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Figure R 1: Comparison between FT-IR spectra of pristine sample (black) and untreated
sample aged for 4 (blue) - 8 (green) - 16 (cyan) - 24 (orange) and 44 (red)
days in the carbonyl/carboxyl region.
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ABSTRACT: In this study, a chemical stabilization method, that preserves the tensile strength of artificially aged paper
pretreated with an aqueous solution of ionic liquid, is presented. Pure cotton cellulose paper samples were soaked with cholinium
glycinate ionic-liquid solution either before or after the artificial aging process, which was based on thermal degradation in dry air.
The tensile strength of artificially aged paper was measured by using the double-folding technique. The role of ionic liquids was
investigated by mid-infrared and terahertz time-domain absorption spectroscopy. It was found that the tensile strength of
pretreated samples is higher than that of other aged samples. A model for changes in the cellulose structure caused by oxidation
and by the binding of ionic liquid molecules is proposed, based on the analysis of the mid-infrared absorption bands in the
carbonyl/carboxyl region at 1590—1750 cm™". Terahertz spectroscopy data indicate that the ionic liquid molecules penetrate in
the larger size porosity, acting as binders among cellulose fibers to maintain the tensile strength of paper.

B INTRODUCTION

The study of cellulose fibers, the primary and most stable
component of paper, is important for a wide range of
applications because of their excellent mechanical properties,
which can vary significantly according to the length and size of
the fibers as well as the type of chemical bonding between
fibers." The tensile strength of paper is the maximum force per
unit width that a paper strip can resist before breaking when
applying the load in the direction parallel to the strip length.
The intra- and intermolecular hydrogen bonds of cellulose can
influence the tensile strength of paper, as they concur to the
formation of the fiber network structure, which undergoes
major changes with paper aging.z’3 Therefore, in order to
developing efficient conservation techniques for cultural
heritage, new methods for preservation of the cellulose fiber
network structure have been developed. These methods are
based on the stabilization of specific chemical bonds, leading to
improvement of the elastic properties of aged paper. The
strategy presented in this work is a treatment of pure cellulose
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paper with an aqueous solution of ionic liquid (IL). ILs can be
depicted as organic salts with a melting point below 100 °C.
The recent interest for ILs is mainly motivated by their possible
use as “green” alternatives to synthetic organic solvents, with
ILs being nonvolatile under ambient conditions. As such, ILs
are being intensively investigated as a class of reaction media
featuring exceptional properties like low flammability, chemical
stability against air and moisture, excellent solvation potential,
low water content, thermal stability, high heat capacity, high
density, and high thermal conductivity. Furthermore, ILs are
frequently colorless, fluid, and easy to handle. The IL used here
for the treatment of cellulose paper is cholinium glycinate
[Ch][Gly], formed by the amino acid glycine as an anion and
by the organic compound choline as a cation; its chemical
structure is shown in Figure la. This salt belongs to the
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Figure 1. Structures of (a) cholinium glycinate, [Ch][Gly]; (b)
glucose of cellulose.

cholinium-amino acid based class of ILs. A detailed
physicochemical characterization of these compounds is
reported in refs 4 and 5. Moreover, choline®” and glycine®’
have been used for the functionalization of cellulose because of
the high chemical stability at high temperature (decomposition
of glycine starts at T = 506 K),'”'" and glycine may have
antioxidant capacity.'” In particular, [Ch][Gly] is used for the
pretreatment of biomasses.'” It has to be pointed out that the
cholinium glycinate was found to be safe both from an
environmental and healthy point of view. In this regard, the
application of such a product should be encouraged in the
framework of the conservation workshop, with it being totally
safe for the human operators."*~'°

Cellulose occurs in the form of long polymer chains of 1—4
linked f-p-glucose. The chemical reactions that more strongly
influence the mechanical properties of cellulose occur at the
hemiacetal bond, at the glycosidic linkage, and/or at the
hydroxyl groups. Indeed, cellulose chains are held together into
highly oriented structures (the fibers) by strong intramolecular
hydrogen bonds formed by the hydroxyl groups in C2, C3, and
C6 (see Figure 1b). Calculations by Tashiro and Kobayashi'’
showed that hydrogen bonds contribute about 20% of strain
energy to the cellulose;'® therefore, the mechanical properties
of paper are crucially dependent on the intermolecular structure
of cellulose. When the fiber is put in tension along the direction
parallel to the molecular chain axis, the intermolecular
hydrogen bonds suppress the torsional deformation of the
flexible ether linkage and provide tensile strength to the fiber."”
The specific local arrangement of the hydrogen bond network
can result in the formation of either amorphous (chains not
exactly parallel to each other) or crystalline regions (chains
closely packed and parallel to each other) in different positions
of the fibers. In the dense crystalline regions, cellulose chains
are oriented in parallel and bonded by strong intermolecular
bonds. On the contrary, the loose amorphous regions have
weak interchain interactions and more hydroxyl groups exposed
to oxidation and hydrolytic reactions. The crystalline domains
are less reactive, and chemical reactions involving cellulose
hydroxyl groups occur on the surface of crystallites and in the
amorphous regions of the polymer.'” The oxidation of cellulose
corresponds to destruction of hydrogen bonds; therefore, it is a
major cause of paper degradation. Oxidation reactions mainly
involve the primary and secondary hydroxyl groups of the
pyranose ring, which results in the creation of carbonyl (C=0)
and carboxyl (—COOH) groups on the cellulose chains,
inducing depolymerization of the cellulose and resulting in the
decrease of tensile strength of paper.”’™**

Natural degradation of cellulose is a very complex process of
consecutive and parallel steps, which is too slow for laboratory

studies. Therefore, research on cultural heritage conservation
makes use of artificially accelerated aging tests, where a paper
sample is subject to extreme conditions in a climate chamber,
for example, at high temperature in dry air to increase the
oxidation reaction rate.”” >’ Although no artificial aging
method can yet reproduce the long-term degradation of
paper, some artificial aging protocols showed to reproduce
the distribution of many cellulose degradation byprod-
ucts,”***73° and therefore, we chose these methods to
determine the degradation rate of paper samples subject to a
conservation treatment.

The methodology employed in this study was aimed at
explaining the changes in the macroscopic tensile strength
observed in folding endurance tests, by microscopic inves-
tigation of the same new, pretreated, post-treated, and untreated
samples, where the word treated refers to immersion in the IL
before (pre-) or after (post-) the artificial aging procedure. The
samples were investigated from the structural point of view by
scanning electron microscopy (SEM), a technique already used
for the morphological study of fibers in paper.”' > For
chemical investigation, the Fourier-transform technique (FT-
IR) and terahertz time-domain spectroscopy (THz-TDS)>*
were used. FT-IR spectroscopy is commonly used in cellulose
chemical characterization due to its ability to detect a specific
chemical bond.

In the very far-infrared (10—100 cm™) or terahertz range
(0.1—4 THz), the signatures of hydrogen bond vibrations can
be observed in the absorption spectra of some classes of
macromolecules, including cellulose.®>*° It has been demon-
strated that the intensity of two spectroscopic features at 2.15
and 3.03 THz can be put in relation with the degree of
crystallinity of the cellulose sample. Because the wavelengths of
the terahertz radiation are longer than 100 pm, ie., much
longer than the typical size of cellulose fibers and porosity of a
paper sheet, a significant fraction of the terahertz radiation
impinging at normal incidence on a paper sheet is transmitted
without significant scattering.

Both spectroscopy techniques were used to assess the global
oxidation level of cellulose and the hydrogen-bond network
density, respectively.

B EXPERIMENTAL SECTION

Paper Samples. Commercial Whatman filter paper n°l
pure cellulose (grammage 87 g/m?®) was used. The samples
display no sizing agents or other typical paper additives (ash
content 0.06% weight after combustion at 900 °C in air).

Accelerated Aging. We have chosen the International
Standard Organization (ISO) 5630-1 accelerated aging
method®” in order to evaluate the consequences of the
oxidation process. In the ISO 5630-1 method, the paper
samples are exposed to dry heat at 105 & 2 °C in the hot-air
drying unit (oven Binder Fed S3) during the required time
period. Aging times of 11 and 44 days were applied. The 11
days-aged samples have been identified as suitable for the
tensile strength measurements, while the 44 days-aged samples
provided a benchmark for chemical signatures of oxidation in
the infrared absorption spectra.

lonic Liquid Treatment. [Ch][Gly] was prepared in water
via a potentiometric titration between choline hydroxide and
the glycine amino acid which is described in ref 38. The
composition was confirmed by NMR analysis and IR
spectroscopy, the latter being presented in this work. A
deionized aqueous solution 0.01 M IL was employed for the
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treatment of paper samples. The choice of the solution
concentration is motivated by its pH value compatible with
that of paper, also compared to the pH value obtainable with
other amino acid based IL solutions. The samples were
immersed for 20 min at room temperature and then let to dry
in air. Samples subjected to accelerated aging for 11 days were
immersed in the IL solution either before aging (pretreated
samples) or after aging (post-treated samples). A nonaged
sample was immersed in the same solution as a reference (just-
immersed sample).

Folding Endurance. Folding endurance tests were carried
out on all samples with the TAPPI Standard Test Method
T423 with a Schopper-Type Tester.”> Twenty sheets of each
type of paper were randomly selected, and then, five folding
strips of 15 X 110 mm were cut from each sheet and eventually
aged and/or treated with the IL before folding endurance tests.
Samples were folded across the paper’s machine direction along
the longitudinal fiber direction with an applied load of 1 kg.

Scanning Electron Microscopy Assets. A Field-Emission
SEM Zeiss Auriga 405 workstation was used without coating of
the sample, operating at an extraction potential of 8 kV, with a
typical working distance of 6 mm, allowing imaging up to
4000X magnification.

Infrared Spectroscopy. A vacuum FT-IR spectrometer
(Bruker IFS66v/S) equipped with a liquid-nitrogen-cooled
high-sensitivity HgCdTe detector and both a transmission
setup for cuvette and a specular-incidence reflection setup was
used. The absorption spectra of pure IL were collected after
synthesis in transmission geometry (between 600 and 2000
cm™"). The IL was inserted in a liquid cell sealed by 4 mm thick
wedged silicon windows to avoid degradation of the spectral
resolution by Fabry—Perot interference fringes. The optical
path in the IL was estimated to be around S pm; therefore, an
approximate value of the absorption coefficient is provided.
Due to high absorption from cellulose, paper samples have to
be thinned mechanically before measuring them in transmission
mode, and this severely impacts the sample tensile strength
which is of interest here. Therefore, for measuring whole paper
samples, we used the FT-IR technique in specular-reflection
mode using a gold mirror as the reference channel. The
procedure devised by us to retrieve the absorption spectrum of
cellulose from the whole paper-sample reflectance assumes zero
scattering efficiency for long wavelengths 4 — oo and totally
homogeneous scattering (Lambertian surface scattering) for 4
< 2 um. This means that the measured reflectance spectrum
R(A) is the ratio between the intrinsic cellulose extinction
spectrum and the following Gaussian function*’

G(1) = A exp(—62/1%) (1)

where A is a sample-dependent normalization factor around
0.007—0.008 and ¢ is a characteristic scattering object
dimension which was found by best-fit to be in the range
4.0—4.5 pm for all samples, a value that well corresponds to the
typical fiber dimension. Finally, the absorbance spectrum due to
multipath transmission losses in the semitransparent Lamber-
tian medium is calculated as a function of IR frequency @ =

27c/A (where c is the speed of light) as
A(w) = —In(R(»)-G()) (2)

which was analyzed with standard multi-Lorentzian fitting
routines. In the FT-IR reflectance technique, the information
on the paper sample thickness is not used and the absolute
value of the absorption coefficient is therefore lost. We mention

that, as a result of our procedure, the spectral weight ratio of
peaks appearing in very distant spectral regions may not be
comparable with that observed with, e.g., the attenuated total
reflection technique, but the relative peak strength in a reduced
frequency range will not be affected. In order to desorb bound
water molecules, whose bending vibrations at 1645 cm™" mask
the carbonyl bands, the paper samples were conditioned under
dynamic vacuum at 6 mbar for 24 h prior to recording the FT-
IR spectra. Additionally, collecting the spectra under a vacuum
prevented the samples from reabsorbing water.”' ~*’

Terahertz Transmission Spectroscopy. A normal-
incidence transmission THz-TDS setup (Tera k15 Menlo
Systems GmbH) was employed. The broadband pulsed
radiation (spectral range 0.15—3.85 THz or $—125 cm™)
emitted by a photoconductive antenna (PCA) driven by a
femtosecond laser pulse” was focused onto the paper sheet in a
5 mm diameter spot. The transmitted pulse was recorded in the
time domain with a second PCA, and the time trace was
Fourier-transformed and processed to obtain the refractive
index (close to 1.2S and frequency-independent for all samples,
not shown) and the absorbance a(w)d, where a(w) is the
frequency-dependent absorption coeflicient and d ~ 200 ym is
the paper sample thickness.

B RESULTS AND DISCUSSION

Folding Endurance Tests. We measured the differences in
tensile strength between 20 paper samples as provided by the
maker (new) and paper samples cut from the same foil and
artificially aged for the same duration (11 days) but with
different time frames of the treatment with IL. Figure 2 shows

16

Folding Endurance
— ja—y —_
>~ [=)) foe} (=} N >

N

(e}

Figure 2. Measure of the tensile strength of paper through the number
of double folds endured before breakage of new paper samples
compared to those of untreated, post-treated, and pretreated paper
samples. The values are averages over 20 measurements. All samples
but the new ones were artificially aged for 11 days.

the average double-fold number before breakage of paper
(folding endurance) for new, untreated, post-treated, and
pretreated samples, which can be taken as a measure of their
tensile strength. As expected, the new paper samples had a
much higher tensile strength than the others. All aged paper
samples showed a dramatic decrease of the folding endurance
after 11 days of artlﬁaal aging, as is usually found in dry-heat
aging processes.”” More interestingly for this work, the
pretreated paper samples, reaching 11.8 double folds before
breakage, show a folding endurance about 40% higher than that
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Figure 3. SEM images with a field of view of 20 ym (about 3k magnification) of new, aged, and treated paper samples.
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Figure 4. Comparison between FT-IR spectra of new sample (red) and untreated sample aged for 44 days (blue): (a) entire spectrum; (b)
enlargement of fingerprint and carbonyl/carboxyl region; (c, d) zoom on polysaccharide peaks showing different spectral shapes with aging.
Correlation of the spectral differences due to aging with the aging time which is clearly demonstrated in Figure S1, Supporting Information.

of the untreated paper (7.1 double folds) and close to that of
the new paper (13.7 double folds). The application of IL on

previously aged paper (post-treated sample) did not provide the
same endurance increase (8.0 double folds only), indicating
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Table 1. Peak Wave Numbers of the Observed Bands Sensitive to Aging and Their Assignments According to the Literature

frequency (cm™), frequency (cm™), in
observed literature reference
1282 1270 48
1320 1317 48, 49
1635 ~1650 42, 44, 46
1740 1700—-1750 41-43, 50, 52

assignment
ring vibration plus C=0 stretch
CH, rocking vibration, C—O—H and H—C—C bending vibrations

—O— tensile vibration neighboring to hydrogen atoms (conjugated carbonyl
groups)

—COOH stretching mode of aldehydic/carboxylic groups (only in aged samples)

that it is not simple immersion in IL that increases the tensile
strength of paper. Instead, we will now show evidence that
paper treatment with IL stabilizes the intermolecular bonds
between cellulose chains during the artificial aging process,
partially preventing tensile strength degradation.

Imaging of the Fiber Network Structure. In order to
directly visualize the paper network structure, we acquired SEM
image frames collected with different fields of view of 100, 20,
and 10 um. Typical target objects are expected to be just
portions of the paper surface: the fiber diameter in paper
cellulose is known to be 10—20 pm. The SEM images in Figure
3 show the (new, untreated, just-immersed, pretreated) paper
samples before and after aging and before and after being
immersed in the IL. As it can be seen comparing the different
panels, no major difference in the fiber size or distribution is
observed after aging or IL treatment. This fact suggests that the
improved tensile strength of the pretreated sample must rather
have a microscopic origin, related to new chemical bonds
between IL and cellulose.

Infrared Characterization of Aging. The first outcome of
the FT-IR analysis is the detection of the features of aging in
the absorption spectra A(w). The spectra of a new paper sample
and a paper artificially aged for 44 days are shown in Figure 4.
Absorption bands are clearly observed at 600—700 cm™' (OH
out-of-plane bending),44 ~900 cm™' (f-glycosidic linkages),
1450 cm™' (symmetric CH, bending associated with the
cellulose intramolecular hydrogen bond at C¢*’), 1590—1750
cm™" (carbonyl/carboxyl region, with the stretching of the C=
O bond neighboring hydrogen atoms***), 2890 cm™ (C—H
asymmetric and symmetric stretching*), and the broad peak at
3300—3500 cm™" of the O—H stretching region. The region
between 1300 and 900 cm™' shows many strong absorption
peaks and is called the “fingerprint region” of cellulose. Therein,
peculiar stretching of C—O and C—C bonds, rocking of CH,
and other skeletal modes, not easily encountered in other
organic molecules, give their unique IR signatures.

The fingerprint region is magnified in Figure 4b to highlight
the signatures of artificial aging. Changes in the intensity and
width of spectral contribution were observed over the whole
range from 900 to 1750 cm™'. Two exemplar signatures of
aging"” at 1280 and 1320 cm™ are highlighted in Figure 4c and
d. The most prominent changes are seen in the carbonyl/
carboxyl peaks, whose intensity at 1605, 1635, and 1740 cm™!
clearly increases (see Figure 6). In particular, the detection of a
new carboxyl peak typical of oxidized cellulose at 1735 cm™ is
the benchmark of dry-heat aging. At the same time, no shift of
the OH-band to ~3600 cm™ was observed with aging,
indicating that all the hydroxyl groups of cellulose are
hydrogen-bonded or were oxidized, but there are no free
hydroxyl terminals.”’ In Figure 4, the absorption strength of
features around 1000 cm™! also seems to increase with aging,
but the spectral shape does not change, so this effect is not
discussed because it cannot be clearly separated from small
artifacts in the background subtraction procedure. A list of IR

absorption peaks and bands that vary with aging is reported in
Table 1.

The peaks at 1280 and 1320 cm ™" in Figure 4c and d, which
are related to stretching, bending, and rocking of CH, groups,
are characterized by a decrease in absorbance values with
aging.*** The bands at 1590—1740 cm™ in Figure 4b are
identified as an envelope of vibrational modes of various
functional groups that vary strongly with oxidation and
dehydration reactions, and therefore, it is the most suitable
region for investigation of the effect of IL immersion before and
after aging.'® These functional groups are carbonyl groups
(1710—1740 cm™), carboxylates (1550—1610 cm™), a-
diketones and a,f-unsaturated carbonyl groups (about 1660
cm™!), and C=C double bond (~1640 cm™).*>*>33!

Infrared Spectrum of Cholinum Glycinate. Since the
mechanism behind the paper strengthening by IL was identified
thanks to FT-IR spectroscopy, it was necessary to measure the
IR absorption of the IL itself. This is reported in Figure 5 and

020 . . .
— [Ch][Gly]

16|35 cm’ l

0.10

Absorbance (a.u.)

0.05

1 1 1 1
800 1000 1200 1400 1600 1800 2000
Frequency (cm'l)

Figure S. FT-IR absorption spectrum of the pure ionic liquid cholinium
glycinate.

displays features that fall in the same spectral range as those of
cellulose. It is possible to infer that the major contribution to
the IR spectra derives from anions. As expected, in fact, such
molecules are more IR-active due to the presence of the polar
carboxylate group. Previously, we addressed the IR absorption
spectrum of a closely related IL compound, cholinium
alanynate [Ch][Ala]." The study of the slightly different IR
absorption spectrum of [Ch][Gly] is beyond the scope of the
present paper. For this reason, we have limited the spectral
analysis to the region from 600 to 2000 cm™. The assignments
of some of the most prominent peaks on the experimental
pattern are schematically reported in Table 2. As expected, the
most prominent features are due to the IR absorption from the
carboxyl group around 1600 cm™". This contribution has to be
carefully subtracted from the absorption spectra of paper
samples treated with the IL.

Infrared Spectra of IL Treated Paper. The analysis of the
absorption spectra allows a quantitative estimate of the changes
introduced at the microscopic level by aging and/or by IL
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Table 2. Assignment of Vibrational Modes of Pure
[Ch][Gly] Ionic Liquid IR Spectra®**

frequency (cm™) assignment
820 HB bending
888 CN streching
961 NH, wagging
1092 CH,, rocking
1340 CH bending of glycine
1405 CO,” symmetric streching
1498 CH; scissoring of choline
1635 CO,” asymmetric stretching + NH, bending

treatment. To this end, we fit a multi-Lorentzian function in the
carbonyl/carboxyl region (1590—1750 cm™) to the measured
absorption spectra. A sample-independent background was
subtracted to account for the tails of other absorption bands of
cellulose. In the following analysis, the IR peak positions were
fixed at values which allowed us to fit all of the spectra in Figure
6 to the same model. In other words, the IR peak position is
forced not to vary with aging and/or IL treatment, in order to
determine the absorption strength variation. Also, a Lorentzian
peak centered at 1595 cm™" was subtracted from the absorption
spectra of samples immersed in the IL solution to account for
direct IR absorption by the IL molecules. This contribution is
assigned to the NH, bending of glycine,55 shifted to lower
frequency because of the hydrogen bonding with the hydroxyl
group of the cellulose chain. There is no evidence of the
—NH," peak at 1498 cm™, indicating that the compound is not
dissociated but still in its ionic bond form.

The background-subtracted raw data show three well-
separated carbonyl peaks at 1635, 1660, and 1735 cm™. The
peak-fitting results for the new, just-immersed, untreated, and
pretreated samples are reported in Figure 6. The significant line
width of the carbonyl peaks seen in the raw data is indicative of
the heteromorphic structure of paper. With aging, the native

cellulose peak at 1635 cm™" decreases in intensity, as expected.
The frequency position of the peak at 1735 cm™, whose
intensity increases with aging, corresponds to the IR absorption
peak frequencies of expected cellulose oxidation products, as
described in the literature.'*>**°%*15%57 In the artificially
aged, pretreated sample in Figure 6, a shoulder at about 1660
cm™' is seen, not present in the untreated sample. We can
tentatively attribute this shoulder to degradation byproducts of
IL (see discussion below).

The action of IL treatment before aging is detectable looking
at the behavior of the spectrum of the pretreated sample in
Figure 6. Importantly, the peak at 1735 cm™", which measures
the oxidation level of cellulose, is less intense in the pretreated
sample if compared to that of the sample aged without IL
treatment. Therefore, it is reasonable to infer that the
intermolecular bonds that form between [Ch][Gly] and
cellulose during the artificial aging are effective in preventing
cellulose oxidation. This explains the higher tensile strength of
the pretreated paper sample. The peak at 1660 cm™ instead is
present only in the pretreated sample and not in the post-treated
one (not shown here). Therefore, it is identified as a signature
of the oxidation products of the IL molecules, which then act as
sacrificial compound (antioxidant) by partly preventing the
cellulose molecules from oxidation.

In order to highlight the correlation between cellulose
oxidation and the loss of tensile strength of the paper samples,
in Table 3, we plot the square of the spectral weight of the best-
fit Lorentzian peak centered at 1735 cm™" (the IR absorption
band of oxidized cellulose) versus the quantity AN = N(aged)
— N(new), where N is the number of double folds before
breakage. The difference AN can be taken as a measure of
tensile strength loss compared to the new sample. The squared
spectral weight A;,;s is a measure of network connectivity
because it is proportional to the square of the number of
oxidized hydroxyl groups, which represents an estimate of the
intermolecular bond loss. The correlation analysis is limited to

0.25 ~1595 cm™ (a)
ionic liquid
— new
0.20 = = just immersed [
_
3
S 015
©
3}
=
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=R F 1) AESRRER. T SR
)
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0.00 pg---------nmmmmm - MaNe oo
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1635 cm™
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Figure 6. Results of the analysis of the IR absorption data for treated and untreated samples. The original spectra, similar to those in Figure 4, were
(a) baseline-subtracted and (b) fitted to a multi-Lorentzian model. The absorption peak of IL at 1595 cm™ is visible in the spectra of treated samples
and was subtracted before the fitting. The peak at 1635 cm™, characteristic of native cellulose, decreases with aging in both treated and untreated
samples. The oxidation peak at 1735 cm™" increases with aging but less in the treated sample than in the untreated ones. In the pretreated sample,
aging results in the appearance of a new peak at 1660 cm™" identified as the oxidation product of the IL molecules acting as sacrificial compound.
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Table 3. Correlation between A,,3;, the Squared Absorption
Line Strength of the Cellulose Oxydation Peak at 1735 cm™"
in Figure 6, and the Tensile Strength Loss, Expressed as AN,
the Difference in the Number of Double Folds before
Breakage if Compared to the New Sample

AN (number of folds) Apys (10° em™)

new 0 0.23717
pretreated 1.9 0.74314
untreated 6.6 1.08782

the three samples on which both types of analysis were
performed, and it is indicative of the clear link between
macroscopic mechanical properties of cellulose fibers and
chemical bond arrangement on the microscopic scale.
Analysis of Hydrogen Bond Density by THz-TDS
Measurements. Generally, hydrogen bonds do not display
specific resonance frequencies in the terahertz absorption
spectra of the amorphous macromolecular complex. Instead, a
broad glassy absorption increasing as a(@) ~ C-@?, where C is a
numerical coeflicient, is typically observed in amorphous
solids®® and biological macromolecuar complexes formed by
hydrogen bond networks like solvated proteins.”” The density
of hydrogen bonds in the macromolecular complex is roughly
proportional to C. In cellulose, however, due to partial
crystallization, two main absorption peaks have been
identified® at 2.15 THz, or 71 cm™, and at 3.03 THz, or
100 cm™, superimposed to the a(w) ~ C-@* background of
the cellulose in the noncrystalline form. In our experiments,
performed on the five samples listed in the captions of Figure 7,
we clearly identified the peak at 2.15 THz and the a(w) ~ C-@”
background, but we could not identify the peak at 3.03 THz
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Figure 7. (a) Absorption coefficient in the THz range of the new,
untreated, post-treated, and pretreated samples. (b) Absorption
coefficient subtracted from the C-w* background. The negligible
difference among peak intensities in panel b indicates that IL treatment
does not impact cellulose crystallinity.

because the sample transmittance was too low at that
frequency. We therefore took the intensity of the peak at
2.15 THz as a measure of the degree of crystallinity’ and the
coefficient C as a measure of the density of hydrogen bonds.>”

The absorption spectrum of the new sample in Figure 7a
displays a coefficient C ~ 9.8 cm™'/THz? and the crystallinity
peak at 2.15 THz is barely visible due to the high slope of the
background absorption from the amorphous hydrogen bond
network. In comparison, the sample artificially aged (untreated)
has a lower slope (C ~ 9.1 cm™'/THz?), and therefore, the
crystallinity peak at 2.15 THz becomes more visible (see Figure
7a). The intensity of the crystallinity peak, however, is
unchanged with aging and/or treatment if compared to the
new sample, indicating that the crystalline portion of cellulose
seems to be unaffected by the artificial aging process. We
interpret these data as a reduction of the hydrogen bond
density in the amorphous cellulose network with aging. A closer
look at the spectra of treated samples pretreated and post-treated
shows that there is no detectable difference among their THz
absorption spectra and the untreated one. The difference
between two of these spectra and the new sample spectrum is
shown in Figure 7b and clarifies that no change in the degree of
crystallinity of cellulose is induced by treatment with IL. Also, it
is clear that it does not actually prevent the degradation of the
amorphous hydrogen bond network with aging. We conclude
that the reduction of oxidation level of aged cellulose provided
by the IL treatment and demonstrated by FT-IR spectroscopy
(peak at 1735 cm™) has no direct counterpart in the reduction
of the hydrogen-bond network degradation. A direct IL—
cellulose intermolecular bonding process, which is stable under
aging, must be sought to explain the improvement of the tensile
strength of the pretreated sample if compared to the post-treated
and untreated ones (see Figure 7a). Notice that no evident
features can be detected in the THz spectra of pretreated
sample. On the other hand, the presence of IL is well evident in
the IR spectra. Indeed, IR penetration depth is limited at a
small region below the paper surface, where IL concentration is
expected to be higher probably due to steric effects. In addition,
IR preferentially probes regions whose porosity have a size
comparable to its wavelength (about 6 gm) where IL can easily
penetrate. This information shed light on the interaction of IL
and cellulose which results in being localized in the larger size
accessible regions.

Model of the Action of the lonic Liquid. The ensemble
of the present experimental findings leads one to think that the
[Ch][Gly] molecules statically bind to the cellulose chain. In
Figure 8 is shown a probable hydrogen-bonding interaction
between the nitrogen of glycine and a hydrogen of an —OH on
cellulose. A hydrogen bond with glycine is also shown between
an oxygen of the COO™ on glycine and the H atom of a
hydroxyl group of an alcohol side chain of cellulose. This is also
possible for choline hydrogen bonded with N* or the terminal
oxygen. Water molecules may also be interposed between the
fiber and the IL, which would both be hydrogen-bonded to the
water molecule. The absorption of amino acids by cellulose was
also demonstrated in ref 60 and by oxidized cellulose in ref 61.

The absorption process of amino acid by cellulose could be
described according to the theory of localized stoichiometric
adsorption and represented by Langmuir-like isotherms.®"**

When cellulose is oxidized, the hydrogen-bond density
decreases and the extent of the penetration of reagents in the
amorphous structures increases. In this context, the capability
of the IL to interact with cellulose by different hydrogen bonds
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Figure 8. Plausible interaction between ionic liquid and cellulose chains.
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leads to a strong IL/cellulose network that preserves the tensile
strength of paper. This behavior is demonstrated here by two
experimental results.

The former one is cellulose oxidation dynamics. The simple
treatment of the cellulose with the IL after aging already leads
to an increase of the tensile strength, although very small, as it
is shown by the double fold of post-treated sample in Figure 2.
When cellulose is partly oxidized, it contains not only the
hydroxyl groups but also carboxyl and ester groups that may be
hydrogen-bound to the hydroxyl, carboxyl, amide, and amine
groups of the [Ch][Gly]. The pretreated samples, however,
experienced a much higher stabilization of the tensile strength.
This can be explained at the microscopic level by looking once
again at the IR spectrum of the pretreated sample in Figure 6,
which shows, beyond the already discussed increase due to
oxidation under aging of the 1735 cm™ peak, the appearance of
a new peak at 1660 cm™". The 1660 cm™ peak is compatible
with vibrations of a,f-unsaturated carbonyl (C=C—C=0),
C=C, or a-diketone groups, which show an IR absorbance in
this range.””> Since this absorption appears only in the
pretreated sample, it is reasonable to think that it belongs to an
under degradation product of IL.

Under aging, the IL molecules are therefore expected to
oxidize, by capturing reactive oxygen species prone to oxidize
the cellulose substrates. In summary, during aging, the IL
molecules bound to cellulose chains act as sacrificial compound
(antioxidant) for the oxidation process, preventing paper from
degradation.”®

The second fact is hydrogen-bond network degradation.
Examining the terahertz absorption, one may notice that the IL
does not influence the crystallinity of cellulose. In fact, in Figure
7b, the crystallinity peak of the two treated samples is
essentially identical to the untreated one. The evident positive
effect on the tensile strength of paper produced by IL treatment
must then be explained in terms of diffusion of the IL
molecules through the cellulose fibers and IL/cellulose
intermolecular binding at larger porosity sites, as discussed
above. The IL treatment does not modify the overall structure
of the fiber network as confirmed by SEM imaging; rather, the
presence of IL molecules between adjacent polymer chains
strengthens the paper structure, partially preserving the original
tensile strength.

B CONCLUSIONS

In the present work, a comparison between the mechanical
properties and vibrational spectra of paper samples exposed to
dry-heat accelerated aging is performed. The response of the
samples to an amino acid-based ionic liquid treatment was
studied. The dry-heat treatment caused a loss in the tensile
strength of paper, observed through a dramatic decrease of the
folding endurance. The present results show that pretreatment
with a ionic liquid before aging increases the tensile strength of
the fiber. It is proposed that this may happen for at least two
reasons: first, the ionic liquid acts as an antioxidant for the
oxidation process capturing the oxygen reactive species that
diffuse inside the cellulose network; second, the ionic liquid
creates bonds between adjacent cellulose chains. In conclusion,
the ionic liquid cholinium glycinate demonstrated significant
chemical effects on paper pretreated before artificial aging,
without modification of the overall cellulose fiber network
structure. Ionic liquid treatment could then be considered as a
sustainable method for paper-based cultural heritage con-
servation. Additionally, it would be of high interest to evaluate
the optical effect due to the treatment of the sample with the
ionic liquid. This point will be a matter of further investigation
in our group. The results reported in this work may also be
useful for improving the mechanical properties of devices and
manufacturing products based on cellulose fibers.
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