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conserved and passed on in written form, 
as scripts, books, musical scores, draw-
ings, paintings. Our children and grand-
children should get the chance to cherish 
works of arts, work with historic data, get 
inspiration from historic concepts and 
thus learn from the past, just as we do 
today. But it is our task to preserve valu-
able cultural heritage for future genera-
tions to enjoy. Fire damage to historical 
papers and books is a particular disaster 
that in severity and complexity of damage 
far surpasses conventional aging and 
usual wear and tear. At the same time, 
it calls for interdisciplinary scientific 
approaches to assess and possibly alleviate 
the damage.

One important example of such damage 
is the catastrophic fire in the historic 
library of the Duchess Anna Amalia in 
Weimar (Germany) that in 2004 destroyed 
invaluable cultural heritage.[1] The fire 
damaged a large part of the precious 

ducal collection of musical literature, which included about 
3000 titles from the 17th to the 19th century.[2] This collection 
was considered one of the most valuable assets of the library, 
which consisted of hand-written manuscripts and musical 
scores, among them many unique autographs of invaluable 
historic importance. In these collections, musical works of art 
have been discovered and rediscovered, such as compositions  

The conservation of historical paper objects with high cultural value is an 
important societal task. Papers that have been severely damaged by fire, heat, 
and extinguishing water, are a particularly challenging case, because of the 
complexity and severity of damage patterns. In-depth analysis of fire-damaged 
papers, by means of examples from the catastrophic fire in a 17th-century 
German library, shows the changes, which proceeded from the margin to the 
center, to go beyond surface charring and formation of hydrophobic carbon-
rich layers. The charred paper exhibits structural changes in the nano- and 
micro-range, with increased porosity and water sorption. In less charred 
areas, cellulose is affected by both chain cleavage and cross-linking. Based 
on these results and conclusions with regard to adhesion of auxiliaries, a 
stabilization method is developed, which coats the damaged paper with a thin 
layer of cellulose nanofibers. It enables the reliable preservation of the paper 
and—most importantly—retrieval of the contained historical information: the 
nanofibers form a flexible, transparent film on the surface and adhere strongly 
to the damaged matrix, greatly reducing its fragility, giving it stability, and 
enabling digitization and further handling.
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1. Introduction

Verba volant, scripta manent—while the spoken word flies 
away, the written one persists.

This Latin proverb, used already in the Roman senate to 
underline the importance of accurate protocols and contracts, 
reflects the fact that major parts of our cultural heritage are 

Small 2022, 18, 2105420

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fsmll.202105420&domain=pdf&date_stamp=2022-02-04


2105420 (2 of 14)

www.advancedsciencenews.com

© 2022 The Authors. Small published by Wiley-VCH GmbH

www.small-journal.com

by Johann Gottfried Walther, Heinrich Schütz, or Johann  
Nepomuk Hummel.[3,4]

Such unique works, and historic documents alike in gen-
eral, need to be maintained in their original state and kept 
accessible to future generations.[1,5] Their preservation, which 
is already a challenge under adequate storage conditions, 
becomes simply impossible in such fire catastrophes, and sub-
sequent measures can only attempt to mitigate damage that 
has already occurred. Papers hit by the full brunt of the fire 
are irretrievably lost. Those in the vicinity of the fire featured 
a severe, complex, and inhomogeneous pattern of damage 
which obviously caused drastic changes in its physicochemical 
properties and visual appearance (Figure 1A).[6,7] This is not 
only the result of direct exposure to the flames, but also comes 
from indirect heat effects and the impact of water and extin-
guishing agents. This combination triggers a series of com-
plex chemical processes,[8–10] such as dehydration, oxidation, 
hydrolysis, gasification, and cross-linking,[6] which renders the 
paper extremely fragile and brittle. Obviously, the legibility of 
the manuscripts has greatly deteriorated by charring, which 
starts at the edges of the paper and in later stages also affects 
central parts (Figure 1B). This problem can be partly addressed 
with digitization and multispectral imaging (Figure  1C1,1C2), 
which can recover hidden content in heavily charred areas. In 
this way, damaged manuscripts, prints, and annotations can be 

identified and information that seemed lost at first glance can 
be recovered.[4,11] Due to the pronounced fragility of such paper 
areas, which literally crumble to dust when touched, immediate 
and direct handling and digitization are counter-productive and 
would mean an irreversible loss of information.

Thus, the fire of the Anna Amalia Library was and still is 
a concrete restoration challenge, but at the same time also a 
call to develop general conservation and restoration methods 
for treating and stabilizing fire-damaged writings. Different 
processes can be used to consolidate and stabilize paper: lami-
nation (with thin Japanese paper), (re-)sizing and leaf casting 
are in practical use.[12–14] Paper splitting would be an inter-
esting method for the damage pattern at hand, since the sta-
bilizing material is inserted inside the paper, improving the 
strength properties of the paper but leaving the paper surface 
free of auxiliary material.[12,15] However, this is such a massive 
intervention[13] that it would neither be ethically justifiable in 
the case of a collection of such unique works, nor would it be 
feasible in terms of conservation practice. These counterargu-
ments apply similarly to methods of bulk stabilization of paper 
based on internal or surficial polymerization of monomers, 
such as acrylates, to strengthening layers.[16–18]

In the Anna Amalia case, two methods are applied to restore 
the fire-damaged papers in Weimar: the leaf casting of the 
papers and the lamination of the damaged and stabilized paper 
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Figure 1. Fire-damaged historical papers from the collection of the Duchess Anna Amalia Library. A) A book severely damaged by the fire. B) Sheet of 
a music manuscript in incident light (VIS) showing the typical damage pattern with charred, partly lost, and very fragile outer paper edges. C1) In the 
edges, the legibility is mostly reduced or deteriorated by charring. C2) The hidden information (musical notes, text) can be retrieved in multispectral 
light (infrared reflectography). [Photographs reproduced with permission. B) Copyright Klassik Stiftung Weimar, C) Copyright Annette T. Keller].
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areas with thin Japanese paper. However, both approaches 
reduce the readability of the treated papers.[1] Since informa-
tion should not be obscured by a stabilizing material, especially 
for objects of the music collection, an alternative conservation 
approach was developed. Based on washing and paper sizing 
by an adhesive mixture of different cellulose ethers (carboxyme-
thyl, hydroxypropyl, methyl hydroxyethyl), this method had less 
impact on optical properties.[19] However, the stabilization per-
formance of the adhesive was insufficient for the paper parts 
with severe heat damage. It was obvious that a new and better 
stabilization agent was needed which had to meet quite diverse 
requirements: It was supposed to provide sufficient stabiliza-
tion to allow for digitization by increasing the immediate and 
long-term mechanical resistance of severely damaged paper 
regions while also protecting less damaged areas, doing all of 
this without visually altering the surface, that is, the applied 
stabilization agent had to have a high degree of transparency 
in both the visible and multispectral ranges to maintain read-
ability and prevent information overlap.

The development of a suitable stabilization treatment is not 
trivial and requires detailed information on the complex surface 
properties of fire-damaged papers, which are rather different 
from those of historic or even modern papers. Among the sur-
face properties, the wetting properties and the interactions with 
stabilizing materials are particularly relevant. Also, a suitable 
stabilization method must not deteriorate the remaining paper 
basis, must reasonably well adhere to the paper to exert good 
stabilization effects, and should not lose this supportive prop-
erty in order to act as a permanent reinforcement, while main-
taining legibility, a requirement which has both chemical (no 
interfering UV/VIS absorption) and physical (thickness, particle 
size) aspects. In addition, the method to be developed should 
be suitable for higher throughput, since many thousands of 
sheets are still waiting to be treated.

In the literature, there has been hardly any information 
addressing the surface properties of (historic) fire-damaged 
papers with a focus on materials’ aspects and derived conser-
vation measures. Our previous work has demonstrated that 
the fiber network structure in the charred area gets extremely 
labile, rendering the paper highly brittle, fragile, and generally 
more hydrophobic.[6] Information on wettability with water or 
organic solvents and on surface interaction with adhesives or 
stabilizing auxiliaries has so far been only obtained empirically 
in practical conservation tests. Although there are many ana-
lytical methods to characterize surface structurally and chemi-
cally, they have not yet been applied (or have limited suitability) 
to characterize fire-damaged paper surfaces.[20] The analysis 
and evaluation of these papers require an interdisciplinary 
approach by chemists, material scientists, paper conservators, 
and restorers to avoid chemically sound procedures that do not 
meet conservation standards or, on the other hand, restoration 
methods that lack chemical compatibility.

In this account, we report on the fire-damaged papers from 
the Duchess Anna Amalia Library which were analyzed with 
respect to structural changes, surface properties, and the influ-
ences of the fire on the paper surface chemistry and cellulose 
integrity. A focus was laid on the surface properties because 
they chiefly determine the adhesive interactions with stabi-
lizing, reinforcing materials. Additional thermal analyses of 

the combustion of historical papers were conducted to better 
understand the changes of the paper during a fire. Building on 
this information, a new stabilization method for severely fire-
damaged manuscripts and prints was developed, which is based 
on suspensions of aqueous cellulose nanofibers (CNFs). They 
were selected because it was known from preliminary tests that 
they were chemically compatible (“all-cellulose”), can be pro-
cessed well, have a low visual impact on surfaces and stabilize 
historical, damaged papers in the long term.[21] This approach 
finally overcame current obstacles in preserving and digitizing 
fire-damaged historical papers. Its advantages and drawbacks 
are critically discussed, and the method is mirrored from the 
perspectives of both material and conservation science.

2. Results and Discussion

Uncontrolled burning of books and papers is characterized by 
extremely high T exceeding 1000 °C and unpredictable physical 
forces. In many cases, the adverse effects of water and extin-
guishing agents are overlooked, but their impact can actually 
be just as detrimental as those of the preceding fire. Due to 
these influences, the damage pattern on historical papers recov-
ered from burn sites is rather complex and requires extensive 
analysis. To allow a uniform procedure based on quantity, feasi-
bility, and time, four damage categories were defined according 
to the type of damage, extent, and loss of information (cf. 
Section S1, Supporting Information).

Three different book volumes (in the following, denoted as 
“paper” 1–3) were selected from the highest-damage category to 
be examined and compared (cf. Experimental Section).[1] Despite 
the uniform assignment to the highest-damage category, the 
volumes differed in the extent of fire damage regarding the 
intensity of the charred edge and in the formation of heat-dam-
aged areas. Care was taken in the selection process to ensure 
that all levels of damage were represented (cf. Figure S1, Sup-
porting Information). Most books, including the musical man-
uscripts, showed a typical damage pattern with charred, partly 
lost, and frail outer paper edges. Across the paper pages, a tran-
sition from light-colored inner parts to brownish and, finally, 
black and charred regions toward the margins were observed 
(Figure 1A,B). In general, it was remarkable how well the books’ 
interior had survived the drastic conditions of the fire. Damage 
propagation into the middle of the paper is mainly limited by 
the low thermal conductivity of paper (k ≈ 0.105 W mK−1),[22] 
and the restricted oxygen supply within the closed books.

To properly understand the conditions the books’ paper 
had been exposed to during the fire, combustion experi-
ments were performed and monitored with a thermal camera. 
Figure 2A shows the color-coded T gradient occurring across a 
closed book upon combustion. This setup is mainly character-
ized by limited access to oxygen in the central and inner parts of 
the book. The highest T was recorded close to the fire source at 
the book edges, ranging at 400–500 °C. Toward the center of the 
book, the T was significantly lower around 200 °C. The border-
line region between these two extreme T zones corresponded 
to the charred regions (Figure  2C), with T between 250 and 
350  °C. This resulted in a typical damage pattern, which was 
classified into high- (H-), medium- (M-), and low- (L-) optical 
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heat damage (Figure 2C; denoted in the following by abbrevia-
tions). These damage grades were also used throughout the 
subsequent experiments. At unlimited access to oxygen, that is, 
the combustion of an open book, the fire damage was increas-
ingly pronounced so that large parts of the object were com-
pletely destroyed and could not be recovered (Figure 2B). This 
severity was also promoted by the unimpeded movement of the 
individual pages in the heat of the burn.

Thermogravimetric analysis of a historical paper is shown 
in Figure  2D. At T below approx. 240  °C, only minor weight 
changes occur due to the removal of physically bound water 
and chemically bound water due to dehydration reactions 
(Stage 1).[9] In Stage 2, above 240 °C, pronounced chain scission 
and formation of carbonyl groups along the cellulose molecules 
occurs, and cascadic chemical processes, involving dehydra-
tion, thermal scissions, and gas evolution (CO2, CO, etc.) set in. 
Those account for the high mass change in this T region and 
result in the formation of charred, carbonaceous paper. Until 
this point, the mass loss graphs for the inert (N2) and oxidizing 
(O2) atmospheres ran largely parallel, confirming that these 
processes are oxygen-independent. The underlying chemistry 

resembles cellulose pyrolysis, which involves dehydration, that 
is, water elimination that forms keto compounds via the pri-
marily formed enols, levoglucosan formation, which is coupled 
to cellulose chain cleavage, and retro-aldol as well as decar-
boxylation reactions in the low-molecular fragments.[6,8,9,23] In 
Stage 3 of the thermogravimetric analysis, at T above approx. 
380  °C, there was a fast consumption of the material with 
almost complete mass loss in the presence of oxygen, while in 
an inert atmosphere, further mass loss was small (below 10%) 
and about 15% of carbonaceous material remained also beyond 
600 °C (Figure 2D). Stage 3 corresponds to areas of H damage 
according to conservational grading that is lost or destroyed 
beyond repair. Stages 1 and 2 correspond to the conservation 
grade of M damage with discolored or charred, highly brittle 
areas, while paper areas heated below 150 °C correspond to an 
L damage degree, see Figure 2C versus Figure 2D.

The majority of the historical papers preserved in the music 
collection were rag papers—made from old linen clothing—
which was the prime European writing ground before the 
invention of wood-based papers in the mid-19th century. They 
comprised cellulose, which was treated with sizing agents, 
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Figure 2. Combustion experiments of historical papers. A) A closed book burns with T between 200–500 °C due to the limited access of oxygen to the 
inner part. B) For an open book (thus free access to oxygen), the book pages burn over the entire surface at T up to 700 °C. C) Three heat-damaged areas 
with the following characteristic features: high (H) heat damage–charred, medium (M) heat damage–browned, and low (L) heat effect–light-colored/
no optical change. D) Parallel or successive physical, thermal, and chemical processes in the material induce a loss of mass in 3 phases depending 
on the T and the atmosphere (O2- and N2-rich). D1) Sizing with gelatin has only a minor influence on thermal degradation (sized and non-sized rag 
papers were measured in O2-rich atmosphere).
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mostly gelatin, at the paper surface. The sizing had no signifi-
cant influence on the thermogravimetric behavior of this paper, 
apart from a minor retarding effect on paper combustion in 
oxygen above 300 °C (Figure 2D1). This effect can be attributed 
to the gelatine’s nitrogen content, which corresponds to sim-
ilar elemental effects in flame-retarding agents.[24] It should be 
mentioned that in “ash books,” as the remnants of a library fire 
are commonly called, the residues from extinguishing agents 
represent additional minor constituents of often unknown 
composition, concentration, and long-term effects. In Anna 
Amalia’s case, mainly urea, ethylene glycol, and butyl glycol 
were found as such residues from additives in extinguishing 
water.[24] Gelatin itself is not heat-stable. As a result, the gelatin 
sizing on the surface of the paper is lost and the interstices of 
the paper are exposed.[25]

X-ray photoelectron spectroscopy (XPS) of the papers recov-
ered from the fire in comparison to undamaged reference 
papers was conducted to obtain information on the chemical 
surface composition of the paper, which influences the adhe-
sion of coatings or stabilizers, analyzing the C1s bond energies 
(eV). In Figure 3A, specimens from two different books and dif-
ferent degrees of damage (H–M–L, see Figure  2C) were com-
pared (Table S1, Supporting Information). The two papers were 

a good example that optical evaluation of fire damage, the usual 
tool in applied conservation, can be severely misleading: both 
samples looked very much alike, but the fire-induced changes 
of the surface proved to be quite different. Especially in the 
M- and L-heat damaged regions, visual inspection was unreli-
able. The general trend that increasing heat damage decreased 
the oxygen/carbon ratio and increased the CC bond ratio was 
evident. This is logical, as dehydration reactions and CO2 emis-
sion lower the oxygen content, while condensations and char-
ring increase the fraction of CC bonds. However, there was 
quite a high variation in the oxygen–carbon atomic ratios and 
the CC bond fraction among samples from the same damage 
category that looked much alike. This can be mainly rationalized 
by the sample surface thickness analyzed by XPS, which lies in 
the nanometer range.[26] As the combustion effects travel from 
the surface to the interior, significant changes have occurred on 
the paper’s surfaces at L- or M- (optical) heat damage—and are 
reported by XPS—while the bulk material remains largely unaf-
fected. While no further details about the chemistry of the heat 
damage can be derived beyond those obvious pyrolysis-type 
processes, an important conclusion can be drawn that damage 
assessment of ash books should not rely only on visual inspec-
tion, despite its practicability and intriguing easiness.

Small 2022, 18, 2105420

Figure 3. Heat-induced changes on the paper surface and in the interior. A) X-ray photoelectron spectroscopy (XPS) analysis (carbon/oxygen ratio and 
carbon compounds) of the damage areas (H, M, and L) of different sample papers. (Paper 1 □, Paper 2 ○, rag reference (Ref) ⬠). A1) Comparison of 
the carbon bond ratios from XPS measurements of a L-, M-, and H-heat-damaged sample region. B) 13C solid-state nuclear magnetic resonance (NMR) 
spectra of H-damaged paper compared to the rag reference (Ref). C) Infrared (IR) spectra of heat-damaged regions. D) Gel permeation chromatog-
raphy (GPC) data of Paper 1 (black x represents measurement spots in the transition from M- to L-heat damage).
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Figure  3A1 compares the carbon bond ratio extracted from 
deconvoluted C1s high-resolution XPS spectra of paper speci-
mens with L-, M-, and H-optical heat damage (see more details 
in Table S2, Supporting Information). The changes in the CC 
bond (≈284.8 eV), CO (≈286 eV), and CO/OCO (≈288 eV)  
bond ratios were drastic. In the region with H-optical damage, 
the CC is 2 times higher, whereas the CO and CO bond 
ratios are approx. three times lower than in the L damage 
areas. In the charred areas, the CC bond ratio was increased 
to 70–75% at a low C/O ratio of 0.2. The CO in paper mate-
rial originates from cellulosic hydroxyl groups (COH), the 
COC from the glycopyranosidic ring, and the glycosidic 
bonds. In the heat-exposed samples, the CO/OCO con-
tribution originates from keto groups, formed by dehydra-
tion (water elimination and enol tautomerization) and direct 
hydroxyl oxidation, as well as oxidatively generated carboxyl 
groups. In the charred sample, the increase in CC bonds 
(sp2-carbon contributions) originating from olefins, furanoids, 
benzoid systems, and graphene precursors, was obvious from 
the CC peak that shifted slightly toward lower values (sp3   
284.8 eV vs sp2  284.0 eV). The formation of such carbon-rich 
structures, both saturated and unsaturated, was further con-
firmed by solid-state nuclear magnetic resonance spectro scopy 
(Figure 3B). The burned areas of the H-damaged paper showed 
a clear contribution of unchanged cellulose, as seen by com-
parison with the rag reference (Ref), and a significant increase 
in saturated aliphatic (5–40 ppm) and unsaturated carbon struc-
tures (110–145 ppm). From these results, while surface hydro-
phobization (more CC and more CC, less CO and CO 
contributors) can be expected for the H-heat-damaged mate-
rial, there remain significant amounts of polar groups present, 
which would be a prerequisite for adhesive interactions with 
coating material and stabilizers.

To obtain further information on surface / bulk differences, 
XPS and infrared spectroscopy (IR) results were compared 
(Figure  3C). Regions of L- (optically perceived) heat damage 
showed characteristic IR bands of cellulose, and no signifi-
cant chemical surface alteration (as seen by XPS) was evident. 
Ahn  et  al. specified that early phases of heat damage are not 
necessarily detectable in the IR spectrum.[6] Also carbonyl 
(keto/aldehyde) structures in cellulose, such as those intro-
duced by oxidation or elimination due to excessive heat, are not 
reliably reported by infrared (IR) because they are also present 
as hydrates or hemiacetals/ketals/-aldals.[27] The IR technique 
(measurements were conducted with an attenuated total reflec-
tion detector) with 1–3 µm penetration[28–30] obtains informa-
tion from a much larger depth than the XPS measurements 
(approx. 10 nm penetration),[26] which can only detect initially 
formed nanometer-sized surface changes. This is shown in the 
two IR spectra of the samples with H-optical heat damage (H1 
and H2 in Figure 3C). The XPS spectra of these two samples 
were quite similar, indicating similar surface conditions and 
damage. The IR spectra, however, which cover more of the bulk 
material, differed significantly from each other. For H1, char-
acteristic cellulose bands were clearly present, whereas these 
bands could no longer be detected in the spectrum from H2. 
The inset in Figure 3C zooms into the wavenumber region of 
1800 to 1500 cm−1. In the sample with L-optical heat damage, 
the water band at approx. 1640 cm−1 dominated, while in the 

severely damaged sample areas, the formation of CO (approx. 
1720 cm−1) and CC moieties (approx. 1580 cm−1) became evi-
dent. Further combustion caused more thermal scission of gly-
cosidic bonds and elimination of water and gases (e.g., CO2, 
CO), resulting in a loss of the typical chemical structure and 
further increase in CC stretching band intensity.[8,9] This 
agreed with the XPS results that showed a reduction of hydro-
philic, oxygen-containing groups on the paper surface, and an 
increase in the CC percentage and CC structures.

In summary, the results show the influence of considerable 
heat-induced chemical changes, first at the surface and in areas 
that visually appear unaffected. The surface shift from more 
hydrophilic oxygen-containing bonds to more hydrophobic 
CC and CC structures upon fire/heat exposure seems, at 
first glance, to indicate poor prospects for the adhesion of sta-
bilizing agents, which would rely primarily on hydrogen bonds 
adding to van der Waals forces.

Heat exposure affects the molar mass of the cellulose as well, 
but in a more complex way than simple chain cleavage. Such 
changes can be followed by gel permeation chromatography 
(GPC) in the eluant N,N-dimethylacetamide/LiCl as eluant of 
choice for molar mass studies of cellulose.[31] Combined with 
group-selective fluorescence labeling, the GPC approach pro-
vides detailed profiles of oxidized groups relative to the molar 
mass distribution, which allows detailed insight into com-
bined oxidation/chain cleavage processes.[32–34] In our previous 
study, several approaches were elaborated to make paper from 
ash-books accessible to such analysis.[35,36] For Papers 1 and 2, 
both the molar mass and the carbonyl group content increased 
with increasing heat exposure (Figure  3D and cf. Figure S2, 
Supporting Information). The formation of CO structures is 
expected: they are formed by direct oxidation and by elimina-
tion of water and rearrangement of the resulting enols. The 
increase in molar mass was less expected and even counterin-
tuitive at first glance. However, a higher number of carbonyl 
groups along the cellulose’s polymeric backbone favors inter-
chain reactions, that is, crosslinking, which has been dem-
onstrated for model compounds, aged celluloses, and, in par-
ticular, fire-exposed rag papers.[6,37,38] Extensive crosslinking 
and charring impede molar mass analysis by GPC, as it renders 
the samples insoluble in the eluant. Model studies have shown 
that the crosslinking of two carbonyl structures (oxidized 
hydroxyl groups) on two cellulose chains is sufficient that both 
chains simultaneously fragment and crosslink.[37,38] Sample 
Paper 3 is a good example of the simultaneous occurrence of 
thermally induced polymer chain degradation and crosslinking. 
The molar mass of the paper was reduced by 30% due to chain 
scission (cf. Figure S2, Supporting Information). Concurrently, 
a decrease in the slope of the conformation plot (log radius of 
gyration vs log molar mass) from 0.53 in the L-heat damaged 
region to 0.42 in the M-heat-damaged region clearly indicated 
crosslinking, confirming a denser structure of the dissolved 
polymer molecule (cf. Figure S2, Supporting Information).

The chemical processes upon fire damage, such as cellulose 
oxidation, chain cleavage, crosslinking, and eventually progres-
sive carbonization, obviously affect the mechanical and phys-
ical properties. The charred samples become more brittle, less 
flexible, and hence, highly fragile. The structural and physical 
parameters, such as porosity, roughness, and wettability, are 

Small 2022, 18, 2105420



2105420 (7 of 14)

www.advancedsciencenews.com

© 2022 The Authors. Small published by Wiley-VCH GmbH

www.small-journal.com

equally important regarding treatments of the damaged mate-
rial with stabilization agents and adhesives.

The damaged areas were studied with scanning electron 
(SEM) and atomic force microscopy (AFM) to obtain infor-
mation on surface structure and roughness, respectively. In 
the paper areas with L-optical heat damage, the fiber and 
fiber network structures typical of rag paper surfaces are well 
preserved (Figure 4A and cf. Figure S3, Supporting Informa-
tion). The paper fibers, as well as fibrils and the residues of 
the sizing agent, are clearly visible. In more severely dam-
aged regions, the structure becomes more macroporous 
(Figure  4B and cf. Figures S4 and S5, Supporting Informa-
tion), accompanied by a significant decrease in the average 
fiber width from 12 to 7 µm (Figure  4E). The shrinkage of 

the fibers entails an increase in porosity and interstitial space 
between the fibers.

This effect is due to surface-initiated heat damage causing 
a “thinning” of the fibers and removal of sizing, and irrevers-
ible contraction by minimized hydration-related swelling of the 
celluloses, dehydration, and crosslinking reactions with loss of 
water and gases. The nearly unchanged crystallinity of samples 
with H-heat damage and without damage (cf. Figure S6, Sup-
porting Information) showed that these reactions occur both in 
amorphous and crystalline regions. Also, the roughness of indi-
vidual fibers is affected, as shown in the SEM zooms (insets, 
Figure  4A1 vs Figure  4B1 and cf. Figures S3–S5, Supporting 
Information). The coarse, fibrillar surface of less damaged mate-
rial is lost, and the samples with H-heat damage have a fused, 

Small 2022, 18, 2105420

Figure 4. Surface structure of paper network and fiber. A,B) Scanning electron microscopy (SEM) images (500x magnification) of the L- (A) and H- (B) 
heated areas. (A1) and (B1) are taken at 10 000x magnification. C,D) Surface topography images of the L- (C) and H- (D) heated regions studied by 
atomic force microscopy (AFM). E) The average fiber width of L- and H- heated fibers measured in the SEM images. F) Root mean square roughness 
values (mean ± standard deviation) for the L- and H-heat damaged regions. G) Contact angle of the paper surfaces with water and CH2I2 measured in 
areas with L-, M-, and H-heat damage, (rag reference mean values (dotted lines) with standard deveiations (grey boxes) are shown.
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smoother surface morphology. This fiber-surface smoothing is 
due to the favored degradation of smaller fibrous structures, 
and compacting by crosslinking, water loss, and increasing con-
densation/carbonization. Roughness measurements at the fiber 
surfaces using AFM (Figure 4C,D and cf. Figure S7, Supporting 
Information), supported the SEM results, and analysis of the 
root mean square (RMS) roughness (Figure 4F and cf. Table S3,  
Supporting Information) proved that the damaged area was 
smoother than the undamaged region—by a factor of about 
two. Notably, the porosity effects differed at different length 
scales: while the paper porosity (fiber network, micro- to  
macroscopic scale) increased, the fiber surface roughness 
(nano- to microscopic scale) decreased.

From all these results we assumed that the surfaces of the 
ash-book papers were generally more hydrophobic, especially 
in severely heat-damaged, charred areas. This would mean 
decreased wettability of the surface with an aqueous coating 
system. Because of the inhomogeneous but, above all, dimen-
sionally limited damage areas (M- and H-heat-damaged), only 
methods that did not require a larger contiguous sample area 
or allowed flexible point-by-point application could be used to 
examine the wetting properties. A contact angle measurement 
appeared to be reasonable for this type of specimens. Surpris-
ingly, simple contact angle measurements with water did not 
confirm this expectation of reduced wettability (Figure 4G). The 
contact angles decreased with increasing heat influence and 
were rather low at the heavily carbonized edges. In some cases, 
the contact angle could not even be measured at all because 
surface wettability was too high. The water contact angle of 
samples with L-optical heat damage, 123° ± 9°, was analogous 
to that of the non-damaged paper. Heat influence reduced the 
contact angle to 93° ± 18° in the M-damaged areas and to 67° ± 
41° in the severely damaged regions. The high deviations in 
the charred regions can be related to chemical surface hetero-
geneity, which was also observed by IR analysis. For the fire-
damaged papers, surface wettability was obviously a direct 
effect of the high sample porosity.[39] Also, the influences of 
agents from the extinguishing and salvage operations, such as 
urea, would account for large effects not exerted by the sample 
matrix itself.[1] The conclusion is that water contact angle meas-
urements, although convenient and frequently used in surface 
studies of commercials, are inconclusive, if not downright mis-
leading, when used as the sole technique for characterizing sur-
faces of fire-damaged rag papers. Such measurements—unless 
supplemented by chemical and microscopic characterization 
methods—would wrongly assert increasing hydrophilicity with 
increasing heat damage, being highest for the severely charred 
parts. Surface contact angles were also measured and evalu-
ated with the non-polar CH2I2. The trend was the same as for 
the water measurements, demonstrating the decisive influence 
of porosity and capillary effects, which overrode the effects 
of chemical surface hydrophilicity/hydrophobicity. Although 
having no predictive power regarding surface chemistry, the 
contact angle measurements were quite valuable regarding 
practical applications, as they revealed how well aqueous or 
organic solutions or suspensions would be accepted by the 
material. The samples in the heat-damaged and charred areas 
had good wettability for both aqueous (polar) and non-polar sol-
vents. The liquids were quickly absorbed by the pores through 

gravitational and capillary forces alongside further diffusion, 
not unlike absorption by a sponge.[25,40,41] The high surface 
wettability and porosity of the damaged regions are definitely 
beneficial for applying stabilization agents, as they facilitate a 
homogeneous surface coating and penetration into deeper, 
non-surface regions. Due to the porosity and roughness of the 
surface, surface energy determination based on liquid-contact 
angles was not possible, so inverse gas chromatography (iGC) 
was used instead (cf. Figure S8, Supporting Information). From 
the increase in carbon content and decrease in CO bonds, 
resulting in a chemically more hydrophobic surface, a different 
extent of non-polar interactions (London forces) and hence a 
change in the dispersive term were expected.[42,43] In contrast, 
the most significant difference was observed in the specific sur-
face energy term, considering polar interactions (cf. Figure S8, 
Supporting Information). As iGC measurements are conducted 
at infinite dilution, surface areas of high activity are primarily 
considered, which can represent only a small surface fraction. 
Figure S8B,S8D, Supporting Information, compare the disper-
sive and surface energy values at 0.01 and 0.1 surface coverage, 
which were selected as representative values at very low (0.01) 
and moderate coverages (0.1) from the heterogeneity profile 
obtained as primary results. We assume that the higher specific 
surface energy of the sample with H-optical heat damage is due 
to heat-induced reactions, for example, oxidations and dehydra-
tions, forming “islands” of higher specific surface energy. Even 
if these groups represent only a small spatial population at the 
surface, they are crucial in promoting adhesive interactions 
with a stabilization agent. Moreover, the only minor changes in 
the surface energy of the samples with H-heat damage indicate 
that cellulosic surfaces are still present. Thus, adding to the 
contact angle results, which indicated good liquid uptake, the 
iGC results gave hope for a good retention of stabilizing agents.

To recover as much information as possible from 
severely burned and charred areas by multispectral imaging 
(Figure 1C2), the paper material must be manipulated, treated, 
moved, and stored. This is only possible for severely damaged 
objects after suitable means of mechanical stabilization, as 
the material is otherwise too fragile. Based on good results in 
stabilizing mechanically damaged and mold-infested papers 
with nanocellulose,[21] a treatment of heat-damaged papers 
with CNFs appeared attractive mainly due to their low-optical 
impairment and their good stabilization performance. The pos-
sibility of a re-treatment also speaks in favor of the use of nano-
cellulose for valuable manuscripts and prints.

CNFs have been used as films[44,45] or suspensions[21,46,47] for 
stabilizing conventional papers and to reinforce and stabilize 
paintings.[48,49] Adding to the advantage of paper-like aging, 
strength, and processing properties, their applicability in con-
servation results primarily from the low-optical impairment of 
the objects.[21,44,46,48] In suitable concentrations of the applied 
suspensions, translating into different amounts of depos-
ited material after drying, the CNF auxiliary remains almost 
invisible. A stabilization method for fire-damaged—and thus 
chemically severely altered—papers with very little optical sur-
face alteration has not been reported, and the application of 
CNFs is a novel approach to tackle this infrequent but severe 
conservational problem. The proposed surface coating with 
CNF also seems feasible to stabilize the fire-damaged paper 

Small 2022, 18, 2105420
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material, considering the high wettability, the presence of high-
energy surface sites, and the similarity of the surface structure 
and surface energy to cellulose—at least in the not carbon-
ized parts. Due to the amphoteric properties of cellulose and 
thus CNFs, sufficient adhesion was expected in both less and 
more charred regions.[50] CNFs have been shown to be a uni-
versal binder that, like mortar interlocking different stones, acts 
between particles with very different surface chemistry. They 
even induce high cohesion in between hydrophobic particles 
with low surface energies, such as hydrophobic SiO2 and even 
fluorinated (PTFE) particles. Considering this, CNFs are indeed 
a very suitable structural stabilization agent, especially for a 
chemically heterogeneous material such as the burned paper 
substrates.[51,52] Moreover, it was likely that the high aspect ratio 
of CNFs and the high cohesive interactions also allow areas 
of lower-surface energy and interactions to be bridged, pro-
viding mechanical stabilization and, on another length scale, 

even small voids, cracks, and defects to be macroscopically 
filled. Apart from those promising properties and features, it is 
important to assess the aging behavior of the stabilization agent 
since yellowing can impact the readability of the coated paper. 
Hence we assessed and compared the material properties and 
durability of three commercial CNF types in an aging experi-
ment at 80 °C for 38 days. The chemical and optical changes of 
the films were evaluated through molar mass (GPC) and ISO 
2470 brightness measurements. Based on those data, the CNF 
films featured stability and aging properties comparable with 
pure cellulose (Figure 5).[21] The ISO brightness decreased mar-
ginally (4.7%) during aging. Considering the low CNF quantity 
applied these influences can be neglected and the tested com-
mercial CNF types can be considered safe for long-term applica-
tions. In general, the differences between the three investigated 
CNF types in the application tests were minor. All suspensions 
were applied without problems. Visual appearance after drying 

Small 2022, 18, 2105420

Figure 5. Aging characteristics of commercial cellulose nanofibers (CNF samples A–C) during long-term artificial aging (up to 38 d). Influence of aging 
time on A) ISO brightness and B) weight-averaged molar mass of CNFs in comparison to the Whatman filter paper reference (Ref). C) Images of aged 
CNF films after different aging times (0 d, 7 d, 14 d, and 21 d, scale bars show 2 cm).
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showed no apparent differences. The fragile, charred paper 
areas were stabilized with all CNF types. This demonstrated 
that our method can be performed with commercial CNFs 
(Figure 5).

CNFs were used as aqueous suspensions (0.5 wt.% to 
1.0 wt.% solid content). To reach a homogeneous, reproduc-
ible, and gentle application, the CNF suspension was sprayed 
as 1.0 wt.% suspension with an airbrush from the center of the 
paper to its edge (cf. 4. Experimental Section). The airbrush 
system, used for the first time with CNF, is superior to the con-
ventional brush technique which tends to damage highly fragile 
regions and has inherent difficulties with exact control of the 
applied coating amount. An average of 1.6 g m−2 was deposited 
with a single application and approximately 2.6 g m−2 with a 
double application. Slow drying at room temperature and 
approx. 50% relative humidity was applied to limit drying stress 
and to avoid stress cracks. The latter occurred mainly at the 
interface of H- and M-heat-damaged sections and less damaged 
areas, due to their different swelling behavior.

After drying, the CNFs formed a protective and stabilizing 
layer on the paper surface and partly within the paper matrix. 
This is visible as a thin, translucent coating on the samples 
(Figure 6A). Most importantly, the CNF material is attached 
to all damaged areas, independent of the degree of damage, 
including the hydrophobic charred parts. SEM images show 
that, in addition to the formation of a continuous surface layer, 
there is also strong adhesion to individual fibers and pen-
etration of CNFs into larger accessible pores (Figure  6B,6B1, 
Figures S9A,B and S10C,D, Supporting Information). It can 
be assumed that CNFs are drawn into the highly porous struc-
ture of fire-damaged paper (Figure  4) by capillary and gravita-
tional forces. Due to the high aspect ratio of CNFs and their 

tendency to form entangled fiber networks,[53] individual CNFs 
in the pores and around the paper fibers interlock and thereby 
mechanically reinforce the treated paper (Figure S10B,D, Sup-
porting Information). These excellent film-forming properties 
give CNF a distinct advantage in stabilization compared to pre-
viously used cellulose ethers,[19] which have lower polarity and 
much weaker cohesive forces.

A controlled application of CNFs of rather low concentration 
was critical since, for higher concentrations and thicker surface 
layers, cohesive interactions will dominate, thereby forming a 
CNF film that is only loosely bound to the paper surface and 
therefore detachable (cf. Figure S11, Supporting Informa-
tion).[53] AFM analyses of the treated paper surface further con-
firmed the homogeneous application of CNFs, which partially 
reduced the original substrate’s roughness (Figure  6C and cf. 
Tables S3 and S12, Supporting Information). The surface is 
covered with a randomly oriented fibrillar structure, which is 
a clear contrast to the morphology of the damaged region in 
Figure 4D. The stabilizing layer on the surface firmly connected 
the damaged areas—the fragile edges—with the more intact 
central sheet areas. This causes significant mechanical stabili-
zation which renders the material touchable and usable again. 
Concurrently, the CNF layer reduced brittleness and re-estab-
lished a certain degree of flexibility, thereby increasing resis-
tance to bending and mechanical influences (Figure 6D).

Quantification of the stabilization performance of the 
new material and method is nevertheless difficult. Classical 
mechanical tests, such as tensile strength measurements, 
require homogeneous specimens and largely fail in the case of 
historical rag papers due to their inhomogeneity and the small 
amount of CNF applied.[21] It is known that a sufficiently large 
amount of material (at least 8 g m−2) is necessary to affect the 
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Figure 6. Cellulose nanofiber (CNF)-treated paper. A) A slight white CNF veil is visible in the M- and H-damage areas (CNF B). B) Scanning electron  
micrographs show a completely CNF-coated surface (CNF A). B1) CNFs settle into the pores and between the paper fibers and surround them.  
C) Atomic force microscopy (AFM) surface topography image of a damaged region after the application of CNF (CNF A). D1,2) The CNF layer stabilizes 
the damaged paper (CNF A).
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strength properties of a backing paper,[54,55] whereas our applied 
mass averaged only between 1.5–2 g m−2. In addition, for fire-
damaged paper specimens the areas do not comply with the 
required minimum sizes so that standardized test strips cannot 
be formed.[56,57] The stabilization performance was thus judged 
by individual bending tests as common in conservation sci-
ence. For the untreated reference, the H-damaged edge region 
detached upon the slightest touch. This sensitivity was consid-
erably reduced by the CNF treatment, and the material could be 
moved and carefully bent again (Figure 6D).

Heat damage to historical papers significantly affects the 
legibility of written text and even more musical scores. How-
ever, the ink in charred regions can be visualized by multispec-
tral imaging to recover lost information. Especially infrared 
reflectography (IRR) has shown high promise in visualizing 
historical inks in illegible, heat-damaged regions.[11] A suitable 
stabilization agent, while providing sufficient mechanical for-
tification, must not interfere with IRR digitalization. Mechan-
ical stabilization is pointless if it renders hidden information 
impossible to retrieve. Therefore, the readability of untreated 
and CNF-treated papers was compared. As an additional ref-
erence, material stabilized with Japanese paper was included. 
Coverage with Japanese paper, a special variant of very low 
grammage (1.6 g m−2) and high transparency, is considered a 
standard method for stabilizing historical papers[14] and has 
been used as a stabilization material for heat-damaged papers.

The optical appearance of treated and non-treated papers 
in visible light (VIS) and by IRR analysis are compared in 
Figure 7. The untreated reference showed that readability in 
VIS is regularly limited (above the white dashed line). IRR anal-
ysis reveals more letters (between white and red dashed line). 
For CNF-treated samples, the CNF haze has only a very small 
influence on readability (VIS), which recedes completely in the 
IRR image. For untreated and CNF-treated papers, the infor-
mation was retrievable from the charred regions (between less 
damaged and completely destroyed areas) to a similar extent. 
Hence, the CNF layer did not interfere with digitalization. The 
comparison with a stabilization by Japanese paper (Figure 7C) 
clearly showed its inferior behavior in the present application 
due to its dense fiber structure on the surface, which obscured 
the information retrievable in the VIS and IRR range. This 
was not necessarily expected as the thinnest Japanese paper 
available was applied. The Japanese paper fibers—with a fiber 
thickness in the µm range—are very large compared to the 
nanofibers and their structure clearly affects the surface and 
readability. Thus, a comparison of the images of CNF- and 
Japan paper-treated samples showed the better suitability of 
CNFs for digitization, especially regarding optical appearance, 
sharpness, and readability of the treated specimen in both 
visible and infrared ranges and extension of the recoverable 
charred borderline regions.

3. Conclusion

A new stabilization method for severely heat-damaged papers 
is presented. The development is based on a thorough analysis 
of the chemical and surface properties of paper areas with 

different damage degrees. Conventional visual inspection was 
demonstrated to be insufficient. The chemical and structural 
changes were categorized into regions of L-, M-, and H-heat 
damage. In this order, a progressive increase in carbon con-
tent (CC and CC bonds) and a decrease in CO bonds 
were observed. The surfaces were affected earlier than the bulk, 
reported by the different surface penetration depths of XPS 
and IR analyses. The heat exposure caused fiber shrinkage and 
increased macro-porosity, while single fibers became smoother 
as seen by a combination of microscopic techniques. Chemi-
cally, cellulose chain cleavage and simultaneous crosslinking 
were observed (GPC with group-selective fluorescence labe-
ling). Also, in the highly charred carbonaceous material, sites 
of high-surface energy and polar groups are contained (iGC), 
which, adding to the porosity (seen by contact angle and wet-
tability measurements), account for the good wetting, penetra-
tion, and adhesion of polar stabilizing agents.

CNFs were chosen as reinforcing agents and applied as a 
0.5–1 wt.% aqueous suspension. Although the nanocellulose 
finds fewer possibilities to adhere to the heat-damaged, carbon-
rich fiber surfaces by hydrogen bonds and van der Waals forces 
than in the case of regular, undamaged cellulose surfaces, it 
also binds tightly to such regions. Absorption and retention of 
CNFs are facilitated greatly by i) the porosity and the remaining 
polar groups of the charred material, ii) the chemical/structural 
similarity between CNFs and paper substrates in less damaged 
areas, and iii) the exceptional network and film-forming prop-
erties of CNFs. The CNF treatment provided mechanical sta-
bilization of the material and did not negatively impair visual 
appearance and legibility in the visual and IR ranges, making it 
highly suitable for digitalization and IR-based information data 
recovery. This could not be achieved with any other stabilizing 
material to date. Equally significant is the fact that no additional 
“chemistry” is added, as would be the case with conventional 
crosslinking or stabilization agents. The CNF stabilizer is the 
same material—just physically modified in structure—as the 
base of the books—pure cellulose—rendering this procedure 
particularly efficient and sustainable.

The presented method is currently tested to rescue and pre-
serve selected specimens of ash-book papers and the ducal 
collection of musical literature from the remains of the cata-
strophic fire in 2004 in the Duchess Anna Amalia Library in 
Weimar. More detailed material characterization revealed 
excellent processing and aging properties for the stabilization 
material without any negative long-term effects on the his-
toric objects. The possibility of applying the nanocellulose by 
spraying should also be emphasized. This significantly reduces 
the risk of mechanical damage during the treatment of heavily 
damaged manuscripts and prints. In addition, it allows treat-
ment at a higher throughput in the future.

Preserving the unique historical paper objects for future 
generations to enjoy is without doubt of great importance. Our 
ash-book stabilization method with CNFs will be a small—but 
hopefully important—contribution to making this possible, 
even for severely fire-damaged papers, without them crum-
bling to dust and ash: even though books burn, the written 
word will persist nonetheless—scripta tamen manent cum 
libri ardeant.
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4. Experimental Section
Sample Material: Historical samples, which were damaged in an 

undefined and complex way during the fire of the Duchess Anna Amalia 
Library Weimar 2004, were used for the investigations.[1] The damage 
volumes were from the 18th and early 19th century and made of rag 
paper (cf. Table 1).

Three commercial CNFs were used in this study. CNF A (Valida) 
was provided by SAPPI, Netherlands, as a white aqueous suspension 
with a solids content on 1.0 wt.% in H2O and a pH of 7.2 (viscosity 
in H2O (2 wt.%): 800 mPas, weight-averaged molecular weight (Mw): 
281 kg mol−1, 88.7% ISO brightness (at 475 nm), produced from 
dissolving pulp. No charges were added in the process. CNFs B and C 
were provided by Borregaard AS (Exilva) as white aqueous suspensions 

Figure 7. Optical appearance and multispectral imaging of non-treated and treated papers (left: VIS, right: IRR). The white dashed line marks the limits 
of legible areas. Readability improves in the IRR between the white and red dashed lines. This varies between the different samples: A) the untreated 
reference paper, B) the cellulose nanofiber-treated sample (CNF B), and C) the sample stabilized with Japanese paper (1.6 g m−2). [Photographs repro-
duced with permission. A–C) Copyright Annette T. Keller].
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with a solid content of 1.9 wt.% in H2O and a pH of 6.6 (B: viscosity 
in H2O (2 wt.%): 28  000 mPas, weight average molecular weight 
(Mw): 205 kg mol−1, 88.7% ISO brightness (at 475 nm); C: viscosity 
in H2O (2 wt.%): 28  000 mPas, weight average molecular weight 
(Mw): 195 kg mol−1, 89.3% ISO brightness (at 475 nm)). CNFs were 
manufactured from bleached sulfite pulp (ca. 92% cellulose and ca. 6% 
hemicellulose, estimated from monosaccharide analysis (Larsson et al. 
(2019), from spruce (Picea abies). No negative charge carriers were 
added to the product during production.[58]

Sample Treatment with Soft Nanofibers: The sample papers were 
treated either in dry or wet conditions. First, the CNF suspensions 
(0.5 wt.% or 1.0 wt.%) were applied with a brush from the center of 
the paper, stroking outward over all damaged areas. Because of the 
sensitivity of the specimens—especially in the black edge areas—it was 
sometimes necessary to dab with very little pressure to avoid loosening 
any material. Brushing could cause further mechanical damage and loss 
if the edges were brittle. To avoid this and achieve a more homogeneous 
coating application, the CNFs were later applied with the Airbrush Talon 
from Paasche and the Cocraft Airbrush Compressor AS18B (Clas Ohlson 
AB, Sweden). At a pressure of 1.6 bar, the 1.0 wt.% suspension was 
evenly distributed on the samples. Single and double applications with a 
short drying interval of 10–20 min were performed. Very fragile samples 
were treated in dry state without pre-watering and use of the vacuum 
table, and air-dried without taking further precautions. In case of pre-
watered sample, vacuum (vacuum table) was used during application 
of the CNF coating. For these samples, the swollen paper structure 
required a special drying procedure: 1) A short air-drying step (approx. 
10–20 min.), 2) then drying was continued under a weight (approx. 
5–10 kg) to avoid deformation of the samples due to drying stresses. 
In all cases, the samples were dried at approx. 20 °C and 50% relative 
humidity.

Details on the used analytical methods are available in the Supporting 
Information.
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Table 1. Details of the original samples from Duchess Anna Amalia Library (HAAB) damaged by the fire–publication.
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