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a  b  s  t  r  a  c  t

The  aging  mechanism  of leather  and parchment  was  studied  by thermoanalytical  methods  to understand
the  effect  of the  environment  on the historical  manuscripts  and  the  heritage  of libraries  and  archives.  Alka-
line  and  acidic  treatments  followed  by thermal  dehydration  were  applied  to  achieve  chemical  changes
in  the structure  of new  leather  and  parchment  similar  to  the slow  natural  aging  of  historical  samples.
Chemical  and  structural  changes  during  both  natural  and  artificial  aging  processes  were  characterized  by
thermoanalytical  techniques.  The thermal  stability  and  the evolution  profile  of  the  decomposition  prod-
ucts  under  slow  heating  were  studied  by  thermogravimetry/mass  spectrometry  (TG/MS).  The  distribution
of  the  decomposition  products  of  these  collagen-based  materials  under  fast pyrolysis  was characterized
by  pyrolysis-gas  chromatography/mass  spectrometry  (Py-GC/MS).  It was  found  that  the  maximal  rate  of
the  thermal  decomposition  (DTGmax) significantly  decreases  by aging  in  case  of  both  leather  and  parch-
ment  samples  indicating  the  degree  of  deterioration.  Py-GC/MS  has  been  found  to be  a  suitable  technique
to  sensitively  monitor  the  degradation  of  the  polyphenolic  components  of  the  vegetable  tannins  under
natural  or  artificial  aging.  It was  established  that  the  tannin  content  of  leather  is more  significantly
affected  by  natural  aging  and alkaline  treatment  than  the  main  structure  of  the  polypeptide  chains.  Prin-
cipal  component  analysis  (PCA)  has  been  used  to  find  statistical  correlations  between  the  experimental
data  for  leather  samples.  The  results  of  the  PCA  confirmed  that  the  alkaline  treatment  and  the  natural
aging  processes  similarly  modify  the tannin  content  of the vegetable  tanned  leather.

©  2015  Elsevier  B.V.  All  rights  reserved.

1. Introduction

The skin is composed of three primary layers: epidermis, dermis
and hypodermis. The epidermis, the keratin-rich outer layer of the
skin, and hypodermis, the subcutaneous fatty tissue, are removed
during the fabrication of both parchment and leather [1–3]. The
dermis, the collagen and elastin rich inner layer, is the main com-
ponent of both parchment and leather. The keratin, collagen and
elastin are structural proteins built of polypeptide chains whose
primary blocks are the amino acids.
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The skin processing into leather involves a number of prepara-
tory stages, which are identical to the first stages of parchment
preparation, as well as tanning and crusting. The purpose of tan-
ning is to achieve more durable materials suitable for a variety of
applications, i.e., clothing, footwear, gloves, bookbindings, furni-
ture pieces, military garments, tapestries, boxes, vessels, etc. The
tanning procedure permanently alters the chemical structure of the
collagen. The tannin molecules stabilize the collagen matrix by link-
ing to the amino acid chains via hydrogen and/or covalent bonding,
depending on the tannin type. The oldest system of tanning relies
on the chemical action of vegetable extracts containing tannins,
while tanning with chromium salts, was introduced at the end of
the 19th century. The vegetable tannins are natural polyphenols;

http://dx.doi.org/10.1016/j.jaap.2015.08.022
0165-2370/© 2015 Elsevier B.V. All rights reserved.

dx.doi.org/10.1016/j.jaap.2015.08.022
http://www.sciencedirect.com/science/journal/01652370
http://www.elsevier.com/locate/jaap
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jaap.2015.08.022&domain=pdf
mailto:sebestyen.zoltan@ttk.mta.hu
dx.doi.org/10.1016/j.jaap.2015.08.022


420 Z. Sebestyén et al. / Journal of Analytical and Applied Pyrolysis 115 (2015) 419–427

the chemical structure of this group of compounds was described
by HPLC–ESI-MS/MS method [4].

The parchment is made of animal skin by liming, scraping and
drying under tension, but it is not tanned; hence it contains about
95% collagen [5], whereas the vegetable tanned leather has about
67% collagen [6]. While leather has always a wide range of appli-
cations parchment was mainly used as writing material. It was
the unique writing support for both library and then archival doc-
uments since the 5th century to the Middle Ages when it was
replaced by the cheaper paper.

The collagen-based materials like leather and parchment are
sensitive to the environment and especially to sudden and large
variation of the storage parameters (e.g., temperature, relative
humidity) as well as to pH and atmospheric pollutants. All these
factors, alone or synergistically, have generated different types of
deterioration of parchment and leather objects during time. Oxi-
dation, hydrolysis and gelatinization are the main mechanisms of
their deterioration [7].

The amino acid sequence of collagen is known in detail [8] and it
shows a distinctive domain structure. It is dominated by the amino
acid glycine (roughly 1/3 of all residues) and mainly based on the
repetition of tripeptides of the type of glycine-X1-X2, where pro-
line and hydroxyproline are the most frequent amino acids (around
30%) occupying the X1 and X2 sites. The amounts of alanine, argi-
nine, and glutamic acid are also significant [9].

Applying thermal degradation techniques to analyze different
collagen-based materials is not a new idea [10–15]. Budrugeac et al.
[14,16] studied the thermal behavior of leather and parchment
under different atmospheres by differential scanning calorime-
try (DSC). They exposed the materials to high concentrations
of chemical pollutants (SO2 and NOx) and observed that the
DSC peak was shifted to lower temperature with the aging time
and became smaller and broader. It was also reported applying
pyrolysis-mass spectrometry (Py-MS) [17] that the major pyrol-
ysis products of peptides and proteins are 2,5-diketopiperazines,
which are cyclic dimers of amino acids. Fabbri et al. [18] studied the
formation of 2,5-diketopiperazines during the pyrolysis of linear
dipeptides, tripeptides and proteins (e.g., collagen) using pyrolysis-
gas chromatography/mass spectrometry (Py-GC/MS) system. They
established that the most intense 2,5-diketopiperazine (DKP)
peaks in the chromatogram correspond to cyclo(proline–glycine),
cyclo(proline–proline) and cyclo(proline–hydroxyproline). Mar-
cilla et al. [19] studied the effect of NaOH treatment on the thermal
decomposition of leather wastes tanned using various tanning
agents. They found decreased thermal stability and wider tem-
perature range of decomposition on the NaOH-treated samples
by TGA method. Higher amounts of nitrogen-containing prod-
ucts, the occurrence of 1-vinylaziridine and decreased formation of
aromatic compounds were detected among the thermal decompo-
sition products by Py-GC/MS technique. Moreover, correlation was
found between the electrical properties and the age of the human
skin [20].

In this work, the natural aging and the effects of alkaline and
acidic aging treatments on leather and parchment were studied by
thermoanalytical techniques to understand the aging mechanisms
and the response of parchment and leather to the environmen-
tal impact. TG/MS and Py-GC/MS were applied to characterize the
changes in the structure of new, naturally and artificially aged
leather and parchment samples.

2. Experimental

2.1. Materials

The new parchment was  obtained at INCDTP–ICPI, Bucharest
from goat skin, while calf skin and vegetable tannin (extract from
chestnut-wood) were used for producing leather. The historical
parchment samples were taken from a bookbinding dated 1832,
generously offered by the Historical Archives of the University of
Turin (Italy). This was  the original parchment binding of an exami-
nation register at the Arts and Humanities Faculty that was replaced
in the 90s by a new bookbinding. The historical leather samples
analyzed by TG/MS and Py-GC/MS, were taken from an old gospel
from Blaj (Romania) dated 1765 and belonging to the Central Uni-
versity Library C̈arol I” of Bucharest (two subsamples H/1 and H/2
from parts showing different degradation condition), and from a
sermon dated 1505 (two subsamples H/3 and H/4 from two differ-
ent parts). The goat parchment and the calf leather were artificially
aged by two methods as summarized in Table 1. The artificial aging
treatments consisted of acidic and alkaline treatments followed by
thermal dehydration at 120 ◦C. The new collagen-based materials
were soaked in alkaline or acid solutions for 2 days. After the soak-
ing the acid or alkaline treated samples were rinsed with aqueous
solutions of (NH4)2SO4 or NaCl, respectively. The residual inorganic
ions were removed by washing the samples with ion-exchanged
water until neutrality tested by an indicator paper. Then the sam-
ples were heated at 120 ◦C in a ventilated oven for 4 days.

2.2. Methods

2.2.1. TG/MS
The TG/MS system consists of a modified PerkinElmer TGS-2

thermobalance and a quadrupole mass spectrometer (Hiden Ana-
lytical Ltd., Warrington, UK, model: HAL 2/301 PIC). About 3 mg
samples were measured in argon atmosphere at a flow rate of
140 ml  min−1. The samples were heated in a platinum sample pan at
a rate of 20 ◦C min−1 from 25 to 1000 ◦C. The evolved products were
introduced through a glass lined metal capillary heated at 300 ◦C
into the ion source of the mass spectrometer which was  operated
at a 70 eV electron energy.

2.2.2. Py-GC/MS
Approximately 0.8 mg  samples were pyrolyzed at 600 ◦C for 20 s

in helium atmosphere using a Pyroprobe 2000 pyrolyzer interfaced
to an Agilent 6890A/5973 GC/MS. The pyrolysis products were sep-
arated on a DB-1701 capillary column (30 m × 0.25 mm,  0.25 �m
film thickness). The GC oven was programmed to hold at 40 ◦C for
4 min  then increase the temperature at a rate of 6 ◦C min−1 to 280 ◦C
with a hold for 5 min. The range of m/z 14–500 was scanned by the
mass spectrometer in electron ionization mode at 70 eV. The iden-
tification of the pyrolysis products was  based on NIST mass spectral
library and literature data [18,21]. The peak areas of the total ion
chromatograms were normalized to the sample mass and the nor-
malized data were subjected to principal component analysis (PCA)
using Statistica 12 software (StatSoft, Inc. Tulsa, Oklahoma, USA).

Table 1
Conditions of aging treatments of leather and parchment.

Treatment type Conditions Neutralizing Drying

Alkaline 4% Ca(OH)2 + 0.5% NaOH, 25 ◦C, 48 h 1% (NH4)2SO4 120 ◦C, 96 h
Acidic  0.5 M acetic acid, 4 ◦C, 48 h 0.7 M NaCl 120 ◦C, 96 h
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