' Aalto University

Volkel, Laura; Rusakov, Dmitrii; Kontturi, Eero; Beaumont, Marco; Rosenau, Thomas;
Potthast, Antje

Manufacturing heat-damaged papers as model materials for evaluating conservation methods

Published in:
Cellulose

DOI:
10.1007/s10570-022-04657-9

Published: 01/07/2022

Document Version
Publisher's PDF, also known as Version of record

Published under the following license:
CCBY

Please cite the original version:

Volkel, L., Rusakov, D., Kontturi, E., Beaumont, M., Rosenau, T., & Potthast, A. (2022). Manufacturing heat-
damaged papers as model materials for evaluating conservation methods. Cellulose, 29(11), 6373-6391.
https://doi.org/10.1007/s10570-022-04657-9

This material is protected by colpyright and other intellectual property rights, and duplication or sale of all or
part of any of the repository collections is not permitted, except that material may be duplicated by ?/ou for
your research use or educational purposes in electronic or print form. You must obtain permission for any
other tuhse: Elgctronic or print copies may not be offered, whether for sale or otherwise to anyone who is not
an authorised user.


https://doi.org/10.1007/s10570-022-04657-9
https://doi.org/10.1007/s10570-022-04657-9

Cellulose (2022) 29:6373-6391
https://doi.org/10.1007/s10570-022-04657-9

ORIGINAL RESEARCH

q

Check for
updates

Manufacturing heat-damaged papers as model materials
for evaluating conservation methods

Laura Volkel - Dmitrii Rusakov - Eero Kontturi -
Marco Beaumont - Thomas Rosenau -
Antje Potthast

Received: 11 February 2022 / Accepted: 17 May 2022 / Published online: 9 June 2022

© The Author(s) 2022

Abstract Direct fire, indirect heat, and extinguish-
ing water cause great damage to cultural assets upon a
fire disaster in a library or archive. Conservation and
restoration of heat-damaged papers are particularly
challenging due to the complexity and severity of the
damage. Since valuable originals obviously cannot be
used for the development of treatment methods and
only to a limited extent for the analysis of the dam-
age, it is necessary to produce model paper materials
that have a high degree of similarity to fire-damaged
papers, which was addressed in the present study.
Three different heating methods were tested to pro-
duce model papers of different heating levels. Their
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altered optical, structural, and chemical properties
were analyzed and compared with the results of origi-
nal fire-damaged samples. The study points out path-
ways to enable the production of comparable sample
materials. Heating between hot plates or in an oven
produces papers that have properties quite similar to
the originals in terms of surface area, paper structure,
cellulose integrity, and interactions with water. Stack
heating in the oven has proven to be a particularly
effective manufacturing method for larger quantities
of model papers.

Keywords Paper - Heat-damaged cellulose -
Surface structure - Chemical analysis - Heating
methods - Thermal aging - Thermal stress

Introduction

Despite extensive attempts to prevent fire disas-
ters at cultural heritage sites (European Commis-
sion. Directorate General for Education, Youth,
Sport and Culture 2018), such as museums, librar-
ies, and archives, catastrophic burns do occur regu-
larly and cause severe damage to valuable cultural
assets. Recent examples of disasters are the fires in
the Brazilian National Museum in Rio de Janeiro in
2018 (Herrberg 2018), the Notre-Dame Cathedral in
Paris in 2019 (Tagesschau 2019), and the Shuri Cas-
tle in Naha, Japan also in 2019 (Stark 2019). Fires at
the Russian Academy of Sciences in St. Petersburg,
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Russia in 1988 (Waters 1996), the Duchess Anna
Amalia Library in Weimar, Germany in 2004 (Weber
et al. 2014) and the Academic Institute for Scientific
Information on Social Sciences in Moscow, Russia
in 2015 (Weiss 2015) add to this list. In these fires,
many paper objects, such as books, handwritings, and
manuscripts, have been severely damaged. To ensure
that they are not lost forever, they must be treated for
conservation and restoration purposes. This is why
these events have been and continue to be a mat-
ter of concern, scientific research, and conservation
endeavors.

A fire disaster is characterized by extremely high
temperatures (> 1000 °C), heat-induced gasification,
the influence of extinguishing agents, and unpredict-
able physical forces acting on the building and the
objects inside. Individualized paper sheets usually
burn completely under such conditions, especially
since extreme temperatures, in the range of approx.
750 °C, are generated within a very short time
(approx. 15 min) above the library shelves (Wassink
and Porck 2005). However, thanks to the low thermal
conductivity of paper (k ~ 0.105 Wm~! K=1) (Mori-
kawa and Hashimoto 1998), there is a chance that in
tightly filled library shelves only the outer edge areas
of books will be affected by the fire while the cen-
tral book areas remain largely intact. Nevertheless,
the heat influence on the edges of the paper objects
is usually so intense that those areas are often com-
pletely burned and thus charred or lost (Havermans
2006; Ahn et al. 2018). The fire damage of paper is
closely related to the thermal degradation of cellu-
lose, a complex physiochemical process that includes
various temperate-dependent chemical reactions,
among others dehydration, depolymerization, cross-
linking, and aromatization reactions (Tang and Bacon
1964). Intense research on pyrolysis of cellulosic bio-
mass under oxygen-free conditions has led to numer-
ous insights into processes occurring in different
temperature ranges and the formed degradation inter-
mediates and products (Fisher et al. 2002; Burhenne
et al. 2013; Dumanli and Windle 2012). However, the
thermal effects on cellulose in an accidental fire are
rather different from pyrolysis, since the conditions
(pressure, temperature, atmosphere, etc.) are obvi-
ously not controlled (Dorez et al. 2014).

In a first comprehensive study, Ahn et al. exam-
ined the influence of fire on historical books and
analyzed the changes at the endogenous level,
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especially near the strongly heated edges. Even in
charred paper areas, the fibrous structure of the
papers was shown to still be preserved. These areas
feature a very high carbon content, i.e. carbonized
cellulose, and polycyclic aromatic hydrocarbons
which correlated positively with the heat impact
(Ahn et al. 2018). Another study of fire-damaged
papers showed that structural and chemical changes
initially occurred mainly on the surface and outer
edges of the paper. The interior bulk regions of the
cellulose were damaged only with increasing heat
and exposure time. The charred paper areas were
mainly covered with hydrophobic carbon-rich lay-
ers, but still contained sites of high surface energy
polar groups. Depending on the heat influence and
degree of charring, the damaged paper areas exhib-
ited structural changes in the nano and micro range,
leading to increased porosity. This caused enhanced
water absorption and was thus counteracting and
overcompensating the hydrophobic (water-repel-
ling) effect of charring (Volkel et al. 2022). It was
also demonstrated that thermal stress not only pro-
duced the expected degradation (chain shortening)
of polymeric cellulose, but also caused unantici-
pated crosslinking effects, by thermal cleavage of
glycosidic bonds and trans-glycosylation (Hosoya
etal. 2014).

All in all, the heat- and fire-induced damage to
historical books and papers are severe and complex,
increasing the fragility and severely affecting the sur-
face properties in terms of interactions with water and
stabilizing materials. This represents a major chal-
lenge for restorers. In order to preserve fire-damaged
originals, new conservation and restoration methods
must be developed, which enable storage and further
handling as well as digitization. For this purpose,
new coating compositions and application methods
must be developed and tested, which evidently poses
the need for suitable sample materials. Such sample
papers may additionally be of interest for the develop-
ment of conservational washing and drying methods.
The motivation of this work is the preparation of rep-
resentative, heat-damaged sample material, which can
be used to develop and establish new conservation
and restoration strategies for fire-damaged objects.
The properties of the artificially heat-damaged model
papers were compared with original, fire-damaged
samples from the burn at the Duchess Anna Amalia
Library in Weimar, where a major fire broke out in
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the historic library hall on September 02, 2004 (Ahn
et al. 2018; Volkel et al. 2022).

Materials and methods
Heat-damaged original papers

Two books, damaged in the fire of the Duchess Anna
Amalia Library in Weimar, were selected as sam-
ple material, being characteristic examples of paper
damaged by fire. The first work is "Cicero’s sdm-
mtliche Briefe Band 4" by M. Tullius, translated and
explained by Christoph Martin Wieland, from 1811.
The second book is an edition of "Diplomatisches
Archiv fiir die Zeit- und Staatengeschichte" from the
period 1821-1833.

Artificially heated model papers

Two volumes of matching editions from the early
nineteenth century were acquired from an antiquarian
bookshop as not fire-damaged, comparative material.
The samples of "Cicero’s simmtliche Briefe Band 4"
will be referred to as paper 1 below, and specimens of
"Diplomatisches Archiv fiir die Zeit- und Staatenge-
schichte" as paper 2.

Like the originals, the model specimens were
made of rag paper which historically was handmade
from used textiles, i.e., hemp, flax, or nettle fibers. To
serve as a writing or printing base, they were surface-
sized with gelatin. The resulting paper sheets were
printed using the letterpress process and bound into
a book. This sample material was subjected to differ-
ent heating methods with defined parameters (tem-
perature, time, etc.) to study the thermal effects on the
paper properties.

Heating methods

Sheets of the antiquarian volumes were used for
the production of heat-damaged model papers.
The samples of paper 1 and 2 (single sheets or
paper stacks) were heated to different temperatures
between heating plates (Heidolph MR Hei-Standard,

20-300 °C/800 W), by an household iron (Tefal FV
3840, 80-200 °C/2300 W) or in an oven (Nabertherm
LVT 15/11, up to 3000 °C/3500 W).

(A) Heating between two heating plates: The single
paper sheets were placed on a heating plate and
covered from above with either a heated iron (test
run 1) or a second heated heating plate (test run
2). The heating time was 8 min. The temperature
was varied, and different temperature combina-
tions were tested to produce a variety of heat-
damaged samples. It was possible to control the
temperature of the heating plates from 90 °C to
400 °C by choosing nine heating settings (SI-Fig.
S1).

(B) Heating of single sheets in an oven: The
Nabertherm oven was preheated to the target
temperature. The individual sample sheets were
placed in the oven at three heating levels (100 °C,
200 °C, 300 °C, +20 °C) and for different times
(30s,60s,90s, and 120 s).

(C) Heating a paper stack in an oven: A stack of
about 15-20 sheets, between two ceramic plates,
was placed in the oven. Within 45 min the oven
was slowly heated to 300 °C and then switched
off (SI-Fig. S2). The stack was slowly cooled
down to room temperature inside the oven.

During the heating tests, the temperature was
monitored with a sensor (sheath thermocouple sen-
sor type K (OMEGA T310)/GTH 1100 digital ther-
mometer, — 50 to 1150 °C). After heating, all sam-
ples were equilibrated at room humidity, analyzed,
and stored under ambient conditions.

SEM analysis

A scanning electron microscope (Apreo VS
SEM, Thermo Scientific, Netherlands) was used
with triangularly or rectangularly shaped pieces
(10-20 mm x 5-10 mm), fixed to the sample holder
using conductive carbon stickers. Silver paint
(Acheson Silver DAG 1415 M, Agar Scientific, UK)
was applied around the sample edges to increase
conductivity before gold sputtering (5-10 nm)
using a sputter coater (JEOL JFC-1200, JEOL Ltd,
Japan). High-vacuum secondary electron imaging

@ Springer
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was performed between 2 and 5 kV, depending on
the specimens” surface sensitivity.

Contact angle measurement

The measurements of contact angles were performed
on a drop shape analyzer DSA30 with a camera
system using Advance software (version 1.41-02,
2014-2016 from Kruess, Hamburg, Germany). The
sessile drop method was used, for which 0.2 ul drops
were placed on the paper surface. The contact angles
on the paper samples were measured with deionized
water and n-hexane (>95%, Sigma-Aldrich, Chemie
GmbH, Munich, Germany) in air. At least 5 measure-
ments were done per sample or sample surface, calcu-
lating mean value and standard deviation under exclu-
sion of outliers.

X-ray photoelectron spectroscopy (XPS) analysis

Chemical surface composition was studied by high-
resolution X-ray photoelectron spectroscopy (AXIS
165, Kratos Analytical), using monochromatic Al Ko
irradiation at 100 W, and an in situ reference of pure
cellulose (Johansson and Campbell 2004). The Cls
binding energy of 286.6 eV for C-O in cellulose was
used as the reference value for binding energy correc-
tions (Beamson and Briggs 1992).

GPC measurement and fluorescence labeling of
carbonyl groups

The samples were analyzed for carbonyl group
content according to the Carbazole-9-Carbonyl-
Oxy-Amine (CCOA) method based on Rohrling
et al. (2002a and b) and (Potthast et al. 2003). Cel-
lulose analysis was performed with a GPC MALLS
fluorescence detection system using N,N-dimethy-
lacetamide/LiCl as solvent and eluent, (Chrapava
et al. 2003) to obtain the molecular weight distribu-
tion (MWD) and the profiles of oxidized carbonyl
groups relative to the MWD. N,N-Dimethylaceta-
mide (DMAc; CH;CON(CH;),; >99%) was obtained
from LGC Standards GmbH (Wesel, Germany).
Ethanol (CH;CH,OH; abs.) and lithium chloride
(LiCl1,>99%) were purchased from Sigma-Aldrich
(Sigma-Aldrich, Chemie GmbH, Munich, Germany).
The relative standard deviation for carbonyl groups
and Mw was below 5%. Papers (heated up to 200 °C)
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were analyzed, while samples heated at higher tem-
peratures proved to be insoluble.

Attenuated total reflectance infrared (ATR-IR)
spectroscopic analysis

The infrared spectra were obtained on a Bruker IR
spectrometer (Bruker alpha-P, Germany) equipped
with a diamond ATR crystal. Measurements were per-
formed under ambient conditions under the following
operating conditions: range of 4000600 cm™"; reso-
lution of 1 cm™'; number of scans of 4, and at least 3
measurement points per sample were acquired. Sam-
ples were analyzed with Spectragryph optical spec-
troscopy software (F. Menge, Version 1.2.14, 2020,

http://www.effemm?2.de/spectragryph/).
Thermogravimetric analysis (TGA)

TGA was performed under a nitrogen or oxy-
gen atmosphere with a Netzsch TG 209F analyzer.
7.0-8.0 mg were used per sample. The sample was
heated from 25 °C to 600 °C at a heating rate of
10 K min~". For data evaluation, the first-derivative
curves were determined. The data was LOWESS-
smoothed with a parameter of 0.1.

Thermal imaging

A closed book and an open book were ignited with a
Bunsen burner. The open bookwas cut in half hori-
zontally beforehand. The combustion process was
monitored with a thermal imaging camera (Trotec IC
080 LV) and a reflex camera (Samsung NX 10). The
images from the thermal imaging camera were evalu-
ated using the Trotec IC Report software (Version
2.6.0 STD).

Results and discussion

Different methods to produce artificially heat-dam-
aged papers were studied (see the material and meth-
ods section for the conditions and parameters). The
aim was to produce model papers with properties
comparable to original samples damaged by fire. We
analyzed the produced model papers considering their
surfaces and structures, as well as cellulose integrity
at different heating stages.
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Temperature profiles of a burning book

First, the temperatures involved in book burning
and the temperatures that define individual degrada-
tion phases were examined. Thermal imaging was
used to monitor the burning process. This experi-
ment was conducted with an open rag paper book and
hence unlimited air access (Fig. 1I). The temperature
increased to 450 °C within 20-30 s, although only a
small area of the book was ignited. After less than a
minute (40-50 s), the temperature at the sheet edges
reached 700 °C and began to curl upwards and char.
Due to the low thermal conductivity of paper, the
temperatures in non-ignited regions differed signifi-
cantly, ranging only between 300 to 425 °C. It only
took 10 min for the entire book block to burn com-
pletely to char and ash.

In addition, a second, this time closed book was
ignited. Here, the heat development upon ignition

Fig. 1 Combustion experiments and temperature analysis of
burning historical rag papers. I Due to the unlimited supply of
oxygen in the case of an open book, the book pages burn and
char entirely and reach higher temperatures of 700 °C. II In the
closed book scenario, with limited oxygen supply, the tempera-
tures reach lower values with a maximum of 530 °C and the
heat-damaged areas are largely restricted to the edges (Ila)

occurred mostly occurring at the book edges, as air
access to the interior was limited. The burning or
glowing edges of the book reached 400 °C to 450 °C
at charring (Fig. 1II). The temperatures in the adja-
cent areas ranged between 230 °C to 400 °C, the
maximum temperature and the temperature difference
between those regions were smaller than in the case
of the open book burning. Ignition took significantly
longer, approx. 4 min. This type of heat development,
with high temperatures at the edges, narrow tempera-
ture gradients, and significantly lower temperatures
in the adjacent areas, is also likely to occur upon
real fires in libraries, as the volumes are often placed
closely adjacent on shelves, which limits the access
of air and oxygen to the book interior and individual
sheets. Based on these results, we used temperatures
ranging from 100 to 400 °C to prepare heat-damaged
model samples for the development and testing of sta-
bilization methods.

Combustion phases of rag paper

As shown by thermogravimetric analysis (TGA) in
Fig. 2, heating in the presence of oxygen should not
exceed 400 °C, otherwise, the thermal degradation
is too severe and renders the sample unsuitable for
further testing. In presence of oxygen, the degrada-
tion (mass loss) of the reference sample occurred in
three phases up to its complete decomposition, i.e.,
combustion to the final products, carbon dioxide and

—ref
—205°C
100 -
754
9
€
= 504
Ny
2
)
= 251
0 —

0 100 200 300 400 500 600
temperature (°C)

Fig. 2 TGA analysis of heated rag paper samples in air with
unlimited oxygen access. Degradation in three phases (labeled
as 1-3), which were also observed for pre-heated samples
(205 °C, 333 °C, 360 °C, and 390 °C)
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Original sample papers Method A - Heating between heating plates
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between 60 °C and 240 °C—>physically bound water Bacon 1964). In the second phase, from 240 °C
in the paper and on its surface evaporates and the to 360 °C, a series of chemical processes, such as
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«Fig. 3 Optical damage patterns resulting from a fire or differ-
ent heating methods: I Paper damage in a library fire: Ia typi-
cal damage stages—Ilow, medium, and high optical heat dam-
age; Ib original damaged sample paper. II Heating between
heating plates (Method A): IIa Samples of heating between an
iron and a hot plate, yellow frame: sample heated at 350 °C;
IIb Samples of heating between two hot plates, yellow frame:
sample heated to 392 °C. III Heating of single sheets in an
oven (Method B): Samples heated at 200 °C (IIla) and at
300 °C (IIIb), yellow frame: sample warped significantly. IV)
Heating of stacked paper in an oven (Method C): first (IVa)
and last (IVb) sheet of the stack

dehydration, formation of carbonyl groups, thermal
scissions, and gas evolution steps (decarboxylation
and decarbonylation) dominate under limited oxygen
access, leading to the carbonization of the paper. The
underlying chemistry resembles cellulose pyrolysis
(Ahn et al. 2018; Tang and Bacon 1964; Dumanli and
Windle 2012; Kawamoto et al. 2003). This stage has
the highest mass loss. At unlimited oxygen supply,
these reactions are superimposed by typical oxida-
tion reactions, i.e., autocatalytic homolytic (radical)
reactions that involve dioxygen and peroxyl radicals
as the central species. In the third phase from 360 °C
to 600 °C, initially formed carbon-rich char decom-
poses further by oxidative processes and is almost
completely converted into gaseous reaction products,
mainly CO, and water.

Comparing this (reference) TGA profile with pre-
heated samples (Fig. 2), a similar degradation pro-
cess was observed. Differences were rather minor
and dependent on the preheating intensity. In stage 1,
physically bound moisture had already escaped dur-
ing preheating and some chemical water elimination
occurred, which is why the mass change is initially
lower. Also in stage 2, the mass reduction was lower,
and the onset occurred at lower temperatures because
partial thermal degradation occurred already dur-
ing preheating. Similar observations were also made
about stage 3. As the preheating allowed the forma-
tion and accumulation of relatively stable graphenoid
structures, which remained in the paper and were not
immediately further consumed in the combustion as
in the reference paper, higher temperatures were nec-
essary to completely combust the pre-heated samples
(SI-Fig. S3).

In addition, the degradation under a nitrogen
atmosphere was studied for comparison (SI-Fig. S4).
Due to the lack of oxygen, combustion was incom-
plete, a stable, graphenoid char resulted, and the

mass reduction of the samples proceeded only in two
phases. Generally, elimination and condensation reac-
tions dominate over oxidation reactions which are
disfavored by the limited oxygen access. This also
changes the dominant reaction types from homolytic
(radical) reactions in an air/oxygen atmosphere to
heterolytic (ionic, non-radical) processes dominating
under nitrogen.

Visual comparison of heat-damaged samples

The original volumes damaged in the fire showed
a characteristic damage pattern which is shown in
Fig. 31a. The edges of the papers were severely dam-
aged by the heat, they were charred, black, fragile
and in some cases destroyed. This damage pattern
was categorized as “high heat damage”. Gradually
transitioning, a brown, heat-damaged area followed,
which was defined as “moderate” or “medium heat
damage”. This area merged smoothly with the inner
area of the sheets, which was visually unaltered and
therefore classified as a “low heat damage” region.
The individual heat damage pattern is dependent on
the extent of fire exposure, i.e., the time and tempera-
ture, and varied between samples. This variation is
expected: fire causes a complex 3D damage pattern,
and within a single book the damage grades between
outer and inner book pages usually vary significantly.

In the following, we compare different methods to
prepare model papers (methods A, B, and C in Fig. 3),
assess the properties of these model papers, and com-
pare them to original paper samples. Heating between
hot plates (Method A), heating in an oven as a single
sheet (Method B), or heating in an oven in a paper
stack (Method C) were used. We previously demon-
strated that a purely visual assessment of the damage
degree of heat-damaged papers is insufficient (Volkel
et al. 2022). The rather subjective evaluation of opti-
cal appearance, although still widely used as the basis
of conservation decisions, can hardly be regarded as
an analytical approach, and must be complemented—
if not replaced—with objective and quantifiable data
from physicochemical measurements.

When heated plates were used (Method A), the
results depended strongly on the equipment used and
its heating power. Temperatures of up to 350 °C were
achieved either between a heated iron and a heated
hotplate or between two heated hotplates (Fig. 31I).
It was noticeable that the specimens were heated

@ Springer
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unevenly during the tests. Since the iron was not very
heavy, the contact between heated surfaces and the
paper sheet was not optimal, which caused a non-uni-
form heat transfer. This led to the formation of lighter
and dark charred areas close to each other on the
specimen surface (especially at temperatures higher
than 300 °C). Only the most heated sample (350 °C)
had high optical heat damage (frame in Fig. 3 IIa), the
samples heated between 300 °C and 350 °C medium
heat damage, and all papers treated at lower tempera-
tures only minor heat damage (see also SI-Fig. S5).

Heating between two heating plates resulted in
visually more uniform heat-damaged surfaces. Due to
the weight of the plates, their contact with the paper
surface was better. In addition, the plates could be
heated to higher temperatures of up to 400 °C. Sev-
eral paper specimens were produced through heating
at 361 °C (frame in Fig. 3 IIb), 379 °C, and 392 °C,
whereas medium heat damage occurred between
300 °C and 350 °C, and little optical heat damage at
lower temperatures (SI-Fig. S6).

The single sheets heated in the oven (Method B)
lay freely on a plate and thus had unrestricted con-
tact with the surrounding air (Fig. 3III). Heating at
200 °C produced uniformly browned, heat-damaged
surfaces. They are comparable to the gradual transi-
tion between low and medium optical heat damage in
originals (Fig. 3 Illa and SI-Fig. S7). At 300 °C, dif-
ferent degrees of charring are caused at the surface,
and the specimens began to warp (Fig. 3 IIIb yellow
frame). The paper became very light, thin, and brittle.
Comparability with high heat damage in the originals
was very good—especially with regard to the charred
edges.

However, the unlimited and free access to air dur-
ing the heating process is very different from the
conditions of a real fire in a library, where books
are closed and tightly packed together on shelves.
Therefore, we also tested Method C, in which a stack
of papers was heated between two ceramic plates in
the oven, which better simulated the conditions of a
closed book (Fig. 31V). The temperature of the oven
was set to 300 °C and the actual temperature in the
center of the paper stack was measured with a tem-
perature sensor. The heat increase in the stack was
initially delayed but increased then rapidly to 390 °C,
notably exceeding—by far—the set oven temperature
of 300 °C (SI-Fig. S2). This effect is caused by the
exothermic processes initiated by the heat treatment
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and by the low heat transfer in the paper matrix so
that the heat generated is slow to dissipate. The meas-
ured temperature in the center of the paper stack does
not necessarily have to be the highest temperature
occurring. It is likely that many temperature ranges
and possibly “hot spots” occur in the stack upon heat-
ing due to the low thermal conductivity of paper,
which prevents a homogeneous temperature level in
the stack.

Method C produced a charred stack of paper with
sheets that all corresponded to high heat damage.
Nevertheless, the papers exhibited different char-
acteristics depending on their position in the stack.
The papers from the upper part of the stack were not
completely blackened, but also showed dark brown-
ish spots (Fig. 3 IVa and SI-Fig. S8-1). They were
unevenly warped, brittle, fragile, and had completely
lost their flexibility. There was no discernible loss of
paper thickness. In contrast, the papers from the bot-
tom of the stack were completely black, very thin,
light, and brittle, with some remaining flexibility and
not as badly warped (Fig. 3 IVb and SI-Fig. S8-II).
They had almost completely lost the typical tension
of a paper, i.e., any inherent strength in the planar
plane was gone, though the paper structure was still
held together. Thus, in principle, Method C provided
the best comparison to real-world high heat damage.
The gradients of different properties from brittle and
fragile to thin and very weak made the samples very
good mimics of original papers with high to medium
heat damage.

Influence of heat on paper structure and wettability

Microscopic examination of original samples (Fig. 4)
showed that in the case of low heat damage, the typi-
cal paper fiber and network structure with the fib-
ers, small protruding fibrils, and the sizing remained
intact and visible (Volkel et al. 2022). Also, in the
case of high heat damage, the fiber and network struc-
ture were preserved. However, the amount of protrud-
ing fibrils and sizing was reduced and broken fiber
fragments, as well as cracks, were visible (Ahn et al.
2018; Volkel et al. 2022). Due to the lack of fibrils
and sizing, the interstitial spaces increased and at the
same time, the fibers shrank, increasing the poros-
ity of the sample. In addition, the surface of individ-
ual fibers became smoother due to the intense heat.
The fibers appeared fused and smaller fibrils were
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Fig. 4 SEM images of sur-
face and fibril structure of
the original, heat-damaged
paper samples. I, II Surface
and fiber structure of a
paper area with low optical
heat damage. III, IV Sur-
face and fiber structure of a
paper area with high optical
heat damage

visible than in the low heat-damaged area (Volkel
et al. 2022).

Similar observations were made in the case of the
lab-prepared model papers. Figure 5 shows the sur-
face structure of the model papers prepared according
to the different methods, comparing the samples with
the highest heat damage of each method. Fibrils and
sizing residues are still present, but their amount is
reduced and cracks on the fibers and their fragments
are visible. The fiber diameter was also reduced upon
heating, increasing the porosity of the samples. The
extent of fiber shrinkage was smaller than in the
original specimens, in the order of A <B <C <origi-
nal samples (SI-Fig. S9-13). The surface structure
of individual fibers (see insets in Fig. 5) was also
affected. In the case of individually heated pages
(Methods A and B) the fiber surface was significantly
smoother and had a fused appearance. In contrast,
the fiber surfaces from the upper and lower side of
the heated paper staple (Method C) were rougher and
similar to non-heated papers.

The discussed surface structures of heat-damaged
model papers in comparison to the original papers
influence significantly the accessibility of water
as well as the bonding of adhesives and stabiliz-
ing agents during conservation treatments. It was
assumed that due to the charring reactions, the sur-
faces of the papers have hydrophobic properties,
i.e., they are difficult to wet with water. This seemed

logical as progressive charring implies increasing
contents of hydrocarbons and graphenoids and thus
strongly increased hydrophobicity. This would ren-
der water-based restoration measures problematic, as
aqueous media would poorly penetrate the surfaces
and interact or bind only to a rather limited extent.
One method to check hydrophilicity/hydrophobicity
is to measure the contact angle. Hydrophobic surfaces
have contact angles greater than 90°. If the angle is
less than 90°, the surfaces are characterized as hydro-
philic. Increasing contact angles with increasing heat-
ing impact would indicate enhancement of hydropho-
bic surface properties.

Due to the structural heterogeneity of rag-paper
samples, we used two different samples as noted in
the materials section. Paper 1 had a water contact
angle of 114+9°, i.e., the surfaces were hydropho-
bic and thus poorly wettable. In contrast, Paper 2 was
hydrophilic with a contact angle of 67+6° and thus
water-wettable. Differences in hydrophobic or hydro-
philic surface properties can be reasoned by a differ-
ent extent of sizing on the rag papers, which strongly
influences the wettability. Sizing, in the production
of rag papers, is a step in which papers are surface-
coated with animal protein glues (mainly based on
gelatin) to render them writable or printable. Gelatin
is a film-forming agent and acts as well as an addi-
tional protection layer for the rag papers, closing the
pores of the paper and smoothing their surface. Upon
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Method A
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Fig. 5 SEM images of the surface structures of artificially
heat-damaged papers at 500xand 15,000 X magnification
(insets). I Method A—Sample heated up to 392 °C. II Method

use and aging of the papers, the gelatin film can be
influenced by different factors, which can change the
wettability and absorbency of a sized paper (Hunter
1978). Depending on the raw material, the sizing pro-
cedure, and the paper manufacturing process, the rag
papers are strongly, weakly, or not at all sized, gener-
ally spanning over a wide range of surface hydrophi-
licity/hydrophobicity (Banik and Bruckle 2015).

By producing the model papers with defined tem-
perature effects, we were able to observe for the first
time a general stepwise development of the contact
angles from their initial state over higher values to
lower ones. This allowed a more detailed description
and evaluation of their wetting properties. The trend
was particularly evident for the samples heated by
Method A (Fig. 6).
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B

Method B

B—Sample heated at 300 °C for 90 s. III Method C—First
sheet of stack heated to 300 °C. IV Method C—Last sheet of
stack heated to 300 °C

In the measurement series, the water contact angle
initially increased and generally lay above the refer-
ence values and above 90° (Fig. 6). Depending on the
heating method and paper sample, the temperatures
up to which an initial increase was observed varied:
up to 300 °C for method A, and up to 200 °C for
method B. Progressive dehydration (loss of hydroxyl
groups), oxidation of hydroxyl groups to carbonyl
groups, and decarboxylation of carboxyl groups ren-
der the surface more hydrophobic. This result also
correlated with the data from XPS and TGA analy-
sis (see the respective sections for further details).
Above these temperatures, the samples in the charred
areas showed a rather sudden, significant decrease
in contact angle. We also tested the wettability with
the nonpolar organic solvent n-hexane. Observa-
tions were similar to the water case: the contact angle
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Fig. 6 Contact angle
measurements with water
and hexane, comparison
of sample papers (heated
according to Methods A
and B) and the original
samples as reference
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initially increased and then decreased again at heat
exposures above 230 °C. The decrease was even more
drastic than with water (Fig. 6).

Considering only the chemical aspect, more char-
ring would increase the content of highly hydropho-
bic structures (condensed aromatics, graphenoids)
and should consequently increase hydrophobicity
and the water contact angle. The observed opposite
effect was due to the higher porosity of these samples
(see above): the surfaces absorbed the liquid drop-
lets quickly like a sponge. The thermal removal of
water (physically and chemically) caused the fibers
to shrink, in addition, the heat removes sizing agents
and degrades fine fibrillar surface structures. These
effects significantly increased the porosity of the
sample. Above a certain temperature, these physical
changes of the surface structure override the effect of
the chemical changes resulting in an overall decrease
in the contact angle. The physical effects thus over-
compensate the chemical impact. The correctness
of this interpretation was proven by the fact that for

300
temperature (°C)

400
stages of heat damage

paper treated at a high temperature of over 300 °C the
contact angles of both water and n-hexane decreased
at the same time. As hydrophilicity and hydrophobic-
ity cannot increase simultaneously, it was evident that
the physical porosity effect became dominant, over-
running the influence of surface chemistry.

The important consequence of this observation
was that the charred regions of the papers showed
good wettability for both polar, especially aqueous,
and non-polar solvents.

The complex interplay of physical effects, chemi-
cal changes, supply of oxygen and influence on the
contact angles was particularly well demonstrated in
the case of samples heated in the stack. The uneven
heat distribution, but also the limited air supply in the
stack, resulted in sample papers with quite different
contact angles. For the papers from the upper part
of the stack with partly still brownish, partly already
black areas, and inflexible, yet preserved paper struc-
ture, high water contact angles of 113 + 8° were meas-
ured which were in the range of the reference value.
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These values reflect increased surface hydrophobic-
ity in absence of dominant porosity effects. Samples
from the lower stacking region with all-black, thin,
and heavily altered structures showed a reduced con-
tact angle of 72° (x 18°), a decrease of 37% compared
to the upper paper layers. Now the porosity effects
largely dominate. Thus, heating method C simulated
the scenario of the fire damage of a closed book quite
well, as it properly reflects different extents of dam-
age according to heat and oxygen accessibility.

A similar decrease of the contact angles in the
charred, damaged areas has been observed for origi-
nal papers, although with a more pronounced scat-
tering of the measured values (Volkel et al. 2022). It
thus can reasonably be assumed that the course of the
contact angles with increasing temperatures (increase
followed by decrease) was the same for the original
samples. However, due to the greater fire intensity—
higher temperatures and longer exposure time—and
the close packing of books on library shelves it was

not possible to observe the same stepwise develop-
ment as in the case of Methods A and B. Only charred
areas with high porosity and low contact angles for
both polar and non-polar solvents were seen (Volkel
et al. 2022). The porous fiber network and the topo-
graphic and chemical heterogeneity of the paper
which have a high influence on the wettability param-
eters (contact angle, surface free energy) can also
be sources of measurement and interpretation errors
(Krolle 2014; Shen et al. 2000).

Heat-induced chemical changes in the paper

The chemical surfaces of samples from Method A
and B were examined by X-ray photoelectron spec-
troscopy (XPS), see Fig. 7. The artificially thermo-
stressed samples had a higher oxygen-to-carbon ratio
than the rag paper reference, and the carbon—carbon
single bond (C—-C) ratios were thus (slightly) reduced.
The higher amount of oxygen at the surface indicated
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Fig.7 XPS chemical surface analysis of papers produced
according to Method A (I), B (II), and of the original fire-
damaged samples (III). The upper row of plots visualizes the
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that oxidation reactions (formation of additional
carbonyl and carboxyl groups) were still dominant
over dehydration and condensation (loss of oxygen)
(Fig. 7). This trend was observed for samples from
both heating methods. In comparison to Method A,
Method B shows a stronger influence of the temper-
ature on the oxygen/carbon ratio, i.e., a wider ratio
range, which can be attributed to the larger access
of oxygen during heating. The samples heated at
200 °C exhibited the highest oxygen to carbon ratio
of the samples, i.e., the highest degree of surface oxy-
gen incorporation. Starting at about 300 °C (Method
A 390 °C, Method B 390 °C-90 s), dehydration and
condensation cause decreased O/C-ratios through
loss of oxygenated volatile compounds. The car-
bon—carbon single bond content of the samples with
the highest heat damage in Method A was about 53%
and in Method B 59%, at an oxygen/carbon ratio of
only approx. 0.3. These data correlated well with the
results from the TGA analysis, which showed a dras-
tic mass decrease starting at 300 °C.

Agreement of the XPS results of model papers
and originals (Volkel et al. 2022) was very good.

Fig. 8 IR spectra of model |
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papers heated according to
. ——reference
method.s Ad),B .(II), aqd 0204 195°¢
C (III) in comparison with —__230°C
original samples (IV) ® 320°C
e 0151 s90°c
©
2
O 0.104
(2}
o
©
0.05- A .
/ N\ '
0.00 4=/ ——

However, the increase of carbon—carbon single bond
ratios and decrease of oxygen/carbon atomic ratios in
the artificially heated samples were not as pronounced
as in the original papers, since the latter had been
exposed to higher temperatures over longer times.
Differences between the properties of the paper
surface and the bulk paper can be obtained through a
comparison of XPS data and IR spectra, respectively
(Volkel et al. 2022). This is due to the varying pene-
tration depth of the two measurement methods. In the
XPS measurement, the analysis depth is only a few
nm from the material surface, and surface phenomena
are measured (Mather 2009). In contrast, the penetra-
tion depth of attenuated total reflection IR is in the pm
range, which means that also the bulk matrix contrib-
utes and heat-induced cellulose degradation beyond
surface effects can be observed (Burger et al. 2020;
Gotz et al. 2020). The combination of these meth-
ods showed that thermal effects and charring reac-
tions started as localized processes in nanometer-thin
surface regions. Accordingly, the XPS data already
showed significant alterations while no changes were
yet detectable in the IR spectra (Fig. 8). Only at a
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temperature of 300 °C and above, significant changes
in the FTIR cellulose spectrum (=in the bulk mate-
rial) became apparent, whereas the XPS data, C-C
single bond ratios, and C/O ratios, started to vary
already at lower temperatures starting from 200 °C
(=chemical surface changes). This interesting differ-
ence between IR and XPS measurements is exempli-
fied in the two IR spectra of the original specimens
with high optical heat damage (Fig. 81V, H1 and H2).
Although the XPS spectra indicate high heat damage
for both samples H1 and H2, IR reports this damage
only in the case of Sample H2 (characteristic cellu-
lose bands being not visible anymore). The difference
between these samples can be explained by the dif-
ferent propagation of the heat damage in the paper:
in sample H2 the heat damage propagated already
further into the bulk matrix of the paper and can
hence be detected by IR, whereas in the case of sam-
ple H1 heat damage was confined to the immediate
(nanoscale) paper surface.

In the IR spectra of heat-damaged model papers
prepared at a temperature above 300 °C (Fig. 8 I-1II),
the intensity of two distinct bands between 1750 and
1550 cm™! increased significantly with the intensity
of heat treatment. In the unheated or less heated sam-
ples (up to 200 °C), the OH bending band of adsorbed
water, which is typical for cellulose samples, domi-
nates at 1630-1640 cm™!. Above 300 °C, new bands
appear (the highlighted region in Fig. 8 I-III) indicat-
ing the formation of carbonyl groups (correspond-
ing to the band at 1700 cm™") and conjugated C=C
bonds (at 1600 cm™") due to dehydration/keto-enol
and oxidation reactions (Ahn et al. 2018; Tang and
Bacon 1964). Longer exposure to temperatures above
400 °C decreases the C=0O band and the C=C
stretching becomes the dominant band, as observed in
the IR spectra of the original samples (Fig. 8IV).

To confirm that these bands are formed due to
heat-induced reaction on the cellulose, we compared
the IR spectra of a highly pure cellulose sample,
Whatman filter paper. This was necessary, to make
sure these bands do not correspond, for instance, to
amide stretching bands from gelatin or reactions
caused by the presence of this protein (sizing agent)
(Dumanli and Windle 2012). We compared the results
of pure cellulose and cellulose dipped in gelatin solu-
tion beforehand, and got a very similar outcome (SI-
Fig. S14): the two stretching bands C=0 and C=C
described above formed similarly in both samples
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when heated to a higher temperature (300 °C). In
addition, the intensity of amide IR bands in the gela-
tin-dipped sample decreased significantly upon heat-
ing (SI-Fig. 15). Hence, the gelatin largely decom-
poses during the charring process and the new bands
discussed rather originate from cellulose degradation.

The intensity of the characteristic OH bands
around 3300 cm™! and the corresponding C—O band
at around 1000 cm™! of the model papers is still sig-
nificantly higher compared to the original samples
with high optical heat damage (Fig. 8IV), which
goes hand in hand with previously discussed XPS
data results. In general, a decrease of these bands is a
result of pronounced charring and loss of oxygenated
volatiles. By comparison to literature data on cellu-
lose pyrolysis, we are now able to track the differ-
ent stages of thermal degradation in the model paper
samples and better correlate spectra and observed
material damage. Follow-up work is focusing on
this special topic. The IR spectra of papers produced
with Method C (Fig. 8III) showed again the high-
est agreement with the original samples, confirming
the previous results and demonstrating once more
that the degree of damage and charring in original
heat-damaged papers can be very well simulated and
approached by this method.

Effects on cellulose integrity

The molar mass distribution and the total carbonyl
content of celluloses are key factors in the monitoring
of damage processes, oxidation, and chain scission
caused by the heat. The molecular weight distribution
was measured by gel permeation chromatography
coupled to multi-angle light scattering, with simulta-
neous detection of carbonyl groups by group-selective
fluorescence labeling (Rohrling et al. 2002a; Potthast
et al. 2003, 2005, 2015). The effect of the heat dam-
age on the cellulose of original samples has already
been discussed in previous works (Ahn et al. 2018;
Volkel et al. 2022) and we are now able to correlate
those results with the properties of the heat-produced
model papers. To follow the progressive thermal deg-
radation and its influence on endogenous levels of the
sample, we chose model papers from Method B for
GPC analysis. Only analysis of the samples heated to
100 °C and 200 °C, i.e., with low and medium heat
damage, was possible (Fig. 91). The specimens heated
to 300 °C and higher could not be analyzed, since
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Fig. 9 Heat-induced changes in the bulk matrix of cellulose:
I analyzed samples heated at 100 °C and 200 °C according to
method B. II Heating at 300 °C caused the samples to become
insoluble and inaccessible for analysis. III Molecular weight

they were insoluble and thus not analytically accessi-
ble by the analytical method (Fig. 91I). Similar obser-
vations were made also upon analyzing the charred
edges of fire-damaged samples (Volkel et al. 2022).
This insolubility is caused by extensive crosslinking
and condensation as the first stages of far-reaching
charring and carbonization.

The analyzable samples provided interesting
insights: while one would expect that thermal chain
cleavage causes a decrease of the molecular weight,
the observed effect was rather the opposite: the aver-
age molecular weight (M,,) increased with increas-
ing heat exposure, at least at 200 °C heating tem-
perature (Fig. 9III). This effect is due to cross-linking
reactions within the cellulose chains and was also
observed in the original samples (Volkel et al. 2022).
Oxidized groups, such as carbonyl and carboxyl
groups, along the cellulose backbone, serve as reac-
tive crosslinks with neighboring OH groups through
(hemi)acetal, (hemi)ketal, and ester formation,
respectively, thereby generating both inter- and intra-
chain bonds (Ahn et al. 2019). Also, the formation of
inter-chain links by non-hydrolyzable carbon—carbon
bonds, under the involvement of carbonyl groups as
oxidized spots along the cellulose chains, has been
reported (Rosenau et al. 2017; Yoneda et al. 2008).
This explains also why the number of oxidized groups
did not increase significantly despite the oxidizing
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(bars) and carbonyl group content (red squares) of the analyzed
samples. Error bars of the molecular weight (black): standard
deviation of a double determination. Error bars of carbonyl
groups (red): standard deviation of 5%

conditions. At higher temperatures, also thermal
trans-glycosylation reactions set in (Jusner et al.
2022a, 2022b). The resulting crosslinking causes not
only an increase in molecular weight but also leads
to a densification of the cellulose chains in solution,
during GPC measurement, which is seen by analyzing
their respective radius of gyration by light scattering
(Fig. 10II). A smaller radius in a similar molar mass
region points out to a denser polymer chain structure,
e.g., due to a higher extent of chemical crosslinking.
In the present samples, the crosslinking progressed
with heat intensity and is visible through the increas-
ing intensity of the high-molecular-weight shoulder
(Fig. 100). In addition, the decreasing slope of the
conformation plot (double logarithmic plot of the
radius of gyration vs. molar mass) can be used to esti-
mate the extent of crosslinking (Fig. 101I).

Moreover, also degradation or cleavage of the
cellulose chains was observed in the molecular
weight distribution profiles (Fig. 10I) through the
increase of low-molecular-weight fractions. A rather
unusual trimodal distribution was present after heat-
ing at 200 °C after 30 s, while the reference sam-
ple shows a bimodal distribution. This might indi-
cate an involvement of acids, hydrolytic processes,
and trans-glycosidations at elevated temperatures
(Hosoya et al. 2014): similar trimodal molar mass
distribution patterns are typical of pulps from acidic
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Fig. 10 Heat-induced |
changes in the bulk cel-
lulose. I Molecular weight 0.84 ——200° - 30 sec
distribution of sample ——200° - 60 sec
heated to 200 °C according — 200: - 90 sec
to Method B. IT Decrease of 061 200° - 120 sec
— reference
the slope of the conforma-
tion plot (double logarith-
mic plot of the radius of
gyration vs. molar mass)
due to crosslinking/aggre-
gation reactions resulting in
a denser structure of cellu- 0.0
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pulping processes. The shortened chains and cel-
lulose fragments appear as wider shoulders in the
low-molar mass region. The chain cleavage was
also evident in an increased number of reduced end
groups with increasing temperature (SI-Fig. S16).
Free radical reactions as reported in the literature
to occur between 240 °C and 400 °C, should not be
major contributors to the heat-induced processes at
100 °C and 200 °C (Tang and Bacon 1964) which
occurred in the samples studied by GPC.

The cleavage and the cross-linking of the cellulose
are counteracting processes with regard to the molec-
ular weight. They contribute to a significant broad-
ening of the molecular weight distributions as both
higher-molecular and low-molecular-weight parts are
added (SI-Fig. S17). The processes occurred simulta-
neously and independently during heating. GPC anal-
ysis of the model papers showed the same reaction
mechanisms to occur as those previously identified
in the original damaged samples (Ahn et al. 2018;
Volkel et al. 2022). Thus, the model papers resemble
fire-damaged papers very well also on the molecular
level which once more corroborates their use in con-
servation studies.

In summary, the physical and chemical processes
during fire damage to paper have the following gen-
eral characteristics:

e The paper structure becomes porous during the
heating process as the fibers shrink and sizing and
fibrils are reduced;

e Due to the porosity, aqueous, polar, and non-polar
solvents are well absorbed. These physical effects
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override the counteracting chemical effect of
increased hydrophobicity;

e The charring process starts at the surfaces, which
determine interaction with preservation media.
Chemical surface alterations can be analytically
detected long before those in the bulk material;

e With progressive heating, the proportion of
carbon—carbon bonds (C—C and C=C bonds)
increases, and the O/C ratio decreases due to the
loss of water and oxygenated volatiles, eventually
resulting in charring with high contents of gra-
phenoids. The cellulose is progressively altered
by simultaneously occurring chain scission and
cross-linking processes.

Conclusions

Comprehensive analytical characterization of the
produced model papers demonstrated that they have
similar properties as original fire-damaged papers
with regard to structure, surface, and bulk chemistry
as well as molecular cellulose parameters. They are
thus very suitable as mimics of fire-damaged papers
in conservation studies. The properties of the model
papers and the extent of their heat damage depend
highly on the respective method and temperature of
the treatment.

Method A is a surface-contact heating method,
which gives rather heterogeneously damaged samples.
At 300-350 °C, very different properties were deter-
mined for adjacent regions of the sheet. Dehydration
processes and charring are not very pronounced. The
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advantage of the method is its simple implementa-
tion and the possibility to increase the temperature
step by step. The disadvantage is that only one sam-
ple can be prepared. This makes the method time-
consuming and limits the comparability of produced
sample materials. The method does not appear suit-
able for testing treatment methods in larger quantities
and for producing material simulating heavily charred
samples.

Method B allows preparing more specimens in a
single heating step, the number of samples being lim-
ited by the size of the used oven, the plate, and the
specimen dimensions. The prepared samples were
more uniformly damaged as in the case of Method A.
The gradual increase in temperature and heating time
also allowed for better controlling the extent of heat
damage. The heated specimens showed good compa-
rability with original fire-damaged papers, which is
a clear advantage. A drawback is that single papers
are heated in this method. As a result, the accessibil-
ity and supply of air (oxygen) during heating is rather
different from the situation of a real fire at a library,
mostly with closed books aligned on shelves. In addi-
tion, the produced samples were not flat but wrinkled.

Method C, which is closer to a real library fire,
heats a paper stack between two ceramic plates to
simulate the conditions in a closed book. This method
turned out to be the most promising one, clearly rec-
ommendable for the production of heat-damaged
model papers. The advantages are that homogene-
ously heated specimens can be produced, which
are very well comparable to severely fire-damaged
papers. Due to the stack setup, many samples are pro-
duced at once, and the heat gradient effects are simi-
lar to the case of an originally fire-damaged book.
The heat damage propagates from the side of the
stack with the highest air and oxygen accessibility,
similar to books on a shelf during the burn. All in all,
this method mimics the fire-heating of closed books
very well.

The model papers proved very helpful in exercis-
ing analytical characterization methods for heated
and charred papers since with these specimens larger
sample amounts produced under known heating con-
ditions became available. For the first time, it was
possible to follow and interpret the individual stages
of a rag paper combustion and, at the same time, to
confirm that the sample papers were well mimicking
their original counterparts. All heating methods can

be performed in conservators” workshops, allowing
the preparation of model papers tailored to specific
application cases.
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