J Therm Anal Calorim (2015) 120:1119-1127
DOI 10.1007/s10973-015-4461-z

Thermal analysis on historical leather bookbinding treated
with PEG and hydroxyapatite nanoparticles

Amir Ershad-Langroudi - Akram Mirmontahai

Received: 14 July 2014/ Accepted: 21 January 2015/ Published online: 18 February 2015

© Akadémiai Kiadd, Budapest, Hungary 2015

Abstract Thermal analysis approaches give the oppor-
tunity to investigate structural changes in historical leather
like as dehydration, crystallization, and melting process.
An historical leather sample from nineteenth century was
considered in this study. The leather samples were treated
with a suspension of nano-hydroxyapatite and polyethylene
glycol 400 (PEG 400) in an aqueous solution. The treat-
ment effects on the structural changes in historical leather
were studied by differential scanning calorimetry (DSC)
and thermogravimetric analysis (TG). DSC technique has
been employed to study the thermal-associated changes in
historical leather to an artificial aging and the conservation
of nanocomposite treatment. Moreover, thermogravimetric
analysis and differential thermal gravimetry (TG-DTG) are
used as useful methods for the investigation of the mass
losses of the treated and untreated samples at the pro-
gressive heating in N, gas flow. Furthermore, scanning
electron microscopy studies indicated the collagen fibril
changes in treated sample in comparison with those of
untreated sample and after accelerated aging test.

Keywords Thermal analysis - Leather - Nanocomposite -
Hydroxyapatite (HA) - Polyethylene glycol (PEG)
Introduction

Various leather products such as tanned leather, book-
binding leather, and parchment have been considered as

A. Ershad-Langroudi (P<]) - A. Mirmontahai

Color, Resin & Surface Coating (CRSC) Department, Polymer
Processing Faculty (PPF), Iran Polymer and Petrochemical
Institute (IPPI), 14965/115 Tehran, Iran

e-mail: A.Ershad@ippi.ac.ir

valuable objects since the beginning of human civilization.
Conservation and preservation of these valuable historical
leather objects are matter of challenges by specialist heri-
tage conservators [1].

The main element of the coherent structure of leather
matrix is a complex biomaterial composed of collagen
molecule that is made up of the triple helix formed of three
polypeptide chains coiled together [2]. Collagen molecule is
constrained by weak non-covalent inter-chain bonds, espe-
cially hydrogen bonds, and further aggregates in structural
levels of increasing complexity [3]. The thermal stability of
such a matrix depends on the amino acid arrangement of the
proteins and environmental conditions [4].

The collagen-based objects are facing various problems
such as the assessment of environmental condition risks and
the evaluation of suitable treatments because these objects
have very complicated construction components. They
change in accordance with the materials used in skin, the
materials that use for tanning, and other materials applied for
the different finishing processes also differ in the chemicals
that they receive from their different environments [5, 6].
The leather objects are usually treated with dressing products
including fats or oil components [7, 8]. These materials do
not contribute to the preservation of the constituent moisture
and, on the other hand, destabilize collagen filaments, and the
fibers dispose to overdrying. Recently, polyethylene glycol
(PEG) is considered as an essential component in leather
treatment [9, 10]. Aqueous solution of low molecular weight
polyethylene glycol (PEG 400) does not need surfactants and
is capable of preserving moisture and making the old leather
softer [9-12].

Materials science is the principal area through which
researchers in the chemical disciplines can influence
technology. The key objective in making new and
advanced materials was to find ways to generate new
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properties at three levels: the molecular level, the material
level, and the surface or interface level. Recently, nano-
technology has pronounced impact on preserving cultural
objects for the following reasons: by decreasing the size of
the particles in nano-range and by improving better dis-
persion in the desired zone of historical object that can
affect the chemical reaction and its rate [13-15].

Interaction of nanoparticles with collagen macromole-
cules has been investigated by many authors [16-19]. In
this regard, Ionita et al. [20, 21] indicated that two peptide
chains of collagen can be cross-linked with the formation
of a silver bridge linking. Gaidau et al. [22] investigated the
interaction of different kinds of silver nanoparticles with
collagen, and their results indicated that silver nanoparti-
cles react with collagen chain through hydrogen bonds in
carbonyl groups.

In addition, it is observed that the dispersion of nano-
silver particles in the chromium-tanned sheepskins showed
the best resistance to fungi and bacterial exposure tests [23].

It is also reported that the archeological and paleonto-
logical demineralized bones can be preserved, and their
mechanical strength is improved by in situ growth of
CaCO; in the presence of collagen within the deteriorated
bones [24].

Hydroxyapatite (HA) nanoparticles and polyethylene
glycol (PEG) are among the biocompatible materials that
have been used for variety of biomaterial applications such
as the development of mechanical properties of hydrogels
and scaffolds with higher extensibility and toughness [25, 26].
In addition, incorporation of HA nanoparticles in the
hydrophilic PEG can improve water adsorption and cell
adhesion of nanocomposite [25]. However, very few
reports are focused on the development of polymer—inor-
ganic nanocomposite for the conservation treatment of
collagen-based historical objects. We are interested in
PEG-nano-hydroxyapatite nanocomposite (PEG 400-HA)
that can be formulated to improve elastic and toughness
properties of historical leather. In our previous paper, the
mechanical properties and structural changes in untreated
and treated bookbinding historical leather samples with
nanocomposite (HA and PEG 400) at dynamic and static
tensile mode were studied by DMTA and tensile tests [27].
The obtained results confirmed that the mechanical prop-
erties can be promoted by the movement of collagen fibers
and decreased the frictional resistance of the fibers [27].
However, thermal properties of treated bookbinding his-
torical leather samples with this nanocomposite have never
been reported.

Miles and Ghelashvili in their studies have proposed a
hyperbolic relationship between the denaturation temper-
ature and the volume fraction of water in the fiber, which
was justified by DSC data [28]. They have discussed that
thermal stability of collagen is related to changes in the
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configurational entropy of the uncoupled, random-coil
state. They relate the volume fraction of water in a fibril to
the inter-axial spacing of collagen molecules.

In another study, it is indicated that mineralization of
collagen increases the transition temperature [29, 30].

Okamoto and Saeki studied the phase changes in col-
lagen on progressive heating from room temperature to
225 °C [31]. Their results indicated that collagen fiber is
composed of three regions of different structure such as
amorphous region, less oriented unstable crystalline region,
and stable crystalline region. An endothermic process
occurs between room temperature and 120 °C, and a sec-
ond endothermic process begins around 170 °C and
exhibits a minimum at 215 °C. The first process consists in
the vaporization of the adsorbed and absorbed residual
water, and the second stage is related to melting of crys-
talline phase of collagen [1].

However, the origin of the second endothermic is a
challenging matter for some of the authors [32-34]. Bu-
drugeac et al. [1, 35] related that the value of the melting
temperature depends on the cross-linking degree and the
degradation of collagen-based materials.

The aim of this research was to find an appropriate
treatment for historical leather lubrication and conservation
with the least interaction of these materials in the leather
behavior in aging. Recently, Badea et al. [36] studied the
effects of temperature and relative humidity on hydrother-
mal stability of parchments by DSC under the accelerated
aging conditions that can induce changes in collagen ther-
mal stability, increase in heterogeneity, structural disorder,
and the loss of fibrillar structure. Cucos et al. [37] studied
the effects of temperature and relative humidity on the
degradation of recently manufactured parchments and
vegetable-tanned leathers by DSC and DMA. Their results
indicate that humidity condition of accelerated aging causes
a progressive decrease in the temperature of denaturation,
but has no or minor effect on that in dry state. In addition,
deterioration degree of parchments is more affected than
that of leathers under same aging conditions [37].

The age and storage conditions of the collagen-based
materials can also be related to the number of DSC peaks
of denaturation under nitrogen flow and of the normalized
DTG peak of the thermo-oxidative process [38—40]. In
addition, drying processes were investigated by dielectric
and thermomechanical techniques in historical bookbind-
ing leathers. In this study, TG measurements of the
shrinkage temperature have been associated with their
chemical state [41].

Thermal gravimetric analysis (TG) is a useful method to
examine the thermal stability of the conservation treatment
on historical samples. TG tests indicated that Ca(OH),
nanoparticles improve the thermal stability of the canvas
linings on wood samples [21, 42].
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Recently, thermal stability of the methyl methacrylate/
butyl acrylate copolymer nanoemulsions was confirmed by
TG technique as efficient retanning and lubricating agents
for chrome-tanned leather [43]. In another study, the
thermal stability of water dispersible cloisite-g-methacrylic
acid copolymer nanocomposites was investigated as re-
tanning agent on goat leather [44].

The present work focuses on the thermal properties of
untreated and treated samples with the PEG-HA nano-
composite by differential scanning calorimetric (DSC) and
thermogravimetric analysis (TG) techniques. The present
work aims to obtain further information on the thermal and
to complete mechanical information that has been reported
earlier [27]. The prepared nanocomposite suspension was
considered as potential lubricating agents to improve the
properties of vegetable-tanned historical leathers. So, the
lateral information gained from morphological studies by
electron microscopy was also included. In addition, the
color changes in the treated leather with the prepared
nanocomposite suspension will be reported separately.

Experimental
Materials and method

Old goat leather from the Qajar era (150 years ago) with
vegetable tanning and hand colored was used as material
substrate throughout this investigation.

The pH of leather is an important property for indicating
the age and storage conditions of leather [45]. Therefore,
prior to the treatment, the pH of historical leather book-
binding has been measured according to ASTM D 2810,
2001b. The average pH of three specimens from the leather
sample was 5 = 0.2, which indicates the leather is in a
weak acidic condition. Figure 1 shows an image of the
historical bookbinding from the Qajar era (150 years ago),
from the library, museum, and documentation center of
Islamic Consultative Assembly (ICAL).

Nano-hydroxyapatite (HA) suspension in water and
polyethylene glycol (PEG) with molecular weight of 400
were provided from Sigma-Aldrich and Merck, respec-
tively. Some information regarding the nature of HA and
PEG is given in Table 1.

The leather sol treatment was prepared by a solution of
15 volume percent of PEG in deionized water and 0.1
volume percent of HA [27].

The historical leather was treated by placing the leather
sample in the homogenous PEG and HA aqueous solution
under magnetic stirring for 15 min at room temperature;
after removing from the solution, the sample’s surface was
softly dried by a soft cloth and stored in a desiccator at
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Fig. 1 Leather bookbinding of Qajar era (150 years ago)

room temperature for about 1 week before thermal and
morphological analyses. In addition, all samples were
conditioned in the test room at 23 °C and 50 % RH for
24 h before any analysis.

The thermal analysis (i.e., DSC and TG) was repeated
2-3 times for the historical leather samples as well as
natural aged, treated, and after artificial aging. The uncer-
tainty of thermal analysis is in the error bar +3 °C. In
addition, the samples for the analysis were taken from the
same area of the historical leather bookbinding due to the
heterogeneity of these materials.

Characterization
Differential scanning calorimetric (DSC) analysis

Differential scanning calorimetric analysis was performed
using a DSC calorimeter apparatus (PL-DSC, polymer
laboratories, England). The samples were weighed (around
10.5 £ 0.2 mg) and heated at the constant rate of
10 K min™', the whole 20400 °C temperature range in
open aluminum pans and nitrogen flow (50 mL min~',

nitrogen purity of 99.999 %).

Thermogravimetric analysis (TG) and Differential thermal
gravimeter (DTG)

The TG and DTG analyses were recorded using TG
apparatus (PL-TG, polymer laboratories, England). The
samples were weighed (9 & 1 mg) and heated at the con-
stant rate of 10 K min~' in gas flow (nitrogen; purity of
gas in higher than 99.999 %; 50 mL min~"), in tempera-
ture range 20-600 °C.
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Table 1 Some characteristic information of HA and PEG [46, 47]

Material

Linear chemical formula pH Particle size

Form Concentration

Hydroxyapatite (HA) [Cas(OH)(PO4)3]x

Polyethylene glycol (PEG) HO(C,H,0),H 57 -

4-6 <200 nm (BET)

10 mass% in H,O
Liquid in room temperature and soluble —

Nanoparticles dispersion

Aging procedure

The leather samples have been artificially aged in a
chamber under continuous cycling for 1,000 h. Table 2
shows two following aging cycle test conditions. UV
radiation is provided by using a 8-W UVb lamp model
Hitachi, Japan.

Scanning electron microscopy (SEM) study

The collagen fiber morphology of the leather samples was
observed by SEM (TSCAN_VEGA, Cambridge, Checko-
slavaki) at an accelerating voltage of 15 (kV). The fracture
surface was provided by the temperature of liquid nitrogen,
and the samples were coated with a thin layer of gold,
thickness 15 (nm), density 19.32 (g cm73).

Sample coding

The following codes are used to denote the samples:

e “Control” for untreated historical leather

e “treated” for the treated historical leather with the
HA-+PEG solution (see Section “Materials and method”)

e “aged control” for artificial aged control sample

e “aged treated” for artificial aged treated sample

Result and discussion
DSC analysis in N, flow
Figure 2 shows the DSC curves for the untreated historical

leather (denoted by “control”) and the historical leather
treated with PEG and nano-HA aqueous solution (denoted

Table 2 Leather samples are exposed in two following aging cycle
tests

Cycle Time/ Temperature/ Relative humidity/ UV
h °C % radiation
16 40 80 -

2 8 15 5 UVb/8 W
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by, “treated”), and Fig. 3 exhibits the similar results but
after artificial aging of the leather samples (denoted by,
“aged control” and “aged treated”). As mentioned above,
all samples were placed in the test conditioned room at
23 £ 2 °C and RH 50 % for 1 week. Since the moisture
content and volatile matters of the samples are considered
to be in steady states, thermal analysis results are only
related to thermal denaturation [48, 49].

T, corresponding to the temperature occurs the loss of
physically adsorbed moisture can be calculated from the
onset point of inflection curve in the initial part of DSC
(see Figs. 2, 3). This temperature can be also correlated
with T in B relaxation peak of tan 6—T curve in our pre-
vious results [27].

T and Ty of the control sample occur at higher tem-
perature in comparison with other samples. This indicates
that T of historical leather decreases by artificial aging as
well as by the treatment with PEG and nano-HA aqueous
solution. This may be attributed to the movement of some
segmental sections of collagen chain due to the increase in
their volumes because of water adsorption as shown in the
later section of SEM results. In addition, the nano-HA
particles placing between the collagen chains can induce
decreasing of T by increasing free volume.

In addition, Figs. 2 and 3 also show minimum tem-
perature of endothermic peaks (I and II). In the range of
30-120 °C, each investigated sample has also exhibited a
wide endothermic peak, denoted by I, corresponding to the
loss of material humidity. This process is followed by one
or some smaller endothermic peaks.

Immersing of treated sample in the aqueous HA and
PEG solution can be induced at higher hydration level in
relation to natural aged sample (i.e., control). In this con-
dition, collagen fibrils are swollen in water that is distrib-
uted in two phases, intra-fibrillar and external water.
Therefore, the endothermic processes occurring between
room temperature and about 150 °C can be related
to the vaporization of the adsorbed and absorbed residual
water [1].

As shown in Fig. 2, the endothermic process I can be
displaced to lower temperatures in “treated” sample in
relation to control, while in Fig. 3 and after artificial aging,
both of the curves exhibit a similar trend (see “aged con-
trol” and “aged treated” curves). This may be attributed to
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Fig. 2 DSC curves of the historical leather: untreated (control) and
after nanocomposite treatment (treated)
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Fig. 3 DSC curves of the artificial aged historical leather: “aged
control” and “aged treated”

higher hydration levels in “treated” sample rather than that
of control while hydration levels are stabilized in the
artificial aged samples.

The process 11, earlier detected by Okamato and Saeki,
could be explained by the biphasic amorphous—crystalline
structure of collagen-based materials according to which
the crystalline triple helix is embedded into an amorphous
matrix (protein denaturation). Consequently, the process 11
might be related to the softening (melting) of crystalline
part of material [23]. The results corresponding to this
endothermic peak have led to the following.

In control sample, melting phase occurred in higher
range temperature than those corresponding to “treated”
that it means the amorphous structure in this sample was
stiffer than those other samples. Between aged samples,
softer amorphous structure belonged to the “aged treated”
sample. These statements could be explained by the above-
mentioned biphasic amorphous—crystalline structure colla-
gen-based materials, according to which the softening of
the crystalline part is hindered by the rigidity of the
amorphous matrix. Melting temperature (7},) values in the

case of aged samples (aged control and aged treated) are
higher than those corresponding to treated and control,
because the aging process induces heterogeneity in the
structure of the crystalline region. It seems PEG by
absorption of the environmental humidity induces more
softness in “treated” and “aged treated” samples. In
addition, the nano-hydroxyapatite particles have a hydro-
philic character that can increase this quality.

TG analysis in N, flow

Figures 4 and 5 show the TG and DTG curves obtained by
the analysis in N, flow of the leather samples. The shrinkage,
the main heat damage in the collagen network, is coupled
with some water loss. TG was used to quantify the extent of
the mass loss; also, the DTG curve of the samples was studied
for better interpretation of the TG data.

The analysis of all data obtained by TG-DTG analysis
in N, flow has been revealed. The initial slope in the TG
curve of the “treated” sample is more than those corre-
sponding with “control” and extends to the higher tem-
perature (i.e., up to about 140 °C) that means the “treated”
sample has lost more water and volatile contents in pro-
gressive heating than the control. Control has exhibited
melting phase with the minimum peak at temperature range
300 °C while the “treated” has exhibited this phase at the
temperature about 318 °C. The first peak in the DTG curve
that related to loosing water content in the “treated”
sample is sharper with higher amplitude than its of control
sample; also, the second peak in this curve that related to
denaturing of the leather structure in the control is boarder
than those of the “treated,” and it means “treated” sample
has shown more structural changes than control.

However, “aged treated” and “aged control” samples
exhibit the same manner in the TG and DTG curves as well
as the treated sample. It may be attributed to reach higher
water and volatile contents after artificial aging or by the
nanocomposite treatment in the treated sample. After
accelerated aging, the temperature range of the melting
phase has shifted to higher temperature. It may be attrib-
uted to the structural heterogeneity of leather and residual
tanning materials that can induce the cross-linking inter-
action between collagen fibers under UV and humidity in
aging condition. Aged control and aged treated samples
have exhibited melting phase at the same temperature
range while the DTG curve of aged treated is slightly
boarder than those of aged control. It means aged treated
has exhibited slightly more structural changes. In addition,
the DTG curves of the control and treated show a small
number of peaks at higher temperatures (above 350 °C); in
addition to the first and second peaks, it demonstrates more
structural heterogeneity in these samples. Although the
general trend of water release was substantially analogous
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Fig. 4 TG curves of the untreated and treated historical leather
samples before and after artificial aging (for better comparison of the
treatment and aging effects, they are also shown as separate figures)

in either case, the control revealed a smaller water content
than the treated, and in the aged samples (i.e., aged control
and aged treated), the aged control revealed a smaller water
content than the aged treated.

SEM studies

In our previous research, the size and uniformity of HA in
the leather microstructure was investigated by TEM and
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Fig. 5 DTG curves of the untreated and treated historical leather
samples before and after artificial aging (for better comparison of the
treatment and aging effects, they are also shown as separate figures)

SEM-EDX analyses [27]. Here, SEM studies have done to
investigate the fibril form of collagen and the collagen
fibers packing. Figures 6 and 7 show the microstructure
control and “treated” in two magnifications. As shown in
these figures, the collagen filaments in the control sample
have little connection to each other and fragile form than
the collagen filaments in treated sample that shows better
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Fig. 6 Collagen fiber of the
control sample in two
magnifications

Fig. 7 Collagen fiber of the
“treated” sample in two
magnifications

Fig. 8 Collagen fiber of the
aged control sample in two
magnifications

Fig. 9 Collagen fiber of the
aged treated sample in two
magnifications
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connection; wider fibril thickness (swollen) can support
more flexibility than collagen, which is presented in lower
value of Ty as shown in Figs. 2 and 3. In addition, the
packing between filaments of the “treated” sample is less
than those belong to the control sample. It may be attrib-
uted to higher water absorption in the collagen filaments.
Figures 8 and 9 indicate the SEM analysis on the micro-
structure aged treated and aged control in two magnifica-
tions. As shown in these figures, the untreated aged sample
has more spacing area and gaps between collagen filaments
than those of the aged treated sample, and in both samples,
the gaps and torn fibers are more than treated sample,
which can be attributed to the loss of humidity and the
effect of UV and heat on damaging collagen fibers under
artificial weathering assay.

Conclusions

DSC analysis has shown that for nanocomposite-treated
historical leather sample, the temperature at which loss of
physically adsorbed moisture occurs is lower for treated
sample compared to untreated sample. Therefore, the
nanocomposite treatment can be considered as a dressing
agent in increasing flexibility of collagen fibers. In addi-
tion, the treated historical leather exhibited melting phase
in higher range of temperature (i.e., minimum second peak
and its shoulder in DTG curve) than those corresponding to
the untreated leather that may be attributed to occur cross-
linking between collagen and nano-hydroxyapatite. How-
ever, the artificial aging can induce their thermal behaviors
to be close to each other. The results of the TG have shown
that the historical leather sample revealed smaller water
content and more structural heterogeneity, and the lowest
first and second mass losing temperatures occurred
between the treated leather and aged samples.

The nanocomposite treatment and artificial aging can
affect the temperature range of the melting phase by
shifting to the higher temperatures. It may be explained by
increasing cross-linking interaction between collagen fibers
under UV and humidity.

The SEM studies show that the collagen filaments in the
treated leather sample have more thickness, uniformity,
and better interaction to each other in comparison with
untreated historical leather sample even after aging test.
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