'). The
conversion of collagen into gelatin is suggested by
the decrease of 1660 cm™! band (assigned to a- heli-
cal structures) and increase of the 1628 c¢cm™! band
(assigned to gelatine).

SEM images provided useful information concerning
the loosening of the fibre matrix cohesion, progresive
shrinkage and formation of melted/gelatinised areas.
The distorted collagen fibril ultrastructure well corre-
lated with collagen denaturation and gelatinisation. In
addition, the detection of bacterial spores and filaments
revealed a microbial atack with the leaching of calcium
carbonate crystals (also detected by FTIR-ATR) on
leather surface.

Overall, our results confirm that damage in buried
leathers follows the same main steps identified in his-
torical leather long-term deterioration, namely leather
de-tanning, collagen denaturation and gelatinisation
[18]. These findings improved our understanding of
the burial-induced deterioration in vegetable tanned
leather and could be of great assistence in assessing
archaeological leather. The analytical protocol based
on MHT, DSC, FTIR-ATR and SEM demonstrated a
good potential as a routine approach for a comprehen-
sive characterization of collagen matrix structure and
stability from molecular to macroscopic level. Moreo-
ver, a correct interpretation of the shrinkage activity of
archaelogical leathers could offer enough information
for a quick and handy characterization of leather struc-
tural stability.
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