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The degradation process of cellulose-made materials was investigated by means of nuclear magnetic
resonance (NMR) spectroscopy, with particular emphasis on the role of water and on the hydration
mechanism of cellulose fibrils. To accomplish this, the structure and dynamics of water within ancient
and modern samples with different aging histories were investigated. The results mainly indicated
that hydrolytic and oxidative reactions provoked the formation of acidic by-products. Furthermore,
degradation processes were enhanced by higher amounts of water giving a progressive consumption of
the amorphous regions of the cellulose. We propose NMR experiments as a benchmark for character-
ization of the degradation state of paper, as well as for investigating the effectiveness of restoration

treatments.
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1 Introduction

Hydration water plays a very important role in triggering
the biological functioning and chemophysical properties
of any biosystem, including proteins, DNA, RNA, etc.

*Special Topic: Water and Water Systems (Eds. F. Mallamace,
R. Car, and Limei Xu).

[1, 2]. It is noteworthy that the network of hydrogen
bonds (HB) formed by water is primarily responsible for
inducing the proper flexibility of amino acids, flexibility
that is necessary to activate the precise biological func-
tion of macromolecules [3, 4]. One of the most ubiquitous
biopolymers whose properties are strongly triggered by
the presence and amount of water is cellulose. Cellulose
is an organic compound consisting of a linear homopoly-
mer composed of -D-glucopyranose units (CgH19Os5),
linked with 5-(1—4)-glycosidic bonds to form chains with
n values from ~ 102 to a2 10* elements [5]. These chains
have a strong inclination to aggregate into highly ordered
structures as a consequence of the development of an ex-
tended network of both intramolecular and intermolec-
ular hydrogen bonds [5, 6]. Indeed, a hierarchical ar-
rangement is formed, beginning with elemental fibrils (or
microfibrils) that are the basic elements of supramolec-
ular structures up to fibers whose diameters range from

© Higher Education Press and Springer-Verlag GmbH Germany 2018

»
9
|
7
>
=
A
(o
=]
»
R
2]
.5
=
=]
R
&3




»
9
o
7
>
=
="
[
=]
»
e
2
.;
=
=)
Pt
=

REVIEW ARTICLE

~ 1 to ~ 10 um. These microfibrils comprise an assem-
bly of highly ordered (crystalline) domains and of disor-
dered (amorphous-like) regions [5]. The relative amount
of polymer within the crystalline domains covers a wide
range and depends on the origin and pretreatment of the
sample; for native cotton, the amount of cellulose is 60—
70% 1[5, 6]. Recently, smart materials constructed with
nanocrystalline cellulose have been proposed for several
applications [7, §].

A system of pores and voids of non-uniform sizes and
shapes complement the molecular architecture of cellu-
lose fibers. Some of these pores and voids are confined
within the cellulose fibers. Quantitative analysis of the
pore-size distribution has shown that the pore diameters
range from approximately 1 nm when they are fully con-
fined in the amorphous regions to hundreds of nanome-
ters within the cellulose fibers. The distribution of pores
and voids strongly influences the mechanical properties
of the cellulose fibers and indeed the reactivity of the
cellulose itself as a result of water and external agent
accessibility [9-13].

Cellulose is mainly used to produce paper, which is
probably the most common and widespread material. In
fact, since ancient times, paper has been used as a fa-
vorable medium to acquire and store human knowledge
[5]. For this reason, paper is also one of the oldest and
most precious man-made materials. Paper was invented
in China in the 2°¢ century A.D. and independently in
Mesoamerica in the 7*" century A.D. From the Far East
to the western world in the Middle Ages and for centuries
afterward, a growing number of cultural resources have
been accumulating in archives, libraries, and museums
all over the world [14, 15].

Paper originates from a dilute suspension of cellulose
fibers and water in almost equimolar amounts [16, 17]
plus small quantities of organic or inorganic additives or
impurities [18, 19]. Cellulose is then drained through a
sieve, pressed, and dried to remove excess water and at-
tain a sheet composed of a network of randomly interwo-
ven fibers. The paper composition varies depending on
the production period and technology employed. Under
ambient conditions, approximately 20°C, and 50% rela-
tive humidity (RH), paper contains from 5 to 8% water
by weight. By soft drying, it is possible to “extract” up to
approximately 2% of the water molecules. In fact, a min-
imal amount of water is part of the paper structure itself
by bridging different cellulose chains [12]. This also hap-
pens in other biological samples such as proteins, where
there is always some amount of water (internal or bound
water) that constitutes a structural part of the system
and cannot be removed by “soft” heating. In fact, water
assumes an essential role in the chemical reactivity and
physical properties of paper. In particular, it permits the
availability of free protons for the hydrolysis of glycosidic
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bonds, and molecular oxygen which is a very good vehi-
cle for oxidizing cellulose through the production of ac-
tive oxygen species (superoxide, hydrogen peroxide, and
hydroxyl radicals) [12, 20]. Paper is quite hydrophilic
and, under normal ambient conditions, water is sorbed
to paper, constituting a significant weight fraction. This
phenomenon is called hydration.

The sorption of water is very important for determin-
ing the mechanical properties of the cellulose structure.
Indeed, at the molecular level, water—cellulose interac-
tions must involve hydrogen bonding with cellulose hy-
droxyl groups. Furthermore, the power of water to break
up hydrogen bonding and the prevalence of polysaccha-
ride chemistry in these materials define the structuring
of the local water environments.

From a macroscopic point of view, paper degradation
is manifested as a decrease in the intensity of the me-
chanical properties of the sheets and is associated with
widespread or localized yellowing and/or discoloration
of the paper. On the microscopic scale, these phenom-
ena are provoked by the acid hydrolysis of S-D-(1,4)-
glycosidic bonds and oxidation of the 8-D-glucopyranose
units of cellulose polymers [5, 14, 20, 21]. Acid hydrol-
ysis, more profound in modern papers , affects the me-
chanical properties of paper sheets because it reduces
the cellulose chains. The breaking of glycosidic bonds is
catalyzed either by hydronium cations (H3O") formed
through the acidic hydrolysis of internal components
such as alum or by the action of cellulolytic enzymes
[5]. In contrast to acid hydrolysis, oxidation of cellu-
lose usually starts with the conversion of individual S-
D-glucopyranose units to fairly unstable oxidized deriva-
tives, which induces ring opening and/or chain cleavage
[5], as well as depolymerization [22, 23]. As a conse-
quence of hydrolysis of glycosidic bonds, depolymeriza-
tion can be increased significantly by using acidic oxi-
dation products such as carboxylic groups fitted in the
cellulose polymer and also by using light products of the
degradation such as volatile compounds [24]. In general,
these degradation processes finally result in the forma-
tion of a great number of low-molecular-mass products
such as glucopyranose or other organic compounds such
as acetic and formic acids [25].

One of the principal difficulties in the study of the
degradation of ancient artifacts is that the environ-
mental conditions to which the samples were subjected
throughout their history are unknown. However, artifi-
cial and controlled high-temperature aging allows con-
tinuous monitoring of the changing environmental con-
ditions, providing useful information for ancient paper
conservation [21].

The characterization of light by-products (degrada-
tion markers) can be used to estimate paper degrada-
tion to obtain useful information about the preservation
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and conservation of cellulosic materials [24, 26]. The
light by-products of paper degradation are usually in-
cremented by increasing the amount of water. Thus,
the study of the dynamics of water as a function of the
moisture content for artificially aged paper is also im-
portant. Usually, three types of water can be identified
within cellulosic materials: free water, bound freezing
water, and bound non-freezing water [27]. Free water
is also known as “easy-to-remove” water, whereas wa-
ter that is confined in the fiber network and all bound
water are classified as “hard-to-remove” water because
they are closely bonded to the cellulose hydroxyl groups.
All these situations can be investigated by means of dif-
ferent experimental methods such as X-ray and neutron
scattering [9, 10], gas or liquid chromatography [24], elec-
trophoresis [25], mass spectrometry [25], theoretical [28]
and experimental optical spectroscopy [29-31], and nu-
clear magnetic resonance (NMR) [32].

Among them, NMR is very sensitive to the differ-
ent environments experienced by the resonant nuclei
and it can discriminate between the same nuclei in dif-
ferent chemical environments [33]. Several NMR ap-
proaches have been applied in the past to study paper
and cellulose-based materials [17, 18]. However, because
of strong dipolar couplings, high resolution (HR) is eas-
ily achievable only in solution; to overcome this diffi-
culty, different approaches have been developed to re-
solve peaks in semi-solid compounds such as soft matter
(polymers, polyelectrolytes, gels, etc.), biological sam-
ples (cells, DNA, proteins, etc.), intact tissues, organs,
food specimens, membranes, and interfaces at or out of
equilibrium. One of the most-used experimental tech-
niques is known as 'H high-resolution magic angle spin-
ning (HR-MAS). This technique has been receiving much
attention and development because of its powerful versa-
tility in different fields, particularly in medicine, biology,
and food science [34-38]. In fact, it permits investigation
of microquantities of semi-solid compounds without the
need for time-consuming separation procedures, and it
is possible to obtain different and detailed information
(both structural and dynamical) on all the components
of the studied specimen. Indeed, the HR-MAS technique
allows researchers to investigate the microscopic details
of cellulosic materials and their interaction with water.

In this paper, we report HR-MAS NMR studies on
the degradation processes of ancient and modern pa-
per at different hydration levels. In particular, we an-
alyzed the metabolic profiles of the investigated systems
by performing peak assignment of the spectra belong-
ing to both ancient and modern papers. Furthermore,
we investigated the dynamics of water molecules to shed
light on the mechanisms of the interaction between water
and cellulose on a nanoscale by measuring the relaxation
times and by performing lineshape analysis of the NMR,
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spectra. These kinds of studies are very important for
examining the swelling of the cellulose fibers and the ac-
celeration of degradation reactions with the consequent
consumption of the amorphous regions.

2 Experiments

All NMR measurements were performed using a Bruker
Avance spectrometer operating at 700 MHz (proton Lar-
mor frequency) using the HR-MAS technique [14, 39, 40].
The HR-MAS technique was developed to reduce the two
main line-broadening mechanisms, namely, dipolar cou-
pling and heterogeneous isotropic susceptibility [41-43].
These two processes generate a local magnetic field that
changes from position to position, corresponding to the
changes in the resonance frequency. This causes a fre-
quency distribution for each resonance frequency that
depends on the intensity of the two effects. To bypass
and reduce these mechanisms, in the HR-MAS technique,
the sample is put in a rotor and spun at a magic angle of
approximately 54.74° at a few thousands of hertz. Nowa-
days, the MAS rotor can be spun at frequencies between
approximately 1 and 100 kHz; at higher frequencies, the
NMR bands are enhanced and show higher resolution.

We used both modern and ancient samples for our ex-
periments. The ancient samples were produced in the
15 century in European countries and they carried no
printing. As was the custom in ancient times, the sam-
ples were made of cotton and linen cellulose fibers. Two
ancient samples, both made in Perpignan, France, in
1413, were labeled A1l and B1, and they were in good
and intermediate conservation condition, respectively. A
third sample, made in Milan, Italy, in 1430 and labeled
A3, was in bad conservation condition (within a water
stain). The modern paper samples (labeled P2), pro-
vided by the Netherlands Organization for Applied Sci-
entific Research (TNO), were made of unbleached cotton
linters. They contained very low amounts of inorganic
ingredients (ash content, 0.005% in weight) and no ad-
ditives or lignin, with a high mean degree of polymeriza-
tion. The P2 samples were artificially aged in air in a
climatic chamber at relative humidity of 59% and a tem-
perature of 90°C for different numbers of days. At 90°C,
moderate degradation of the cellulose polymers was ex-
pected to occur [22]. The sample labeled P2REF was
the non-aged sample. The aged samples were denoted
as P2C90zx, where xx represents the number of aging
days.

In our work, the metabolic study of these samples was
performed by putting 30 uL of D2O in the rotor with
the investigated sample [14]. Individual metabolites were
identified by using bi-dimensional homonuclear pulse se-
quences and by examining the NMR spectra with the
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aid of NMR Suite Professional version 7.1 (Chenomsx,
Alberta, Canada) and comparing our results with those
found in the literature and in Internet databases (e.g.,
Human Metabolome Database, www.hmdb.ca). Struc-
tural and dynamical measurements were performed using
paper samples with different values of moisture content
[39, 40]. The moisture content, also called the hydration
level, h, is defined as

p= =0 (1)
Mdry paper

where mp,o is the mass of water and mgyy paper is the
mass of the completely dry sample. Note that mmu,o
is obtained as the difference between the total sample
weight and the value of mgyy paper estimated by the NMR
spectra [39]. We used moisture content values of approx-
imately 2%, 8%, 14%, 20%, and 40%. The samples were
initially kept in an oven at 105°C for 4 h to reach a
hydration level of approximately 2% that we labeled as
“quasi-dry”. Then, the dry samples were hydrated in a
closed chamber at RH = 100% until reaching the desired
moisture content, which was evaluated by weighing the
samples before and after each measurement and verifying
that the weight remained stable within 5% [39, 40]. The
experimental details concerning the acquisition parame-
ters and pulse sequences used in this study are reported
elsewhere [14, 39].

3 Results and discussion

Figure 1 shows the 'H HR-MAS NMR spectra of DyO-
hydrated samples (model samples P2REF and P2C9048
and ancient sample A1) from which we were able to clas-
sify the main degradation products of the paper.

In the ancient paper, we identified a quite interesting
bio-marker in the form of choline and other amino com-
pounds (as well as phenylalanine) that give evidence of
ancient production methods [14, 15, 19].

The spectrum of the non-aged model paper sample
P2REF (black line in Fig. 1), made of very pure cot-
ton cellulose, showed only two “primary” broad bands,
one centered at 1.30 ppm and a much broader one at
1.54 ppm. Secondary bands at 0.86 and a smoother one
at approximately 2.16 ppm were also observed, and all
belong to different carboxylic acids. The characteris-
tic bands of these acids were more intense than those
of cellobiose (3-4.5 ppm), the monomer unit of cellulose
[14]. This is due to the higher sensitivity of 'H HR-MAS
NMR to amorphous regions than to crystalline regions of
cellulose that prevailed in the samples. Degradation pro-
cesses take place within amorphous regions, and thus the
HR-MAS technique was incredibly useful in recognizing
degradation products in the ancient samples.

138202-4

Upon artificial aging of the P2 samples, as the cellu-
lose structure swelled, making the cellulose fibers more
accessible to water and oxygen, the increased molecu-
lar mobility resulted in new features in the 'H NMR
spectra. In the spectrum of the most artificially aged
P2C9048 sample (Fig. 1, dark yellow line), sharp peak
components increased whereas the broad resonances de-
creased. This tendency is probably related to the fact
that paper was hydrated during the aging process, thus
showing signals of mobile cellulose-like species (3—4 ppm)
and light by-products of cellulose degradation (0-3 ppm)
(see Ref. [14] for more details).

All compounds detected in the modern artificially aged
samples were also found in the ancient paper sample Al
(Fig. 1 green line), although the bands assigned to them
showed slightly different shapes and intensities. The 'H
NMR spectrum of ancient sample Al was characterized
by a flat background similar to that observed for the most
degraded modern sample, P2C9048. This confirms that
degradation processes affect amorphous regions, which

A A APRRAEI

Form1c acid  Acetic acid \ /Sebacm acid
4

P2REF

P2C9048

Intensity (a.u.) x 10°

ppm

Fig. 1 'H HR-MAS NMR spectrum of non-aged sample
P2REF (top panel, black line), P2C9048 (middle panel, light
green line), and ancient sample Al (bottom panel, dark green
line). The chemical structures of some degradation products
of cellulose are also shown.
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become disrupted and then more mobile, thus providing
well-resolved sharp peaks in the 'H NMR spectra. This
can also be inferred from the sharpening of the peak
centered at approximately 1.99 ppm.

Concerning samples with different hydration levels, we
performed lineshape analysis of the NMR signal [40].
Figure 2 shows the best fit obtained for the MAS NMR
spectra of the hydrated P2REF sample with the pseudo-
Voigt function described by

—A 2 Wi,
Y H7T4(:c—:z:c)2+w%
(1 - p) VA2 A 2)
ﬁwc ’

where A is the amplitude, p is the weight of the two
components, x. is the peak position, and wy and wg are
the widths of the Lorentzian and Gaussian contributions
of water and cellulose protons, respectively [16, 44, 45].
The four panels show the four different hydration lev-
els considered for that sample. The total fit with the
pseudo-Voigt function is shown as a red line and the two
contributions as a green line (Lorentzian) and a blue line
(Gaussian). Note that the Gaussian function gives essen-
tially the same contribution as the Lorentzian one only

for the sample with the lowest hydration (1 = 0.63),
turning into a negligible background at higher h values
(n=0.94 for h = 41%).

For water systems, the proton chemical shift repro-
duces the local arrangement of the local hydrogen bond
(HB) geometry [40, 46, 47]. Consequently, a study of
the trend of the measured peak position (z.) versus the
hydration level allowed detailed analysis of the evolu-
tion of the water local structure in terms of HB forma-
tion [48, 49]. Another important parameter is the width
of the Lorentzian function, wy,, because it describes the
interaction between water molecules, and so accounts
for the formation of ordered hydrogen-bonded structures
which is progressively prevented by the increased pres-
ence of degradation by-products in the hydrated paper.
We focused our attention on the dependence of wy on
h that shows a decreasing trend with increasing hydra-
tion, as shown in Fig. 2. The last parameter we ob-
tained by the analysis of the NMR spectra was the area
of the Lorenztian function obtained by multiplying the
parameters A and p of Eq. (2) (A = A - u). Figure 3
shows all the abovementioned parameters of the pseudo-
Voigt expressed by Eq. (2) as a function of hydration for
three studied samples: P2REF (not aged, black squares),
P2C9048 (artificially aged, red circles), and Al (ancient

1.0x106 1.0x108
P2REF o h=14%

8.0x1051 H=084  Lg ox107

6.0x105 L6.0x107

4.0%105- -4.0x107

_2.0%105 L2.0%107

)

0.0

=
s
z 0.0
2} L 8
5 2.5%107 o h=d1y [2010
=
= u=1094
2.0%107- L6.0108
1.5%107
-4.0%108
1.0x107-
12,0108
5.0%106
0.0 ‘ 0.0

T T T
109 8 7 6 5 4 3 2 1 0 -1

T T 1 1 1 1 T T T T
54 52 50 48 46 44 42 40 3.8 3.6

Frequency (ppm)

Fig. 2 The proton HR-MAS NMR spectra of P2REF samples at different hydration levels. We use two z-axes for the left
and right sides and every panel has a different intensity scale. The total fit with the pseudo-Voigt function (red line) and the
two components, Lorentzian (green line) and Gaussian (blue line), are reported.
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4.6 -
| xe () = (xo—xp) € hstxs
7 44 -~
& - x/ (ppm) hy xo (ppm)
~ o P2REF 4.67+0.02_| 0.059£0.006 | 3.80+0.04
= & P2C9048 | 4.420.01 | 0.069+0.005 | 3.91+0.02
4.2 1 A Al 436+0.01 | 0.07120.003 | 4.040.01
4.0
4.0 ‘
O P2REF
O P2C9048
3.0 A Al
= wr (h) = (wo-wj) e o+
g f) f
g 20
~ I wy(ppm) h wo (ppm)
3 o P2REF 0.058+0.001 | 0.03420.001 | 5.793+0.002
o P2C9048 | 0.13x0.01 | 0.026x0.001 | 5.8+0.2
1.0 S Al 0.5500.01 | 0.02500.001 | 7.7£0.7
0.0
8.0
~ 6.0
2
X
~
s 407 Wih
= Ap () = Ay (1-hi)
~
2.0 Ayp(a.u. x 10%) hy
’ o P2REF 1.9+0.1 0.9:0.1
o P2C9048 1102 0.4%0.1
& Al 1.08+0.05 | 0.34+0.03
OO T T T T
0.0 0.1 0.2 0.3 0.4 0.5

h

Fig. 3 The evolution of the three parameters, z., wr, and Ar, in the pseudo-Voigt function [Eq. (2)].

Black squares,

red circles, and blue triangles correspond to P2REF, P2C9048, and Al samples, respectively. Lines are best-fit and the
corresponding obtained parameters are reported in the tables. Figure adapted from Ref. [40].

paper, blue triangles). The behavior of z. is exponential-
like, and it can be modeled by the functions reported in
Fig. 3 at the right side of the top panel, together with the
values of the three parameters in a table obtained by a
best-fit procedure (solid lines). In this case, the increas-
ing degradation provoked a slower hydration process; in
fact, the increasing oxidation of the cellulose polymers
(as degradation proceeded) promoted the repulsion of
new additional water molecules by means of hydropho-
bic interactions [39].

The middle panel of Fig. 3 shows that the dependence
of wy, on the hydration can be described by the same
exponential function used to perform the best fit of the
. data rewritten in terms of wry,.

Concerning Ap(h), even in this case, its behavior
can be well fitted by an exponential function where, of

138202-6

course, its value must be zero for the totally dry sam-
ple. Note that the behavior of Ay, (h) is almost linear for
P2REF. This is an indication that the non-aged sample
weakly influenced the water behavior being an almost
inert host. On the other hand, for the aged samples, the
amphiphilic character of the different by-products and
cellulose surfaces determined the complex dependence on
hydration.

Regarding the dynamical analysis, we studied the
NMR relaxation times 77 and 7% [39]. Here, we show
the behavior of the longitudinal relaxation time 77 as
a function of the hydration level and of the number of
degradation days. Note that 7T} gives an estimation of
the interaction strength, and it represents the correla-
tion between the system—environment energy exchange
and the stiffness of the bonds.

Domenico Mallamace, et al., Front. Phys. 13(1), 138202 (2018)
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A faster energy exchange between the observed spin
system and the surrounding environment provokes a low-
ering of T}, and thus it corresponds to stronger interac-
tions [50]. We found that 77 consisted of three different
components (denoted as T4, Thp, and T}.), which showed
different behaviors as a function of moisture content or
the hydration of the cellulose [39]. Figure 4 (left) shows
the P2REF and P2C9048 data for each component. The
T1, component is the slowest one, and it has exponential-
like behavior as a function of h. We attributed this to
free water. Note that for the smallest hydration, Ti,
shows the longest value in respect to that of bulk wa-
ter, which shows a T; value of 3 s at ambient temper-
ature [b1, 52]. Ty, is attributed to non-freezing water
that cannot be removed. This component has a con-
stant trend as a function of h because non-freezing water
steadily interacts with the hydroxyl groups of cellulose.
Finally, the T}, component has the smallest value, which
slowly increases with increasing h. We attribute this re-
laxation time to that of cellulose protons, in agreement
with Refs. [16, 51, 53, 54].

We also evaluated 717 as a function of the number
of degradation days, including the three naturally aged
samples (denoted as Al, Bl, and A3) by means of HR-
MAS NMR [39)].

Figure 4 (right) shows the trend of the three different
contributions of 77 mentioned above as a function of the
number degradation days [39]. Ti, increases its value
from that of P2REF to that of P2C9012, and then it
decreases linearly with the increasing number of degra-
dation days. This is why the first step of the degradation
process provokes the rupture of intramolecular HBs. Af-

ter 12 degradation days under the considered conditions,
the hydroxyls were progressively oxidized into carbonyls.
This transformation was particularly perceptible for the
ancient samples, where 17, sharply decreased as a func-
tion of the degradation. Note that the 77, values for
the ancient samples (blue squares in Fig. 4) were placed
on the extrapolation of the linear fit performed for the
aligned values of the modern samples artificially aged for
more than 12 days. In such a way, we estimated the cor-
responding equivalent artificial degradation days: 157,
170, and 189 for A1, B1, and A3, respectively. It was
surprising that there was a fine consistency among the
values of the other two components, which followed a lin-
ear evolution starting from the values of the modern sam-
ples. Furthermore, these three linear trends cross each
other with very good approximation at approximately
212 degradation days. Indeed, this should mark the limit
of artificial degradation, at which point the paper loses
most of its mechanical properties and starts to crumble.
In fact, the mechanical characteristics of paper sheets are
lowered by processes such as acidic hydrolysis [55]. The
degradation processes are linked with a decreasing num-
ber of interchain water molecules (bound water) whose
hydrogen bonds are broken by the presence of the solvent
molecules (free water). Note that Fig. 4 (right) provides
an explanation of the comparable values of all T7 compo-
nents for the P2REF and P2C9048 samples as a function
of hydration shown in Fig. 4 (left). This strict similarity
can be clarified by the first increase with degradation of
the solvent-accessible regions later compensated by the
oxidation of hydroxyl groups.

We also measured the transverse relaxation time 75

Bulk water value at 300 K

Ty (s)

P2REF
P2C9048

O Free water
O Bound water
A Cellulose protons

T
0 5 10 15 20 25 30 35 40
% of hydration

T \ \ T T T 1
0 40 80 120 160 200 240

Degradation days

Fig. 4 Left panel: T data of the three different contributions as a function of the hydration for both P2REF (red symbols)
and P2C9048 (black symbols) samples. The lines are visual guides. Right panel: T data of the three contributions as a
function of the number of degradation days, including data from the modern aged samples (black symbols) and the extrapolated
values for the ancient samples (blue symbols). The three linear fits cross at approximately 212 artificial degradation days (see

the text). Figure adapted from Ref. [39].
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versus h (not reported in this work), which indicated that
the water dynamics showed a minimum at ambient hy-
dration (h ~ 8%), confirming that this is the equilibrium
condition for the samples made of pure cotton cellulose
[39]. This means that the h < 8% paper behaves like a
hydrophilic material, whereas the h > 8% paper shows
hydrophobic behavior [39]. Indeed, for h < 8%, cellu-
lose attracts water molecules mainly through its hydroxyl
groups. However, for h > 8%, the hydroxyl groups of cel-
lulose are no longer available for hydrogen bonding with
water molecules. In such a case, the hydrophobic re-
pulsion by glucopyranose ring moieties on the additional
water molecules becomes important and water interac-
tions with the degradation by-products are favored [39].

4 Conclusions

In this work, we report the results obtained on the degra-
dation processes of ancient and modern aged and non-
aged paper at different hydration levels by means of HR-
MAS NMR spectroscopy. In samples diluted with D50,
we found several by-products of the degradation pro-
cesses. In particular, we identified (i) different carboxylic
acids (both simple and complex) that were present in
all the investigated samples and (ii) several amino acids
(e.g., choline) that were characteristic only of the an-
cient samples and gave evidence of ancient production
methods and/or geographical origins. Furthermore, we
studied in detail the hydration and degradation processes
by analyzing the NMR lineshapes and relaxation times.
These investigations are very important for understand-
ing how the cellulose fibers swell or how fast the kinet-
ics of degradation are. Here, we report the best-fit and
the corresponding parameters of the MAS NMR spectra
of the hydrated samples by means of the pseudo-Voigt
function expressed in Eq. (2). All parameters belonging
to the Lorentzian component (corresponding to water)
showed exponential-like behavior as a function of hydra-
tion. This was true for the both aged and non-aged
samples characterized by different values of the expo-
nential factor depending on the number of degradation
days. We also report the data of the longitudinal re-
laxation time 77 as a function of the hydration level h
and of the number of degradation days. The HR-MAS
technique that we used was able to discriminate between
three different proton contributions to the whole dynam-
ics belonging to free water, bound water, and cellulose.
Our overall results indicate that hydration and degrada-
tion processes are interconnected and strictly dependent
upon each other. In fact, the non-aged sample showed
inert behavior upon the addition of water molecules and
assumed properties similar to those in the bulk condi-
tion. However, the major presence of water accelerated
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the oxidative and hydrolytic mechanisms that progres-
sively consumed the cellulose chains. In this way, differ-
ent by-products with different complexities (carboxylic
acids in particular) were increasingly produced. These
by-products in turn influenced the properties of the wa-
ter molecules present within the cellulose fibers. This
characterization of the structural and dynamical prop-
erties of water molecules can provide a benchmark for
determining the physical condition of cellulosic materials
such as ancient paper. Moreover, this kind of knowledge
can be applied for verification of the effectiveness of any
restoration strategy.
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