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The effect of the acyl side-chain length
ROBIN NILSSON
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Abstract

Biopolymers, which are produced from natural sources, are gaining interest as a potential replacement
for fossil-based polymers. As such, they are already widely used in several industries, including the
food, healthcare, and personal care industries. To harness the full potential of biopolymers as materials
in new products designed for specific tasks, an ability to accurately predict their properties and how
these properties change in different environments, is desirable. Hansen Solubility Parameters (HSP)
combine dispersive, polar, and hydrogen bonding energies to understand interactions between
molecules. This thesis explores the potential use of HSP as predictors of glass transition temperatures
(Tg) and water interactions. It also focuses on elucidating the effect of an increased side-chain length of
cellulose esters on their thermal properties, structural properties, and water interactions, together with
how these properties are affected by the absorption of water. The cellulose esters studied here were
cellulose acetate, cellulose acetate propionate, and cellulose acetate butyrate.

The HSP showed that the dispersive energy dominates the total cohesive energy, followed by the
hydrogen bonding and then the polar energy. Counter-intuitively, the Ty decreased with an increased
total cohesive energy. The HSP explained this phenomenon, namely, that the increased length of the
substituents screened the short-range hydrogen bonds. A similar effect was observed for water solubility
and penetration into the cellulose esters, which decreased with increasing side-chain lengths despite the
approximately constant hydrogen bonding energies. This indicates the importance of focusing on each
of the different interaction parameters instead of only the total HSP.

Keywords: cellulose acetate, glass transition, water absorption, water diffusion, Hansen Solubility
Parameters, wide-angle X-ray scattering
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Abbreviations

AGU 1,4-anhydro-D-glucose units

CA Cellulose acetate

CAB Cellulose acetate butyrate

CAP Cellulose acetate propionate

DS Degree of substitution

DSC Differential scanning calorimetry
DVS Dynamic vapor sorption

EC Ethyl cellulose

FTIR Fourier transform infrared spectroscopy
HSP Hansen Solubility Parameters
MD Molecular dynamics

NMR Nuclear magnetic resonance

OH Hydroxyl group

DOH Degree of hydroxyl groups

PP Polypropylene

RH Relative humidity

TGA Thermogravimetric analyzer

WAXS Wide-angle X-ray scattering



Symbols

Ca(t) Concentration on the acceptor side at time t
Cao Concentration on the donor side at time 0
DSa Degree of substitution of acetyl
DSs Degree of substitution of butyryl
DSp Degree of substitution of propionyl
DSot Total degree of substitution

Eq Dispersive cohesive energy

Ex Hydrogen bonding energy

Ep Polar cohesive energy

Etot Total cohesive energy

h Thickness

Mn Average molecular weight

t Time

T.0 Tritium water

Tq Degradation temperature

Ty Glass transition temperature

Tm Melting temperature

Vv Volume of acceptor chamber
Vmolar Molar volume

AHs Enthalpy of fusion

Od Dispersive parameter

On Hydrogen bonding parameter

p Polar parameter

Srot Total Hansen Solubility Parameter
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1 | Introduction

One of the main trends in modern development is the transition from fossil-based resources to
renewable, bio-based alternatives, thereby reducing pollution and contributing towards achieving a
circular economy. In 2019, European plastic production amounted to 50.7 million tons, of which up to
39.6% consisted of packaging. Plastics have historically been produced from fossil fuels; however, the
non-renewable nature of fossil-based resources means that they cannot be relied upon to continue to
supply a large and increasing demand. Consequently, plastics that are based on renewable and
recyclable resources are needed [1].

Polymers made from natural sources such as trees are called biopolymers. Cellulose is an example of a
biopolymer and is one of few that are available in large enough quantities to be a viable candidate for
substituting fossil-based polymers in industries like the plastics packaging industry. Since cellulose can
be extracted from trees, it has become a biopolymer of interest in countries like Sweden, where the
productive forest area is large (22.5 million hectares in 2011) [2]. However, one notable drawback with
biopolymers like cellulose is that their properties may change in response to humidity and water, making
their suitability questionable for applications where humidity varies or where direct contact with water
may occur. This is a challenge for films in food packages where they need to have structural integrity
and be impenetrable to gases, independent of moisture present either inside the package or arising from
the external environment. Another drawback with cellulose is its low melt processability relative to
polymers usually encountered in plastics. To address both the aforementioned challenges, chemical
modification of cellulose may be a solution. It is commonly conducted by adding side-chains to the
cellulose backbone to form cellulose derivatives. A large variety of cellulose derivatives exist on the
market, including cellulose ethers (methyl cellulose, ethyl cellulose (EC), hydroxypropyl cellulose,
hydroxypropyl methyl cellulose) and cellulose esters (cellulose acetate (CA), cellulose acetate
propionate (CAP), cellulose acetate butyrate (CAB), and cellulose acetate phthalate (CAP)). Cellulose
derivatives are used in many areas such as pharmaceutics, cosmetics, food, and construction, where
they often serve as the critical component. EC and CA are two examples of cellulose derivatives used
in applications with large water resistance. EC is used in thin-film coatings for pharmaceutics, in paper,
and as a water-insoluble food thickener. CA is commonly used in membrane applications, e.g., in water
retention and salt separation.

In literature, water interactions with biopolymers have been associated with their hydroxyl groups
(-OH). Itis generally accepted that the major contributor to the water sensitivity of cellulose derivatives
is the formation of strong hydrogen bonds within the structure. Here, water will orient towards
hydrophilic groups, such as hydroxyl groups, in cellulose via hydrogen bonding [3]. These strong
molecular interactions are the reason why materials with many hydroxyl groups absorb large amounts
of water. This thesis focuses instead on the effect of the length of substituents” side-chains on
interactions with water. Therefore, cellulose esters with a similar degree of hydroxyl groups were
investigated.

Tools that allow the prediction of materials’ behaviours based solely on their molecular structure are
desirable. An example of such a predictive tool is the Hansen Solubility Parameters (HSP), which are
mainly used to predict solubilities of polymers in solvents but have also been used for other purposes,
such as predicting the dispersibility of crystalline nanocellulose in low-density polyethylene [4] or
explaining the variation in resin swelling in binary solvents [5]. A study closely related to this work is
one by Ramanaiah et al., where temperature-induced changes in experimentally determined HSP were
studied for CAP and CAB [6], [7]. Another closely related study by Ong et al. focused on salt retention
in CAP and CAB and how this could be related to HSP [8].



1.1 Aim and Objective

This thesis aims to provide insights into how small changes in the chemical structure of cellulose
derivatives may alter their properties, how they interact with water, and how water affects their
properties. As specific examples of cellulose derivatives, this thesis is limited in scope to CA, CAP,
three types of CAB comprising different degrees of substitution of butyrate (denoted CABI, CABII,
and CABIII), and EC. This limited scope should be considered in the interpretation and generalizability
of the results. The following objectives are put in focus:

1) To characterize and produce hot-melt pressed films of the selected set of cellulose derivatives.

2) To investigate how water interacts with these cellulose derivatives during full submersion in
water and upon exposure to different relative humidities (RH).

3) To characterize how absorbed water affects the density and microstructure of the materials.

4) To investigate the correlation between calculated HSP and thermal properties and water
interactions of all materials.

The content of this thesis is based on two studies, the appended Papers | and Il. Paper | focuses on how
the side-chain length of CA, CAP, and CABI-III affects their thermal and structural properties, water
absorption, and water diffusion. Additionally, it investigates if the HSP of the materials can be
correlated to their glass transition temperatures, water absorption, and water diffusion. Paper Il uses the
same materials but focuses instead on how the side-chain length affects the position where water is
absorbed in the structure. This was investigated by studying absorption isotherms for the materials over
a wide range of RH (0-80% RH) and by molecular dynamics (MD) simulations. The MD simulations
were performed in collaboration with Hiisamettin Deniz Ozeren and Mikael Hedenqvist and will not be
covered in great detail in this thesis.

1.2 FibRe VINNOVA Competence Center

This work was performed in association with FibRe in August 2021. FibRe isa VINNOVA competence
center, which operates as a research consortium involving Chalmers University of Technology, KTH
Royal Institute of Technology, industry, and public organization partners. One of FibRes short-term
goal is “to understand how thermoplasticity for lignocellulose-based materials depends on the molecular
structure.” The present project focuses specifically on this goal and, by extension, to FibRe.



2 | Cellulose and Cellulose Ester

Cellulose is a linear homopolymer of 1,4-anhydro-D-glucose units (AGU) linked by B-1,4 glycosidic
linkages between carbons Ci and Ca, Figure 1a. The repeating unit of cellulose consists of two AGUs,
which are rotated 180°C with respect to each other [9,10]. Figure 1b shows the cellulose base, where
the hydroxyl hydrogens have been exchanged for other groups. The number of substitutions per unit is
commonly referred to as the degree of substitution (DS). Examples of substituents (and the resulting
cellulose derivatives) are acetyl (CA), a mixture of acetyl and propionyl (CAP), a mixture of acetyl and
butyryl (CAB), and ethyl (EC).
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Figure 1. The chemical structure of a) cellulose and b) cellulose where R is either a hydroxyl, acetyl, propionyl, or butyrate
group.

The first mention of cellulose acetate was in the late 19th century when it was discovered that it could
be produced by mixing cellulose and acetic anhydrate. Transitioning into the 20" century, patents for
photographic film and artificial silk appeared, but the market was cold due to specially cleaned cotton
being needed as a raw material and new processing methods being needed for the synthesis. Instead,
another CA with lower degree of substitution, cellulose diacetate, achieved interest due to its solubility
in common solvents such as acetone and chloroform [11]. This facilitated its application in airplane
coatings, replacing heavier rubber whilst being more resistant to water, oil, and petroleum [12]. The
growing demand in the aircraft industry during World War | drove industrial production further and,
after the war, the production of cellulose diacetate yarn was initiated with new fiber spinning techniques
[13]. The advent of polyester and nylon decreased the production of cellulose diacetate yarn. The next
large usability of CA was as filters in cigarettes, where it regained popularity in the 1950s, with high
usage continuing to 2014 where it was included in 80% of the world's cigarettes [14]. Cellulose di- and
triacetate can also be mixed with plasticizers or mixed with cellulose esters and processed by injection
molding into a variety of products like tool handles and toys. The rupture and splicing resistance of CA
also made it a preferred material for photographic and motion film as well as security glass for
automobiles. By 2016, the global market for CA was 614 kt [14] and, recently, there has been an interest
in CA as a coating component in LCD screens [15].

Alternative commercially available cellulose esters to CA are CAP and CAB [16]. They are both easier
to dissolve than CA, making them practical for many applications. CAB is used in areas such as binders
in decorative and protective coatings in human nail care, leather, paper, plastic, trucks, and buses. In
these applications, CAB provides toughness, weather resistance, flexibility, color retention, and more.
CAP is similar to CAB and is used where low odor is needed. CAP can for instance be mixed with
plasticizers and made into products like toothbrushes [14]. CAP, CAB, and CA have also gained interest
in the field of water purification because of their salt retention and water flux characteristics, which are
adjustable by controlling the substitution of different side groups [17], [18]. CAB, in particular, has
shown to be a promising carrier for pharmaceutical substances due to its high encapsulation efficiency
compared to EC [19].

This thesis studied five different cellulose esters, namely CA, CAP, and three CAB with different DS.
In addition to the esters, the cellulose ether, EC, was also studied and compared to the esters. All
cellulose derivatives were selected to have a similar number of unsubstituted hydroxyl groups since the
literature has shown that these hydroxyl groups have a large impact on the cellulose derivatives'
properties.



3| Thermal Properties

A key feature of plastics is their thermal properties, which gives them desirable mechanical properties
and enables melt processing into desirable shapes. For melt processing, the degradation temperature
(Tq) is critical to prevent degradation of the materials during processing and further changes in
properties like tensile strength, shape, and color that may occur as a consequence of degradation [14].
Two additional thermal properties of importance are a material’s glass transition temperature (Tgy) and
melting temperature (Tm). The Ty is a defined temperature range over which materials transition from a
stiff “glassy” state to a softer “rubbery” state. It can also be explained by a gain in energy during the
glassy to rubbery transition, which increases the mobility of polymer chains, both in the backbone and
side-chains of polymers, resulting in a drastic increase in material flexibility [20]. This means that for
a material with low Ty, less energy is needed to increase polymer mobility. The Ty is related to many
structural factors such as segment length of the polymer, symmetry, side-chain mobility, backbone
mobility, crystallinity, and the material’s thermal and processing history [21].

The structure of an amorphous material has only amorphous regions, which results in the material
having a Ty but no Tm, whereas semicrystalline materials, for example, polyethylene (PE) and
polypropylene (PP), have both amorphous and crystalline regions resulting in both Ty and T [22].
Semicrystalline unmodified cellulose has a T4 around 230-245°C and moderate thermal stability, with
its thermal processing being limited by rapid chemical decomposition at temperatures above 250°C
[10]. Consequently, producing a plastic material from cellulose requires it to be modified to become
thermoplastic and melt-processable. Many modified cellulose derivatives, like CA, CAP, CAB, and EC
with large DS values, have both a Ty and a Tm, and therefore melt when exposed to high enough
temperatures. For CA, studies have shown that when DS increases, the T, decreases. For example, a
CA with a DS of 1.75 can have a T4 of 214°C, which decreases to 200°C when DS increases to 2.45. A
similar relationship between DS and T can be seen. Continuing the previous example, a CA with a DS
of 1.75 that melts at 245°C, instead melts at 233°C when DS increases to 2.45 [23]. By adding longer
side-chains, propionate for CAP and butyrate for CAB, Ty and T decrease with increasing DS for the
respective side-chain, with butyrate contributing more to this decrease than propionate [24].

4| Water Sensitivity

As previously mentioned, biopolymers are known to be sensitive to water, some more than others.
Familiar everyday examples of this include a newspaper left outdoors or a food wastepaper bag that,
after contact with water, starts to decompose until it eventually loses enough structural integrity to
break. Even for relatively water-resistant biopolymers, water is recognized as having a plasticizing
effect [25]. In products like packaging materials, water resistance is essential for keeping the products
inside the package dry (or wet). Additionally, the water sensitivity of packaging can affect other desired
properties such as gas permeation, where a good gas barrier is desired [26]. Carbohydrates are water-
sensitive and it has been observed that an increase in water content results in a decrease in T4 [25]. Even
water-resistant polymers like PP absorb some water, however, they have a negligible loss in structural
integrity [27]. For hydrophilic polymers like cellulose, water can exist in three different ways when
absorbed into the structure. These can be referred to as non-freezing water, which is difficult to observe,
freezing bound water, which is less closely associated with the polymer, and free water [28].

The amount of water the structures absorb depends on the outside RH and, therefore, studies on how
materials behave at different RH are relevant. A common method to characterize the amount of water
absorbed is dynamic vapor sorption (DVS), which studies the water vapor sorption of a material at a
constant temperature, i.e., a sorption isotherm. In addition to indicating how water is distributed in a
material, the shape of the sorption isotherm is material-specific and therefore serves as a fingerprint. A
cellulose surface follows a sigmoidal shape, with initially high sorption into a monolayer, followed by
the formation of multilayers at larger RH [29]. A common sorption phenomenon among water-sensitive



materials, like chitosan, starch, and cellulose, is that the desorption and absorption are not the same,
resulting in a hysteresis [30], [31], [32]. CA also shows a hysteresis in most cases [33], [34].

An important part of water interactions in packaging is the water transport through fully saturated
polymer films or membranes. Many properties affect the rate of transport, such as crystallinity,
plasticizers, and the chemical structure of the polymer, which includes the degree of cross-linking,
tacticity, and molecular weight. Two models can describe mass transport and permeability in polymers.
One model is based on free volume theory, where the diffusion constant is related to the free volume of
the polymer and the other model is based on intermolecular forces in combination with the motion of
the permeant and the polymer chains [35]. Many models have been used to describe the transport of
solvents through membranes. A popular one for dense materials, like the polymer used in this study, is
the solution-diffusion model. It is based on four assumptions: a homogenous and non-porous
morphology is present, the solvent and solute transport have individual concentration profiles through
the membrane, the solute and solvent each have their own chemical potential, and lastly, the chemical
gradient is due to concentration and pressure gradients across the films. The permeation through
membranes occurs in three steps: The solutes first attach to the surface of the membrane, then they
diffuse through the bulk of the membrane, then, upon reaching the other side of the membrane, they
leave the membrane. The rate-limiting step is the diffusion through the membrane [36]. Calculating
water flows are based on Fick’s first law of diffusion, further discussed in Section 6.4.

5 | Hansen Solubility Parameters

As mentioned, these parameters are typically used to find suitable solvents for materials by a “like
dissolves like” principle [37]. The total HSP squared (8%,,) is defined as the total cohesive energy (E;o¢)
divided by the molar volume (Vmoiar), Equation 1.

E E,+E, +E
2 = —t = AP T N 5245245, 1)

Vmolar Vmolar

The total cohesive energy comprises energies emerging from three molecular interactions, namely,
dispersive forces, polar forces, and hydrogen bonding forces. The dispersive forces are the most general
and emerge from nonpolar interactions between atoms, which exist for all molecules. For molecules
with only dispersive forces, like a saturated aliphatic hydrocarbon, the energy of vaporization is the
same as the dispersive cohesive energy (Eq). Polar forces, or polar cohesive energies (Ep), arise from
permanent dipole-permanent dipole interactions. Hydrogen bonding energy (En) is the third type of
cohesive energy, which arises from molecular interactions similar to polar interactions but with stronger
permanent dipole interactions. In Hansen’s approach, En is simplified as the resulting energy upon
subtracting the dispersive and polar forces from the total cohesive energy. Each of these three energies
is represented in HSP theory as a dispersion parameter (34), polar parameter (8,), and hydrogen bonding
parameter (6n). These can be experimentally determined for materials using a series of solvents [38]. In
this thesis, the solubility parameters were calculated theoretically via an additive method by van
Krevelen, which includes dispersive, polar, and hydrogen bonding components for each chemical group
[39]. For further information about how the calculations were performed, see Paper I.






6 | Experimental Procedures

In this section, the materials used, namely CA, CAP, CAB, and EC, are explained regarding their
chemical structure. Thereafter, the major experimental methods are described, including film
preparation methods, thermal property investigations, water absorption studies, and water diffusion
studies. For further details regarding experimental methods like FTIR, NMR, WAXS, and HSP, see
Paper | and for density measurements and DVS studies, see Paper II.

6.1 Characterization of Materials

The six materials used are displayed in Table 1, together with each of their number average molecular
weights (My) and DS. The esters were purchased from Sigma Aldrich, Sweden, and the ether was
purchased from Dow Wolff Cellulosics GmbH, Germany. M, values in the table are quoted from the
manufacturers. NMR was used to determine the DS for each cellulose derivative (see Paper I). As
mentioned, all the esters have a similar high substitution of acyl groups (the collective name for acetyl,
propionyl, and butyryl), with the remaining side groups consisting of hydroxyl groups. For CAP, only
a small amount of acetyl groups was present in excess to the propionyl and hydroxyl groups. The three
butyrate substituted esters have a low, medium, and high degree of substitution of butyrate, with the
remaining substitution consisting of acetyl groups.

Table 1. Molecular weight (Mn), degree of substitution (DS) and HSP for the esters (CA, CAP, and CAB) and the ether (EC).

Material | Mn DSt | DSa DSe/ | DOH | 44 dp On Stot
[kDa]l DSBZ (J Cm—3)1/2 (J Cm—3)1/2 (J Cm-3)1/2 (J Cm-3)1/2

CA 50 241 | 241 - 0.59 |19.0 6.2 145 24.7
CAP 75 285 |0.21 264 |0.15 |18.2 4.5 11.3 21.9
CABI 65 285 | 214 0.71 |0.15 |184 5.0 11.9 22.4
CABII 30 280 | 1.12 168 | 0.20 |18.2 4.3 11.2 21.8
CABIIl | 30 271 |10.14 257 1029 |18.1 3.9 10.9 21.5
EC - 256 |- - 045 |181 5.2 11.3 22.0

IMn provided by suppliers
2 DSp/DSe mean degree of propionyl and butyryl, respectively

6.2 Film Preparation

There are two main methods of making polymer films, either melt processing or solvent casting. The
latter is common in research as many polymers have solvents in which they are soluble. This applies to
the majority of studies on CA, CAP, and CAB, where acetone and N-methylpyrrolidone have been used
[8], [40], [41]. In this study, hot-melt pressing was chosen as the film manufacturing method because
of its numerous benefits over solvent casting. Firstly, thicker films can be made for absorption
experiments compared to the thin films typically generated by solvent casting Secondly, hot-melt
pressing provides an improved capability to make uniform solid films. The solvent casting of films has
been known to cause layering, with the added risk of solvent molecules remaining trapped in the films.
Thirdly, hot-melt pressing is more time-efficient and is not limited by the time taken to evaporate
solvent as is the case with solvent casting [42].

The films used in this study were made in two thicknesses, 0.1 mm for water diffusion and WAXS and
0.5 mm for water absorption and density measurements. The hot-melt pressing process involved the
pressing of each material in a metal frame sandwiched between Kapton films, steel plates, and the hot
plates of the press, Figure 2, at 170-260°C, depending on the material (see Paper 1 for more details). A
pressure of 15 + 0.5 t was applied for 5-7 min. The generated films were left to equilibrate to room
temperature under weights of 8.9 = 0.1 kg, after which they were cut into suitable shapes for the
respective experiments. It was evident from the hot-melt pressing that M, had a great impact with a
high M, being required to produce films that do not easily break when handled. For highly substituted



CAB, its M, of 15 kDa was too low, making the material brittle and unable to form films during hot-
melt pressing.

Hot
plates

Kapton —
films

Steel
plates

Material
Metal film

Spacers

Figure 2. lllustration of the hot-melt pressing sandwich for film production.

6.3 Thermal Properties: TGA and DSC

An important factor to consider when performing hot-melt pressing is each material’s Tq, which was
determined by a thermogravimetric analysis (TGA). The TGA method involved heating the sample
from 30°C to 500°C at a heating rate of 10°C min~* with a nitrogen flow of 60 mL min™. The reported
value of Ty corresponds to the intersection of the tangent of the baseline and tangent at the inversion
point of the degradation curve, determined using STARe Evaluation Software (Mettler Toledo,
Switzerland). Differential scanning calorimetry (DSC) scans, with a heating rate of 10°C min* from
25°C to 250°C, were used to determine the T4 and the T of the material using the same software. It
should be noted that the reported data corresponds to the first heating curve. Ty was determined by the
standard midpoint calculation in the STARe software. Tr, is reported as the peak value of the melt peak,
while the area of the melt peak was used to calculate the melting enthalpy, which could be used to
determine the crystallinity.

6.4 Water Absorption and Water Diffusion

Water absorption studies were performed on 0.5 mm thick films of each material. The films were
weighed and measured after drying in an oven for 24 h at 60°C. They were then submerged in deionized
water for 72 h in a vessel with controlled, slow stirring at 25 rpm, Figure 3. Film weight and dimensions
were measured at predefined times after removing excess water. This allowed the determination of both
the water absorption and the density of the films.
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Figure 3. lllustration of the vessel with controlled stirring that was used for determination of water absorption. Note that the
increase in the size of the films depicted in the figure is for visualization purposes only. In reality, the film swelling is not
observable.

The water diffusion experiment was performed using a diffusion cell apparatus with tritium labeled
water as a tracer, Figure 4. The sample films of the different materials were placed between the donor
side and acceptor side of the diffusion cell apparatus, which were subsequently clamped together. Two
corresponding 20 mL diffusion chambers, one on the donor side and one on the acceptor side, separated
by a 0.1 mm thick sample film, were each filled with 15 mL water. A small amount of tritium water
(T»0) was added on the donor side, and the concentration on the acceptor side was monitored over time

by measuring the radioactivity with a PerkinElmer Tri-Carb 2810 TR liquid scintillation analyzer.
T,0

Donor side Acceptor side

Sample film

Figure 4. lllustration of the diffusion chambers where tritium water was added on the donor side and then passed through the
sample film into the acceptor side.

From the change in radioactivity, the water permeability P (m? s*) of the sample film was calculated
using Equation 2 [43]-[45],

2PA | (cd,o - 2Ca(t)> 2

—t=—
hv " Cao

where h (m) is the thickness of the film, V (m®) is the total volume of the acceptor chamber, t (s) is the
time, Cao (Mol m?) is the concentration on the donor side at time 0, and C, (t) (mol m?) is the
concentration on the acceptor side at time t. The permeation was calculated from the slope of the right
side of Equation 2 over time. This equation is valid given the assumptions that the system is ideal, the
chemical potential depends on concentration, no time-dependence on the concentration profile is
present, the impact from stagnant layers at the film surface is negligible, and equal volumes on both the
donor and acceptor side are present.
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7 | Results and Discussion

This section addresses the characterization of the materials' chemical structure, HSP, and thermal
properties. A section covering water absorption, water diffusion, and water vapor sorption isotherms
are then presented, after which the effect of water absorption on density and microstructure are
addressed. Finally, the HSP will be investigated as a potential tool for predicting performance based on
the chemical structure of the cellulose esters.

7.1 Material and Film Properties

We have already established that the esters investigated are all highly modified when it comes to acyl
groups, Table 1, and that the main difference between the esters is the length of the carbohydrate chain
on the acyl (acetyl, propionyl, and butyryl). This does not seem to affect the Tq, Table 2, but it does
have a great impact on Tg and Trm. CA has a Ty of 193°C and when methylene groups are added to the
side-chain, Ty decreases to 109°C for CABIII. It is also worth noting that CAP is similar to CABII with
respect to Tq, Which indicates that butyrate has a larger impact than propionate. Ty is, as mentioned, an
important factor as it depends on the strength of the attractive intermolecular forces between the chains
in the material, with a higher Ty being indicative of stronger interaction forces. This, in turn, means that
the increased side-chain length decreases the intermolecular forces, which could be associated with the
side-chains pushing the polymer backbone further apart, creating weaker intermolecular interactions.
Another aspect of the Ty is that it is similar for the starting material used as received (displayed as
powder in the table) and for the hot-melt pressed films. The T, on the other hand, appears to be greatly
influenced by the film-forming process. Only CA and CABI still have a detectable T, after being melt
processed, although unprocessed powders for all materials initially had detectable Tm. The T is related
to the crystallinity of the material, thus implying that an increased side-chain length or average side-
chain length on acyl above that of CABI results in amorphous films that show no Tn. Although CA and
CABI do exhibit Tm, the area under the curve, which is directly related to the enthalpy of formation,
shows a significant difference from powder to film. This was investigated further to show the
significance of processing history. The next section addresses how these materials, and their different
thermal properties affect their interactions with water.

Table 2. Thermal properties of the esters and EC showed as Ta, Tg, Tm, and the enthalpy of fusion (AHz). Tq is only for powder.

. i T, °Cl Tm [°C] AH; [J 7]
Material Ta[°C] film  powder |film  powder | film  powder
CA 355 193 191 230 233 1.00 1.74
CAP 356 143 140 - 201 - 4.14
CABI 365 154 155 238 241 6 10.64
CABII 356 136 137 - 168 - | 1117
CABIII 353 109 100 - 143 - 12.30
EC 338 126 121 177 174 4.35 | 6.40

7.2 Water Absorption, Diffusion, and Sorption Isotherms

The materials used in this study are relatively water-resistant, which is evident from the water
absorption and water sorption data in Figure 5, however, CA tends to absorb more water and has a
higher water diffusion compared to the other materials. Note that the order presented along the x-axis
corresponds to the order of increasing side-chain length and an increasing DS of butyrate in the case of
CAB. The cellulose ether, EC, is presented at the end. It can be observed that the water absorption
decreases with an increased side-chain length from CA to CABIII. It appears, similarly to the T, that
CAP water absorption behavior falls somewhere between CABI and CABII. In terms of the water
diffusion rate, although a similar observation can be made, it is notable that both CAP and CABII
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display a lower rate of water diffusion than CABIII, which is unexpected. The reason for this could be
debated but a potential reason is that small cracks may have been formed in the CABIII films during
hot-melt pressing or diffusion experiments. This is based on the difficulty experienced during CABIII
film formation, when crack formation made the production of intact films challenging. The film
integrity is more critical for diffusion experiments than absorption because the latter only depends on a
weight increase. For comparison, EC seems to absorb and diffuse water similarly to CABI.

14.00
12.00
10.00
4.00
B L
0.00
CA CAP CABI

CABII CABIII EC

Absorption [wt%] - Blue

Permeation [10-12 m?s '] - Green
(=]
o
[=]

Polymers

Figure 5. Water absorption (blue) and water diffusion (green) for CA, CAP, CABI, CABII, CABIII, and EC with standard
deviation.

Water absorption and diffusion measurements were conducted on fully wetted films, which are
important for packaging materials. Yet another interesting feature is how different humidity can affect
the materials. It is evident, in Figure 6a, that CA and EC show a hysteresis effect, meaning that, at a
certain point during absorption, they start to demonstrate an increased absorption per humidity step
compared to similar steps going down again during desorption. This sudden increase in the amount of
water absorbed was shown for EC, despite its relatively low amount of absorbed water. Interestingly,
CABI absorbs a similar amount of water but does not show any hysteresis. This indicates that the
molecular structure affects the water absorption process. These structural effects could manifest in the
process of swelling. Compared to EC, CA shows a much larger hysteresis but also absorbs more water,
i.e., it requires more water to be absorbed into the structure to get an effect in the structure. This is
further demonstrated in Figure 6b, where EC is depicted as requiring few water molecules per monomer
to begin deforming. For CA, the point at which deformation/swelling begins is at 60% RH. In the
literature, the presence of a hysteresis effect has been linked to the deformation of the polymer matrix
[46]. This deformation could allow more water to enter and create clusters. In keeping with this
explanation, it can be concluded that since CA and EC both exhibit hysteresis they might also show an
extent of clustering that other esters with longer side-chains exhibit less of.
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Figure 6. Water sorption curves for the esters and EC where a) is water absorption in wt% and b) is the number of water
molecules per monomer at RH ranging from 0 to 80%.

To support this statement regarding clustering, MD simulations were performed on CA and CAP at two
different RHs, i.e., 40% and 80% RH. Figure 7, from Paper Il, shows the results of the simulations,
where the probability of larger clusters increases for CA when the humidity increases from 40 to 80%
RH. The probability of finding one or two water molecules close to each other is, therefore, larger at
40% RH than 80% RH, while the probability of larger clusters is greater at 80% RH. CAP also shows
a less pronounced effect of the RH but a tendency of an increase in the probability of larger water
clusters at higher RH. Furthermore, CA has a higher probability of forming larger water clusters
compared to CAP at the same RH. If this is compared to the sorption data, it can be concluded that CA
has a higher probability to form larger clusters than CAP, which could support the existence of
hysteresis for CA and the lack of it for CAP.
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Figure 7. Clustering probability for different cluster sizes for CA and CAP at 40 and 80% RH, respectively.

7.3 Effect of Water Absorption

So far, water absorption and diffusion have been discussed. The sorption isotherms and simulations
show that water interacts more strongly with CA, allowing the formation of water clusters. However,
this does not directly imply that CA is structurally affected, while its closest ester, CAP, is not. By
studying the volume change and, therefore, the density and absorption, one can infer more about
structural changes. The density for hot-melt pressed films was measured in dry and wetted states, Figure
8, from which two observations were made. Firstly, the density decreases for the esters with increased
side-chain length, which is evident for CABI to CABIII. The longer side-chains increase the distance
between the polymer backbones, resulting in an expected decrease in the density. The second
observation, which was not expected, was that the density appears to be higher for all materials in the
wetted state than in the dry state. A similar increase was observed in the simulations of CA and CAP,
see Table 4 in Paper Il. This increase in densities indicates that the materials do not swell. If a material
swells, the volume increase occurring when water, with a density of 1 g cm™, enters the system, would
result in the density decreasing towards that of water. Instead, the measured increase in density in these
results means that, unlike when a material swells, the water primarily enters empty voids of the polymer
films and/or the water causes a reorientation of the structure upon entry, which enables closer packing
of the chains. Nevertheless, the fact that all the materials had a higher density when wet does not explain
why CA and EC showed hysteresis. A closer look into the microstructure was performed to investigate
if structural changes occurred.
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Figure 8. Density for wetted (blue right) and dried films (green left) of CA, CAP, CABI, CABII, CABIII, and EC.

WAXS is commonly performed to determine a value for crystallinity, however, in this study, the
crystallinity has not been calculated. Instead, the focus was on the diffraction patterns. Figure 9 shows
WAXS curves on dry and wet films of each material. All materials show a similar overall curve with
two wide signals, centered around 0.5 A and a slightly lower and broader signal at 1.5 A, By
comparing dry films, the signals change from uneven ones, CA to CABI, with many smaller peaks to
smoother, stronger curves with two peaks for CABII to CABIII. CAP is similar to CABII and CABIII.
As the spectrum represents different plane distances, the multiple peaks in CA and CABI mean that
they have many distinct packing patterns, while broad smooth signals like those of CAP, CABII, and
CABIII mean more random orientations, which can be regarded as amorphous. At the same time, the
intensity difference between signal peaks compared to the valley increases from CABI to CABIII,
indicating that longer side-chains favor a microstructure with two different packing distances. When it
comes to water absorption, CA has a peak that decreases at 1.3 A and broadens at 1.6 A%, The latter
was observed for CABI as well, while the other materials only have a slight peak shift, with the lowest
shift for CABIII. The decrease in the shift for the wetted samples from CA to CABIII corresponds to
their decreased water absorption discussed in the previous section. This peak shift could be interpreted
as a decrease in planar distances, indicating a denser microstructure, supporting the measured increase
in density upon water absorption.
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Figure 9. WAXS curves for dry and wet films of CA, CAP, CABI, CABII, CABIII, and EC. The figure has been modified from
Nilsson et al. [48].

7.4 HSP as a Prediction Tool

Thus far, we have investigated how properties like Tg, water absorption, and microstructure change for
the different materials as well as how water can change the microstructure. Can the observed properties
be predicted by knowing the chemical structure of the materials? To investigate this, the materials' HSP
values and their relations to the different properties will be discussed below. Note that the HSP were
analyzed from the perspective of interaction energies rather than solubility.

As mentioned above, the hydroxyl groups have been used previously as an indicator for water sensitivity
but also for other properties like Ty [47]. This is extensively discussed in Paper | and Il but, to
summarize, Paper | concluded that the hydroxyl groups of the materials did not show any apparent
relation to the properties of the materials and Paper Il concluded that water does not coordinate with
the existing hydroxyl groups. This contradicts previous CAP and EC studies, where an increase in
hydroxyl groups correlates to both T4 and water absorption [18], [45].

Figure 10 shows the three HSP for the materials plotted against their T,. Overall, an increase in either
of the three HSP increases the Ty, which is expected since they all represent the strength of different
intermolecular interactions and are directly linked to properties like the T,. Of all the HSP, the polar
forces appear to be more linearly related, which is in agreement with the fact that water interacts with
itself mainly via polar and hydrogen bonding forces. Note that EC does not follow the trend observed
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for the esters, meaning that the correlation observed for the esters cannot be directly transferred to ethers
like EC. For the other parameters, dispersion, hydrogen, and total HSP, EC follows closer to the trend
observed for the esters. A conclusion from these graphs is that the increase in side-chain length
decreases all HSP parameters in a similar order as the T4 and that there is a large difference between
acetyl (CA) and the low modified butyryl (CABI). The addition of a few butyryl groups (DS 0.71)
changes the properties significantly, suggesting a critical value of average chain length. By looking at
the difference between CABI, CABII, and CABIII, one could assume a similar difference for CAP if
three different DS were available. A CAP with low DS might be closer to CA in HSP and thus close
the gap observed in the data, but this is only speculative at this stage and would warrant further study.
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Figure 10. Tq for the different materials plotted against the different HSP da, Jp, on, and diwt. The figure has been modified from
Nilsson et al. [48].

There is a trend between all the HSP and Tg, with an exponential decrease in T4 occurring the more
extended the side-chains get. There is also a general trend of decreasing water permeation and
absorption when the HSPs decrease, see Figure 11. Comparably, the polar parameter, &,, maintains a
reasonably linear trend when EC is included, whereas 64 shows EC as an outlier. The similarity between
dn and 6tt, Figure 11c and 11d, means that the total HSP depends more on the hydrogen parameter than
the others. Therefore, for the materials studied, it is important to note that the total parameter is not
suitable since the polar parameter shows a better correlation to the Ty for the esters. The conclusion
from this section is that it is not necessarily enough to exclusively study the total HSP. Instead, one
needs to examine the building blocks of the total HSP, namely the different interaction parameters, to
determine exactly what effect small changes in the chemical structure could have on the interaction
energies of the material.
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Figure 11. Water permeation and water diffusion plotted against the different HSP dq4, Jp, Jh, and Jwt. The figure has been
modified from Nilsson et al. [48].

This leads to the following question: is the HSP able to predict that, of the esters, only CA would show
a hysteresis effect? To investigate this, the area between the absorption and desorption curves in Figure
6 were plotted against the polar parameter, which was shown to have the most linear relation for water
absorption, see Figure 12. It is evident that any side-chain length longer than acetyl appears to remove
the hysteresis and that a cellulose derivative, at least for a cellulose ester, needs a polar parameter below
five to remove the hysteresis and any subsequent deformation caused by excess absorbed water. For
reference, water has a polar parameter of 16 [38], which means that materials with a polar parameter
relatively far from water start to be significantly affected. The attraction is then high enough for water
to be absorbed in the structure and affect the structure when the polar parameter gets within range.
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Figure 12. Area of the sorption hysteresis for all materials as a function of their Jp.

We have now investigated the different components of the HSP but, by separating the molar volume
from the HSP, one could go one step further and look into the energies. According to Equation 1, the
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HSP consist of intermolecular energies divided by the molar volume. Thus, the different energies for
dispersion, polar, and hydrogen bonding are plotted against molar volume (Vmoar) in Figure 13. For the
esters, the dispersion energy increases when the side-chain length increases from CA to CABIII, which
is directly related to the fact that the extra carbohydrates on the side-chains only interact via dispersion
forces. The opposite trend is observed for polar forces and to a lesser extent for hydrogen forces, despite
only the addition of the dispersion forces. By plotting Ty and water absorption against Vmolar, @ Strong
correlation is seen for the esters. As discussed previously, T4 strongly depends on the intermolecular
interactions. Therefore, when adding groups with dispersion forces, the total energy of the material
should increase as side-chain length increases. Instead, these properties decreased with increased side-
chain length because the effect of extra methylene groups adding more volume to the molecular
structure is greater than that of the increased dispersion forces. This decrease in thermal and absorption
properties is significant since, as the molar volume increases, the short distance and strong interactions,
like hydrogen bonding, will be screened out by the increased distance between hydrogen bonding
groups.
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Figure 13. a) Energy for dispersion, hydrogen, and polar interactions against molar volume. B) Tq and water absorption
against molar volume of the different materials. The figure has been modified from Nilsson et al. [48].
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8 | Conclusion and Future Perspective

Increasing the side-chain length of CA by one or two methyl groups (CAP and CAB, respectively)
significantly decreases T, water absorption, and water diffusion. This is shown, via dissection of the
HSP, to be related to an increase in molar volume. An increase in molar volume results in a screening
effect of hydrogen bonding, meaning that the distances between hydrogen interacting groups increase
to such a degree that they cannot interact to the same extent as before the screening.

CA is shown to be more affected by water than the other esters, with an increase in side-chain length
having a significant effect on water interaction, making the material less prone to have structural
changes due to water.

The HSP are shown to correlate more for some properties than others. The dispersion forces relate
linearly to T4 for all derivatives, while the polar parameter is more suitable for the esters. Water
absorption is more related to the polar parameter than the other parameters. To use HSP as a more
general tool for prediction, one needs to know more about how different substituents affect different
properties like thermal properties and water absorption. To determine this, an expanded scope of
polymers needs to be investigated beyond the esters with increasing side-chain lengths studied in this
thesis.

The continuation of this work has two tracks. One is a deeper investigation of water sorption kinetics
of the different cellulose esters. This will be done by conducting dynamic vapor sorption experiments
and dynamic mechanical analysis at different humidity. The second track involves the construction and
validation of a permeation instrument and its subsequent application to investigate the influence of RH
on 0xygen permeation.
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