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Abstract

Abstract

Cellulose-based materials constitute a large part of the global patrimony of
mankind. Their preservation and protection must be granted to transfer this
heritage to future generations. The acid-catalyzed hydrolysis of glycosidic bonds,
that is the most important degradation pathway of cellulose-based materials,
results in the decrease of cellulose degrees of polymerization (DP) and in the loss
of the original mechanical properties. Therefore, in the case of acidic and
strongly mechanically-degraded cellulosic works of art, both a deacidification
and a reinforcement treatment are required. In this regard, a single-step method
can reduce risk and stress for the artifact and, at the same time, grant a
reduction in terms of costs and time.

Alkaline nanoparticles, mainly calcium or magnesium hydroxide in
short-chain alcohols were proposed for the deacidification of paper and canvas
in 2002. Since then, several synthetic strategies and formulations of
nanoparticles in different carrier solvents have been developed and excellent
results in neutralizing acidity and creating an alkaline buffer have been
achieved.

In the present dissertation, hybrid systems for the simultaneous
strengthening and deacidification of paper are presented; these materials have
been prepared using cellulose nanocrystals (CNC) and alkaline nanoparticles.
Nanocelluloses are non-toxic, renewable and biodegradable. Moreover, they
have excellent mechanical properties, high surface area, and form almost
transparent films. The alkaline nanoparticles used for the preparation of hybrids,
were obtained using a novel synthetic route based on a solvothermal process.

The mechanical response of CNC dispersions in water and water/ethanol
blends were studied and related to the changes due to the addition of alkaline
nanoparticles. Small-angle X-ray scattering (SAXS) measurements were used to
deepen the interactions between cellulose nanocrystals in the presence of
ethanol and of calcium hydroxide and calcium carbonate nanoparticles. The
most promising systems were therefore tested for strengthening and
deacidification of artificially aged paper.

Even if water is commonly used in conservation practice, it can solubilize
original compounds and swell cellulose fibers, leading to a decrease in the
mechanical properties of paper. The use of solvent blends (ethanol/water)
reduces the possible detrimental effect of water, even if the use of such mixture
may not be compatible with materials highly sensitive to polar blends. Therefore,
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we have devoted research efforts to the modification of cellulose nanocrystals
with the aim of increasing their dispersibility in pure ethanol, which offer good
wetting properties without altering cellulose fibers.

Different preparation procedures for the hydrophobization of cellulose
nanocrystals were tested. Cellulose nanocrystal modified with oleic acid were
deemed a suitable starting material to prepare hybrid systems in ethanol
featuring alkaline nanoparticles. The mechanical characterization of systems at
different concentrations of nanocrystals, with and without alkaline
nanoparticles, was achieved wusing rheological measurements. SAXS
measurements were carried out on the most interesting systems so to shed light
on the mechanism of gelation, so to complete the picture of the interactions
between nanocellulose and alkaline nanoparticles in different environment.
Finally, hybrids at high concentration of grafted cellulose were tested on
artificially and naturally aged paper, showing an overall positive effect.

In conclusion, hybrid systems based on cellulose nanocrystals and alkaline
nanoparticles for the simultaneous strengthening and deacidification may
represent a powerful tool to extend the useful life of cellulosic artifacts,
including valuable and historical objects whose preservation and protection
must be granted to transfer this heritage to future generations.
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Chapter 1 Cellulose-based artworks: chemistry and degradation

Chapter 1  Cellulose-based  artworks:

chemistry and degradation

In this chapter, the chemical composition and the degradation pathways of
the most diffuse cellulosic material, i.e., paper, are reported and discussed.
Paper has been widely used since ancient times as a substrate for the production
of artworks; indeed, a large part of the global patrimony of mankind features

cellulose-based materials.

1.1 Paper

Paper is a very complex material because not only cellulose fibers but also a
multitude of different compounds are added to refine the quality and improve
the properties of the final product. The history of paper-making is indeed a
fascinating and interesting subject; however, a detailed discussion about the
topic is out of the scope of this thesis. In this regard, it is worth noting that, up to
the 18™ century, old rags of linen, hemp, and cotton were mainly used as
cellulose source for paper-making. These materials, mostly made of high-quality
cellulose, had a remarkable chemical stability and are not particularly prone to
degradation. During the Industrial Revolution the demand for paper increased
considerably, while the rags were scarce. It was thus necessary to search for a
new raw material. In 1840, Koller proposed the use of wood as a cellulose source
for the paper making process. To this aim, prior to the formation of paper sheets,
cellulose should be isolated from other wood components, such as extractives
and lignin. The latter, in particular, has a fundamental role in the degradation of
paper (Ek et al. 2009), as it will be shown later. More in general, several chemical
and mechanical process were used to isolate cellulose during the years, and
most of them resulted in a final product more prone to degradation. Similarly,
several additives used in the paper making process, trigger the hydrolysis
and/or oxidation of cellulose. Therefore, the conservation status of paper mainly
depends on the conservation status of cellulose, which is greatly influenced by

the way paper sheets are obtained and persevered. In the following sections, we
3



Chapter 1 Cellulose-based artworks: chemistry and degradation

are going to list the main properties of paper components and discuss about
cellulose degradation and the way it is affected by internal and external factors.

1.1.1 Paper components

As stated above, the chemical composition of paper mainly depends on the
origin and chemical treatment of raw material and on the additives used during
the paper-making process. The main component of paper is cellulose, whose
structure, properties and degradation will be described in section 1.1.1.1. Lignin
is discussed in section 1.1.1.2, while sizing agents and other paper additives will
be described in section 1.1.1.3.

1.1.1.1 Cellulose

Cellulose was first discovered and isolated by Anselme Payen in 1838
(Klemm et al. 2005). It is the most abundant natural polymer available on the
earth and it is an important structural component of the cell wall of various
plants. In addition, there are also non-plant sources of cellulose, such as algae,
fungi, bacteria, and even some sea animals such as tunicates (Klemm et al. 2005).
The characteristics of cellulose are variable and depends upon the origin.
Cellulose obtained from cotton fibers is always relatively pure compared to the
one extracted from wood, as above indicated. Bacterial cellulose (BC) is
produced by the gram-negative bacteria Acetobacter xylinum (or
Gluconacetobacter xylinum). Under special culturing conditions, BC develops
some particular features that makes it suitable for niche applications (Bodin et al.
2007).

In the next section, the structure and molecular properties of cellulose will
be described. The degradation pathways of cellulose in acidic and alkaline
medium, listed after, are important for developing conservation strategies.

Structure and molecular properties

Regardless of its sources, cellulose always has the same structure. It is
formed by condensation of anhydroglucose monomers linked through
-(1,4)-glycosidic bonds. In each monomer, as a result of the bonding at each
carbon atom, the carbohydrate rings are bent up at one end and down at the
other, creating the so-called chair conformation. The smaller substituents,
hydrogen atoms on the ring extend either above or below the ring in the axial

4
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position. The bulkier hydroxyl groups and -CH2OH point toward the sides of
the ring. This equatorial position minimizes the interactions between these
bulky substituents on the ring, stabilizing the chair structure (Mcmurry et al.
2010). Every monomer unit is corkscrewed at 180° with respect to its neighbors,
forming the repeating unit, a dimer of glucose, known as cellobiose (Habibi et al.
2010), and, each cellulose chain has two different terminations: the nonreducing
end contains a hydroxyl moiety and the reducing end has a chemically reducing
group, as is shown in Figure 1.1.

cellobiose unit

A
4 N
OH OH
OH
O HO
H d [HoA— 0 o
OH OH n

%(—J

non-reducing end anhydroglucose unit reducing end
(AGU)

Figure 1.1 The structure of cellulose (Olsson and Westman 2013).

Cellulose is a polymer with high molecular weight. The ratio between the
molecular weight of the cellulose molecule and the weight of a glucose unit, i.e.
the number of units in a chain, is the degree of polymerization (DP). It varies
depending on the source: for example, it is approximately 10,000 glucose units
for wood-derived cellulose and 15,000 units for cotton-derived cellulose
(Sjostrom 1993). Higher DP values usually correspond to fibers that have higher
mechanical resistance.

A great number of hydrogen bonds is established between different chains
(intermolecular bonds), contributing to the rigidity and toughness of cellulose
fibers. The same type of bonds can connect different locations on the same chain
(intramolecular bonds). Water can interact with cellulose through the same type
of bonds; as a matter of fact, cellulose can absorb about 7% of moisture at
ambient condition. Despite its high hygroscopicity, cellulose can be swelled in
water, without being solubilized. The reactivity of hydroxyl groups is also
important for chemical modification (see Chapter 5).
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Cellulose Fiber

Microfibril Bundle

Microfibril

Elementary Fibril

Figure 1.2 A schematic representation of the hierarchical structure of cellulose fiber (Zhu et

al. 2014)

Differences in cellulose’s supramolecular structure determine different
physical and chemical properties: defect-free and rod-like crystalline regions,
known as crystallites, are more resistant to degradation because they are tightly
packed by a strong and very complex intra- and intermolecular hydrogen-bond
network; amorphous zones are weaker and they can easily be degraded by
chemical reagents. Crystallites can be used for the strengthening of paper, as
will be discussed in Chapter 4 and 5. Typically, the crystalline regions of a
cotton fiber, represent about 80% of the cellulose, whereas the remaining part
has an amorphous structure. The basic fibrillar element, which is called
elementary fibril, has a 2-4 nm cross-section and a 100 nm length. Elementary
fibrils feature both crystalline and amorphous zones. Micro-fibrils are made of a
bound of elementary fibrils and form microfibrils bundle and, finally, fibers as
shown in Figure 1.2.

Degradation pathways: reactions in acidic medium

The acid-catalyzed hydrolysis is one of the key reactions responsible for
cellulose degradation. The acid hydrolysis occurs randomly at the “glycosidic
oxygen”, resulting in the formation of a carbonium cation. The type of
carbonium ion (non-cyclic or cyclic) which is most likely to be formed during
the reaction is still under investigation (Sarip et al. 2016). Nevertheless, here we
are going to describe the mechanism of links scission as the three steps process
proposed by Harris in 1975 (Harris 1975), which is outlined in Figure 1.3. In the
first step, the catalyzing hydrogen ion interacts with the oxygen linking two
carbon atoms, forming a conjugate acid. The second step is relatively slow
compared to the previous one; the flip of the electron pair from the carbon to the

oxygen results in the cleavage of the covalent bond and the subsequent
6
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formation of a carbocation. In the last step, the carbocation is pre-associated
with water. The electron pair of the pre-associated water molecule is transferred
to the carbocation and a proton is regenerated. All the three steps make the
acidic hydrolysis an auto-catalytic, or self-accelerating, reaction (Timell 1964).

The extent of depolymerization following acid-catalyzed hydrolysis is
affected by several factors, such as the starting DP of cellulose, the acid
concentration, the temperature and the duration of the reaction. Due to the fact
that crystalline regions are tightly packed, as mentioned above, they are more
resistant to degradation (Lin et al. 2009). It is worth noting that acid catalyzed
depolymerization does not require high temperature to take place; it readily
occurs even at room temperature.

Almost every organic matter is prone to oxidation that is initiated by
atmospheric oxygen. The causes and influencing factors are manifold: condition
of the cellulose, the temperature, light and irradiation, humidity changes, the
presence of catalysts and pollutants. The oxidation of cellulose is a
'heterogeneous reaction’, which is limited initially to the amorphous regions
spreading slowly to the well-organized crystalline regions. In an acidic medium,
all hydroxyl groups and the reducing end groups increased by acidic hydrolysis
are oxidized to aldehyde, keto or carboxyl groups. As a result, rings opening
may occur but not necessary chain cleavage takes place. Carbonyl groups
(ketone and aldehyde groups) are responsible for color changes. They are
well-known chromophores which, as part of conjugated systems, cause the
yellow, yellowish brown or brown color of oxidized cellulose. On further
oxidation the carbonyl groups turn into acidic carboxyl groups which can
promote acid hydrolysis of cellulose, creating a mechanism which is called
spiraling effect (Shahani and Harrison 2002). Figure 1.4 depicts the most
important final products of oxidation reactions in acidic medium: uronic,
glucuronic, aldaric and glucaric acids. In addition, the oxidized cellulose is more
prone by alkaline degradation which will be discussed in the following section.
These bonds which are more sensitive to hydrolysis are called “weak linkages”
or “weak links” (Sharples 1954a, b).

Degradation pathways: reactions in alkaline medium

The B-alkoxy elimination is the most important degradation mechanism of
cellulose that takes place in an alkaline environment (Agnes Timar-Balazsy 1998;
Hosoya et al. 2018); this mechanism can eventually lead to the so-called peeling

reaction, as explained below. Oxidized cellulose is more susceptible to alkaline
7
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solutions than native cellulose due to the presence of many carbonyl groups
distributed on the oxycellulose polymer chain, as previously discussed. Alkaline

OH
HO + .
o
—
OH
n

PH OH
o OH a w OH
cel o Cell Cell N\, 4 Ho Cell
HO. o HO. -0
0 (8] e — 07 O
M O OH W OH -
H H

0,

K H
AH OH
&IIM'E HO OH cell @\IM*’ H‘Sli)ﬁ\wl
H’OMEDH OH e w on oH

Figure 1.3. Three steps acidic hydrolysis of glycosidic bonds.

GHOH CHO COOH
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OH OH QH
0O " A.OH CHD - OH COOH
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COnH CO0H COOH
O, ot
OH — L OH CHO —— oH COOH
RO RO RO
oH OH

COOH
o on S, on o
oM = AL oH T _AoH BOOH
RO RO RO
aH GH

Figure 1.4. Oxidation products in acidic medium.

degradation is not random. At slightly-above neutral pH values of 8-9, alkali
attack carbonyl (C=0) moiety (Hosoya et al. 2018), resulting in the production of
water and a carbocation and the cleavage of the adjacent glycosidic bond in
position as depicted in Figure 1.5. It should be noted that any carbonyl (C=0)
moiety, no matter whether it is located at C-2, C-3, or C-6, can be preferred, as

8
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shown in Figure 1.6. On the other hand, at higher pH (pH>10), an isomerization
of the reducing end occurs, resulting in the migration of the carbonyl group and
the subsequent random cleavage of the cellulose chain.

C'H

Figure 1.6. Cellulose chain scission resulting from oxidation: either oxidation of the C3
hydroxyl to a carbonyl (a) or the same process on the C2 hydroxyl (b) can result in chain

scission.

Some scientists concluded that alkaline condition can accelerate the
oxidation of cellulose, but no precise explanation was indicated (Whitmore and

9
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Bogaard 1994; Sequeira et al. 2006). On the other hand, Kolar hypothesized that
alkaline species promote radical formation that initiates the degradation of
cellulose (Kolar 1997). However, it is well-known that neutral pH represents the
better environment for the conservation of cellulose.

1.1.1.2 Lignin

Lignin was introduced into paper when wood was started to be used as
cellulose source for the paper making. It is a rigid and thermoplastic polymer,
constituted by a three dimensional network of phenilpropane derivatives
(coniferyl, sinapyl and paracoumaryl alcohol). The chemical composition of
lignin is variable depending on wood sources, such as softwoods and
hardwoods, and its structure is still not completely known. It has been
suggested that lignin forms a single amorphous macromolecule (see Figure 1.7).
The presence of ester bonds may interact with hemicellulose that embeds wood
cells forming a more complex structure, which still remains an issue of
conflicting claims (Giummarella et al. 2019).

HjI:OH

H,fi:m ?H:
,i._H CH, Hfﬂ-l
m b = T
‘l"“n CH. | CH
CH
o OH
— HC—i{ Carbohydrate) H
HOC— CH—CHOH H? v . T CH,
[+] H gf H j—
HEOH o 1;04 “ L

Figure 1.7. An example of possible structure of a portion of lignin molecule.

Lignin is insoluble in water due to the few hydrophilic groups; in addition
to its structural importance for wood, it also protects tree from the attack of
microorganisms.



Chapter 1 Cellulose-based artworks: chemistry and degradation

Concerning the degradation of paper, lignin has a fundamental role
because it is capable of absorbing UV/VIS light that induces the oxidation by
photochemical reactions. Therefore, lignin must be isolated from cellulose
before the formation of the sheets. Several methods were used to isolate
cellulose, but no satisfying results were obtained. Treatments of wood with
concentrated mineral acids do not cause dissolution of lignin but its
condensation; in the presence of hydrochloric acid, solvolysis of lignin can be
carried out with alcohol. On the contrary, lignin was still dissolved in an
alkaline medium under widely used Kraft (sulfate) and soda pulping. Acidic
and alkaline pulping processes may reduce the total amount of lignin in paper
sheets but surely lower life expectancy of cellulose by inducing some
degradation reaction. As a matter of fact, during the production of pulp for
some short-time readings, such as newspaper or cartoon books, delignification
is not achieved; this kind of paper shows significant discoloring phenomena
after few years.

1.1.1.3 Sizing agents and other paper additives

The presence of additives in paper sheets is particularly important, because
they greatly refine the quality and improve the properties of the paper. Sizing
agents, one of the additives, were used to increase the hydrophobicity of
cellulose and retard the penetration rate of aqueous fluids. Initially, it was
achieved by starch in older Arabian tradition. Later, in the European Middle
Ages, animal glue was used. At the beginning of the 19th century, rosin-alum
sizing, which create a hydrophobic layer on paper surface, was introduced. This
sizing procedure brought great economic advantages. At the beginning of the
20th century it was found that resin acids are the main causes of acid-catalyzed
hydrolysis of paper produced in that period. Therefore, in modern papers,
alkaline sizing, such as alkyl ketene dimer (AKD) and alkenyl succinic
anhydride (ASA), are used.

Other compounds are added during the papermaking to improve paper
properties, such as brightness and smoothness. Clay, calcium carbonate, talc and
titanium dioxide are commonly used. Even if some additives are very stable and
do not cause any cellulose degradation, their presence must be considered, in
particular when a conservation intervention is needed.

11
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1.1.2 Factors affecting paper stability

Paper stability is affected by many environmental factors, such as oxygen,
light exposition, air pollutants, relative humidity, temperature radiation and
microorganisms. The interaction between light and cellulose, at the microscopic
scope, triggers the oxidation of hydroxyl groups and the formation of oxidized
compounds, as described above. At the macroscopic scale, cellulose exhibit
discoloration. Internal factors and chemical composition also affect the stability
and durability of paper.

Internal factors include condition of cellulose (type, length, and crystallinity
of fibers), presence of fillers (e.g. sizing agents), presence of metal ion impurities
(e.g. inks). Paper produced by using wood as the raw material may contain
lignin which discolors in sunlight. In addition, it was proved that lignin has the
tendency to absorb SO: from polluted atmosphere (Begin et al. 1998; Tse et al.
2014). Alum-rosin, one of the used sizing agents, was added in pulp during
paper production. Both of the two main components, alum and rosin, are acidic.
In particular, aluminum sulfate not only acts as a major source of acidity in
paper, but it also trigger the Al(III) electrophile-catalyzed hydrolysis of cellulose
(Baty and Sinnott 2005; Chamberlain 2007). Iron and metal gall ink, obtained
from the reaction between gallic acid and ferrous sulfate, are responsible for the
oxidation and acid hydrolysis of paper catalyzed by transition metal ions
(Neevel 1995; Kolar et al. 2003, 2006).

As an organic product, paper is susceptible to irreversible physical and
chemical changes due to environmental and internal factors. Effective
conservation treatments can slow down the degradation rate of cellulose-based
materials. It is worth noting, though, that the developments of effective
conservation strategies are not an easy task, considering the multiple
influencing factors of cellulose degradation.

12



Chapter 2 Conservation of paper

Chapter 2 Conservation of paper

As above explained, paper is mainly subjected to the hydrolysis of the
glycosidic bonds. The degradation of paper leads to changes in the
ultrastructure and, at the macroscopic scale, to a lower mechanical resistance of
the material. The most common developed conservation strategies for
cellulose-based materials can be divided in two main categories: deacidification
(section 2.1) and reinforcement (section 2.2). In the following sections, several

widely used conservation strategies will be presented.

2.1 Deacidification

Conservation scientists have been worked on deacidification since decades
ago. The target of deacidification is not only the neutralization of the acids, but
also the deposition of an alkaline reserve that will act as a protection for
reoccurring acids. Hydroxides are commonly used to withdraw protons from
the substrate; if hydroxides are in excess in respect to protons, the so-called
alkaline buffer, i.e., carbonates salts, is formed by the reaction with atmospheric
carbon dioxide. Sometimes, carbonates, that are less reactive, are used as
neutralizing agents when paper is slightly degraded. The following three
equations (2.1, 2.2 and 2.3) represent the typical reactions involved in a
deacidification process:

_ @1)

H,+OHgy — Hy0y,

M(OH)y;, + COy gy — MCOy ) + Hy0,, 2.2)
2.3)

2—
COs5, + 2H(J;q) = COy, + H,0,

It is agreed that an effective deacidification method should have the
following characteristics: the deacidification agents should fully neutralize all

the acidic content and deposit an alkaline reserve to prevent further degradation;
13
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the solvents should not be hazardous to the operator and be inert to the
deacidified objects (paper, leather, ink, dyes etc.). Before deacidification,
solubility tests must be carried out to check the compatibility between the
neutralizing agents and the solvent with the object to be deacidified. In general,
due to compatibility reason, methods with non-aqueous solvents show some
advantages when compared with water-based treatment.

When millions of books are in the need of deacidification, such is as in the
case of entire libraries” collections printed on bad quality paper, the cost of the
treatment can be particularly crucial. In this situation, the deacidification of each
single paper sheet is simply unfeasible. Therefore, mass deacidification
methodologies, which are dispersed in non-aqueous solvents, have been
developed. On the contrary, for the deacidification of precious and unique
objects, single-sheets methods, that allows for higher control during the
intervention are preferred.

In the next paragraphs several widely used deacidification methodologies,
including mass deacidification and single-sheet methods, commonly used in
conservation practice, will be presented.

2.1.1 Aqueous treatments

The aqueous deacidification system is generally based on the use of
alkaline earth hydroxides and bicarbonates. Magnesium compounds generally
lead to a higher pH (pH>9) in paper after deacidification in respect to a
treatment based on calcium compounds. The solvent, water, poses no health
risks for operators during the application. Moreover, it improves the visual
appearance of treated papers, by removing a large amount of hydro-soluble dirt,
soluble metal salts as well as sizing agents partly responsible for the yellowing
of paper (Sequeira et al. 2006). Additionally, the swelling of paper facilitates
better penetration of the deacidification agent into the paper matrix.

Nonetheless, aqueous treatments also show severe disadvantages.
Permanent changes in the mechanical strength of paper due to swelling effects
have been observed, as well as the bleeding of inks and dyes and the removal of
water-soluble paper components (Kolar 1997, ZAPPALA 1997; Stefanis and
Panayiotou 2007). Resizing is usually necessary because aqueous treatments
partially remove the original sizing (Giorgi et al. 2005c). Furthermore, high pH
induced by aqueous saturated calcium or magnesium hydroxide solutions can
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lead to alkaline-catalyzed degradation of the oxidized cellulose (Malesic et al.
2002).

Despite these side effects, aqueous treatments are frequently used by
conservators, but are usually discouraged by the scientific community that
recommend the usage of non-aqueous treatments.

2.1.2 Non-aqueous treatments

Deacidification methods with apolar or less polar than water solvents can
overcome some drawbacks of aqueous deacidification mentioned above. These
solvents are compatible with paper components and can be generally carried
out without previous verification of the water solubility of the inks or sizing.
Furthermore, the evolution of non-aqueous treatments led to mass
deacidification, because they are inert to the water sensitive book’s bindings
(Sequeira et al. 2006). Unfortunately, most of the organic solvents are flammable
or toxic; for this reason, a non-aqueous treatment requires acquainted operators
and equipped laboratories.

In the following sections, three selected methods, i.e., the Bookkeeper, the
Battelle and alkaline nanoparticles dispersions processes, will be discussed in
detail. Both Bookkeeper and Battelle methods are commercially available mass
deacidification method. The Bookkeeper technology can also be used on single
paper sheet. The deacidification using alkaline nanoparticles has been
developed in CSGI and Chemistry Department laboratories of the University of
Florence and applied on paper since 2002.

2.1.2.1 Battelle process

The Battelle process, developed by Battelle Ingenieurtechnik GmbH, was
tested and approved by the National German Library in 1994. The method was
based on magnesium ethoxide and titanium alkoxides in hexadimethyl
disiloxane (HMDO). The combination of magnesium ethoxide and titanium
alkoxides is also known as METE, magnesium ethoxide titanium ethoxide. The
ratio between magnesium and titanium is approximately 1:1. The METE reacts
with moisture to form magnesium hydroxide that works as deacidification
agents, and the excess is converted, by reacting with carbon dioxide, into
carbonate, which acts as the alkaline reserve. HMDO, a colorless organic silicon
compound, is said to have lower eco-toxicological impact (Wittekind 1994).
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However, it is highly flammable. This method is also known as Papersave that is
the name chosen by ZFB, the company that is currently selling and developing
the Battelle products. Since 2003, an interesting treatment specially designed for
inhibiting ink corrosion, including both neutralizing agents and antioxidants, is
available (Kolar et al. 2003; Kolar et al. 2006b; Lichtblau et al. 2006; Reissland et
al. 2006; Kolar et al. 2008): calcium and magnesium alkoxides in conjunction
with quaternary ammonium halides constitute the so-called Inksave process.
Both apolar and polar solution variation of this treatment are being developing.

The Battelle process can fulfil stringent rules of efficient and reliable
conservation methods, i.e., costs, ecotoxicology issues, chemical and physical
inertness. Additionally, it is the most efficient in the adequate deposition of
alkaline reserve (Ahn et al. 2012).

2.1.2.2 Bookkeeper

The Bookkeeper method (Preservation Technologies, L.P.) features
insoluble magnesium oxide microparticles working as deacidification agents
and fluorinated solvents (mainly perfluoroheptane). Magnesium oxide reacts
with moisture in paper forming magnesium hydroxide which then neutralizes
cellulose acidity. By reacting with carbon dioxide, the excess of magnesium
hydroxide is transformed into magnesium carbonate, which acts as the alkaline
reserve. Fluorinated solvents are apolar and completely inert to paper
components and modern inks, which increase the flexibility of conservation
practice.

The Bookkeeper is available for single sheet deacidification and mass
deacidification. As mass deacidification method, it has been used in the
National Congress Library of Washington, D.C. since its development in 1992.
The use of Bookkeeper process also implied some possible drawbacks. A white
veiling effect usually occurs on low porous paper, since the limit penetration of
the micron-sized particles of magnesium oxide (Buchanan et al. 1994). Moreover,
high concentrations of fluorinated surfactants are usually used to stabilize MgO
particles in highly apolar solvents, bringing unknown effects in the long term
(Zumbiihl and Wuelfert 2013). Despite these drawbacks, Bookkeeper is still
widely used and known as one of the best non-aqueous mass deacidification
treatments available.
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2.1.2.3 Nanoparticles dispersion

The use of alkaline nanoparticles, mainly calcium or magnesium hydroxide,
in short-chain alcohols for the deacidification of paper and canvas was proposed
in the early 2000s (Giorgi et al. 2002b, a, 2005a) by CSGI and Chemistry
Department of the University of Florence researchers. Since then, several
synthetic strategies and formulations of nanoparticles in different carrier
solvents were developed and tested. Alkaline nanoparticles were successfully
used on waterlogged wood (Giorgi et al. 2005c, 2006; Poggi et al. 2016a), on
wood from organ pipes (Giorgi et al. 2009), on paper and canvas (Giorgi et al.
2002a, 2005a, Poggi et al. 2010, 2011, 2014a, 2017), and underwent extensive
assessment with positive results (Sequeira et al. 2006; Stefanis and Panayiotou
2007, 2008; Bastone et al. 2017).

The synthetic procedure of alkaline nanoparticles has been improved in the
last 20 years (Ambrosi et al. 2001; Salvadori and Dei 2001; Nanni and Luigi 2003;
Giorgi et al. 2010; Poggi et al. 2014c, 2016b). Compared with traditional methods,
the used of nanoparticles (80-400nm) has several advantages. Firstly,
nanoparticles possess higher reactivity with respect to micron-sized particles.
The neutralization and the carbonation processes occur rapidly, therefore,
providing a stable neutral and less aggressive environment. Secondly, the
penetration of nanoparticles dispersed in alcohols can be easier even when the
natural porosity of paper is lowered by sizing or ink. Finally, thanks to the
nano-dimensions and compatibility, the distribution of particles within the
fibers is highly homogeneous.

In the next section, the synthetic procedures of nanoparticles, particularly
the ones designed for the conservation of artworks, will be discussed.

A review on synthetic procedures of nanoparticles

The synthesis of nanoparticles is deepened in some excellent reviews
(Baglioni and Chelazzi 2013; Kharissova et al. 2013; Hasan 2015). Herein, we will
focus on the synthesis of hydroxides of alkaline earth metals specifically
addressed for conservation applications.

Inorganic nanoparticles can be obtained by using two fundamental

processes: the “break-down” and the “bottom-up” processes. The “break-down”
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process starts from a bulk material and breaks it into small pieces until the
desired shape is achieved, using mechanical, chemical or other forms of energy.
Bottom-up methods deal with atoms, molecules or ions, that are assembled
through appropriate experimental conditions into particles of defined size.
Bottom-up procedures are much better suited to provide control of the size,
shape and structure of the generated nanoparticles.

Milling is the best known “break-down” method for the manufacture of
powders (Sternitzke 1997). Particles are treated through repeated high-energy
impacts, producing particles with smaller size and eventual structural changes.
However, milling approach is limited because particles smaller than few
microns are rarely obtained. And systems resulting from milling are generally
polydisperse and often tend to reaggregate. Despite this, it is still being
considered for the production of nanomaterials aimed at the preservation of
cultural heritage, such as, SrCO3/propanol dispersion for deacidification of
wood samples (Schofield et al. 2011) and lime/alcohol dispersion for
reinforcement of wall paintings (Giorgi et al. 2000).

On the contrary, the precipitation of solid particles from the liquid phase
(homogeneous—phase reaction) is probably the most reliable and efficient
process to obtain nanostructures; the size and the shape of the particles could be
tuned by proper selection of some reaction parameters, as the temperature, the
concentration of the reactants and their mole ratio and the solvent. (Arai 1996).

For example, hydroxide nanoparticles of alkaline earth metal ions can be
synthesized in water (Ambrosi et al. 2001; Giorgi et al. 2005b; Poggi et al. 2010,
2011) or in organic solvents, i.e. diols (Salvadori et al. 2001).

The synthetic pathways of hydroxide nanoparticles in water to be applied
on artworks is the following: aqueous solutions of calcium and magnesium
chloride (or nitrate and sulfate) are heated up to 90°C and then mixed with a
solution of sodium hydroxide, kept at the same temperature. The mixture must
be left under vigorous stirring for about one hour; the precipitate, calcium or
magnesium hydroxide, is then recovered by centrifuge. Nanoparticles must be
purified from sodium chloride (or nitrate and sulfate) that is a by-product of the
reaction. In the case of calcium hydroxide, whose solubility product (Ksp) is
4.8x10-5, lime water is used; magnesium hydroxide is a less soluble salt
(Kps=1.5x10-11) and can be purified by using distilled water. At least five
washing cycles are needed; this process does not cause significant change in
particles size or shape. After drying particles are dispersed in low-chain alcohols.
Particles with average size in the range of 100-400 nm are thus obtained
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(Ambrosi et al. 2001; Giorgi et al. 2005a). A modified procedure, based on the
use of larger amount of magnesium with respect to the coprecipitating ions, was
proposed in 2010 (Poggi et al. 2010, 2011) and it resulted in the production of
magnesium hydroxide nanoparticles having smaller size and higher stability.

Another approach to decrease the average particles size is the
homogeneous-phase reaction in diols; the advantage arising from the usage of
organic solvents is that higher temperature can be reached during the synthesis
and, consequently, smaller particles can be obtained (Yura et al. 1990). Calcium
chloride, solubilized in 1,2 ethanediol or 1,2 propanediol, reacts with an aqueous
solution of sodium hydroxide; the precipitate is separated from the supernatant
dispersion by hot filtration. Particles tend to form micro-aggregates and need to
be peptized (Perez-Maqueda et al. 1998) by washing with 2-propanol in an
ultrasonic bath. The peptization must be repeated at least five times to obtain
particles with an average size of 30-60 nm. This synthetic procedure is, though,
time-consuming and these particles are rarely applied for conservation purpose
(Salvadori et al. 2001).

Calcium hydroxide nanoparticles synthesis starting from microemulsion
has been developed by Nanni and Dei (Nanni et al. 2003); particles obtained
with this procedure have an average diameter of 5 nm, but these
characteristics are unusually required in common conservation practice.

A completely different approach is based on a solvothermal reaction in
two-steps (Poggi et al. 2014a, 2016b): during the first step of the reaction, ethanol
oxidizes metal calcium to the corresponding alkoxide, i.e., calcium ethoxide,
which is soluble in ethanol. To hydrolyze the alkoxide and favor its conversion
to calcium carbonate, water is added inside the reaction chamber. Water triggers
the conversion of calcium ethoxide into calcium hydroxide. Calcium carbonate
nanoparticles can be also synthesized using a similar approach. The synthesis
will be discussed in Chapter 4.

2.2 Reinforcement

Reinforcement is crucial for mechanically-degraded works of art. A good
strengthening method must share the following common attributes: sufficient
bonding strength, chemical inertness towards the substrate, color stability, and
reversibility. Different methods have been developed for the reinforcement of

paper and cellulose-based materials, such as lamination (Wilson and Parks 1983;
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M and ] 1997), paper splitting (Briickle and Dambrogio 2000; Galinsky and
Haberditzl 2004), leaf casting machine (Letnar and Vodopivec 2004) and
impregnation (Kolbe 2004). In the next sections, we will focus on the

impregnating materials such as natural and synthetic polymers.
2.2.1 Traditional natural polymers

Polysaccharides and gelatin are the main natural polymers used as
consolidates in paper conservation. Funori, a water-soluble polysaccharide, is a
natural product used for many centuries by Asian paper conservators for certain
gilding techniques. The reinforcement results were very satisfying (Kolbe 2004).
Chitosan (poly 2-aminodeoxy-1,4 glucoside) is a natural polysaccharide
prepared from chitin, the only polysaccharide in the animal world. It contains
hydroxyl groups that give them ability to from hydrogen bond. Basta (Basta
2003) obtained good strengthening results with applying chitosan on paper.
Chitosan-based additives (chitosan, carboxymethyl chitosan) are more efficient
in the preservation of the mechanical strength of paper after thermal ageing as
compared to cellulose ethers (CMC, MC) which will be discussed in the
following section (Ardelean et al. 2011). Gelatin is produced from hydrolytic
decomposition bones or hides. Even if it results in a water-repelling effect, paper
strength was significantly increased after its application. In addition, heavily
gelatine-sized papers are more durable than those with weak sizing (Kolbe
2004).

Natural polymer was also used mixed with synthetic polymer, such as
cationic starch (AC), alkyl ketene dimmers (AKD) and chitosan (CH), to obtain a
double effect, i.e., resizing and reinforcement.

In ancient times, natural polymers were widely used for the reinforcement
of paper. However, due to their low biostability, versatility, synthetic polymers
are often currently preferred in conservation practice.

2.2.2 Synthetic polymers
Various synthetic polymers, usually in aqueous dispersions, have been

used as reinforcement agents in paper conservation. In the following section,
some commonly used synthetic polymers will be discussed.
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2.2.2.1 Cellulose derivatives

In terms of composition, structure and properties, cellulose derivatives are
compatible with cellulosic artworks. For this reason, they are often employed in
the conservation and restoration of cellulose-based artworks.

Cellulose ether

Cellulose ethers are frequently used for the strengthening of paper. During
the production process of cellulose ethers cellulose is firstly transformed to
alkali cellulose, using sodium hydroxide, and then into the final cellulose
derivative by reacting with alkylating agents, i.e., alkyl, hydroxyalkyl and
carboxyalkyl groups. Table 1 summarizes the industrially and commercially
important cellulose derivatives used in paper conservation.

Strnadova (Strnadova and Durovic 1994) stated that MC, HPC and MHEC
exhibit good biostability, are quite stable against accelerated ageing, and very
effective as consolidating agents, since they substantially increase the strength of
the paper they were applied to. However, CMC was not recommended due to
its considerably decreased strengthening effect after accelerated aging.

Table 1. Representative cellulose ethers in paper reinforcement.

Cellulose derivatives Abbreviation Substituents
Methylcellulose MC -CHs
Carboxymethyl cellulose CMC -CH2COO-Na*
Hydroxyethyl cellulose HEC -C:HsOH
Ethyl hydroxyethyl EHEC -C2Hs

cellulose -C:HsOH
Hydroxypropyl cellulose HPC -CsH7OH

21



Chapter 2 Conservation of paper

Even if cellulose ethers are widely used, they show some drawbacks. All
the cellulose ethers are hygroscopic and tend to degrade. Oxidation occurs both
in bulk storage and in situ, especially if there is light exposure. Moreover, in
acidic environments, they may be cross-linked through the hydroxyl groups by
means of aldehydes and acids.

Cellulose ester

Cellulose esters are also a broadly used as reinforcing agents in paper.
Various esters of cellulose have been manufactured but only cellulose nitrate
and cellulose acetate have been extensively used in conservation practice.

Cellulose nitrate (CN) is prepared by soaking cellulose pulp in a mixture of
concentrated nitric and (usually) sulfuric acids. CN degrades at room
temperature by a combination of oxidation and hydrolysis, which are catalyzed
by the presence of acid impurities and accelerated by light. Plasticized cellulose
nitrate was first used for the conservation of objects during the late nineteenth
century (Horie CV 2010).

Cellulose acetate (CA) is manufactured by heating cellulose with acetic
anhydride and sulphuric acid. The greatest quantity of CA was used in the
lamination of paper, starting around 1934 .The heat-lamination process involves
heating and pressing the paper between two sheets of CA so that the polymer
flows into the paper (Horie CV 2010). It is worth noting that niether CA nor CN
are anymore used in conservation practice.

2.2.2.2 Other synthetic polymers

Other synthetic polymers were used in conservation practice: these includes
nylon, paralyne, polyethylene glycol and polyvinyl alcohol (Marina and Barbara
1996; Nada et al. 2000).

It has been reported that soluble nylon is not feasible to be used for the
reinforcement of paper, because it is insufficiently reversible (Baer, Norbert S.,
Norman Indictor 1972). Paralyne, deposited by means of gas-phase deposition,
can penetrate inside the paper and encapsulate each individual cellulose fiber to
a uniform distribution. With this technique, durable coating with low or high
thickness can be obtained. However, a heavy coating may render certain paper
brittle (Humphrey 2015). Unfortunately, the method is not commonly used due
to its high cost and technical requirements. Nada et al. (Nada et al. 2000) tested

polyethylene glycol and polyvinyl alcohol for the strengthening of paper and
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concluded that the treatment of paper with a mixture of them improved both
mechanical strength and brightness stability.

In conclusion, synthetic polymers are widely used as consolidating agents
due to their good mechanical property and good interactions with substrates.
But they might result in irreversible changes over natural aging. More
specifically, it is difficult to remove deteriorated synthetic polymers without
damaging the treated surfaces.

2.2.3 Nanocellulose

Nanocellulose have been used as reinforcing agents for several different
polymers (Kargarzadeh et al. 2017). Here, we are going to highlight their used in
paper reinforcement.

Nanocelluloses are preferred for the reinforcement of cellulosic supports
over synthetic polymers not only because of their biodegradability but also
because of other unique properties, such as non-toxicity, renewability,
biodegradability and the compatibility with cellulosic support.

Nanocellulose can be divided into at least three main categories: (i)
cellulose nanocrystals (CNC)(Habibi et al. 2010); (ii) cellulose nanofibrils (CNF)
(Nechyporchuk et al. 2016a) and (iii) bacterial nanocellulose (BC). CNC and
CNF can be generated by a break—down process, i.e. acid hydrolysis of cellulose
from plants into nanomaterial. BC is produced by bottom—-up process, primary
by metabolites of bacteria (Castro et al. 2011). Since BC is defect-free, it shows
higher crystallinity and mechanical strength, compared with CNC and CNF.

Nanocellulose have been used as paper coatings (Nathalie Lavoinelsabelle
DeslogesBertine KhelifiJulien Bras 2014; Gicquel et al. 2017) or added to paper
pulp before sheet formation (Sun et al. 2015; Vallejos et al. 2016). More recently,
cellulose nanofibrils (CNF), carboxymethylated cellulose nanofibrils (CCNEF)
and cellulose nanocrystals (CNC), were tested in terms of structural
reinforcement of degraded canvases (Kolman et al. 2018; Nechyporchuk et al.
2018). All the tested nanocelluloses provided reinforcement in the adequate
elongation regime of degraded canvases.

Thanks to its uniqueness, bacterial cellulose has a wide field of applications
as potential consolidates in paper. Bacterial cellulose layers (Santos et al. 2015)
were cultivated and purified by in situ or ex situ to be used on the surface of the
document. In both cases bacterial cellulose improved the physical properties of
the damaged paper and remained stable over time. Bacterial cellulose was also
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used on lining with Japanese paper, which resulted in a reduction of air
permeability and wettability (Santos et al. 2016a). Moreover, BC rebuilt and
improved deteriorated paper quality, without altering the information
contained therein (Santos et al. 2016b). However, due to the cost of BC, its use in
conservation practice is not likely to become common.

2.3 Combined deacidification and reinforcement

As discussed in Chapter 1, when cellulosic artworks are in contact with
acidic compounds, hydrolysis takes place and the materials becomes brittle, so
that it cannot be handled. Therefore, in the case of acidic and strongly
mechanically-degraded cellulosic works of art, both a deacidification and a
reinforcement treatment is required. In this regard, a single-step method can
grant a reduction in terms of costs and time. In addition to that, it can also
reduce risk and stress for the artifact.

The first report about deacidification and reinforcement based on alkaline
particles and cellulose ether was reported by the Austrian National Library in
Vienna (Bluher et al. 2001). Calcium hydroxide was used as the neutralizing
agent and methylcellulose was added to the aqueous solution for reinforcement
purposes. Since this first test, different one-step approaches have been reported,
all based on alkaline dispersions and cellulose ether.

Guerra et al. (Guerra et al. 1995) demonstrated that simultaneous
deacidification and reinforcement with mixed solutions of calcium hydroxide
and methylcellulose result in a more homogeneous distribution of particles than
the separate single treatments. Sundholm (Sundholm and Tahvanainen 2003,
2004) showed that the preparation methodologies of treatment solutions have a
significant effect on the alkaline reserve deposited on paper. More specifically,
the mixing of Ca(OH)2 powder with methyl cellulose solution results in a higher
alkaline reserve if compared to a system obtained by mixing a Ca(OH):2 solution
with a methyl cellulose solution. Seki et al. (Seki et al. 2005, 2010) developed a
water/organic based method combining of strengthening with cellulose ethers
(methylcellulose, carboxymethylcellulose, hydroxypropyl cellulose and ethyl
cellulose) and deacidification with magnesium carbonate. Jancovicova
(Jancovicova et al. 2012) proposed a single-step treatment for triple effects, i.e.,
the improvement of the tested mechanical, optical and chemical parameters. It
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involves the used of magnesium and calcium bicarbonates, antioxidant
potassium iodide and cationic starch Empresol N.

Some other polymers were applied in combined treatment. Based on amino
alkyl alkoxy silanes (AAAS), a combined treatment for reinforcement and
inhibition of fungus was developed (Cheradame et al. 2003; Rousset et al. 2004;
IPERT et al. 2005). The chemical and physical interactions were also
comprehended (Souguir et al. 2011). Lunjakorn (Lunjakorn et al. 2015, 2018)
proposed a deposition method that can simultaneously create an alkaline
reserve and improve the mechanical properties of historic wood pulp (HWP)
paper by treatment with an organic solvent hexamethyldisiloxane suspension of
Mg(OH)2 nanoparticles stabilized by trimethylsilyl cellulose.

It is worth noting that several of the above listed treatments are
water-based methods. Therefore, they present several disadvantages and are,
nowadays, discouraged (see section 2.1.1).

Summary: Deacidification and reinforcement are the two main conservation
interventions that can be carried out for the preservation of cellulose-based
artworks. Deacidification treatments are based on the usage of alkaline
compounds that neutralize paper acidity. The neutralizing agents can be
dispersed in water, short chain alcohol and low-polar and inert solvents. The
most interesting systems are those based on organic solvents and nanoparticles.
For the reinforcement treatments, the compounds that can be used include
natural polymer, synthetic polymer and, more recently, nanocellulose.
Nanocellulose is newly developed and it is probably the most interesting
material due to the unique mechanical properties and high compatibility with
cellulosic material.

25



26



Part II — Experimental

Section



28



Chapter 3 Characterization techniques

Chapter 3 Characterization techniques

The purpose of this study is to develop hybrid materials for concomitant
neutralization of acidity and improvement of the mechanical resistance of
cellulose based-artifacts. Therefore, alkaline nanoparticles, i.e. calcium
hydroxide and calcium carbonate, for deacidification and cellulose nanocrystals
for reinforcement were prepared. The properties of materials (particle size,
stability and rheological properties) help us in understanding whether they are
qualified as conservation material and how they can be applied during
conservation.

Calcium hydroxide nanoparticles were prepared according to a previously
reported procedure (Poggi et al. 2014b, 2017). Calcium carbonate nanoparticles
were obtained using a new procedure, based on a solvothermal process, that
will be discussed in Chapter 4. The formation of calcium carbonate was
evaluated by Attenuated Total Reflection Fourier Transform InfraRed
spectroscopy (ATR-FTIR). TGA (Thermal Gravimetric Analysis) was used to
show changes in weight of the dried sample during a thermal ramp and the
conversion of calcium hydroxide into calcium carbonate. Particles were
characterized by (Transmission Electron Microscopy) TEM. Size and
distribution were also assessed with Dynamic Light Scattering (DLS).

In order to increase hydrophobicity of CNC and disperse them well in
ethanol, CNC were modified by grafting hydrophobic chains on the position of
hydroxy groups. The successfully modified CNC was characterized by FTIR,
DTG and AFM.

The two kinds of materials for deacidification and reinforcement were
mixed physically. Rheological measurements were performed to test the
mechanical responses. SAXS were used to explore the microscopic interaction
between particles.

After characterizing materials, they are applied on papers with the aim of
evaluating the effectiveness. In the field of cultural heritage conservation,
innovative materials are usually firstly applied on mockups, before being tested
on real samples. For the present study, filter paper was acidified and
hydrothermally aged so to have a starting material in need of both a
deacidification and a reinforcement material. Before and after the application of
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hybrid systems, acidity, mechanical strength and visual appearance of the paper
were measured.

Below, some general information about the way these properties measured
are briefly discussed.

3.1 Characterization of hybrid systems

3.1.1 Attenuated Total Reflection Fourier Transform InfraRed spectroscopy
(ATR-FTIR)

Attenuated Total Reflection (ATR) is based on the multiple internal
reflection of the beam incident on the sample. When an IR beam travels from a
medium of high refractive index (e.g. crystal) to a medium of low refractive
index (sample), the light is partly refracted into the low refractive index medium.
At a particular angle of incidence, i.e., the critical angle, all of the light waves are
reflected back to the medium of high refractive index. This phenomenon is
called total internal reflection. In this condition, part of the light energy extends
beyond the surface of the crystal into the sample held in contact with the crystal.
This invisible wave is called an evanescent wave. The attenuated beam returns
to the crystal, then exits the opposite end of the crystal and is directed to the
detector in the IR spectrometer. The detector records the attenuated IR beam as
an interferogram signal, which can then be used to generate an IR spectrum
(Sun 2009). A clean, empty crystal is normally used for collection of background
spectrum. The crystal can be made of diamond, ZnSe, Ge, Si, KRS-5, etc. The
main difference is refractive index.

This technique is useful for studying the surface of the materials
(penetration depth of 0.5-5 um). It is usually applied to determine the
composition of the surface. There are several advantages, e.g., minimal sample
preparation, fast and easy cleanup and analysis of samples in their natural
states.

It is necessary to obtain good optical contact between the surface of the
sample and the crystal of the accessory. Increasing the pressure of the material
on the crystal is the usual solution for some rough and hard materials to obtain
good surface contact (Lindon et al. 2010).

Attenuated Total Reflection Fourier-Transform Infrared Spectroscopy

(ATR-FTIR) was used to determine chemical composition of the dried calcium
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hydroxide nanoparticles, calcium carbonate nanoparticles, grafted CNC, CNC,
oleic acid and DMSO. The measurements were carried out with a
Thermo-Nicolet Nexus 870 spectrometer equipped with a liquid nitrogen-cooled
Mercury Cadmium Telluride detector and a single reflection diamond crystal
ATR unit. The spectra were obtained from 128 scans with 2 cm™ of optical
resolution, in the 4000-650 cm™ range. A background spectrum of air was
scanned under the same instrumental conditions before each series of
measurements.

3.1.2 Transmission Electron Microscope (TEM)

Transmission electron microscope (TEM) consist of three essential systems:
an electron gun for producing the electron beam and the condenser system for
focusing the beam onto the object; the image-producing system; the
image-recording system converting the electron image into some form
perceptible to the human eye.

It is a microscopy technique in which a beam of electrons is transmitted
through an ultrathin specimen, interacting with the specimen as it passes
through it and utilizing energetic electrons to visualize microstructure of
materials at the nanometer level.

The organization and basic principles of the transmission electron
microscope (TEM) are similar to that of the light microscope. TEM has the
added advantage of greater resolution. Electron beam has a much shorter
wavelength than the wavelength of visible light so that it forms the image in a
light microscope resolving much greater detail.

In this research, Transmission electron microscopy (TEM) images of
alkaline nanoparticles were acquired with a STEM CM12 Philips electron
microscope, having a point-to-point resolution of 0.3 nm. The nanoparticle
samples dispersed in ethanol (1 g/L) were cast onto a carbon-coated copper grid
sample holder, followed by evaporation of the solvent at room temperature.

3.1.3 Atomic Force Microscope (AFM)
The Atomic Force Microscope (AFM) is a scanning-probe microscope that

measures various material properties by using a cantilever with a sharp probe
that scans the surface of the specimen. It has two modes of operation, namely
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contact mode and non-contact mode depending on whether the cantilever
vibrates during the operation.

In contact mode, the cantilever drags across the sample surface and the
deflection of the cantilever and tip is measured by a laser beam. In non-contact
mode, the tip vibrates slightly above its resonance frequency and does not
contact the surface of the sample. A feedback loop adjusts the height of the
cantilever so that the force is kept constant. Recording the distance between the
tip and sample at each point allows the software to construct a topographic
image of the sample surface.

Atomic force microscopy (AFM) images were collected on CNC and GC
particles with a XE7 system (Park System Corp. Korea). The images were
acquired in non-contact mode using SSS-NCHR 10M AFM tips with a
guaranteed radius of curvature <5 nm, a nominal force constant of 42 N m™!, and
a resonance frequency of 272 kHz (drive = 66%). Samples were prepared by
placing about 10uL of CNC in water and GC in ethanol (about 3 mg/L) over a
freshly cleaved mica sheet.

3.1.3 Thermal Gravimetric Analysis (TGA)

TGA usually records mass loss over increasing temperature of the sample
(or time). A precision balance, a programmable furnace and a recorder are the
basic instrumental requirements. Usually, analysis was done under dynamic
nitrogen atmosphere. The measured weight loss curve gives information about
changes in sample composition, thermal stability and kinetic parameters for
chemical reactions in the sample. Mass loss can be caused by gas adsorption or
desorption, phase transitions and decomposition etc.

Plotting the rate of mass change upon heating as a function of time or
temperature is Derivative Thermogravimetry (DTG). It is commonly used to
analyze more subtle effects, e.g., the point at which weight loss is most apparent,
changes in the mechanism during a reaction.

The thermal behaviors of calcium hydroxide, calcium carbonate, GC, CNCs
and oleic acid were studied using an SDT Q600 TA Instrument, operating
between 30 and 500 °C at a heating rate of 10 °C/min under nitrogen flow (100
mL/min). For each measurement, about 30 mg of sample were placed inside an
aluminum pan and analyzed. From the thermal curves, the pyrolysis
temperature (Tp), defined as the maximum of the weight loss derivative, was
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recorded and used to gain information about the composition of the sample. Tp
experimental error is + 1 °C.

3.1.4 Mastersizer 3000

The Mastersizer 3000 laser diffraction particle size analyzer delivers rapid,
accurate particle size distributions for both wet and dry dispersions measuring
over the nanometer to millimeter particle size ranges.

It uses the technique of laser diffraction to measure the size of particles by
recording the intensity of light scattered as a laser beam passes through a
dispersed particulate sample. This data is then analyzed to calculate the size of
the particles that created the scattering pattern.

A typical measurement system is made up of optical bench, sample
dispersion units. In the area of optical bench, a laser beam illuminates dispersed
particles. A series of detectors then accurately measure the intensity of light
scattered by the particles within the sample for both red and blue light
wavelengths and over a wide range of angles. Sample dispersion is controlled
by a range of wet and dry dispersion units which guarantee that the particles
are delivered to the measurement area of the optical bench at the correct
concentration and in a suitable, stable state of dispersion.

Measurements were carried out on diluted systems (1 g/L) with a laser
obscuration of about 2-3%. The external control module of sample
pumping/stirring was set at 1800 rpm. The “general purpose” analysis was used
to obtain the volume-based size distributions of particles.

3.1.5 Small-Angle X-ray Scattering (SAXS)

A SAXS instrumentation includes the X-Ray source, a monochromator, a
collimation system, a sample chamber and a detection system.

It is a non-destructive and highly versatile standard method to study at the
nanoscale the structure of materials in solution, solid, gas phase or at the
interface with specially designed sample holders. Samples can be measured
under various conditions, such as different temperatures, humidity, pressures,
even during chemical reaction.

Photons interact with electrons and intensities of X-rays scattered by a
sample as a function of the scattering angle are measured. By means of
appropriate model fittings and reconstructions, SAXS data deliver structural
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parameters, such as average particle sizes, shapes and distributions, the
materials’ porosity as well as degree of crystallinity.

Small-angle X-ray scattering (SAXS) measurements were performed with a
HECUS S3-MICRO SWAXS-camera, equipped with a Hecus System 3 2D-point
collimator (min divergence 0.4 x 0.9 mrad?) and two position sensitive detectors
(PSD-50M) consisting of 1024 channels with a width of 54um. During the
experiments, the K, radiation (A = 1.542 A) emitted by a Cu anode from the
Oxford 50 W microfocus source with customized FOX-3D single-bounce
multilayer point focusing optics (Xenocs, Grenoble) was used, while the Ky line
was removed by a multilayer filter. The voltage is generated by the GeniX
system (Xenocs, Grenoble). The sample-to-detector distance was 26.9 cm. The
volume between the sample and the detector was kept under vacuum during
the measurements to minimize the scattering from the atmosphere. The camera
was calibrated in the small-angle region using silver behenate (d = 58.38 A).
Scattering curves were obtained in the g-range between 0.01 and 0.6 A-l. The
temperature control was set to 25 °C. Samples were contained in 1.5 mm thick
quartz capillary tubes sealed with hot-melting glue. Scattering curves were
corrected for the empty capillary contribution considering the relative
transmission factors. Desmearing of the SAXS curves was not necessary thanks
to the sophisticated focusing system.

In the present case, we adopted a parallelepiped model implemented in the
SASView software to fit our systems. Here, the scattering intensity I(q) of a
rectangular solid particle, having A < B < C as the three dimensions, is calculated
as follows (Kline 2006):

K
Q)= (ApV)?P(q, 0) + bkg

Where K is a scale factor, V is the volume of a single particle (V =
A X B X (), and the contrast term is Ap = peye — Psowent- P(q, @) is the form
factor corresponding to a parallelepiped oriented at an angle given by cos(o)
(being o the angle between the direction of C and the scattering vector q). The
calculations are performed by using reduced lengths, instead of the actual
dimensions, obtained by normalizing each length to the middle one, B, as
follows:

A
a=§(< 1)
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b—b =1
=zED
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The form factor, averaged over all possible orientations (spanning the
whole range of cos(o)), is then given by the following double integral
(Mittelbach and Porod 1961):

P(q,0) = fOIQ'JQ(Ii\/ 1—a?a) [S (g)]z do

with:

2

po(u,a) = fol {S [gcos (gu)]S %cos (gu)]} du

sin x

S(x) =

n=qB
Where u is the cosine of the angle between B and the scattering vector.

3.1.6 Rheological analysis

Different materials display different types of response to an applied stress:
viscous flow, elastic deformation and viscoelastic response. If the material
deforms instantly under stress and the deformation is spontaneously reversed
when the stress is removed, the material possesses an elastic response,
accordingly to the Hooke’s law (Ferry 1980a). The stress is directly proportional
to strain in deformations and is independent of the rate of strain. If a material
continues to deform as long as the stress is exerted and the energy put in to
maintain the flow is dissipated as heat, the material possesses a viscous
response, accordingly to the Newton’s law (Ferry 1980a). The stress is directly
proportional to rate of strain and is independent of the strain. Perfect viscous or
elastic materials are much easier to measure. Unfortunately, they are not very
common. Most materials are viscoelasticc, meaning that they combine the
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features of a so-called perfect elastic solid and a perfect fluid, representing
apparent viscosities that depend entirely on the specific experimental conditions,
such as stress, strain, timescale and temperature.

Rheology is the study of flow and deformation of materials under exerted
forces, especially the establishing relationships between stress and deformation
for materials where neither Newton's law nor Hooke's law suffice to explain
their mechanical behaviors. The extent to which a material deforms under a
certain force depends strongly on its properties and gives information about
structure. In our study, the rheological characteristics of materials directly affect
the way that they should be handled in conservation.

Oscillatory shear measurements were carried out with a TA Instrument
Hybrid Rheometer DISCOVERY HR-3, using a plate-plate geometry (Flat Plate
40 mm diameter) and a Peltier for temperature control. The cell was closed by
lowering the head to the measuring position in the z axis force-controlled mode.
Each gel sample was gently loaded onto the plate and care was taken to
minimize shearing during sample removal and sample loading. To minimize
ethanol evaporation during tests, silicone oil was placed around the sample.
Measurements were performed at 25 °C and at least twice on duplicate samples.

In the system of hybrids in water/ethanol blend, flow and frequency sweep
curves and three interval thixotropy tests (3ITT) (Mewis and Wagner 2009; Said
et al. 2015; Yilmaz and Vatansever 2016) were measured. For flow curves,
viscosity is measured as a function of shear rate, were acquired between 10-3and
10? s'l. Frequency sweep measurements were carried out over the frequency
range 0.05-50 Hz, in the linear viscoelastic region (strain 1%), previously
determined by amplitude sweep tests (strain 0.01-200%; 1Hz). Three interval
thixotropy tests (3ITT) were performed as follows: a low-shear rate (0.1s) was
applied for 60 s; thereafter, a high-shear rate regime (60 s at 10 s') was used to
break the structure of the samples; the final stage at low-shear (0.1 s!) lasted 600
s, to favor the recovery of the internal structure.

In the system of hybrids in ethanol, amplitude sweep tests were performed
to determine the linear viscoelastic (LVE) domain (strain 0.01-100%; 1Hz).
Frequency sweep measurements were carried out over the frequency range
15-0.1Hz at a constant strain of 0.2% within LVE domain. Three-interval test
(BITT test) (Wollny and Huck 2002) were performed using a parallel-plate
geometry (diameter 40 mm). In the first interval of oscillation, 600s soak time
was applied to remove loading effects, then test was performed at constant
frequency, 1Hz, and amplitude oscillatory strain, y= 0.02%, within the linear
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viscoelastic range for 90s. In the second interval, 60s soak time was applied and
followed by a large amplitude oscillatory strain (80%) for 90s aiming to break
down the structure of the gel. In the third interval, 600s soak time was applied
to get sample in new equilibrium state, same conditions were applied as in the
first interval.

3.2 Characterization of paper conditions

3.2.1 pH measurements

Paper pH is generally defined as the pH of its extractives soluble in distilled
water. Several procedures can be adopted to test the pH of cellulose-based
artifacts. The most commonly used procedure, defined by TAPPI (Technical
Association of the Pulp and Paper Industries), implies the use of 1g of paper to
be immersed in 70mL of cold (TAPPIL 2002) or hot (TAPPI. 2006) water. This
approach is indeed destructive and, for that, is not always easily applied during
conservation practice. Alternatively, surface pH measurements can be
performed (TAPPI. 2004): a drop of water is placed on the surface of sample and,
after a suitable amount of time, the pH is measured with a universal indicator.

Nowadays, paper pH is world widely accepted and considered a very
useful tool to assess conservation conditions of cellulosic material. It is worth
noting that the pH results can not represent the condition of the entire sample
since a small portion of the sample was took during the measurement.

As above indicated, the determination of paper pH can be an useful tool to
decide if a deacidification treatment is needed and the deacidification effects;
but, in our opinion, 1g of sample required in the TAPPI procedures (TAPPIL
2002, 2006) is often inapplicable due to the limitation of cellulosic material. On
the other hand, the measurement of surface paper pH(TAPPI. 2004) cannot
obtain reliable results in this situation. Therefore, a modified TAPPI procedure
was used: 125 mg of sample was weighed, cut in small pieces and placed inside
screw top vials. 9 mL of distilled water was added inside each vial,
subsequently sealed to avoid the solubilization of CO: from air into the
extracting water. Vials were kept under stirring for one hour, before measuring
the pH of the extraction by using a digital pH-meter (CrisonBasic 20, equipped
with a combined electrode, model 52-21). Three measurements were performed
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on each sample. The error associated to pH measurements on these samples is +
0.2.

3.2.2 Colorimetry

A colorimeter consists of a light source, a sample holder, and a light
intensity sensor to control the light source and integrate the transmitted light
intensity.

It measures color quantitatively, replacing the subjective responses, such as
‘dark red’, ‘light purple’, ‘bright gold’, with an objective numerical system.

The Commission International de 1'Eclairage (CIE) recommended a system
of color specification based on the three tristimulus values X, Y and Z, which are
obtained from the spectral measurement of the light reflected by the perfect
reflecting diffuser, once an illuminant is chosen. CIE defined in 1976 two
psychometric systems, termed CIELAB and CIELUV. The CIELAB colorimetric
system is spanned by the coordinates (L*, a* b*). L* is lightness. a* and b* are
coordinates recalling the opponent unique hues.

Reflectance spectra were acquired wusing a Cary 100 UV-VIS
spectrophotometer, working in a A range of 400-700 nm (with 1 nm of
resolution), equipped with an integrating sphere having a circular sampling
spot (diameter = 1.5 cm). Colorimetric coordinates were extracted from
reflectance spectra using standard illuminant D65 and a standard observer at 2°.
The color difference between samples can be expressed in terms of the AE
parameter, calculated from the colorimetric coordinates and L’, a’, and b" as
follows (Wyszecki and Stiles 2000):

AE = (L5—L1)? + (a5—a))? + (b3—b;)?
The experimental error of colorimetric measurements on paper is + 0.5.
3.2.3 Tensile strength measurements

Tensile strength is the maximum tensile force per unit width of test
specimen before rupture. It is a measure of the strength derived from factors
such as fiber strength, fiber length and bonding.

Several standards are available to test the tensile strength of cellulose-based
materials. The most common are those based on constant rates of elongation. As
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is described in the standard method ASTM D828 (ASTM D828-97 2002; TAPPI
T494 2006), the initial dimension of specimen require is 2.54 mm of width, 254
mm of length, 180 mm of gauge length (the distance between the clamping
zones), and about 2.54 mm per minute of rate of grips separation. The time to
break a single strip should be between 15 and 30 s. The speed of the instrument
must be reported, along with the test data. However, samples of that size are not
commonly available in the paper conservation field. In our case, test span and
speed were changed proportionally as suggested in the standard test method.

Tensile strength measurements were conducted on paper stripes using a TA
Instrument Hybrid Rheometer DISCOVERY HR-3, equipped with a Film
Tension Dynamic Mechanical Analysis tool.

The used procedure was adapted from standards for tensile measurements
on paper (ASTM D828-97 2002; TAPPI T494 2006). Each stripe measures 1 x 8
cm? and was clamped on two jaws, whose distance was fixed at 4 cm. The rate
of separation of the two jaws was set at 94 um/s or 47um/s. This rate of grip
separation generally results in sample rupture in 10-30 s. At least six
measurements were performed for each series of samples. The mean value of
the load at which sample rapture occurred was used to calculate the Ultimate
Tensile Strength (UTS), given by:

UTS = AF/W[kN/m]

where AF is the axial force at rupture and W is the width of the sample,

measured with a digital caliper.
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Chapter 4 Strengthening and deacidification
of paper with hybrids of alkaline
nanoparticles and cellulose nanoparticles in

water/ethanol blend

As deeply discussed in Chapter 1, the most important degradation
mechanism of cellulose is the acid-catalyzed hydrolysis of B-1,4-glycosidic
bonds, which results in the decrease of cellulose DP and, macroscopically, in the
loss of the original mechanical properties. Therefore, both a deacidification and
a reinforcement treatment are required.

A single-step treatment grants a reduction in terms of costs, time, risk and
the stress for the artifact. Therefore, we devoted research efforts to the
formulation of combined systems to neutralize acidity, hampering further
degradation of the cellulose chains, and, at the same time, improve the
mechanical resistance of the original material. As discussed in Chapter 2, our
research group proposed the use of alkaline nanoparticles for deacidification in
2002 and have worked on the field since then. Therefore, for the combined
deacidification and consolidation of cellulose-based artworks, we decided to use
similar dispersions, i.e., calcium hydroxide and calcium carbonate nanoparticles.
Calcium hydroxide nanoparticles were prepared according to a synthetic route
involving ethanol and calcium metal (Poggi et al. 2014c, 2016a). On the other
hand, calcium carbonate nanoparticles were obtained using an innovative
procedure, which includes the usage of an alkyl carbonate for the conversion of
the intermediate reaction products into carbonates that will be discussed in the
following sections. For the reinforcement of cellulosic materials, nanocellulose
was adopted. As is discussed in chapter 2, there is a growing interest in the use
of nanocellulose, due to its unique properties. As a matter of fact, nanocelluloses
are non-toxic, renewable and biodegradable. In addition to that, they have
excellent mechanical properties, high surface area, and form almost transparent
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films (Habibi et al. 2010; Moon et al. 2011; Lavoine et al. 2012; Abdul Khalil et al.
2014; Nechyporchuk et al. 2016b, a).

Hybrid systems for the simultaneous strengthening and deacidification of
paper are presented in the following section, including the physico-chemical
characterization by means of rheological and SAXS measurements. The efficacy
of the proposed systems for strengthening and deacidification of acidic paper
was evaluated with tensile testing and pH measurements.

4.1 Alkaline nanoparticles

4.1.1 Synthesis via solvothermal reaction

Calcium hydroxide nanoparticles were prepared using a solvothermal
synthesis, starting from ethanol and calcium metal (Poggi et al. 2014c, 2016a).
Calcium carbonate nanoparticles were obtained as follows: 10 g of granular
calcium and 500 mL of ethanol were placed inside a high-pressure reactor
(Parr-instruments). Before starting the reaction, vacuum/nitrogen cycles were
performed to ensure an oxygen-free atmosphere inside the sealed reaction
chamber. During the first step of the reaction, calcium alkoxide is obtained. To
hydrolyze the alkoxide to calcium carbonate, 35 mL of water and 35 mL of
diethyl carbonate was added inside the reaction chamber by means of steel
pipette in a nitrogen atmosphere. The addition was carried out at 70 °C and the
system was stirred for 60 min. Contrarily to calcium hydroxide nanoparticles,
which were prepared according to a previously reported procedure, calcium
carbonate nanoparticles were obtained using a new procedure, based on a
solvothermal process. During the first step of the reaction, ethanol oxidizes
metal calcium to the corresponding alkoxide (equation 4.1), i.e. calcium
ethoxide, which is soluble in ethanol. To hydrolyze the alkoxide and favor its
conversion to calcium carbonate, both water and diethyl carbonate were added
inside the reaction chamber by means of steel pipette in an inert atmosphere.
Water triggers the conversion of calcium ethoxide into calcium hydroxide, while
diethyl carbonate releases carbonate ions (Faatz et al. 2004) that react with the
calcium hydroxide formed after the addition of water (equation 4.2).

Ca + ethanol - Ca(ethoxide), + H, 4.1)
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Ca(ethoxide), + H,0 + DEC —» CaC0O; + ethanol 4.2)

4.1.2 Characterizations of synthesized nanoparticles

ATR-FTIR spectrum of the dried calcium carbonate nanoparticles (black
line) only shows the peaks related to carbonate ions, such as the asymmetric
stretching at 1485 cm!, the symmetric stretching at 1082 cm!, and the symmetric
bending at 870 cm™ (Andersen, Flemming A. Brecevi¢ 1991). Peaks due to the
OCO bending (in-plane deformation) located between 750 cm™ and 700 cm!
provide interesting information about calcium carbonate polymorphs.
Synthesized nanoparticles, in fact, are composed of both calcite (v4 = 713 cm™)
and vaterite (v4 = 746 cm™), two of the most common crystalline polymorphs of
CaCOs (Andersen, Flemming A. Brecevi¢ 1991). The ATR-FTIR spectrum of the
dried calcium hydroxide nanoparticles (grey line in figure 4.1-A) shows a sharp
peak located at 3640 cm, which can be attributed to portlandite, i.e. the
crystalline form of calcium hydroxide. The presence of a weak signals typical of
carbonate are due to the incipient conversion of the hydroxide nanoparticles
that, due to their high surface area, react readily with atmospheric COs.

The composition of nanoparticles was also assessed with DTG. The graph
reported in figure 4.1-B shows the weight change of the dried samples during a
thermal ramp. The DTG thermogram of calcium hydroxide nanoparticles (grey
line) displays a peak between 350°C and 500°C, corresponding to the
dehydration of calcium hydroxide (Halstead, P. E. 1957). On the other hand, the
thermogram of calcium carbonate nanoparticles shows a broad peak between
500°C and 800°C that is the fingerprint of the decomposition of calcium
carbonate into calcium oxide and carbon dioxide, with a yield of about 43%
weight loss, in agreement with the theoretic weight loss of 44% (Halikia et al.
2001; Popescu et al. 2014).

Overall, ATR-FTIR and DTG clearly show that the conversion of calcium
hydroxide into calcium carbonate during the second step of the reaction was
complete. TEM images of synthesized calcium carbonate nanoparticles display
two phases: one consisting of cubic crystals and the other consisting of globular
shapes (see figure 4.1-C). This is in agreement with ATR-FTIR spectra, in which
two polymorphs of calcium carbonate were detected, being the cubic crystals
due to calcite and globular particles due to vaterite (Popescu et al. 2014). The
TEM image of calcium hydroxide nanoparticles shows hexagonal platelets with
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Figure 4.1. (A) ATR-FTIR spectrum of dried calcium hydroxide (grey line, bottom
spectrum) and carbonate (black line, top spectrum) nanoparticles. (B) DTG curve of
dried calcium hydroxide (grey line) and carbonate (black line) nanoparticles. (C) TEM
picture of calcium carbonate nanoparticles. (D) TEM picture of calcium hydroxide
nanoparticles. (E) Volume-based size distribution of calcium carbonate nanoparticles
obtained with laser diffraction analysis. (F) Volume-based size distribution of calcium

hydroxide nanoparticles obtained with laser diffraction analysis.
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a high degree of ordering, having a thickness of about 20-30nm (see figure
4.1-D). In agreement with the TEM images, the volume-based size distribution
of calcium carbonate nanoparticles, obtained by laser diffraction, is centered at
about 70 nm (figure 4.1-E), while the average diameter of calcium hydroxide is
about 140 nm (figure 4.1-F).

Overall, the physico-chemical characterization of calcium hydroxide and
carbonate nanoparticles showed that the solvothermal reaction yields crystalline
and relatively small nanoparticles. These features indicate that both calcium
hydroxide and carbonate are good candidate for the cellulose-based artworks
conservation. In addition to that, these nanoparticles are already dispersed in
the appropriate solvent for the conservation treatment, i.e. the system can be
directly employed without any further purification step.

4.2 CNCs dispersions and hybrid systems

4.2.1 Preparation

Cellulose nanocrystals powder was placed, as received, in a vial, together
with highly pure water. The dispersion was then stirred for 6 hours at 800 rpm.
Thereafter, the dispersion was sonicated for 5 minutes with a Branson S-450
(450W) equipped with a micro-tip, with an output power of 20%. Initially tested
CNC concentration ranges from 0.5 wt% to 12 wt%.

For the preparation of CNC dispersion in water/ethanol mixture, ethanol
was gradually added to a highly-concentrated aqueous CNC dispersion kept
under stirring. After some preliminary tests, a concentration of 50 wt% of
ethanol and a concentration of 3 wt% of CNC was selected for the preparation of
final systems.

Hybrid systems were prepared by mixing an aqueous CNC dispersion with
calcium hydroxide or calcium carbonate nanoparticles in ethanol. Alkaline
nanoparticle dispersions were gradually added, keeping the hybrid systems
under stirring. After some preliminary tests, a nanoparticles concentration in the
hybrid systems of 0.3 wt% was selected for the preparation of final systems.
Ethanol was added to these systems to obtain a concentration of 50 wt%. Name
and composition of selected hybrid systems are indicated in Table 1.
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Table 4.1. Name and composition of CNC dispersions and hybrid systems

CNCs dispersions and hybrid systems
Name CNCs | NanoP | NanoP Solvent Ethanol
wt% type wt% wt%

CNC12W 1.2 - - Water -
CNC120W 12 - - Water -
CNC30W 3 - - Water -
CNC30 3 - - Water/Ethanol 50
CNC30-OH3 3 Ca(OH): | 0.3 | Water/Ethanol 50
CNC30-CO3 3 CaCOs 0.3 Water/Ethanol 50

4.2.2 Characterization

Preliminary tests were conducted on CNC dispersion over a wide range of
CNC concentration (0.5-12 wt%). Flow curves were used to gain information
about the viscosity of systems and its changes as a function of the shear rate.
Viscosity is a fundamental property of a material, and it can shed light on some
interesting features useful for applicative purpose.

Some of the recorded flow curves are reported in Figure 4.2. All these
selected systems behave as non-Newtonian fluids. In general, the viscosity
decreases with increasing shear rate, even if the particular behavior of each
sample depends on the concentration of CNC. The flow curve of CNCI12W
exhibits three discrete regions, as already reported in the literature (Hamza
2017): at low shear rate, a pseudo-Newtonian plateau can be seen; at
intermediate shear rate, a significant drop in the viscosity is related to a change
in the structure, leading to an alignment of nanocrystals; consequently, at high
shear rate, another pseudo-Newtonian plateau can be seen. The flow curve of a
more concentrated systems, i.e. CNC30W, displays a similar behavior, even if
the difference between the three regions is less clear. At higher concentration
(CNC120W), the CNC aqueous dispersion behaves as a pure shear thinning
material, where the viscosity significantly decreases with increasing shear rate.
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This is due to the electrostatic interactions between particles, which leads to
strong systems at high concentration of CNC (Lu et al. 2014). It is very
interesting to note that the addition of ethanol in 3 wt% CNC aqueous
dispersion leads to the change in the rheological behavior of the systems. In fact,
the flow curve of CNC30 exhibit a pseudo-plateau at low shear rate, in which
the viscosity is about 600 times higher than CNC30W. The viscosity then
decreases with increasing shear rate, in a manner that is typical of a shear
thinning material. The presence of ethanol in CNC dispersion results in the
overall increase of the viscosity of the system. This behavior can be explained as
follows: the Debye length, which is a measure of how far the electrostatic effect
of charged particles persists, depends on the permittivity of the solvent. The
lowest the permittivity of the solvent, the highest is the screening of the
electrostatic repulsions between crystals. Permittivity of ethanol is lower than
water (24.5 and 78, respectively), therefore, in presence of a hydroalcoholic
mixture, the Debye length of nanocrystals decreases, allowing for stronger
interactions between particles. As a result, the viscosity of the dispersion

significantly increases.
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Figure 4.2. Flow curves of CNC featuring systems: CNC at 12 wt% in water (CNC120W, black
diamonds); CNC at 3 wt% in water/ethanol (CNC30, red triangles); CNC at 3 wt% in water —
(CNC30W, green circles); CNC at 1.2 wt% in water (CNC12W, blue squares).
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On the basis of these preliminary tests, systems featuring 3% of CNC,
which display the most interesting behavior in terms of viscosity, were selected
to be used for the preparation of hybrid systems, following the procedure
reported in 3.1.6. The mechanical response of hybrid systems was assessed
using frequency sweep measurements and compared to the one of reference
dispersions, i.e., CNC30W and CNC30. In a typical frequency sweep test, the
frequency of the applied strain is increased, and the mechanical response is
recorded in terms of G/, the storage modulus, and G”, the loss modulus, which
are, respectively, a measure of the stored energy, i.e. the elastic response, and of
the dissipated energy, ie. the viscous response at a given frequency of
oscillation (Ferry 1980a). The mechanical dynamic response exhibited by
CNC30W, reported in figure 4.3-A is typical of a viscoelastic liquid, i.e. of an
entangled system where nanocrystals interactions are negligible: at low
frequencies the system behaves as a diluted solution (predominant viscous
behavior, G”>G’), while at high frequencies the response becomes more
solid-like (G'=G”), as the system cannot rearrange within the time of an
oscillation (Ross-Murphy 1995). On the other hand, CNC30 displays a solid-like
mechanical spectrum, being G'>>G” over the entire range of investigated
frequencies, with both moduli almost frequency-independent (see figure 4.3-B).
Moreover, the values of both G" and G” in CNC30 are more than 10 times higher
than CNC30W. These results are in accordance with the flow curves reported in
Figure 4.2, and they confirm that the addition of ethanol increases the
interaction between cellulose nanocrystals, as a result of the decrease in the
Debye length.

In Figure 4.3-C, the frequency sweep of the hybrid system with CNC (3
wt%) and calcium hydroxide nanoparticles (0.3 wt%), in a water/ethanol blend
(ethanol 50 wt%), i.e. CNC30-OH3, is reported. The addition of calcium
hydroxide nanoparticles leads to strong increase in G" and G”, which are two
orders of magnitude higher than in CNC30 and are frequency-independent.
This system exhibits a true gel-like behavior indeed. Cellulose nanocrystals
produced by sulfuric acid hydrolysis of cellulose usually yield negatively
charged CNC particles with sulfate surface groups (Phan-Xuan et al. 2016); it
has been recently shown that the addition of divalent ions, such as Ca?* to
charged nanocelluloses can induce the gelation of aqueous dispersion by
screening the repulsive forces generated by surface charges (Dong et al. 2013;
Chau et al. 2015). The overall effect is similar to the effect of the addition of
ethanol, already discussed. Indeed, the Debye length is also a function of the
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concentration of ions in solution, i.e., the ionic strength. The highest the ionic
strength, the lowest is the Debye length. Therefore, the addition of both ethanol
and calcium hydroxide to a CNC dispersion in water results in a strong gelled
system. In addition to that, as crystals distances are reduced during gelation,
divalent ions may complex different crystals, increasing the mechanical strength
of the system (Dong et al. 2013).

A different behavior is shown by the hybrid system CNC30-CO3, as
reported in Figure 4.3-D. Here, the G’ and G” values are only slightly higher than
those of CNC30 system, even if both moduli are frequency independent. This
behavior can be simply explained by the lower solubility of calcium carbonate
nanoparticles in the water/ethanol blend with respect to calcium hydroxide,
which leads to a less pronounced effect on the screening of the crystal repulsive

forces.
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Figure 4.3. Frequency sweep measurements on CNCs featuring systems - G'(ll), G”(@®). (A)
CNC30W: aqueous dispersion of CNC (3 wt%). (B) CNC30: dispersion of CNC (3 wt%) in
water/ethanol blend (ethanol 50 wt%). (C) CNC30-OHa3: hybrid system, with CNC (3 wt%)
and calcium hydroxide nanoparticles (0.3 wt%), in water/ethanol blend (ethanol 50 wt%). (D)
CNC30-CO3: hybrid system, with CNC (3 wt%) and calcium carbonate nanoparticles (0.3
wt%), in water/ethanol blend (ethanol 50 wt%).
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The visual aspect of the samples, shown in Figure 4.4, confirms the
rheological characterization of the systems; in fact, CNC30-OH3 (C) is more
solid-like than CNC30 (A) and CNC30-CO3 (B). Interestingly, the latter two
dispersions, if gently shaken, start to flow. This can potentially allow for their
application by spraying, which is sometimes to be preferred in the case of very
fragile artworks. On the contrary, a more solid-like system such as CNC30-OH3,
should be selected when a more confined application is required. It is worth
noting that, for the present study, all the systems were applied by brush to
allow for a proper comparison of their effectiveness.
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Figure 4.4. Upper row: (A) CNC30; (B) CNC30-CO3; (C) CNC30-OH3. Bottom row: three
interval thixotropy test (3ITT) of CNC30 (D) and CNC30-CO3 (E). After the application of a

high shear rate, the recovery in viscosity after 600 s is manifest (even if not complete).

After preparation 1 day, a three interval thixotropy test (3ITT) was used to
perform instant shear stress/shear rate deformation. As the name suggests, the
test is composed of three intervals: a low-shear interval, to be used as a reference
of an undisturbed material; a high-shear interval, to break the internal structure;
a final stage at low-shear conditions to favor the regeneration of the structure.
As can be seen in Figure 4.4-D and 4.4-E, in the first interval, the viscosity of
CNC30 and CNC30-CO3 is 60 and 130 Pa s, respectively; in response to a
high-shear rate (10 s?), which induces the alignment of cellulose nanocrystals,
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the viscosity drop to about 1 Pa s in both systems. In the third interval (0.1 s
shear rate), there is an immediate partial recovery of the viscosity, followed by a
slower increase, which is typical of thixotropic systems. After 600 s, the viscosity
of CNC30 and CNC30-CO3 is, respectively, 50 and 80 Pa s, corresponding to a
recovery of about 80% and 60%.

SAXS measurements were used to deepen the interactions between
cellulose nanocrystals in the presence of ethanol and alkaline nanoparticles.
CNC have been the subject of several characterization studies, where scattering
techniques such as quasi-elastic light scattering (QELS), small-angle neutron
scattering (SANS) and SAXS measurements were performed, in order to gather
information about size, shape and interparticle interactions of cellulose
nanocrystals dispersions (Bonini et al. 2002; Su et al. 2014, 2015; Cherhal et al.
2015; Schiitz et al. 2015; Uhlig et al. 2016; Mao et al. 2017). In particular, being
the CNC elongated fibrillar particles, they are usually modeled as cylinders,
ribbons, or parallelepipeds in the analysis of scattering data. Generally, ribbons
and parallelepipeds provide the most reliable fitting results (Su et al. 2014). As is
described in chapter 3, the systems were fitted by a parallelepiped model
implemented in the SASView software.
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Figure 4.5. SAXS curves of the four samples: CNC30W, blue circles; CNC30, yellow circles;
CNC30-0OH3, green circles; CNC30-CO3, red circles. Fitting lines are represented as
continuous black curves. The four curves, otherwise almost completely superimposed, have

been arbitrarily stacked by shifting them along the y axis, for sake of clarity.
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Figure 4.5 shows the scattering curves, together with their best fitting, of the
four samples analyzed, i.e., CNC30W, CNC30, CNC30-OH3, and CNC30-CO3,
while in Table 2 fitting results are reported.

By looking at Figure 4.5, scattering curves of all the systems can be noticed.
CNC30 more in detail, CNC were found to have the major length, C, fixed
around 150 nm, which is in agreement with the information available on the
commercial product nanocrystals” length, even if this dimension is actually at
the limit of the range that could be investigated with SAXS.

Thus, this value has rather a mathematical meaning than an actual physical
one. The minor length, A, was found to be 3.5 — 4 nm, almost independently on
the solvent, which CNC are dispersed in, or on the presence and kind of
nanoparticles. A polydispersity index (PI) of about 0.35 was considered for the
length of A, according to fitting results. It is worth noting that this value is in
accordance with data reported in the literature (Cherhal et al. 2015). Finally, and
most interestingly, B, the middle length dimension of the parallelepiped, is
significantly bigger than A, and, moreover, it clearly changes from one sample
to another.

The simplest explanation of the fact that A and B differ of about an order of
magnitude is that we are actually observing dispersion of CNC clusters, rather
than single particles. By hypothesizing that a single CNC has a square section (A
x A), similarly to what done by Uhlig et al. (Uhlig et al. 2016), we can imagine
that CNC aggregate side by side to form ribbons having a rectangular total
section given by A x B. Therefore, the B/A ratio can be considered the
aggregation number of CNC clusters. The last row of Table 2 reports the average
aggregation number of CNC clusters; it can be noticed that goes from 9.4 CNC
units for the CNC30W sample to the 11.8 units for the CNC30-OH3 sample,
following this trend: CNC30W < CNC30 < CNC30-CO3 < CNC30-OH3 (see
Figure 4.6). This trend is in good accordance with the results of rheology
measurements that show the effect of ethanol and alkaline nanoparticles on the
mechanical behavior of samples.

On the basis of the experimental data, we can hypothesize what follows: the
addition of ethanol and alkaline nanoparticles results in the decrease of the
Debye length, favoring the interaction between cellulose nanocrystals. This
phenomenon is responsible for the increase in the size of clusters, as shown by
SAXS measurements, and also for the formation of macrodomains, due to the
interactions between different clusters. The changes in the mechanical behavior
of the systems, assessed by rheological measurements, are probably due to the
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these macrodomains, whose size or distance is too high to be investigated with
small-angle scattering techniques.
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Figure 4.6. The cartoon shows the evolution of CNC clusters, as pictured from SAXS fitting
results. The figure is in scale, though C is not; it should be about 7 times longer than

represented in the figure. The actual A x B section of CNC clusters would be about 1.4 x 10°

times smaller than its size in the image.
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Table 4.2. Fitting parameters for the four samples analyzed.

Fitting
CNC30W CNC30 |CNC30-OH3 | CNC30-CO3
parameter
A (A) 349+2.1 36.1+1.1 39.0+1.0 38.1+0.1
B (A) 326.7+1.4 355.8+1.0 | 461.9+1.2 382.8+1.4
C (nm) 150 £2 150 £1 150 £ 1 152 +15
SLDcnc (106 A2) 15.1 15.1 15.1 15.1
SLDsolvent 9.4 8.4 8.4 8 40
(106 A2) . . . .
Pla 037+0.1 0.34+0.1 0.37+0.1 0.33£0.1
Nagg (B/A) 9.4 9.9 11.8 10.0

aThe SLD of ethanol/water was used in this case, as Ca(OH)2 and CaCOs nanoparticles were

not present, being their volume at this concentration practically negligible.

4.3 Applicative tests

4.3.1 Application on paper

Filter paper (paper grammage: 75g/m?) was used to test the efficacy of the
hybrid systems. Paper sheets were immersed in a sulfuric acid solution (pH =
2.5) for 30 s and then aged at high temperature and relative humidity (80 °C and
75% RH) for 10 days, in order to have samples in need for both a deacidification
and a strengthening treatment. These samples are labelled as AF, i.e., aged filter
paper. Unaged filter paper was characterized and used as a reference system.
This system is labelled as UF.

Three treatments were selected to be tested. Name and composition of
paper samples are indicated in Table 4.3. All the treatments were applied by
brush on both sides of paper samples measuring 6 x 8 cm? Samples were left to
dry for at least two days before testing. Samples featuring calcium hydroxide
nanoparticles were left at 50% RH for 14 days, time needed for calcium
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hydroxide excess to turn into carbonate. Samples were weighed before and after
the application. The weight change due to the application was about 10%.

Table 4.3. Name and composition of paper samples tested in the present study.

Paper samples

CNC NanoP NanoP Ethanol
Name Solvent
wt% type wt% wt%
UF - - - - -
AF - - - - -
AF-CNC30 3 - - Water/Ethanol 50
AF-CNC30-OH3 3 Ca(OH): 0.3 Water/Ethanol 50
AF-CNC30-CO3 3 CaCOs 0.3 Water/Ethanol 50

4.3.2 Characterization of paper

Nanocelluloses have been recently used to modify the properties of paper
pulp, before the formation of sheets or directly to form paper sheets (Kajanto
and Kosonen 2012; Lee et al. 2012; Gonzalez et al. 2014). To the best of our
knowledge, this is the first time that hybrid systems, featuring both
nanocellulose and a deacidification agent, have been used for the concomitant
strengthening and deacidification of already formed paper sheets, which is of
interested in the field of the conservation of documents, archival material and
cellulose-based artworks.

Tensile tests are very useful to evaluate changes in the mechanical
resistance of paper treated with strengthening agents. Paper sheets were
immersed in a sulfuric acid solution and then aged at high temperature and
relative humidity to prepare a set of samples in need for both a deacidification
and a strengthening treatment. The immersion of filter paper in an acidic bath
decreases the pH from 6.5 to 5, as shown in Figure 4.7. At high temperature and
relative humidity, acids speed up the degradation of cellulose, resulting in a
decrease of about 25% of the UTS (Ultimate Tensile Strength) after only ten days
of aging (see Figure 4.7).
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Acidity is usually interconnected with oxidation (Shanani and Harrison
2002). The yellowing of paper is mainly due to the formation of chromophores,
such as conjugated carbonyl and carboxyl compounds (Bronzato et al. 2013),
whose production is favored in an acidic environment. After 10 days of artificial
aging, we measured a significant change in the visual aspect of samples, i.e., a
AE (as is defined in part 4.2) of 7.9 units. It is worth noting that a AE higher than
2.3 units makes the color difference perceivable by the naked eye (Witzel et al.
1973).
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Figure 4.7. Ultimate tensile strength, dark bars, and pH, light bars, of paper samples. The
beneficial effects due to the application of CNC, especially in combination with alkaline

nanoparticles, are manifest.

The application of CNC30 on AF (sample AF-CNC30) increases the UTS to
2.9 kN/m. Tensile tests conducted on a control sample of paper treated with
only the water/ethanol 1:1 (w/w) solvent mixture (AF-WE) confirm that the
increase in UTS and E is only due to nanocellulose, being the two data 2.1 and
1.9, respectively. It is worth noting that the UTS of paper treated with CNC is
even higher than the value of unaged paper. This is a confirmation that CNC act
as an effective strengthening agent. On the other hand, pH values of AF-CNC30
and of AF are almost the same, because, as expected, nanocellulose cannot
neutralize acidity (see Figure 4.7).

With the aim of providing conservator with a combined treatment to
address the two main problem of cellulose-based materials conservation in a
single application, hybrid systems were developed and applied on aged filter
paper. Both formulations, containing calcium carbonate and calcium hydroxide
nanoparticles, lead to an increase in the mechanical resistance of aged filter
paper. In particular, the hybrid system featuring CaCOs nanoparticles was as
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effective as the system featuring the sole CNC. Moreover, as expected, it
neutralized the present acidity and increased the pH around 9. It is worth
noting that a pH of 9 is quite high but is to be considered safe if paper is not
heavily oxidized. However, the pH to be reached after application can be easily
tuned by varying the amount of material applied during the treatment. The
slightly less increase in term of mechanical resistance measured on
AF-CNC30-OH3 is probably due to the quite high viscosity of the hybrid system,
which probably lead to a less homogenous distribution of the material over the
paper surface. However, when a confined application is needed, CNC30-OH3
can be used to provide an increase in the mechanical resistance and pH of
cellulose-based materials, as clearly shown in Figure 4.7. The visual aspect of
paper samples was not significantly altered after treatment. In fact, the AE of
AF-CNC30, AF-CNC30-OH3 and AF-CNC30-CO3, calculated with respect to AF,
is 0.6, 1.1 and 1.6, respectively. These values are lower than the threshold of a
color difference perceivable by the naked eye (Witzel et al. 1973).

It can be therefore concluded that the proposed hybrid systems are effective
in the strengthening and deacidification of acidic and mechanically-degraded
paper, without significant alterations in the original visual aspect of samples, in
a fully compatible way with the original material.

4.4 Conclusion

The acid-catalyzed hydrolysis of glycosidic bonds, that is the most
important degradation pathway of cellulose-based materials, results in the
decrease of cellulose DP and in the loss of the original mechanical properties. In
the case of acidic and strongly mechanically-degraded cellulosic works of art,
both a deacidification and a reinforcement treatment are required.

In this Chapter, hybrid systems for the concomitant neutralization of
acidity and improvement of the mechanical resistance of the original material
are presented. The advantages related to the use of a single-step treatment rely
in the reduction of cost, treatment time, stress and risk for the artifact. Hybrid
systems feature cellulose nanocrystals (CNC) and alkaline nanoparticles,
alternatively calcium hydroxide or calcium carbonate, both obtained via a
solvothermal process. The innovative synthetic route of CaCOs nanoparticles,
which is based on the usage of an alkyl carbonate for the conversion of the

intermediate reaction products into carbonates, yielded small and highly
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crystalline nanoparticles already dispersed in an appropriate solvent for
applicative purposes.

The mechanical response of CNCs dispersions was studied with rheological
measurements. The presence of ethanol in CNC dispersion resulted in the
overall increase in the viscosity of the system. This behavior is probably due to a
decrease in the Debye length, triggered by the lowest permittivity of ethanol
with respect to water that allows for stronger interactions between particles. A
similar effect, even more pronounced, was obtained after the addition of
calcium hydroxide nanoparticles. Indeed, the Debye length is also a function of
the ionic strength and divalent ions screen the superficial charges of cellulose
nanocrystals, favoring their interactions and resulting in the formation of a
strong gelled system. A less pronounced effect on the screening of the crystal
repulsive forces was displayed after the addition of calcium carbonate, which is
significantly less soluble than Ca(OH)2. CNC dispersion and hybrid with CaCOs
are thixotropic, which is quite applicative.

SAXS measurements confirmed the increase in cellulose interactions after
the addition of ethanol and alkaline nanoparticles. In fact, the changes in the
aggregation number of CNC clusters follow the same trend displayed by the
mechanical response, i.e., bigger clusters were found in the more gelled system.

After characterization, hybrid systems were applied on aged paper.
Mechanical tests, pH and colorimetric measurements were used to evaluate
their efficacy. Hybrid systems resulted highly effective in the strengthening and
deacidification of acidic and mechanically-degraded cellulosic material, without
significant alterations in the visual aspect of samples. It can be therefore
concluded that these systems may represent a useful tool, fully compatible with
the original material, to help the preservation of degraded cellulose-based
artworks.
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Chapter 5 Strengthening and deacidification
of paper with hybrids of alkaline
nanoparticles and cellulose nanocrystals in

ethanol

Even if water is commonly used in conservation practice, it can solubilize
original compounds, such as sizing agents, writing fluids, inks or dyes. In
addition to that, it can swell cellulose fibers, leading to a decrease in the
mechanical properties and changes in the paper sheet texture. Therefore, the use
of water-based treatments for cellulose-based materials, is usually discouraged.
Usually, the addition to water of solvent having a lower polarity, such as
alcohols, reduces the possible detrimental effect of water. Indeed, as discussed
in Chapter 4, we managed to obtain a good consolidating action using cellulose
nanocrystals dispersed in a water/ethanol blend. Nevertheless, the use of such
mixture may not be compatible with original materials that are sensitive even to
less polar blends. Therefore, we have devoted research efforts to the
modification of cellulose nanocrystals with the aim of increasing their
dispersibility in pure ethanol, which offer good wetting properties without
altering cellulose fibers. In the following paragraphs, different preparation
procedures for the hydrophobization of cellulose nanocrystals are presented,
together with the characterization of the synthetic products. The preparation
and characterization of hybrid systems featuring alkaline nanoparticles for the
concomitant deacidification and strengthening of cellulose-based materials are
also reported. The final section will be devoted to the applicative tests on
artificially and naturally aged paper.

5.1 Alkaline nanoparticles for deacidification

As already discussed in Chapter 4, calcium hydroxide and calcium

carbonate nanoparticles were selected to be used for the preparation of hybrid
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systems for the concomitant deacidification and strengthening of
cellulose-based materials. Both nanoparticles dispersions were prepared using a
solvothermal process, starting from ethanol and calcium metal. In particular, as
describe in section 4.1, calcium carbonate nanoparticles were obtained as
follows: 10 g of granular calcium and 500 mL of ethanol were placed inside a
high-pressure reactor (Parr-instruments). Before starting the reaction,
vacuum/nitrogen cycles were performed to ensure an oxygen-free atmosphere
inside the sealed reaction chamber. During the first step of the reaction, calcium
alkoxide is obtained. To hydrolyze the alkoxide to calcium carbonate, 35 mL of
water and 35 mL of diethyl carbonate was added inside the reaction chamber by
means of steel pipette in a nitrogen atmosphere. The addition was carried out at
70 °C and the system was stirred for 60 min.

The physico-chemical characterization of calcium hydroxide and calcium
carbonate nanoparticles showed that the solvothermal reaction yields small and
highly crystalline nanoparticles. These are desired features for systems to be
used in the conservation of cellulose-based artworks. In addition to that, these
nanoparticles are already dispersed in the appropriate solvent, and the system
can thus be directly applied for conservation purposes without any further

refinement.

5.2 Grafted cellulose nanocrystals

In Chapter 4, it was shown that CNC in water/ethanol blends can provide a
good strengthening effect on cellulose-based materials. However, the highest
amount of ethanol that can be added to the system without triggering
precipitation is about 50 wt%. This is probably due to the high surface area and
hydrophilic nature of CNC. Therefore, to allow the dispersion of CNC in less
polar than water solvents, hydrophobization must be carried out. It is worth
noting that different strategies have been proposed over the years for the
surface modification of cellulose nanocrystals. In the following section, a brief
introduction about this subject is given.

The strategies can be classified into physical and chemical methods. The use
of surfactants to stabilize cellulose nanocrystals dispersions is the main physical
method (Kim et al. 2009; Padalkar et al. 2010; Salajkova et al. 2012). Chemical
method are based on the substitution of some of the hydroxyl groups in
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cellulose so to obtain products that can interact with less polar materials
(Galina et al. 2011; Uschanov et al. 2011; Shang et al. 2013).

Among diverse chemical modifications, the esterification represents one of
the most interesting procedure. It was first adopted to synthesize cellulose
derivatives in 1998 (Klemm et al. 1998). Thereafter, several procedures have
been tested. Both inorganic and organic acid can be grafted on cellulose. The
grafted inorganic acids are usually short chain acids, such as nitric, sulfuric and
phosphoric acid (Heinze et al. 2006). Organic acids, such as carboxylic acids, act
as acylating agents, and the reaction requires the presence of strong-acids,
anhydride, acyl chloride, or Lewis acid (Heinze et al. 2006). Carboxylic acid
anhydrides or acyl chlorides are mostly used in the traditional acylation of
cellulose. Over the past years, activators for the in-situ conversion of cellulose
with more complex carboxylic acids have been developed (Heinze et al. 2006),
and these include p-toluenesulfonyl chloride (TosCl) (Heinze and Liebert 2001),
N,N’-dicyclohexylcarbodiimide in combination with 4-pyrrolidinopyridine or
4-dimethylaminopyridine (Fujisawa et al. 2011),
4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methyl-morpholinium chloride (DMT-MM)
(Merima Mehmedovic Hasani 2007) and N,N’-carbonyldiimidazole (CDI) (Boufi
et al. 2008).

For our study, the main challenge is to conduct esterification in such a way
that the modified CNC can disperse well in ethanol, and, at the same time, can
strengthen mechanically-degraded cellulosic artworks. In the following sections,
three CNCs modification strategies will be presented and discussed.

5.2.1 Acetylation of cellulose nanocrystals with acetic anhydride and
pyridine

5.2.1.1 Materials

Acetic anhydride (99.5%, Fluka) and anhydrous pyridine (99.8%,
sigma-Aldrich) were used for the surface modification of cellulose nanocrystals
produced by CelluForce (Canada). All the reagents were used as received
without further purification. Highly pure water (having a resistivity of 18 MQ
cm) produced by a Millipore Milli-Q UV system and ethanol (absolute, Fluka)
were used during purification and dilution of acetylated CNC.
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5.2.1.2 Acetylated CNC synthesis

Acetylated CNC synthesis was based on a pyridine catalyzed method (Lin
et al. 2011). When required, reaction operations were carried out under inert
atmosphere, according to the standard Schlenk technique, employing dried and
purified nitrogen.

At first, a cellulose nanocrystals dispersion was prepared: a mixture of CNC
(0.50 g) and 10 mL of anhydrous pyridine was magnetically stirred for 15 min,
until an almost completely transparent dispersion was obtained. Then, 5ml of
acetic anhydride was added dropwise to the prepared CNC dispersion. The
reaction temperature was then raised up to 80 °C. Different reaction times were
tested, i.e.,, 5 h as reported in the literature (Lin et al. 2011) and 10h. After the
selected amount of time, the mixture was allowed to cool down to room
temperature and the product was isolated by precipitation in 0.5 L of water. The
reaction product was then recovered by centrifugation and washed 4 times with
water (around 100 mL in total). The washed acetylated cellulose nanocrystals,
collected by centrifugation and labelled as ACNC, were oven-dried under
vacuum at 60 °C for 12 h.

5.2.1.3 Characterizations of acetylated CNC
ATR-FTIR analysis and dispersion

After acetylation, ACNC was characterized by ATR-FTIR. Even if different
reaction times were performed, the FTIR spectra were very similar. In Figure 5.1,
the ATR-FTIR spectra of ACNC (a), CNC (b), acetic anhydride (c) and pyridine
(d) are shown. The spectrum of ACNC shows a clear evidence that esterification
reactions occurred. Indeed, a new peak in the carbonyl area around 1752 cm™ is
visible and it was associated to the formation of the ester group. As expected,
the carbonyl C-O stretching in ACNC is located at 1246 cm, shifted from the
signal in acetic anhydride (1120 cm™). Finally, no signals due to pyridine can be
found in the ACNC spectrum. These results indicated successful acetylation of
ACNC and that no reactants and side compounds were present in the final
product.

The dried ACNC was dispersed in ethanol as concentration of 10 g/L by
stirring for 4 hours at 800 rpm and then sonicated for 5 minutes with a Branson
S-450 (450W) equipped with a micro-tip, with an output power of 20%. Even if
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the ATR-FTIR spectra showed that the acetylation reaction was successful,
ACNC precipitated within 30 min, as is shown in figure 5.1-B. On the basis of
these evidence, it was concluded that the tested preparation was not able to
modify the surface of the nanocrystals so to stabilize their dispersion in ethanol.
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Figure 5.1 A: ATR-FTIR spectra of ACNC (a), CNC (b), acetic anhydride (c) and pyridine (d);
B: dispersion of ACNC in ethanol (10g/L), right after preparation and after 30 minutes.

5.2.2 Acetylation of cellulose nanocrystals with acetic anhydride and
iodine

5.2.2.1 Materials

Acetic anhydride (99.5%, Fluka) and iodine (reagent grade, sigma-Aldrich)
were used for the surface modification of cellulose nanocrystals (CNC)
produced by CelluForce (Canada). All the reagents were used as received
without further purification. Acetone (absolute, Carlo Erba) and ethanol

(absolute, Fluka) were used during purification and dilution of acetylated CNC.
5.2.2.2 Acetylated CNC synthesis

Acetylated CNC synthesis was based on an iodine-catalyzed method
(Eldho Abraham et al. 2016). The method is advantageous over the alternative
approaches, because, in its procedure, the solvent acts also as a reactant.
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When required, reaction operations were carried out under inert
atmosphere, according to the standard Schlenk technique, employing dried and
purified nitrogen. At first, a mixture of CNC (0.50 g) and 25 mL of Ac2O was
magnetically stirred at 800 rpm and heated to a temperature of 100-105 °C for 1
h. Then, the catalyst (0.025g I») was added. The reaction chamber was
maintained at this temperature for different reaction times, i.e., 25 minutes, as
reported in the literature, (Eldho Abraham et al. 2016), 50, 75 and 100 minutes.
After the selected amount of time, the functionalization reaction was terminated
by adding acetone to the brown-colored reactant. The reaction product was then
recovered by centrifugation and washed 4 times with ethanol (around 100 mL in
total) to remove traces of iodine and unreacted Ac2O. The washed acetylated
cellulose nanocrystals, collected by centrifugation and labelled as ACNC, were
oven-dried under vacuum at 60 °C for 12 h.

5.2.2.3 Characterizations of acetylated CNC
ATR-FTIR analysis and dispersion

After acetylation, ACNC was characterized by ATR-FTIR. Even if different
reaction times were tested, similar ATR-FTIR spectra were obtained. One of the
ATR-FTIR spectra of ACNC (a) is reported in figure 5.2, together with CNC (b),
and acetic anhydride (c). The spectrum of ACNC shows that the acetylation
reaction occurred evidently. Indeed, after the reaction, a peak appeared at 1755
cm, which is due to the presence of an ester group. Moreover, in ACNC, the
carbonyl C-O stretching can be found at 1240 cm™, while is located at 1120cm!
in the acetic anhydride. These results revealed that CNC was acetylated
successful and no remaining reactants were left.

The dried ACNC was dispersed in ethanol as concentration of 10 g/L by
stirring for 4 hours at 800 rpm and then sonicated for 5 minutes with a Branson
5-450 (450W) equipped with a micro-tip, with an output power of 20%. Even if
the ATR-FTIR spectra showed that the acetylation reaction was successful,
ACNC precipitated within 30 min, as is shown in figure 5.2-B. On the basis of
these evidences, it was concluded that the tested preparation was not able to
modify the surface of the nanocrystals so to stabilize their dispersion in ethanol.
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Figure 5.2. A: ATR-FTIR spectra of ACNC (a), CNC (b) and acetic anhydride (c); B: dispersion
of ACNC in ethanol (10g/L), right after preparation and after 30 minutes.

5.2.3 Esterification of cellulose nanocrystals with oleic acid

As shown in the previous sections, two different acetylation procedures
based on the use of acetic anhydride were tested; unfortunately, the reaction
products cannot be stably dispersed in ethanol. Therefore, oleic acid, which is a
carboxylic acid having a long alkyl chain, was selected as a grafting agent for
the hydrophobization of cellulose nanocrystals, with the aim of obtaining a
modified product that can be stably dispersed in short-chain alcohols.

5.2.3.1 Materials

Dimethyl sulfoxide (DMSO, anhydrous 99.9%), 1’1-carbonyldiimidazole
(CDL, reagent grade) and oleic acid (90%) were purchased from Sigma-Aldrich.
These reagents were used for the surface modification of cellulose nanocrystals
produced by CelluForce (Canada). Sulfuric acid (96 %, Carlo Erba) was used for
the acidification of paper. All reagents were used as received without further
purification. Alkaline nanoparticles, namely CaCOs and Ca(OH): were
synthesized using a solvothermal reaction described in Chapter 4. Highly pure
water (having a resistivity of 18 M(Q cm) produced by a Millipore Milli-Q UV
system and ethanol (absolute, Fluka) were used during purification and dilution
of grafted CNC.
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5.2.3.2 Grafted CNC synthesis

Grafted CNC (GC) synthesis was based on a CDI-mediated method
developed by Heinze and Peng (Heinze 2004; Peng et al. 2016). When required,
reaction operations were carried out under inert atmosphere, according to the
standard Schlenk technique, employing dried and purified nitrogen. The
reaction was carried out in the mild reaction conditions, which avoids the
common side reactions including pericyclic reactions, hydrolysis, and oxidation
(Heinze et al. 2006). At first, a cellulose nanocrystals dispersion was prepared: a
mixture of CNC (0.50 g) and 12 mL of DMSO was magnetically stirred for 30
min and then sonicated for 2 min with a Branson S-450 equipped with a
micro-tip and an output power of 20%, until an almost completely transparent
dispersion was obtained.

Meanwhile, CDI (0.67 g, 4 mmol) was dissolved in 12 mL of dry DMSO and
treated with 1.16 g (4 mmol, 1 eq.) of oleic acid. The obtained solution was
stirred for 1 h at 60 °C and then the previously prepared dispersion of CNC in
DMSO was added. The reaction temperature was raised up to 80 °C and the
system kept under stirring for 24 h. The mixture was then allowed to cool down
to room temperature and the particles were then precipitated by addition of
water (about 150 mL), recovered by centrifugation and washed twice with
ethanol (around 100 mL in total). The product was collected by centrifugation
and stored as ethanol suspension (35g/L concentration).

5.2.3.3 Characterizations of grafted CNC

Figure 5.3-A shows the ATR-FTIR spectra of GC (black), CNCs (green),
oleic acid (red) and DMSO (blue). The spectra of GC and CNC were normalized
using the C-C vibration at 1060 cm. The spectrum of GC showed clear
evidence that esterification reactions occurred. In the range of 2850 and 2950
cm, the two sharp bands at 2921 and 2856 cm™ appeared, while only one broad,
less defined, band can be found in the same range in CNC spectrum. These two
bands were attributed to the asymmetric and symmetric CHo stretch, arising
from the aliphatic chain of the oleic acid (Jandura et al. 2000). The C=O stretch
band was shifted from 1711 cm™ in the oleic acid, to 1735 cm!, indicating the
formation of an ester group (Freire et al. 2006). It is worth noting that no peaks
of DMSO, which is the solvent of the reaction, can be found in the ATR
spectrum of GC. These results show that oleic acid was successfully grafted
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Figure 5.3. (A) ATR-FTIR spectrum of oleic acid (blue), DMSO (red), CNCs (green) and GC
(black). (B) DTG curves of oleic acid (blue), CNCs (green) and GC (black). (C-D) AFM pictures
of CNCs over a fleshly cleaved mica sheet (10 x 10 um2 and 1 x 1 um?2, respectively). (E-F)
AFM picture of GC over a fleshly cleaved mica sheet (10 x 10 pm2 and 1 x 1 um2,
respectively). (G) concentrated GC, showing a gel-like behavior.

on CNC, and no reactants and side compounds are found in the reaction
product.

Thermal analysis of GC, CNC and oleic acid revealed different degradation
profiles (Fig.5.3-B). The initial small weight loss of both unmodified CNC and
GC in the temperature range 50-100 °C can be ascribed to the evaporation of
physically bound moisture. In thermal curve of CNC, the sharp peak
corresponding to the degradation of cellulose nanocrystals is located at about
300 °C, similarly to what has been reported by Johar (Johar et al. 2012). On the
contrary, the main degradation peak of GC sample is a broad signal located in
the 200-400 °C range having a maximum at 280 °C. The lower thermal stability
of GC can be ascribed to the surface grafting. In fact, as clearly shown in Figure
5.3-B, oleic acid degrades at about 250 °C and the presence of oleate moieties on
the surface of nanocrystals is probably responsible for both the decrease in the
pyrolysis temperature and in the broadening of the degradation peak, due to the
variable amount of oleic acid-grafted on each nanocellulose crystals.
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The effective surface modification of cellulose nanocrystals is also
confirmed by the AFM pictures reported in figure 5.3-C/F. In fact, thanks to the
increased hydrophobicity induced by the grafting, GC deposit on the fleshly
cleaved mica sheet more easily than CNCs, even if the concentration of the
dispersions used for the preparation of the samples was the same (see chapter
3.1.3 for further information). It is also worth noting that, despite the
aggregation of GC, the size and shape of nanocellulose crystals is not altered by
the CDI mediated oleic acid grafting.

As is mentioned in 5.2.3.2, GC was stored as ethanol suspension after
purification. After 24 hours, the system displays a gel-like behavior, as shown in
tfigure 5.3-G. Therefore, on the basis of the ATR-FTIR, DTG, AFM and of the
behavior shown by the suspension, GC were deemed a suitable starting material
to prepare hybrid systems featuring alkaline nanoparticles, for the concomitant
strengthening and deacidification of cellulose-based materials. In the following
paragraph, the charactebrization of these systems and the results of their
application on artificially and naturally aged paper are reported.

Hybrid systems preparation

GC dispersion was prepared by diluting wet GC with ethanol, which was
stirred for 4 hours at 800 rpm and then sonicated for 5 minutes with a Branson
S-450 (450W) equipped with a micro-tip, with an output power of 20%. GC at
different concentrations, i.e., 3.5, 6, 9 and 30 g/L were mixed with alkaline
nanoparticles, i.e. calcium hydroxide or calcium carbonate nanoparticles in
ethanol. Name and composition of the prepared systems are reported in Table
5.1. For example, in the GC9-OH3 system, the concentration of OCNCs is 9 g/L
and the concentration of Ca(OH):is 3 g/L.

Characterization of systems at low concentration of GC

Freshly prepared samples were left undisturbed. It was noted that systems with
low amount of GC displayed a different behavior depending on the
concentration of the ingredients. Indeed, as shown in the phase diagrams
reported in figure 5.4, the systems are liquid or gel. For instance, GC dispersions
(without alkaline nanoparticles) are liquid at low concentrations (3.5 and 6 g/L),
while they behave as gels at higher concentrations (9 g/L). In some cases, the
addition of alkaline nanoparticles triggered the liquid-gel transitions. For
example, higher concentration of CaCOs was required to induce gelation in
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comparison with Ca(OH).. It is also worth noting that the gelation of the
systems is time-dependent. Indeed, the phase diagrams reported in figure 5.4,
were prepared after 7 or 14 days from the preparation of the systems. Even after
that amount of time, the less concentrated dispersions cannot gel, even if in the

presence of CaCOs nanoparticles.

Table 5.1 Name and composition of GC dispersions and hybrid systems.

Figure 5.4 Phase diagrams of hybrids featuring Ca(OH)2 (A) and CaCOs (B). Liquid phase

(triangles), gel phase (squares).

Name GCg/L NanoP g/L
GC3.5 -
GC3.5-C0O0.7 GC3.5-OH0.7 0.7
GC3.5-CO2 GC3.5-0H2 3.5 2
G(C3.5-CO3 GC3.5-OH3 3
GCé6 -
GC6-CO0.7 GC6-OHO0.7 0.7
GC6-CO2 GC6-OH2 6 2
GC6-CO3 GC6-OH3 3
GC9 -
GC9-CO0.7 GC9-OHO0.7 0.7
GC9-CO2 GC9-OH2 9 2
GC9-CO3 GC9-OH3 3
GC30 -
GC30-CO0.7 GC30-OHO0.7 30 0.7
GC30-CO3 GC30-OH3 3
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Pure GC dispersion at 9 g/L and different hybrids were also characterized
by rheological tests. The mechanical response of all the systems was firstly
assessed with amplitude sweeps measurements, to determine the
linear-viscoelastic (LVE) region. Thereafter, frequency sweep measurements at
0.2% strain were carried out. In a typical frequency sweep test, the frequency of
the applied strain is increased, and the mechanical response is recorded in terms
of G/, the storage modulus, and G”, the loss modulus, which are, respectively, a
measure of the stored energy, i.e. the elastic response, and of the dissipated
energy, i.e. the viscous response at a given frequency of oscillation (Ferry
1980Db).

In figure 5.5-A, the frequency sweeps of GC9 and hybrid systems of GC9
and calcium hydroxide nanoparticles at 0.7, 2 and 3 g/L respectively, i.e.
GC9-OHO0.7, GC9-OH2 and GC9-OH3, are reported. GC9 display a true gel like
behavior, with G” higher than G” over the entire investigated range of frequency.
The addition of 0.7 g/L calcium hydroxide nanoparticles leads to a strong
increase in G and G”, which are about three orders of magnitude higher than in
GC9 and are frequency-independent. A similar behavior is shown by GC9-OH2,
featuring an higher amount of Ca(OH):2 nanoparticles. The addition of 3g/L
calcium hydroxide nanoparticles leads to about four orders of magnitude
increase in G and G” compared with sole GC9. This behavior was explained as
follows: during the washing process, water was used with the aim of removing
the DMSO from the reaction product. The subsequent washing steps were
carried out in ethanol, which has been also used as a dispersing agent. Therefore,
the presence of traces of water in the final systems are highly probable. As
discussed in Chapter 4, the addition of alkaline nanoparticles to CNC in
water/ethanol blends, lead to the gelation of the systems, due to the decrease in
the Debye length that favors the interaction between particles. The Debye length,
in fact, is a function of the concentration of the ions in solution, i.e., the ionic
strength of the dispersing media. The highest the ionic strength, the lowest is the
Debye length. In addition to that, as crystals distances are reduced during
gelation, divalent ions from the alkaline nanoparticles may complex different
crystals, increasing the mechanical strength of the system (Dong et al. 2013).

A different behavior is shown by the hybrid system featuring CaCOs, as
reported in figure 5.5-B. Here, the G and G” values increases due to the 3g/L
CaCOs dispersion are even lower than those induced by the addition of the
0.7g/L Ca(OH)2. This behavior, already shown by the CNC systems discussed in
Chapter 4, can be simply explained by the lower solubility of calcium carbonate
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nanoparticles with respect to calcium hydroxide, which leads to a less

pronounced effect on the screening of the crystal repulsive forces.
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Figure 5.5. Frequency sweep measurements on hybrids featuring Ca(OH)2 (A) and CaCO:s (B),
G’ (square), G” (circle).

Thixotropy is a time-dependent shear thinning property. In other terms, a
thixotropic material is a gel or a thick fluid that starts flowing when shaken or
stressed. When left still for a fixed amount of time, this material becomes a gel
or a thick fluid again (Whelan A 1994). This property is usually associated to
systems containing aligned particles or spatial distribution of entanglement
density (Barnes 1997). CNC are known to be thixotropic. In order to check if the
same behavior was shown also by the hybrid samples, GC9-CO3 and GC9-OH3
were tested with a three interval thixotropy tests (3ITT), performed following
the procedure reported in section 3.1.6. As illustrated in figure 5.6, in the first
interval, the flow-stress introduced by 0.2% strain at 1Hz was not strong enough
to change the microstructure of hybrids. In fact, hybrids systems displayed a
gel-like behavior, with G’ higher than G”. At higher flow-stress, the
microstructure was deformed and reached a new equilibrium between inflow
stress, Brownian motion and flow-stress. As a result of an increased stress, the
hybrids displayed a liquid-like behavior, being G” smaller than G”. In the third
interval the same regime applied during the first step of the test, the initial
configuration was reverted back, i.e., systems displayed a gel-like behavior
(Barnes 1997). Finally, it is worth noting that the values of G’ and G” in the
hybrids are consistent with FS results reported in figure 5.5.
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Figure 5.6. Three interval thixotropy tests (3ITT) on GC9-OH3 (A) and GC9-CO3 (B), G’

(square), G” (circle).

Characterization of systems at 30 g/L of GC

All the systems at 30 g/L of GC displayed a gel-like behavior after 24 hours from
the preparation. Therefore, in this case, no phase diagrams were prepared.
However, in order to see if the gel-like behavior changes with time, systems
were left still for variable amount of time (1, 7 and 14 days) before
characterization. The mechanical response of all the systems was firstly assessed
with amplitude sweeps measurements, to determine the linear-viscoelastic (LVE)
region. Thereafter, frequency sweep measurements at 0.2% strain were carried
out. In figure 5.7-A, a comparison between the frequency sweeps of GC
dispersions at different concentration, namely 9 g/L and 30 g/L is reported. As
expected, in GC30, both G and G” are more than two orders of magnitude
higher than in GC9. This is probably due to the increased electrostatic
interactions between particles (Lu et al. 2014), which leads to strong systems at
high concentration of GC.

As is discussed in Chapter 4, 3wt% CNC were successfully dispersed in a
water/ethanol blend. In figure 5.7-B, the frequency sweep curves of GC30 and
CNC30 are reported. Even if the concentration of nanocrystals is almost the
same in the two systems, both G" and G” of GC30 are about two orders of
magnitude higher than CNC30; moreover, the two moduli in GC30 are
frequent-independent. This behavior can be explained as follows: the Debye
length, which is a measure of how far the electrostatic effect of charged particles
persists, depends on the permittivity of the solvent. The lowest the permittivity,

the highest is the screening of the electrostatic repulsions between crystals.
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Permittivity of ethanol is lower than water (24.5 and 78, respectively), therefore,
the Debye length of nanocrystals in ethanol decreases, allowing for stronger
interactions between particles. As a result, GC30 behaves as strong gels. The
frequency sweeps of hybrids of CNC and GC, having almost the same
concentrations of alkaline particles, are displayed in figure 5.7-C and D. The
values of both G" and G” in GC hybrids are more than 10 times higher than
those of hybrids in the ethanol/water blend, confirming the increase in the

interaction between cellulose nanocrystals, above described.
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Figure 5.7. Frequency sweep measurements of GC9 and GC30 (A), GC30 and CNC30 (B),
GC30-OH3 and CNC30-OH3 (C), GC30-CO3 and CNC30-CO3 (D). G’ (square), G” (circle).

Rheological measurements were also carried out on GC systems having
different concentration of alkaline nanoparticles. These are reported in figure
5.8-A and B. The addition of calcium hydroxide nanoparticles leads to a strong
increase in G” and G”, which are more than 100 times higher than in GC30. As
expected, the increase in alkaline nanoparticles concentration leads to an
increase in the gel-like character (higher G and G”) of the systems. These results
are in accordance with the frequency sweeps reported in figure 5.5, and confirm
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that the addition of alkaline nanoparticles induce the gelation of dispersion, as a
result of the screening of the repulsive forces generated by surface charges due
to the presence of calcium ions. The introduction of calcium carbonate in GC30
leads to a lower change in the mechanical spectrum of the systems. As already
stated, this phenomenon can be explained by the lower solubility of calcium
carbonate, which leads to a less pronounced effect on the screening of the crystal

repulsive forces.
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Figure 5.8. Frequency sweep measurements on hybrids featuring 30 g/L GC and Ca(OH):
(A), CaCO:s (B) at different concentrations. G” (square), G” (circle).

Figure 5.9 showed the changes in the mechanical spectrum of systems with
GC at 30 g/L as a function of time (1, 7 and 14 days). As shown in figure 5.9-A,
after 1 day and 7 days, the G’ and G” curves of GC30 are almost superimposed,
while both moduli values are doubled after 14 days. A similar behavior is
shown by the hybrid systems, as reported in figure 5.9-B and C. It is worth
noting that the moduli values of GC30-OH3 decreased after 14 days. This can be
explained as follows: at increasing still time, a small amount of the solvent, i.e.
ethanol, is probably expelled out from the surface, due to the increasing
interactions between particles (Sabet et al. 2013). The expelled liquid, which is
not retained in the systems, is probably located on the surface of the sample,
and this may have induced a slight slippering of the rheometer head during the
rheological tests.

For all the systems, the tan §, which is the averaged G”/G’ over the
frequency range investigated, was calculated; the obtained values are reported
in table 52. Tan & has been used to differentiate gel-like systems in two
categories, namely, “weak” and “strong”. Systems having a tan &>0.1 are
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considered weak gels. On the contrary, a tan 6<0.1 is typical of strong gels (Ross-
Murphy 1995; Chronakis et al. 1996; Ikeda and Nishinari 2001). Interestingly,
after 1 day from the preparation, all the dispersions are weak gels, expect for
GC30-OH3. Even more interestingly, all the systems featuring Ca(OH):
nanoparticles, even at lower concentration, became strong gels at increasing still
time.

After 7 days from the preparation, three-interval thixotropy tests (3ITT),
which can be used to evaluate the deformation and recovery of the structure
(Mewis and Wagner 2009; Said et al. 2015; Yilmaz and Vatansever 2016) were
perform on GC30, GC30-CO3 and GC30-OH3 (see figure 10). As the name
suggests, the test is composed of three intervals: a low-strain interval, to be used
as a reference of an undisturbed material; a high-strain interval, to break the
internal structure; a final stage at low-strain conditions to favor the regeneration
of the structure. In the first interval, all the systems maintained their original
structure under a 0.2% strain. During the second step of the measurement, an 80%
strain was applied, leading to a significant change in the systems that,
consequently, behave as liquids (G”>G’). In the third interval, the same
conditions of the first interval were applied resulting in an almost complete
recovery of the initial gel-like character (Barnes 1997). For the applicative
standpoint, as already discussed in Chapter 4, this behavior represents an
interesting feature: in fact, these systems can be applied at the liquid state, after
being energetically shaken. Or, when a more confined application is required,
systems can be applied with a gentle action, in gel-like state, as the one shown in
figure 5.10-D/F. It is worth noting that, for the present study, all the systems
were applied by brush to allow for a proper comparison of their effectiveness.

SAXS measurements were performed, in order to investigate the grafted
cellulose nanocrystals at 30 g/L and alkaline nanoparticles interactions.
Non-modified CNCs have been the subject of several characterization studies,
where scattering techniques such as quasi-elastic light scattering (QELS),
small-angle neutron scattering (SANS) and SAXS measurements were
performed, in order to gather information about size, shape and interparticle
interactions of cellulose nanocrystals dispersions (Bonini et al. 2002; Su et al.
2014, 2015; Cherhal et al. 2015; Schiitz et al. 2015; Uhlig et al. 2016; Mao et al.
2017). In particular, being the CNC elongated fibrillar particles, they are usually
modeled as cylinders, ribbons, or parallelepipeds in the analysis of scattering
data. Generally, ribbons and parallelepipeds provide the most reliable fitting
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results (Su et al. 2014). Similarly, OCNC hybrids were also fitted by

parallelepiped model.
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Figure 5.9. Frequency sweep measurements on GC30 (A), GC30-OH3 (B), GC30-CO3 (C) after
preparation 1, 7 and 14 days. G’ (square), G” (circle).

Table 5.2. Tan § (G'/G’) values of GC systems with or without alkaline nanoparticles.

System Tan 6 Tan Tan
1 day 7 days 14 days
GC30 0.17 £0.01 0.19 £0.04 0.18 £0.01
GC30-C0O0.7 0.20 £0.04 0.18 £0.01 0.16 £0.01
GC30-CO3 0.17 £0.02 0.16 £ 0.01 0.16 £0.01
GC30-OHO0.7 0.16 £0.01 0.09 £0.01 0.10 £0.01
GC30-OH3 0.10+£0.01 0.10 £0.01 0.10 £0.01
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Figure 5.10. Top row (right and left panels) and bottom row (left panel): three interval
thixotropy tests (3ITT) of GC30 (A), GC30-OH3 (B) and GC30-CO3 (C) - G’(M), G”(O). Bottom
row, right panel: visual aspect of the samples: GC30 (D), GC30-OH3 (E) and GC30-CO3 (F).

Figure 5.11 shows the scattering curves, together with their best fitting, of
the three samples analyzed, i.e., GC30, GC30-CO3 and GC30-OH3, while in
Table 5.3 fitting results are reported.

By looking at Figure 5.11, it can be noticed that the three scattering curves
are well fitted by our model. It is worth noting, then, that the curves of samples
GC30-CO3 and GC30-OH3 are almost perfectly superimposed and at a slightly
higher intensity with respect to the one of grafted CNC alone. This can be
ascribed to an increase in the volume fraction of the systems due to the addition
of nanoparticles. The grafted CNC were found to have the major length, C,
comprised between 130 and 140 nm, which is in good agreement with the
information available on the commercial products, even if it is worth saying that
this dimension is actually at the limit of the range that could be investigated
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Figure 5.11. SAXS curves of the three samples: GC30, red circles; GC30-CO3, yellow circles;

GC30-OH3, blue circles. Fitting lines are represented as continuous black curves.

Table 5.3. Fitting parameters for the three samples analyzed.

Fitting
GC30 GC30-OH3 | GC30-CO3
parameter
A (A) 237 +0.1 225+0.1 23.9+0.1
B (A) 386.25 +6.7 423.9 +5.7 467.0 +6.3
C (nm) 136 5 140 +4 138 +4
SLDene (106 A2) 15.1 15.1 15.1
SLDsolvent
) 7.6 7.6 7.6
(106 A2)
Pl 0.40 %0.05 0.40 +0.05 0.40 +0.05
Nagg (B/A) 16.3 18.9 19.5

“The SLD of ethanol was used in this case, as Ca(OH)2 and CaCOs nanoparticles were not

present, being their volume at this concentration practically negligible.
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with SAXS. The minor length, A, was found to be 2.3 — 2.4 nm (Uhlig et al. 2016;
Mao et al. 2017). Also, this value is in agreement with previously published data
on similar systems. Similar systems dispersed in water or in water/ethanol 1:1
mixture and previously characterized gave a slightly higher value for the length
of A, as reported in Chapter 4; however this difference can be explained by the
different solvent used in this case. In fact, it is likely that CNC in neat ethanol
may tend to shrink a little (of a 35% of their size in water), in view of their lesser
affinity with this solvent with respect to water. However, it is worth saying that
a polydispersity index (PI) of about 0.4 was used to fit the length of A. Thus,
even if this value is perfectly in accordance with previous works reported in the
literature (Cherhal et al. 2015), the size distribution of the minor length of
grafted CNC in ethanol is quite broad. Interestingly, it is slightly broader than
the one of non-grafted CNC in water or water/ethanol mixtures, indicating that
the grafting reactions might have affect the size distribution of nanocrystals.
Finally, and as previously reported by some authors (Uhlig et al. 2016), the
middle dimension of the parallelepiped, B, is highly longer than A, and it is not
the same for the three samples analyzed. We observed something similar in
Chapter 4 on CNC dispersions and we interpreted that result as if we were
actually observing a dispersion of nanocrystals clusters, rather than single
particles. Therefore, by hypothesizing that a single particle has a square section
(A x A), in a similar way to what done by Uhlig et al. (Uhlig et al. 2016), we
assumed that the interactions between grafted-CNC led to the formation of
plate-like ribbons having a rectangular total cross section given by A x B.
Therefore, the B/A ratio can be considered the aggregation number of CNC
clusters. The last row of Table 5.3 reports the average aggregation number of
grafted-CNC clusters. The trend is clear; the addition of nanoparticles increases
the grafted nanocrystals’ aggregation number from about 16 to about 19.
Interestingly, the average aggregation number of GC30 is sensibly higher than
that of CNC in water or water/ethanol 1:1 at the same concentration, which is
reported in Chapter 4 and it was found to be 9-10. This big difference can be due
to the combined effect of replacing all the water with ethanol and of the grafting.
It is likely that grafted nanocrystals tend to create stronger interparticles
interactions, due to the presence of grafting residues, which are boosted by the
non-aqueous environment. Indeed, it is reasonable that the CNC in ethanol tend
to create bigger aggregates aiming to minimize the area of the surface exposed
towards the alcohol. The addition of alkaline nanoparticles further increases the
aggregation number.
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5.3 Application

After characterization, applicative tests of GC systems were performed. As
shown in Chapter 4, CNC system at 3 wt% display excellent strengthening and
deacidification effects. Considering the increased gel character of systems
featuring 9 g/L of GC with respect to CNC at 3 wt%, we decided to firstly test
these materials, on artificially and naturally aged paper. As it will be shown
later, systems at 30 g/L were also applied on the same cellulosic supports. The
effectiveness of these innovative materials in the strengthening and
deacidification was assessed with tensile tests and pH measurements, following
the procedures reported in Chapter 3.

5.3.1 Application of GC9 system

Filter paper (paper grammage: 75g/m?), made of cellulose fibers without
any sizing and fillers, was selected as standard paper to test the efficacy of the
hybrid systems. Paper sheets were immersed in a sulfuric acid solution (pH =
2.5) for 30 s and then aged at high temperature and relative humidity (80 °C and
75% RH) for 10 days or 20 days, in order to have samples in need for both a
deacidification and a strengthening treatment. These samples are labelled as AF,
i.e., aged filter paper. Unaged filter paper was characterized and used as a
reference system. This system is labelled as UF.

Tests were also carried out on an acidic paper (PT1), which is composed of
70% hardwood bleached pulp, 30% softwood bleached pulp and 20%
pulp-filling agent kaolin OT80. Acidity is due to the presence of an acidic
resinous sizing (Sacocell 309 aluminum sulphate). This paper was produced
about 15 years ago within the EU Papertreat project. Since this paper is already
acidic, it was directly aged at high temperature and relative humidity (80 °C and
75% RH) for 20 days. The aged samples are labelled as AP, i.e, aged PTI.
Unaged PT1 was characterized and used as a reference system. This system is
labelled as UP.
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Table 5.4. Name and composition of paper samples treated with GC9 system.

Name GC NanoP NanoP | Weight
g/L type g/L increment
UF1/UP1 - - - -
AF1/AP1/B1 - - - -
AF1-GC9-CO3-1 9 CaCOs 3 4 wt%
AF1-GC9-CO3-2 9 CaCOs 3 9 wt%
AP1-GC9 9 - - 2 wt%
B1-E - - - -
B1-GC9-1 9 - - 5 wt%
B1-GC9-2 9 - - 9 wt%

As stated in Chapter 1, due to the growing demand of paper, wood was
started to be used as raw material for paper-making in the second half of the 19th
century. The extraction of cellulose fibers from wood, i.e., which mainly consists
in the removal of lignin, is carried out with strong mechanical or chemical
treatments, which usually result in a partial degradation of the fibers. Even after
that, lignin is not completely removed, and may trigger further degradation
because it generates radicals and acid groups upon natural aging. In other terms,
paper sheets produced in the last two centuries usually display lower resistance
to aging with respect to older paper. Here we selected a book from the 1970s,
which has a pH of 5.3, therefore is in need of deacidification treatment. Due to
the marked discoloring of the paper and its low pH, we hypothesized that this
object was in need also of a strengthening treatment. The untreated book
samples, labelled as B, were characterized and used as a reference system. Book
samples treated with ethanol are labelled as B-E.

All the name and composition of paper samples treated with GC9 system
are indicated in Table 5.4.

5.3.1.1 Application on standard filter paper
The pH of filter paper decreased from 6.9 to 5.4 as a result of ten days of

artificial aging. The UTS, i.e., the tensile strength at break, decreased from 2.6 to

2.2, as shown in figure 5.12.
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Figure 5.12. Effects of GC9 system on standard paper FP.

The application of the hybrid system featuring calcium carbonate
nanoparticles on aged filter paper (4% weight increment) did not increased the
UTS, even if, as expected, it resulted in a stabilization of the pH around the
optimal value of 8.5. The UTS of filter paper treated with the same material but
in higher amount (9% weight increment) is even lower. This was explained as
follows: even if to a different extent than water, ethanol can slightly swell
cellulose fibers, especially if it is applied on non-sized paper, i.e., filter paper. In
this case, the tested concentration of GC was probably too low to improve the
mechanical strength of the paper. At the same time, ethanol, i.e., the dispersing
medium provoked a decrease in the tensile resistance. It was thus decided to
test the same material at the same concentration on sized paper, such as PT1 and
the book from the 1970s.

5.3.1.2 Application on real paper

The UTS of aged PT1 is 8% lower than that of the unaged samples (see
figure 5.13). On this set of samples, the application of GC9 increased the weight
only by 2%. This is probably due to the low porosity of the paper, which
hampers the penetration of the treatment. Higher amount of treatment had no
effect or a slight decrease in the UTS.
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Figure 5.13. Effects of GC9 system on real samples, i.e., PT1 and Book from 1970s.

Paper sheets from the 1970s book were treated with ethanol and GC9 in
different amounts. As is shown in figure 5.13, only slight changes in the UTS
were induced by the application of the sole dispersing medium. This
corroborates our hypothesis on the role of the sizing on the sensitiveness of
paper to the solvent, discussed in the previous section. Nevertheless, samples
treated with GC9 (5% weight increment) display the same UTS of B1-E. The
increase of the applied amount of the treatment (9% weight increment) resulted
in a slight decrease in the UTS. It is worth noting that all these data are close to
the experimental errors. It was thus concluded that the concentration of
nanocrystals was not enough to compensate the effect of the solvent on cellulose
fibers. Therefore, further testing was conducted using systems at 30 g/L of GC.
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Table 5.5. Name and composition of paper samples treated with GC30 systems.

Name GC NanoP NanoP Weight
g/L type g/L increment
UF2/ UF3/ - - - -
ur2 - - - -
AF2/AF3 - - - -
AP2 - - - -
B2/B3/B4 - - - -
AF2-GC30 30 - - 10 wt%
AF2-GC30-CO3 30 CaCOs 3 12 wt%
AF2-GC30-OH3 30 Ca(OH): 3 12 wt%
AF3-GC30 30 - - 10 wt%
AF3-GC30-CO3 30 CaCO:s 3 10 wt%
AF3-GC30-OH3 30 Ca(OH): 3 12 wt%
AP2-GC30 30 - - 4 wt%
B2-GC30 30 - - 5 wt%
B3-GC30-CO3 30 CaCOs 3 8 wt%
B4-GC30 30 - - 7 wt%
B4-GC30-CO3 30 CaCOs 3 9 wt%

5.3.2 Application of GC30 system

All the name and composition of paper samples treated with GC30

systems are reported in table 5.5.
5.3.2.1 Application on standard filter paper

As aresult of the aging, the pH of filter paper decreased from 7 to 5.4, while
the UTS of about 10% (see figure 5.14). The application of GC30 on AF2 (sample
AF2-GC30) increased the UTS from 2.4 to 2.6 kN/m, which is a positive, still
slight change, if compared to the experimental error.

Both hybrids, containing calcium carbonate or calcium hydroxide
nanoparticles, lead to slight increase in the mechanical resistance of aged filter
paper. Moreover, as expected, hybrids neutralized the acidity of aged samples
and increased the pH to 8.5 and 9.5, respectively. It is worth noting that pH at
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9.5 is quite high, but yet still acceptable as long as paper is not heavily oxidized.
However, it is worth noting that the pH of the treated samples can be easily
tuned during application. Here, to ease the comparison between different
GC-based systems in terms of tensile strength, we decided to apply the same
amount of dispersion on each series of samples.
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Figure 5.14. Effects of GC30 system on standard paper FP aged with 10 days.

On the basis of these experimental results, it was thus decided to prolong
the aging of filter paper to 20 days, so to have a more degraded starting material.
As expected, the UTS decrement induced by the prolonged aging was of about
17%, as shown in figure 5.15.

Interestingly, the application of GC30 to the aged filter paper resulted in an
increase of about 15% in the UTS. In other terms, grafted cellulose nanocrystals
almost revert back the tensile strength of unaged filter paper. As expected, the
pH values of AF3-GC30 and AP3 are similar, as is shown in figure 5.15, and
clearly show the importance of using hybrid systems on acidic and mechanically
degraded paper samples.

Both hybrids, featuring calcium carbonate or calcium hydroxide
nanoparticles, lead to an increase in the mechanical resistance of filter paper, as
shown in figure 5.15. However, it is worth noting that hybrid systems lead to
slightly less increase in term of mechanical resistance if compared to GC30. This
is probably due to the relatively higher viscosity of hybrids, which probably
lead to a less homogenous distribution of the material over the paper surface. In
terms of the deacidification effects, both hybrids neutralized the present acidity
and increased the pH to a safe value, i.e., 8.5.
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Figure 5.15. Effects of GC30 system on standard paper FP aged with 20 days.

On these samples, colorimetric measurements, following the procedure
reported in Chapter 3, were performed. Acidity is usually interconnected with
oxidation (Shanani and Harrison 2002). The yellowing of paper is mainly due to
the formation of chromophores, such as conjugated carbonyl and carboxyl
compounds (Bronzato et al. 2013), whose production is favored in an acidic
environment. After 20 days of artificial aging, we measured a significant change
in the visual aspect of samples, i.e., a AE of 10.3 units. It is worth noting that a
AE higher than 2.3 units makes the color difference perceivable by the naked eye
(Witzel et al. 1973).

The visual aspect of paper samples was not significantly affected by the
applied treatments. In fact, the AE of AF3-GC30, AF3-GC30-CO3 and
AF3-GC30-OH3, calculated with respect to AF3, is 1.7, 1.9 and 2.0, respectively.

5.3.2.2 Application on real paper

The application of GC30 on aged PT1 slightly decreased the UTS of the
paper, and it resulted in a small weight increase of about 4%. It was thus
concluded that this paper, which contains about 20% of fillers, it is not a good
candidate for testing our system because it has a low porosity that hampers the
penetration of nanocrystals. If the treatment cannot penetrate, we cannot expect
any improvement in the mechanical resistance.
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Figure 5.16. Effects of GC30 system on real samples, i.e., PT1 and Book from 1970s.
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Figure 5.17. Effects of GC30 system on real samples, i.e., Book from 1970s.

Samples from different pages of the 1970s book were treated with GC30
and GC30-CO3. B2-GC30 and B3-GC30-CO3 samples show a slight strength
increment of about 5% and 6%, respectively, as shown in Figure 5.16. It is worth
noting that GC30-CO3 increase pH from 5.2 to 7.2. It seems that hybrid featuring
CaCO:s is effective on both strengthening and deacidification. The application of
GC30-CO3 on samples from a different page lead to a similar increment in the
UTS (6%), as shown in figure 5.17. However, no or slight effects were obtained
on the same set of samples treated with GC30 and GC30-OH3 (see figure 5.17).
Overall, we can conclude that the effectiveness of our systems on this paper is
probably affected by the initial conservation status of real objects, which is not
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easily controlled. In other terms, the inhomogeneity of book’s paper doesn’t
permit to obtain reproducible results, but that is a widely known problem
affecting real cellulosic systems. Even if the limited set of data does not allow us
to obtain a statistically sound evaluation, it can be concluded that our systems
work on filter paper, which is a reference material, and that an overall positive
effect was also obtained on paper samples from the 1970s book.

5.4 Conclusion

The most important degradation mechanism of cellulose-based materials is
the acid-catalyzed hydrolysis of B-1,4-glycosidic bonds, which results in the
decrease of cellulose degree of polymerization and, macroscopically, in the loss
of the original mechanical properties. In the case of acidic and strongly
mechanically-degraded cellulosic works of art, both a deacidification and a
reinforcement treatment are required.

In this Chapter, hybrid systems in ethanol for the concomitant
neutralization of acidity and improvement of the mechanical resistance of the
original material are presented. The dispersing use of a single-step treatment
rely in the reduction of cost, treatment time, stress and risk for the artifact.
Hybrid systems feature modified cellulose nanocrystals and alkaline
nanoparticles, alternatively calcium hydroxide or calcium carbonate, both
obtained via a solvothermal process. The innovative synthetic route of CaCOs3
nanoparticles, which is based on the usage of an alkyl carbonate for the
conversion of the intermediate reaction products into carbonates, yielded small
and highly crystalline nanoparticles already dispersed in an appropriate solvent
for applicative purposes. Modified cellulose nanocrystals act as strengthening
agents. In order to allow the dispersion of CNC in ethanol, three CNC
modification strategies were discussed. The two different acetylation procedures
based on the use of acetic anhydride that were tested, were not able to modify
the surface of the nanocrystals so to stabilize their dispersion in ethanol. On the
contrary, the grafting of oleic acid on CNC using a CDI-activated method allow
us to obtain a modified product that can be stably dispersed in short-chain
alcohols.

Hybrids were therefore prepared by mixing oleic-acid grafted CNC (GC)
and alkaline nanoparticles, i.e. calcium hydroxide or calcium carbonate

nanoparticles in ethanol, at different concentrations. Systems with low
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concentration of GC (<9 g/L) displayed a liquid-like or a gel-like behavior
depending on the concentration of nanocrystals and of alkaline nanoparticles
and on the still time. On the contrary, all the systems at 30 g/L of GC displayed a
gel-like behavior after 24 hours from the preparation.

The mechanical response of GC dispersions was studied with rheological
measurements. GC dispersions display an increased mechanical response with
increasing concentration, due to the electrostatic interactions between particles.
More interestingly, GC and CNC dispersions, having a similar concentration,
display a different mechanical response: in fact, both G" and G” of GC30 are
about two orders of magnitude higher than those of CNC30; moreover, the two
moduli in GC30 are frequent-independent. This behavior is probably due to a
decrease in the Debye length triggered by the lower permittivity of ethanol with
respect to water that allows for stronger interactions between particles. A strong
increase in G' and G” was also displayed after the addition of calcium
hydroxide to the GC dispersion. Here, calcium ions lead to the gelation of the
systems mainly because the Debye length depends also on the concentration of
the ions in solution. It is worth noting that water was used during the
purification step of the reaction and some traces are probably present in the final
dispersing medium. The introduction of calcium carbonate for the hybrid
preparation led to a less pronounced effect on the screening of the crystal
repulsive forces due to the lower solubility of calcium carbonate. At higher
concentration of GC (30 g/L), the different behavior of the systems was also
confirmed by the tan §, which is the averaged G”/G" over the investigated
frequency range. Interestingly, all the prepared systems are weak gel, except for
those featuring calcium hydroxide nanoparticles.

Other interesting features were investigated, such as thixotropy showed in
the three interval thixotropy tests (3ITT). This is particularly interesting for the
application of these materials to cellulose-based objects: in fact, these systems
can be applied at the liquid state, after being energetically shake. Or, when a
more confined application is required, both systems can be applied with a gentle
action, in a more gelled state.

SAXS measurements confirmed the increase in cellulose interactions after
the surface modification and the addition of alkaline nanoparticles. In fact, the
changes in the aggregation number of GC clusters follow a similar trend
displayed by the mechanical response, i.e., bigger clusters were found in the
more gelled system.
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After characterization, hybrid systems featuring 9 g/L and 30 g/L. GC were
applied on artificially and naturally aged paper. Mechanical tests, pH and
colorimetric measurements were used to evaluate their effect.

Systems with low concentration of GC (9 g/L) were not able to significantly
increase the mechanical resistance of artificially and naturally aged paper
samples. It is also worth noting that an increase in the amount of treatment
applied on some samples, resulted in a lower UTS values. It was thus concluded
that the concentration of nanocrystals was not enough to compensate the
swelling of the cellulose fibers due to the solvent.

Systems with higher concentration of GC (30 g/L) led to an increase in the
mechanical resistance, and, in the case of hybrids, also neutralized the present
acidity of filter paper, without significant alterations in the visual aspect of
samples. The strengthening and deacidification effects were even more
significant on highly degraded filter paper. An overall positive effect was also
obtained on paper samples from the 1970s book, even if the effectiveness of our
systems on this material is probably affected by the initial conservation status of
the real object, which is not easily controlled.
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Concluding remarks

Cellulose-based materials constitute a large part of the global patrimony of
mankind. Their preservation and protection must be granted to transfer this
heritage to future generations. The acid-catalyzed hydrolysis of glycosidic
bonds, that is the most important degradation pathway of cellulose-based
materials, results in the decrease of cellulose DP and in the loss of the original
mechanical properties. Therefore, two are the classes in which conservation
interventions for cellulosic material can be divided: deacidification and
strengthening treatments.

Deacidification treatments are based on the usage of alkaline compounds
that neutralize paper acidity. The neutralizing agents can be dispersed in water,
short chain alcohol and low-polar and inert solvents. The most interesting
systems are those based nanoparticles stably dispersed in organic solvents.

On the other hand, the compounds that can be used for the reinforcement
treatments include natural and synthetic polymer and, more recently,
nanocellulose. Nanocellulose is newly developed and it is probably the most
interesting material due to the unique mechanical properties and high
compatibility with cellulosic material.

For the preservation of acidic and strongly mechanically-degraded
cellulosic works of art, both a deacidification and a reinforcement treatment
should be carried out. In this regard, a single-step method can reduce risk and
stress for the artifact and, at the same time, grant a reduction in terms of costs
and time.

Alkaline nanoparticles, i.e. calcium or magnesium hydroxide, in
short-chain alcohols were proposed for the deacidification of paper and canvas
about 15 years ago. Since then, several synthetic strategies and formulations of
nanoparticles in different carrier solvents have been developed and excellent
results in neutralizing acidity and creating an alkaline buffer have been
achieved.

In the present dissertation, hybrid systems for the simultaneous
strengthening and deacidification of paper were prepared, characterized and
applied on paper samples; these materials have been prepared using cellulose
nanocrystals and alkaline nanoparticles. Nanocelluloses are non-toxic,
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renewable and biodegradable. Moreover, they have excellent mechanical
properties, high surface area, and form almost transparent films.

Alkaline nanoparticles allow for fast neutralization and carbonation
processes. In addition to that, nanoparticles dispersed in alcohols easily
penetrate the cellulosic material without altering the composition or damaging
water-sensitive components and grant a homogenous distribution within the
fibers. The alkaline nanoparticles used for the preparation of hybrids were
obtained using a novel synthetic route based on a solvothermal process, which
yields small and highly crystalline nanoparticles already dispersed in an
appropriate solvent for applicative purposes. In particular, an innovative
synthetic route of CaCOs nanoparticles, which is based on the usage of an alkyl
carbonate for the conversion of the intermediate reaction products into
carbonates, was developed.

Considering water sensitive and non-water sensitive artifacts, two types of
hybrid systems were developed. One is hybrid of pristine cellulose nanocrystals
and alkaline nanoparticles dispersed in water/ethanol. The other is hybrid
featuring grafted cellulose nanocrystals dispersed in pure ethanol.

In this regard, three CNC modification strategies were tested. The two
different acetylation procedures based on the use of acetic anhydride were not
able to modify the surface of the nanocrystals so to stabilize their dispersion in
ethanol. On the contrary, the grafting of oleic acid on CNC wusing a
CDI-activated method allowed us to obtain a modified product that can be
stably dispersed in short-chain alcohols.

Hybrids systems were prepared by mixing CNC or oleic-acid grafted CNC
(GC) and alkaline nanoparticles, i.e. calcium hydroxide or calcium carbonate
nanoparticles in ethanol, at different concentrations.

Systems with low concentration of GC displayed a liquid-like or a gel-like
behavior depending on the concentration of nanocrystals and of alkaline
nanoparticles and on the still time. On the contrary, all the systems at higher
concentration of GC displayed a gel-like behavior after 24 hours from the
preparation.

The mechanical responses of both CNC and oleic-acid grafted CNC (GC)
dispersions were studied with rheological measurements. The presence of
ethanol in CNC dispersion resulted in the overall increase in the viscosity of the
systems than that of CNC in water dispersion. GC in ethanol and CNC in
water/ethanol dispersions, having a similar concentration, showed a different
mechanical response: in fact, both G" and G” of GC30 are about two orders of
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magnitude higher than those of CNC30; moreover, the two moduli in GC30 are
frequent-independent. This behavior is probably due to a decrease in the Debye
length, triggered by the lowest permittivity of ethanol with respect to water that
allows for stronger interactions between particles.

A strong increase in G and G” was also displayed after the addition of
calcium hydroxide to the CNC and GC dispersion. In fact, the Debye length is
also a function of the ionic strength and divalent ions screen the superficial
charges of cellulose nanocrystals, favoring their interactions and resulting in the
formation of a strong gelled system. A less pronounced effect on the screening
of the crystal repulsive forces was displayed after the addition of calcium
carbonate, which is significantly less soluble than Ca(OH)a.

At higher concentration of GC, the different behavior of the systems was
also confirmed by the tan 5, which is the averaged G”/G” over the investigated
frequency range. Interestingly, all the prepared systems are weak gel, expect for
those featuring calcium hydroxide nanoparticles.

Thixotropy were investigated by three interval thixotropy tests (3ITT). This
property is particularly interesting for the application of these materials to
cellulose-based objects: in fact, these systems can be applied at the liquid state,
after being energetically shake. Or, when a more confined application is
required, both systems can be applied with a gentle action, in a more gelled
state.

SAXS measurements confirmed the increase in cellulose interactions after
the addition of ethanol, alkaline nanoparticles and grafting alkyl chains. In fact,
the changes in the aggregation numbers of CNC and GC clusters follow a
similar trend displayed by the mechanical response, i.e., bigger clusters were
found in the more gelled system.

After characterization, hybrid systems were applied on artificially aged
filter paper. Mechanical tests, pH and colorimetric measurements were used to
evaluate their efficacy.

Systems featuring pristine CNC resulted highly effective in the
strengthening and deacidification of acidic and mechanically-degraded
cellulosic material, without significant alterations in the visual aspect of samples.
Even if the pH, around 9, of samples applied by hybrids with Ca(OH): is quite
high, it is safe if the paper is not oxidized. In addition, the pH can be easily
decreased by applying less amount of material.
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Hybrids systems in ethanol with low concentration of GC were not able to
significantly increase the mechanical resistance of artificially and naturally aged
paper samples. It is also worth noting that an increase in the amount of
treatment applied on some samples, resulted in a lower UTS values. It was thus
concluded that the concentration of nanocrystals was not enough to compensate
the swelling of the cellulose fibers due to the solvent.

Systems with higher concentration of GC led to an increase in the
mechanical resistance, and, in the case of hybrids, also neutralized the present
acidity of filter paper, without significant alterations in the visual aspect of
samples. The strengthening and deacidification effects were even more
significant on highly degraded filter paper. An overall positive effect was also
obtained on paper samples from the 1970s book, even if the effectiveness of our
systems on this material is probably affected by the initial conservation status of
the real object, which is not easily controlled.

In conclusion, hybrid systems based on unmodified or oleic-acid grafted
cellulose nanocrystals and alkaline nanoparticles for the simultaneous
strengthening and deacidification may represent a powerful tool to extend the
useful life of several cellulosic artifacts, including valuable and historical objects
whose preservation and protection must be granted to transfer this heritage to
future generations.
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