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Paper is the most widely used writing support due to the remarkable properties of its principal component -
cellulose - one of the most abundant biomaterials present on Earth. However, due to the complexity of the material,
an exhaustive picture of its degradation pathways is still missing. In this paper, we will present recent results and
progresses obtained in the comprehension of the role of cellulose oxidation in the yellowing of ancient paper. Visible
and ultraviolet spectra of cellulose in ancient paper samples and reference modern samples artificially aged have
been interpreted with the aid of ab-initio Time-Dependent Density Functional Theory calculations. Through the
comparison of measured and calculated absorption spectra, several oxidized forms of cellulose polymers, acting as
chromophores, and responsible for ancient paper yellowing were identified. The relative concentration of ketones
and aldehydic groups depends on the environmental conditions in which samples were stored along their life.
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I. INTRODUCTION

Protecting ancient paper artefacts from decay poses a
serious problem for libraries, archives and museums all
over the world. In fact, paper has been the most widely
used writing support since the first centuries A.D. in
China, afterwards in Japan at the beginning of 7*" cen-
tury, and since the Middle Ages in the Western World,
with the result that a huge number of books, documents
and drawings have been accumulated along the centuries
[1, 2]. The preservation of these cultural properties poses
the significant challenge of limiting the deterioration of
the paper materials. This task must be based on an ad-
vanced knowledge of the microscopical characteristics of
paper materials and their degradation processes.

Paper is a complex multi-component material consist-
ing in a felt of cellulose fibers derived from plants in
ancient times and wood pulp today. Depending on the
production period and technology employed, the paper
composition varies. The ancient hemp, cotton or linen
based papers contain mainly cellulose (> 90% in weight)
with the addition of animal glue and alum as sizing com-
pounds, while modern soft or hardwood ones may also
include lignin (< 30% in weight) and other additives [3].

Cellulose is a biopolymer present in the primary cell
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FIG. 1: Structure of cellulose crystal. Yellow, red, and cyan
balls correspond respectively to C, O, and H atoms. Blue
dashed lines indicate H-bonds. The C atoms numbering is
indicated in the inset.

wall of green plants. It is made of several hundred to over
thousands units of 8-(1,4)-D-glucopyranose (Fig. 1). Cel-
lulose is the most common organic compound on Earth,
representing 40 % of the annual production of biomass [4].

Inter-chain secondary valence hydrogen bonds between
cellulose polymers is the principal mechanism responsi-
ble for cellulose’s supramolecular arrangements in mi-
crofibrils, which in turn are composed of an assembly of
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highly ordered (crystalline) domains, and of disordered
(amorphous-like) regions. In the case of flax and cotton,
the crystalline domains have dimensions of 2-4 nm in cross
section and 100 nm in length. Microfibrils are bonded up
to form fibers whose diameter ranges from ~1 to ~10 um
[5].

Paper degradation occurs by the weakening of mechan-
ical properties of the sheets and by yellowing. The over-
all process of paper degradation may be seen as a com-
bination of acid hydrolysis, which shortens the cellulose
polymeric chains weakening the mechanical properties of
the sheets, and oxidation with subsequent development of
chromophores and other byproducts, and discoloration of
the remaining substratum. These two degradation routes
are interdependent as among the oxidation by-products
are carboxylic acids and autoxidation species, which in
turn promote acid catalysed hydrolysis and autoxidation,
respectively.

The mechanism of acidic hydrolysis is rather known
[6, 7]. Instead, cellulose oxidation running through the
radical mechanism initiated by active oxygen species is a
complex process with many possible reactions still to be
clarified [7-9].

The moderate oxidation of cellulose causes the forma-
tion of a broad ultraviolet (UV) absorption band with a
peak around 4.8 ¢V (260 nm), and a long absorption tail
towards lower energies up to the visible region. The ab-
sorption peak at 4.8 eV has been attributed to the de-
velopment of carbonyl groups through the comparison
of the spectra of similar compounds [10]. On the other
hand, pure cellulose shows no absorption bands in the
ultraviolet-visible (UV-Vis) region up to around 6 eV (200
nm) [7]. Vibrational spectroscopy and chemical analysis
have been carried out, in an attempt to clarify the con-
figuration within the glucopyranose ring of the carbonyls
responsible for the observed absorption spectrum in mod-
erate oxidation. [8, 11-13].

However, because of the important role of the local
chemical environment around the oxidized groups, this
procedure prevents a full band assignment and does not
allow to distinguish, for example, between ketones and
other enolic groups in the oxidized cellulose. A better
knowledge of the oxidation products of cellulose in ageing
could shed light to the mechanisms in play during paper
degradation, useful for the improvement of conservation
and restoration practice.

In this paper, we will present recent results and pro-
gresses obtained in the comprehension of the role of cel-
lulose oxidation in the yellowing of ancient paper. To
this goal, UV-Vis spectra of degraded cellulose in modern
and ancient samples have been measured, and interpreted
with the aid of Time-Dependent Density Functional The-
ory (TDDFT) calculations [14]. We will show that, by
using a combined experimental and theoretical approach,
important information on the conservation history of an-
cient paper samples can be recovered.

II. EXPERIMENTAL

The ancient specimens used in this research consist
of dated and identified paper, produced during the 15"
century in European countries, showing various levels of

degradation and discoloration. All the samples used in
the experiments are listed in Table I. The ancient paper
used in the experiments carried no printing.

Due to the fact that the environmental conditions to
which the ancient samples were subjected throughout
their history are unknown, an artificial high-temperature
degradation process was performed on modern paper sam-
ples to allow for a constant monitoring of environmental
conditions during aging and to differentiate the role of the
different aging factors in the resulting degradation [7].

Modern paper samples, obtained from Netherlands Or-
ganization for Applied Scientific Research (TNO), are
made of unbleached cotton linters, containing very low in-
organic ingredients (ash content <0.005% in weight) and
no additives or lignin. These specimens, which are made
of cellulose very similar to that used in the past times,
are named, following [15], P2. These samples were artifi-
cially aged up to 48 days in three different reactors with
different environmental conditions as reported in Table II.

Different ageing condition were used to be able, at
least partly, to discriminate among different degradation
routes. At dry air atmosphere we expect development of
carbonyl groups, while at humid atmosphere (RH=59%)
high contribution of hydrolysis of glycosidic bonds is ex-
pected. The temperature and relative humidity were cho-
sen according to our previous studies [11, 12]. The open
reaction chamber was used to eliminate the influence of
gaseous products of paper degradation on the degradation
progress, in contrast to closed vessel in which volatiles, es-
pecially acidic ones, additionally degrade paper samples.
Thus in closed vessel purged with air and moisture the
highest degradation rate is expected. Additionally, aging
conditions were designed as a compromise in order to get
measurable changes in the UV-Vis spectra of model pa-
per samples within a reasonable period of time. At the
chosen temperature of 90° a moderate oxidation of the
cellulose functional groups towards the carbonylic groups
of various degrees of freedom and chemical environment
is expected [12, 16].

The absorbance (Agps) of modern and ancient pa-
per samples was obtained by applying the Kubelka-Munk
(KM) theory to diffuse reflectance measurements [17, 18].
Ultraviolet-visible-near infrared (UV-Vis-NIR) diffuse re-
flectance spectra were measured at room temperature and
at 50% of relative humidity (RH) conditions by using a
Jasco V-570 spectrophotometer equipped with an inte-
grating sphere and a PbS detector or by using an Avantes
set-up formed by an Avalight-DH-S-BAL light source,
an AvaSphere-30-REFL integrating shere and a AvaSpec-
2048x14-USB2 spectrometer.

Two sets of spectra were measured, one with the paper
samples placed over a background with reflectance close
to 1 (white), and another with the paper samples placed
over a background with reflectance close to 0 (black). The
backgrounds reflectance were measured separately. All
measured spectra were normalized to a Spectralon dif-
fuse reflectance reference standard (factory calibrated).
The spectra resolution was set to 2 nm. The KM model
was used to convert the reflectance of a sample over the
two backgrounds into the reflectance that would have an
infinite layer of same sample (Rinf) to recover the KM
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TABLE I: List of all the ancient samples analyzed.

Sample label Origin Date
Al Perpignan (France) 1413
A2 Milan (Italy) 1430
A3 Milan (Italy) 1430
B1 Pula (Croatia) 1441-1446
B2 Gaeta (Italy) 1480

TABLE II: List of the modern samples (P2) analyzed. Environmental conditions used in artificially aging the samples are listed.

RH indicates the relative humidity

Aging process Reactor Type Environmental Expected degradation
label conditions factors
D Open drier Dry air, T=90°C Air
C Open climatic chamber Air, RH=59%, T=90°C Air and humidity
A% Closed vial Air, RH=59%, T=90°C Air, humidity and gaseous byproducts

absorbance spectra Ag s
1— 3 2
( Rmf) ( 1)
2Rinf

which can be finally compared with numerical simulations
[18].

Arm =

III. THEORETICAL METHOD

We used ab-initio (free-parameter) theoretical compu-
tational techniques based on Density Functional Theory
(DFT) [19] and on Time-Dependent DFT (TDDFT) [14]
to calculate respectively ground-state and optical proper-
ties. We have calculated the macroscopic dielectric func-
tion of cellulose by using the Casida algorithm [20] within
a TDDFT framework with a gradient-corrected local ap-
proximation (BLYP) [21] for the exchange-correlation po-
tential. The theoretical absorbance at"¢°" has then be
obtained by the expression:

dm [\l ted —a @)

A 2 ’

where c is the speed of light, A is the wavelength of exter-
nal radiation, e; and e, are respectively the real and the
imaginary part of the complex dielectric constant.

We have considered several possible oxidized groups of
cellulose which are supposed to give absorption effects in
the visible range [8, 12]. These are shown in Fig. 2 and
are named as reported in Table III.

As a structural model for the simulation of optical prop-
erties we have chosen an infinite crystal of cellulose as an
approximation of cellulose crystalline domains. Cell pa-
rameters of the cellulose crystal were taken from X-ray
diffraction data [4] and refer to the monoclinic crystallo-
graphic phase called cellulose-I [4, 5].

The atomic coordinates inside the cell, containing 42
atoms, were theoretically calculated by the QUANTUM
ESPRESSO plane-wave DFT code [22].
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FIG. 2: Theoretical absorbance spectra of oxidized groups
shown in the left side.

Further theoretical details on the method used are re-
ported in [15, 23].

IV. RESULTS AND DISCUSSION

In Fig. 3(a) we report Axs for all ancient samples.
The absorbance has a maximum value at the high en-
ergy side of the measured spectra. At lower energies it
smoothly decreases with a tail extending up to the begin-
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TABLE III: Description of the oxidized groups of cellulose considered in the simulations (Fig. 2).

Oxidized group

Description

CCO complete oxidation of C(6) with carbonylic group and a double bond C(5)=C(6) (C(5)=C(6)=0)
CHO oxidation of C(6) with the formation of an aldehydic group (C(6)=0)

M2H oxidation to a single ketone on C(2) (C(2)=0)

M4H conjugated diketones on C(2) and C(3) (O=C(2)-C(3)=0)

CC formation of a double bond C(5)=C(6)

1 15 2 25

3 35 4 4.5 5
Energy [eV]

FIG. 3: (a) Ancient samples: experimental absorbance Ag
(solid line) and corresponding theoretical absorption spectra
(symbols). (b) Modern samples: experimental absorbance
Agum (solid line) and corresponding theoretical absorption
spectra (symbols).

ning of the visible energy region between 2.5 and 3 eV.

In Fig. 3(b) spectra for samples artificially aged for
48 days in D, C and V conditions (Table II) are reported.
Spectra for unaged samples are not reported because they
do not show any absorption below 5 eV. All absorbance
spectra of modern samples artificially aged consist of a
broad peak around 4.8 €V (260 nm) already attributed
to the development of carbonyl groups in glucopyranose
units [10]. For samples aged in C and V conditions an
additional peak at 4.2 eV (295 nm) appears. Moreover, a
smooth and long tail reaching the visible energies below
2 eV (620 nm) is present for the V sample. The wide
energy range of the spectral region of absorbance suggests
the presence of several chromophores of different nature.

The calculated optical absorption spectra do not
present absorption below 5.1 eV for unaged cellulose, in
agreement with the experiments. The oxidized groups,
instead, are characterized by the appearance of maxima
between 2 and 5 eV as shown in Fig. 2. The hole-electron
charge distribution related to these peaks is mainly lo-
calized on the double bonds induced by the oxidation.
Because of their strong localization, the optical absorp-
tion spectrum below 5 eV of every oxidized group can be
considered as produced by several isolated not-interacting
chromophores [8, 12, 15].

Below this energy threshold the absorption bands from
different oxidized groups are clearly distinguishable over
a null background. Below 5.15 eV, the optical transi-

tions involve only electronic states related to the oxidized
groups, which are responsible for the yellowing of paper.
As a consequence of the fact that the optical bands below
5.15 eV are a kind of “fingerprint” of the oxidized groups
studied, whose lower energy electronic states are very lo-
calized, a minimal square algorithm could be applied to
extrapolate their relative concentrations by a comparison
with the optical experimental spectra, as better explained
below. Above 5.15 eV, instead, bands due to oxidized
groups are superimposed with the fundamental absorp-
tion of the host material (cellulose).

The lack of interactions between the chromophore
groups inferred from the simulations allows us to consider
the optical absorption spectrum of aged cellulose as a lin-
ear combination of the spectra calculated for every single
oxidized group in the cellulose backbone (Fig. 2). This
observation enabled us to compute the theoretical opti-
cal absorption spectra by minimizing the sum of squared
residuals S:

§= 3 (ARHO) = Yobal™ ()’ @)

where A%}, is the experimental value obtained by the
Kubelka-Munk model (Eq. 1) for each value of the wave-
length \;, where j is the discretization index of the wave-
length, al*°" are the theoretical absorbances obtained
by solving Eq. 2 for each oxidized group, and b; are the
linear combination coeflicients to be found by minimiz-
ing the above expression (index i runs over the five oxi-
dized groups). By normalizing the linear combination co-
efficients b;, the relative concentrations of chromophores
producing yellowing on the samples after aging can be
estimated.

In Fig. 3(a), and (b), the symbols represent the relative
concentrations of chromophores that better reproduce the
experimental spectrum obtained by minimizing Eq. 3 in
the energy range 1.5-5.1 eV. A very good agreement be-
tween calculated and experimental spectra is found for all
samples.

In particular, our calculations are able to identify the
most significant structure observed in the experimental
spectra. M4H was predicted to be the most significant
oxidation causing paper yellowing [8, 11, 12] and to be
the only one active in the UV-Vis wavelength range. In-
stead, we show that other oxidized groups in cellulose can
be optically active. The aldehydic CHO group is expected
to be the transient product of the subsequent oxidation
of the C(6) to carboxylic group (COOH) in the moder-
ate cellulose oxidation [12]. Interestingly, simulations per-
formed with COOH showed, instead, no absorption bands
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FIG. 4: The relative concentration of the 5 oxidized groups
acting as chromophores as calculated from simulations for
modern samples and ancient samples.

in the UV-Vis range up to 5.1 eV and therefore no optical
contribution to paper yellowing.

For sample V, we observe a small difference between ex-
perimental and theoretical absorption spectra in the range
2.5-3 eV. We attribute this mismatch to the presence of
additional degradation byproducts, trapped in the sam-
ple because of the closed environment aging condition.
The volatile byproducts detected by gas chromatography-
mass spectrometry (GC-MS) measurements during age-
ing tests performed in closed vials (Table II) include
aliphatic hydrocarbons, alcohols, aldehydes, ketones, car-
boxylic acids, esters, terpens and aromatic compounds
from several to over a doyen carbon atoms in a molecule
[24]. These to a high extent leave the environment of
the sample. Other heavier products of simultaneous oxi-
dation and glucopyranose breakage include oligomers are
also supposed to be formed in paper [25] but their contri-
bution to the overall oxidation is rather low [26]. We will
address this topic in future works.

In Fig. 4 we report the relative concentrations of chro-
mophores, obtained by normalizing the linear combina-
tion coefficients of theoretical spectra. Very different re-
sults appear when comparing modern samples aged in var-
ious environmental conditions. The CHO groups emerge
as the most abundant species in the sample aged under
pure oxidative conditions (D). Humidity present in C and
V environments appears to favor the oxidation towards of
M2H and also, to a less extent, M4H chromophores, in-
hibiting the CHO and causing almost complete disappear-
ance of CCO groups. Apparently, water molecules provide
additional oxygen radicals which facilitate the formation
of ketones on glucopyranose rings [27]. Indeed, water can

also be regarded as the transporting agent for both pro-
tons and active oxygen for oxidation [12].

In ancient samples A1, A2 and A3, CHO has been found
to be the most abundant oxidized group. Coming from A1l
to A3 sample, the increasing yellowing can be accounted
for by the increasing contribution of ketones M2H.

This increase is even larger in B1 and B2 ancient sam-
ples, where the relative concentrations of M2H and CHO
appear to be very similar to those of modern samples aged
in humid conditions (see Fig. 4). We also note that the
CC oxidized group is always absent in all samples, regard-
less of their origin.

While in the “A” ancient samples the concentration of
M2H is very low compared to CHO, in “B” samples these
two concentrations are comparable. Historical reports on
the conservation of these sample suggest that the first
have been conserved in dry conditions, while the second in
a more humid atmosphere. This suggestion is reinforced
by the comparison with modern samples artificially aged.
In any case, the above observations show that the study
of relative concentrations of chromophores can be used as
an indicator of the conservation history of a manuscript.

V. CONCLUSION

We related optical reflectivity experimental spectra of
aged paper to the chemical transformation that caused
optical visual changes on it by a comparison with theo-
retical simulations based on TDDFT.

We identified the oxidized groups mainly responsible
for visual damages in aged paper and observed that the
formation of some of these groups is favored by some par-
ticular conservation conditions. We therefore set up a
diagnostic procedure also allowing to get hints on the his-
torical conditions of ancient paper documents that is to-
tally non-invasive and non-destructive, and is therefore
suitable to determine the state of conservation of ancient
fragile and unique manuscripts.

In addition, this knowledge could be used for the gen-
eration of a new class of bleaching and reducing agents to
be employed in paper conservation and restoration tech-
niques.
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