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ABSTRACT

Solubilized dialdehyde cellulose (DAC) obtained from alpha cellulose
modification via simple oxidation by sodium periodate was prepared and
characterized. Immediately after preparation, solubilized DAC was stabilized by
low pH in order to suppress degradation. The influence of DAC solubilization
and its aging under acidic conditions on DAC properties was analysed.
Molecular mass distribution (GPC), reactive aldehyde group content (titrimetry),
crystallinity (XRD), vibrational spectra (FT-IR), thermal stability (TGA) and
structural composition (LC-MS, NMR, SEM) were of the main interest.
Furthermore, DAC was utilized as a suitable crosslinking agent for poly(vinyl
alcohol) (PVA). The reactive aldehyde groups of DAC formed on the C2 and C3
carbons of anhydroglucopyranose unit serve as crosslinking counterparts for
hydroxyl groups of PVA under acidic conditions. Appropriate catalyst system
must be introduced to ensure formation of crosslinked acetal/hemiacetal bridged
network of hybrid PVA/DAC hydrogels. Initially, two concentrations of catalyst
system and different drying temperatures were chosen and their influences on
the PVA/DAC xerogel and hydrogel properties were investigated by several
analytical methods (FT-IR, XRD, TGA, network parameters etc.). Next, fresh
and aged acidic DAC and two chemically distinct catalyst systems were
employed in the crosslinking of PVA. The crosslinking effectivity and
efficiency of these crosslinking systems (crosslinker + catalyst) were
investigated in the terms resulting PVA/DAC hydrogel properties, i.e.
crystallinity (XRD) and stiffness (tensile testing) of the dried gel, furthermore
structural and functional network parameters of swollen gels were characterized.
Finally, comparison between DAC and glutaraldehyde (GA) crosslinker was
carried out using broad range of these PVA crosslinkers with subsequent
evaluation of network parameters of prepared PVA/DAC and PVA/GA
hydrogels. Acidified DAC exhibited the capability to act as an effective
crosslinker for PVA with the resulting hydrogel properties dependent on the
choice of concentration of catalyst system and the drying temperature.
Moreover, it was found that the properties of PVA/DAC are governed by the
molecular weight of used DAC. The acidic condition retains DAC usability as a
crosslinking agent even after 28 days from its preparation. It was found that
DAC possesses exceptional crosslinking efficiency at very low concentrations
compared to GA and enables formation of hydrogels of very high swelling
capacity. This behaviour arises from DAC macromolecular character as it forms
“two-phase” network topology containing regions of very high crosslink density
adjacent to DAC chains embedded in a matrix formed by linear parts of PVA
macromolecules.



ABSTRAKT

Byl pfipraven a charakterizovan solubilizovany dialdehyd celulozy (DAC)
ziskany modifikaci alfa celulozy pomoci jodistanové oxidace. Za
ucelem potlaceni degradace byl solubilizovany DAC stabilizovan nizkym pH
thned po jeho pfiprav€. Byl zkoumdn vliv solubilizace a starnuti v kyselém
prostiedi na vlastnosti DAC. Hlavnimi pfedméty zajmu byla zkoumani
distribuce molekulovych hmotnosti (GPC), obsahu reaktivnich aldehydovych
skupin (volumetrie), vibra¢nich spekter (FT-IR), tepelné stability (TGA) a
strukturniho slozeni (LC-MS, NMR, SEM). Dale byl DAC pouzit jako sit'ovaci
¢inidlo pro polyvinylalkohol (PVA). Reaktivni aldehydové skupiny DAC
vytvofené na pozicich C2 a C3 anhydroglukopyrandzové jednotky slouzi jako
sitovaci prot€jsky k hydroxylovym skupindam PVA v kyselych podminkach.
K zajisténi  vzniku sit€ hybridniho PVA/DAC hydrogelu tvofené¢ho
acetalovymi/hemiacetalovymi mustky musi byt zaveden vhodny katalyticky
systém. Zpocatku byl zkouman vliv dvou vybranych koncentraci katalytického
systému a zvolenych teplot suSeni na vlatnosti PVA/DAC xerogeli a hydrogela
pomoci n€kolika analytickych metod (FT-IR, XRD, TGA a parametry sit€). Poté
se k sitovani PVA pouzil kysely roztok DAC o rizném staii spole¢né se dvémi
chemicky odliSnymi katalytickymi systémy. Sitovaci efektivita a ii€innost téchto
riznych sitovacich systémi (sitovadlo + katalyzator) byly zkoumany z hlediska
vlastnosti vyslednych PVA/DAC hydrogelt, tj. krystalinity (XRD) a tuhosti
(tahové zkousky) vysusené¢ho gelu, a dale strukturnich i funkénich parametrt
nabotnalé sité. Nakonec bylo provedeno srovnani mezi sitovacimi ¢inidly DAC
a glutaraldenydem (GA) v Sirokém rozsahu jejich koncentraci S naslednym
vyhodnocenim parametrii sité¢ ptipravenych PVA/DAC a PVA/GA hydrogeli.
DAC udrzovany pii nizkém pH vykazuje schopnost plisobit jako €inné sit'ovaci
¢inidlo pro tvorbu PVA hydrogeli o vyslednych vlastnostech zavislych na
koncentraci katalytického systému a teploté suSeni. Bylo zjisténo, ze vlastnosti
PVA/DAC jsou ftizeny molekulovou hmotnosti pouzit¢ého DAC. Podminky
nizkého pH zachovavaji pouZitelnost DAC jako sitovaciho ¢inidla 1 po 28 dnech
od jeho piipravy. DAC vykazuje vyjimeénou uc¢innost sitovani PVA ve velmi
nizkych koncentracich ve srovnani s GA a umoziuje tak tvorbu hydrogeli s
velmi  vysokou schopnosti bobtnani. Toto chovani je projevem
makromolekularniho charakteru DAC, jenz vytvafti "dvoufazovou" topologii sité
obsahujici oblasti s velmi vysokou hustotou zesitovani PVA v blizkosti fetézch
DAC vloZenych do matrice tvofené linearnimi ¢astmi PVA makromolekul.
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1. INTRODUCTION

Biopolymer-based materials are at the peak of interest for many scientists due
to the growing demand of society to reach the goal of sustainable development
via utilization of renewable and worldwide occurring substances with
presumable lower impact on environment and living organisms. These materials
benefit from their natural origin and find wide variety of applications in the
areas of medical, packaging, food and agricultural sector. Biopolymer is by
definition a macromolecular substance, which is naturally synthesized, often
biodegradable and usually exhibits low toxicity. Cellulose, starch, chitosan,
gluten or collagen meets this definition and therefore they are exhaustively used
in a plethora of various fields. [1] These plant- and animal-based biopolymers
commonly exhibit hydrophilicity, which imparts water retention capability and
thus these materials are frequently used as additives or just as pure substances
themselves. The valuable property of water retention emerges as result of
presence of macromolecules containing hydrophilic side groups. If such
macromolecules are joined in three-dimensional network, they are generally
referred to as hydrogels [2]. Hydrogels should by definition possess (i)
macromolecules of at least one polymeric substance joined by covalent bonds,
and/or (ii) macromolecular entanglements resulting in physically crosslinked
units, (iii) strong van der Waals interactions or hydrogen bonds between
polymer chains, or (iv) crystallites composed of at least two macromolecular
chains. [3]

Hydrogels can be prepared by the combination of appropriate biopolymer or
biopolymer-based substance with synthetic polymer. Based on the natural origin
of biopolymer component, these materials can be further employed in the field
of biomedical sciences as they can mimic the living tissue structure; [4-6] or
possess modified biodegradability profile. [7] Furthermore, if hydrogels are
intended for utilization in pharmaceutics they should exhibit low toxicity and
biocompatibility so they can be used as wound dressing materials containing
active substance for improved healing of wounds, various body implants such as
cartilages, drug delivery systems with release profile dependent on external
stimuli, scaffolds for better tissue regeneration and many others. [8-11]

Poly(vinyl alcohol) (PVA) is one of the synthetic polymers suitable for the
preparation of hydrogels. There are several approaches how to achieve
crosslinked PVA-based hydrogels utilizing different routes, which further
determine physico-chemical properties of such material as well as the nature of
formed polymer network. For example, PVA hydrogels can be obtained by
physical crosslinking (reversible hydrogels) induced by cyclic freeze-thawing or
high temperature/energy treatment [12]. However, such crosslinking process
exhibits relatively poor definition of the chemical reaction mechanism although
it is advantageous as no additive compound is needed. Next, the hydroxyl



groups of PVA enable formation of chemical crosslinks (permanent hydrogel)
when various aldehydes, anhydrides or boric acid are used as crosslinking
agents. [1, 12-14] The disadvantage of this approach lies in the relatively high
toxicity of these low molecular crosslinkers. Particularly, it is their high
reactivity and synthetic origin (except boric acid) that causes high cytotoxicity
and enables readily penetration through various portals of entry into living
organism. For this reason, the residues of such compounds must be removed
from the hydrogel matrix prior to final application to prevent undesirable
biological response.

Thus, to fulfil the requirements on the fabrication of non-toxic and
biocompatible hydrogels suitable for pharmaceutical or medical applications, it
is preferable to employ crosslinking agent based on or derived from
biopolymers. This allows to obtain materials with low toxicity as well as to
reduce the impact on environment and living organisms. Partial progress in this
field was accomplished by introducing naturally available low toxic crosslinker
Genipin. This substance is produced by the enzymatic extraction from the fruits
of Gardenia Jasminoides. However, the drawbacks of its mass utilization can be
found in its limited availability and therefore relatively high cost. [15] It is more
desirable to perform specific derivatization of abundant and easily available
biopolymers and thus introducing new functional groups on polymer backbone.
One of many potential candidates for this purpose is cellulose as it offers broad
possibility of modifications resulting in number of various derivatives. [16]

In the theoretical section of this Thesis, the literature review on the topic of
cellulose and its oxidation, especially dialdehyde cellulose (DAC), was carried
out. Furthermore, background of PVA hydrogel preparation, characterization
and utilization is discussed. In the first part of experimental section, dialdehyde
cellulose (DAC) prepared from alpha cellulose by simple sodium periodate
oxidation of hydroxyl groups to aldehyde groups was utilized as a crosslinking
agent for PVA. The results of this pilot study have shown potential of DAC
towards these purposes. [17] DAC solution was blended with commercially
available poly(vinyl alcohol), forming PVA/DAC hydrogels. Effects of two
different concentrations of catalyst system based on the mixture of sulfuric acid,
methanol and acetic acid were studied, as such mixture represent one possible
catalyst system for crosslinking reactions of aldehyde moiety. [18] To optimize
the process of PVA/DAC preparation, the influence of drying temperature on its
physical properties was investigated. In the second part, insolubilized and
solubilized form of prepared DAC was investigated with respect to crosslinking
application. Furthermore, the process of DAC solubilization was investigated
and the products were analysed during four weeks of its aging. Due to known
DAC sensitivity towards alkaline environment, the DAC solution was kept
under acidic condition for the first time. The last part of this Thesis deals with
the broader study on application of DAC as a PVA crosslinking agent. This
includes utilization of fresh and aged DAC with subsequent analysis of



properties of prepared PVA/DAC hydrogels. Moreover, two chemically distinct
catalyst systems were introduced to initiate crosslinking reactions and their
influence was evaluated. Next, in order of DAC crosslinking effectivity and
efficiency assessment, this novel macromolecular crosslinking agent was
utilized in broad concentration range and compared to commonly used low
molecular crosslinker glutaraldehyde in the terms of network parameters and the
properties of resulting xerogels and hydrogels.



2. CELLULOSE

Cellulose is undoubtedly the most abundant and widely used organic
macromolecular substance in the world. It represents linear macromolecular
chains consisting of D-anhydroglucopyranose units linked by B-1,4-glycosidic
bonds. Cellulose occurs naturally in various species of higher vascular plants
(seed hairs of cotton — 95 %; bast fibres of flax, hemp, sisal, jute and ramie — 60
to 80 %; wood — 40 to 55 %), lower non-vascular plants (algae, lichen and
fungi) and other organisms like tunicates and bacteria. For this reason, it is
identified as a renewable biopolymer, a substance synthetized by living
organisms.

The presence of cellulose is often accompanied by several other natural
substances including numerous saccharides, e.g. maltose and Xxylose;
polysaccharides hemicellulose and lichenin and other macromolecular
substances such as lignin. [19] The cellulose content of some of these important
and industrially utilized sources is given in Table 1.

Table 1 Cellulose content of naturally occurring species. [19-22]

Source Cellulose content (%)
Cotton 95
Flax (retted) 71
Flax (untreated) 63
Hemp 70
Sisal 73
Jute 71
Ramie 76
Softwood 40-44
Hardwood 43-47
Algae 20-30
Tunicates 3-48
Bacteria 37

Generally, it is presumed it makes up at least one third of all the vegetable
matter in the world. Among above mentioned cellulose containing materials,
there are two most important and commercially successful sources, wood and
cotton seed hairs. The rest shows relative insignificant importance due to
difficulties in collection, complicated isolation from non-cellulosic moieties or
quality/quantity limitations. Subsequently, all of these factors negatively
influence the final cost of cellulose. Figure 1 represents the flow of cellulose of
wood and cotton origin through diverse converting operations into its chief end
uses.
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Figure 1 Converting operations of cellulose obtained from wood and cotton (adapted
from Ott et al. 1954). [16]

Due to industrial importance of cellulose and its many derivatives it has been
the subject of an enormous amount of investigation on its occurrence, formation,
isolation and purification, chemical and physical structures and properties. From
historical point of view, the term “cellulose” itself was coined for the first time
by Anselme Payen (1838), the French agriculturist and pioneer in cellulose
research who used this expression for sufficiently purified plant tissue. Other
numerous researchers continued to use the term cellulose to describe plant cell
wall material and their investigations further led to identification of basic
principles of polymer chemistry. The advances in the research, identification and
characterization of cellulose is best seen in the work of Emil Ott et al. (1954),
which is considered as a magnificent omnibus summarizing historical evolution



of cellulose and cellulose derivatives research and is a valuable source of
information on this topic. [16]

As this work is focused on the specific cellulose derivative, its
characterization and application, only the most important properties and
structural arrangements of cellulose will be mentioned in the following chapter.

2.1 Structure and properties

On molecular level, cellulose macromolecules consist of B-1,4-linked D-
anhydroglucopyranose units (AGU) established in chair conformation. Figure 2
depicts molecular structure of cellulose with marked parts: (i) B-1,4-glycosidic
bond, (i) AGU, (iii) non-reducing end and (iv) reducing end of cellulose
macromolecule and (v) cellobiose unit. [23] The last one mentioned is often
identified as the fundamental unit because the most crystal structures of
cellulose poses twofold helical conformation, [24] i.e. two AGUs per turn of
helix. Similarly as for all 1,4-linked glucans, non-reducing and reducing end
contains an unsubstituted hemiacetal and additional hydroxyl group at C4,
respectively. [23]

B-1,4-glycosidic bond

B OH OH

OH OH 4 65 OH

HO ~0 Q HO +0 Q HO o
O d | Ho o O || HO} O O
OH OH
OH L OH L i OH

m n

non-reducing end cellobiose AGU reducing end

Figure 2 Representation of cellulose constituted of cellobiose units or AGUs (with
atom numbering) via [-1,4-glycosidic bonds, non-reducing and reducing end of
polymer. [Own resource.]

Another molecular level parameter relevant for the characterization of
cellulose and polymers in general is the degree of polymerization (DP), an
average number of monomeric units (n) in one macromolecular chain. DP of
cellulose is strongly dependent on its source and treatment such as purification,
milling etc. In general, processing of cellulose reduces the DP, thus regenerated
cellulose possesses relatively low DP compared to that of native cellulose. The
values of DP are ranging from 100 for cellulose powders to approximately
44 000 for green algae genus Valonia. [23] DP values of selected cellulose
sources are mentioned in Table 2.



Table 2 Degree of polymerization of selected cellulose sources. [19, 23]

Cellulose DP (n)
Wood of various species 6 000-10 000
Pulp 500-2 000
Sulfate pulp 950-1 300
Chemical pulp bleached 700
Cotton 10 000-20 000
Cotton linters bleached 1 000-5 000
Valonia 25 00044 000
Bacterial cellulose 4 0006 000
Ramie 10 000
Textile flax 9000
Rayon 300-500
Cellophane 300
Cellulose acetate 200-350
Cellulose powder 100-300

From the supramolecular level point of view, pure cellulose has been
identified in the number of different crystal polymorphs (type I, 11, 111 and 1V)
defined by their unit cell parameters. [25]

cellobiose 0.62 nm/0.53 nm
: -

&3]

(@]
N

o
~
(©)]
w

o

2

i
i

monoclinic I triclinic la

Figure 3 Allomorphs lo. and If of cellulose polymorph type I, chain arrangements with
distances and angles for 100/010 faces. [19, 26]

Type | exhibits distinctive X-ray pattern of unique crystalline lattice common
for almost all sources of native cellulose. Moreover, type | can be further
divided into two crystalline allomorphs Ie (monoclinic) and I (triclinic), where
Ia is metastable and can be converted into thermodynamically more stable Ip.
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[23] An example of occurrence of type la is the group of freshwater algae
Glaucocystis containing around 90 % of Ia allomorph. On the other side, type If
iIs a domain of higher vascular plants such as ramie and cotton. [27] The
difference between the crystal lattice of these two allomorphs can be seen in
Figure 3.

Polymorph type Il represents crystalline structure of cellulose, which
underwent dissolution and precipitation (i.e. regeneration), or alkali treatment
and subsequent washing (i.e. mercerization). Since type Il is even more
thermodynamically stable form of cellulose than type I, it is impossible to
convert type |1 back to type I.

Fairly stable cellulose polymorph 111 can be formed by swelling of type | or
type Il (111, 111) using amines or liquid ammonia with subsequent anhydrous
removal of swelling agent. Type 111, is well-known, however type 111, is more
or less hypothetical as nothing definite is known about it. [23]

The last recognized formation of crystal lattice of cellulose, type 1V, can be
obtained by annealing type Ill in glycerol. Again, it can be formed in two
subclasses (1V,, 1V,,) depending on the input material (111, I11;;). The strongly
disordered structure of 1V, is somewhat similar to structure of type I. [23] Its
presence has been reported in some plants. [28]

Cellulose polymorphism and the conversions between different crystal
polymorphs is schematically depicted in Figure 4 along with the cell units
proposed for types I, 11, 111,, and 1V, with units in angstroms (A) and y angle in
degrees. It should be noted, that unit cell is the fundamental building block of a
crystal defined by (i) three vectors of crystallographic axes (a, b, ¢) forming the
edges of parallelepiped and (ii) angles between these vectors (a between b and c,
[ between a and c, y between a and b). [23]

b = 8.20 b=7.96
boiling acid "éél‘Sa I N "- -3
I glycerol 260 °C H ‘ a=9.09 - e
0.1N NaOH " warm water " / Wooa=778 h ' g ’
o 2unaot | g M p abveero, ' -
260 °C ‘ﬁq'ﬂ%@gml 1 260°C |I [ _

warm water

— glycerol b=7.85 T
IIﬁq.ammoniaIII" 260 °C IVH =448 : 90 ;
| -go°c t a=4. 03| !
glycerol 260 °C 4 B a=28. : :

boiling acid ! s

Figure 4 Cellulose crystal polymorphism and possible conversions between different
types (left), [29] cell units for cellulose types I, II, III;, IV,. The ¢ dimension
perpendicular to the drawing is ~10.31-70.38 4. [30]
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Table 3 X-ray diffraction estimated crystallinity of native and man-made cellulose

sources. [31-33]

Cellulose Crystallinity (%)
Higher plants 50-75
Valonia 90
Tunicates 80
Bacterial 40-63
Man-made 25-40

Closely related to the crystal lattice formation is the crystallinity of different
sources of cellulose. Degree of crystallinity can reach relatively high values,
especially for native cellulose of algal (Valonia) and animal origin (tunicates).
Man-made cellulose generally exhibits lower crystallinity oppose to native
cellulose. Some examples of crystallinity of different cellulose sources estimated
by X-ray analysis are mentioned in Table 3. [31-33]

Finally, morphological level is defined as organization of crystals into
microfibrils. Microfibrils consequently form fibrillary structures, layers, cell
walls, tissues etc. [16, 19, 23] Width of microfibrils is ranging from 2-50 nm
and strongly depends on the organism in which cellulose is synthetized. [34, 35]

Subsequently, molecular, supramolecular and morphological levels impart
material properties of cellulose in the terms of mechanical, thermal and chemical
behaviour. The mechanical properties of native cellulose fibres on macroscopic
level are given in Table 4. The thermal properties of cellulose are summarized in
Table 5.

Table 4 Native cellulose fibres tensile properties. [23]

Cellulose fibres Elastic modulus E Tensile strength &
(GPa) (GPa)

Flax 27-100 0.34-1.03

Jute 2665 0.39-0.77

Ramie 60-128 0.40-0.94

Cotton 5-13 0.28-0.6

Wood 10-40 1

Besides the specific mechanical and thermal characteristics, cellulose
possesses other typical properties such as hydrophilicity, chirality,
biodegradability and relatively high chemical reactivity potential due to the
donor ability of hydroxyl groups. In contrast to synthetic polymers, cellulose
exhibits extraordinary polyfunctionality, high level of chain rigidity and
sensitivity to hydrolysis and oxidation. [19]

12



Table 5 Cellulose thermal properties data. [33, 36]

Thermal property

Thermal decomposition > 180 °C

Glass transition temperature (extrapolated) 230-245 °C
Ignition point > 290 °C

Heat of combustion 17.46 kl/g

Heat of crystallization 18.7-21.8 kJ/mol (glucose)
Specific heat 1.00-1.21 J/g.K

Heat of transition type | — Il 38.1J/g
Coefficient of thermal conductivity 0.076-0.256 W/m.K
Thermal decomposition > 180 °C

2.2 Derivatives

Arising from the presence of the three hydroxyl groups bonded on C6
(primary), C2 and C3 (secondary) positions in AGU (Figure 2), cellulose offers
a broad variety of possible modifications via different derivatizations. These
hydroxyl groups follow the rich alcohol chemistry base on which two
derivatization routes are the most common, i.e. esterification (xanthanation,
acetylation and nitration) and etherification. Products of these reactions find
numerous commercial application as it is depicted in Figure 1.

Esterification of cellulose takes place in the presence of acid and dehydrating
agent (equation 2.1) or acid/acyl chlorides (equation 2.2) or acid anhydrides
(equation 2.3). [25, 33] In this manner, one can synthesize esters of inorganic
acids (cellulose nitrate, sulphate and phosphate) and esters of organic acids
(cellulose acetate, acetobutyrate and acetophtalate). Based on the degree of
substitution, the physico-chemical properties of the products of these reactions
differ drastically from those of cellulose, for example they are soluble in wide
range of solvents. [23]

H,SO0,
Cell-OH + HNO; «———— Cell-OH-NO, + H,0 (2.1)
Cell-OH + R-COCl —— Cell-0- CO-R + HCI (2.2)
H,SO,
Cell-OH + (CH;C0),0 «————— Cell- 0- CO- CH; + CH;COOH (2.3)

For the etherification of cellulose, Williamson ether syntheses can be
successfully employed. These incorporate reactions of cellulose with alkyl
halides in strong alkaline conditions (equation 2.4) or with alkylene oxides in
weak alkaline conditions (equation 2.5). Another approach is to use acrylic or
related unsaturated compounds via Michael addition (equation 2.6). [25, 33]
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Methylcellulose, ethylcellulose, carboxymethylcellulose and
hydroxyethylcellulose, hydroxypropylcellulose originate from reaction of
cellulose with alkyl halides and alkylene oxides, respectively. An example of
Michael addition is the reaction of acrylonitrile with cellulose providing
cyanoethylcellulose. These cellulose derivatives find their application as food
additives, anti-redepositing agents etc. [23]

NaOH
Cell-OH + R-Cl —— Cell-0-R + HCl (2.4)
NaOH
Cell-OH + (CH,),0 —— Cell- 0- CH,CH,0H (2.5)
NaOH
Cell-OH + CH,=CHCN «—— Cell- O- CH,CH,CN (2.6)

In addition to above mentioned derivatizations, hydroxyl groups of cellulose
can act as ligands in metal complexes or form addition compounds with acids
and bases. Furthermore, hydroxyl groups of AGU can enter oxidation reactions.
[23, 33] This will be discussed in next chapter.

2.2.1 Oxidation induced derivatives

For the long time the industrial processing (i.e. bleaching and pulping) of
textile fibres and wood pulp was at the peak of interest for many scientists due
to the need of cellulose damage prevention caused by oxidation. Within these
processes, oxidation represents somewhat undesirable yet unavoidable side
reaction. [23, 25, 33] In extreme case, cellulose can be broken down by
complete oxidation to carbon dioxide and water. However, less drastic partial
oxidation without cleavage of glycosidic bonds leads to fibrous solids generally
referred to as oxycellulose. These partial oxidation processes of cellulose are
considered as long-standing goal in cellulose chemistry, since they provide
access to novel products and intermediates with valuable properties. In general,
such materials are considered insoluble in water, although there are exceptions.
[25, 33, 37]

The complexity of cellulose oxidation emerges from the (i) different reactivity
of three available hydroxyl groups per AGU, (ii) different accessibility of
regions of cellulose present in crystalline or amorphous form and (iii) choice of
oxidizing agent. [23] This complexity results in a plethora of various possible
products of oxidation, i.e. oxycellulose. However, the specific structure of each
kind of oxycellulose is highly dependent on the nature of oxidant. [33] With
respect to this fact, oxidizing agents can be divided into two groups, non-
specific and specific oxidants.

Non-specific oxidizing agents (e.g. hypochlorite, ozone, hydrogen peroxide,
persulfates, UV) favour formation of aldehyde, ketone and carboxyl groups in
ratios given by reaction conditions such as concentration of reactants, pH,
temperature and time. [33, 38-41] Specific oxidizing agents (e.g. sodium

14



periodate, sodium chlorite or sodium hypochlorite 2,2,6,6-tetramethylpiperidine-
1-oxyl and sodium bromide catalysed oxidation) act with high selectivity
towards reactive site and give rise to dialdehyde, carboxyl or dicarboxyl groups.

[33, 37, 42, 43]
H—e® OH—° .
HO HO
OH OH
| I

CH,OH CH,OH CH,OH
o) 0 o)
O~__--- O<__--- 0-.
HO -
o) o)
0 OH 0
1 Y% v
CH,OH CH,OH
Hc":\/0~-_ 9\\/0\_
¢H o Cso O OH
HO
\4 VI

Figure 5 Possible structures of oxycellulose repeating units. [33]

The family of possible structural motives that can be present on oxycellulose
is depicted in Figure 5. The structures are arranged according to the hydroxyl
group classification.

Primary hydroxyl groups of AGU (see the top row in the Figure 5) can be
oxidized to 6-aldehydecellulose (I) via elaborate photolysis of the 6-azido-6-
deoxycellulose derivative. [44] Another oxidative modification of cellulose
primary hydroxyl groups, which results in 6-carboxycellulose (Il1), can be
achieved by reaction of cellulose and nitrogen dioxide in nonpolar solvent, [45]
by utilizing phosphoric acid and sodium nitrile as the oxidizing agents [46] or by
many others. [43, 47, 48]

The oxidation of secondary hydroxyl groups of AGU gives two distinctive
types of oxycellulose. The first type without C2—C3 bond cleavage (see Figure 5
middle row) yields 2-keto- (I11), 3-keto- (1V) or 2,3-diketo-cellulose (V). These
types can be prepared using acetic anhydride, dimethylsulfoxide and
paraformaldehyde [49] or perchloric acid with manganese (l11+). [50] The
second type is characterized by the cleavage of C2—-C3 bond of AGU (see Figure
5 bottom row) giving rise to 2,3-dialdehydecellulose (V1), which can be further
oxidized to 2,3-dicarboxycellulose (VII). The preparation of 2,3-
dialdehydecellulose by periodate oxidation is considered as the most selective
oxidative process of cellulose. [33, 42] Furthermore, 2,3-dialdehydecellulose
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can enter secondary oxidation by sodium chlorite to obtain water soluble 2,3-
dicarboxycellulose. [37] In the following chapter, applications of oxycellulose
will be discussed.

2.2.2 Applications of oxycellulose derivatives

One of the most valuable properties of oxycellulose (especially 6-
carboxycellulose) is its unique bioresorbability by human body. [51, 52] This
fact predetermines the usage of oxycellulose in numerous applications in
medical sector.

Since the success in 1950s clinical trials, when tests on oxycellulose proved
its haemostatic properties, non-anaphylactic reaction in body with minimal
tissue irritation and the ability to easily decompose to nontoxic products at the
pH of blood, it was introduced to the market under different trade names such as
Surgicel™, Oxycel™, Gelitacel™ or Interceed™. [53, 54] For the medical
application in human, it is manufactured in different forms such as powder,
amorphous material or knitted fabric with defined content of carboxyl group in
span of 16-24 %. [55] Due to the physical uniformity, regenerated cellulose is
preferred as a source for oxycellulose over the native. [52]

Therapeutic applications include usage of oxycellulose as (i) haemostatic
agent participating on blood coagulation, where the haemostasis is supported by
decreasing pH of oxycellulose acting as an acid. [56-59] (ii) It is used as a
material for wound dressing, which reduces protein-degrading proinflammatory
interleukins as well as scavenger of reactive oxygen species and binder of
excessive metal ions; [57, 59-61] (iii) antibacterial agent with potent action
against invasion of pathogens, which is presumably caused by the effect of low
pH; [58, 59] (iv) postoperative adhesion agent acting as a synthetic barrier
preventing unwanted tissue growth between organs; [52, 62] (v) enterosorbent,
If present in the form of salt, with antiulcerogenic effects in gastroenterogy and
detoxication therapy based on cation exchange. [59, 63, 64] Other
pharmaceutical applications involve usage of 6-carboxycellulose or 2,3-
dialdehydecellulose as a drug carrier, as a scaffold in tissue engineering or as a
material suitable for enzyme immobilization. [65-70]

Besides the applications within medical sector, there are other possibilities
how to utilize oxidized cellulose. For example, 2,3-dicarboxycellulose possesses
interesting complexing properties with metal cations, which could be employed
in phosphate-free detergents. [71] Other specific applications of oxidized
cellulose, namely 2,3-dialdehydecellulose, will be discussed in Chapter 3.3.
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3. DIALDEHYDE CELLULOSE

The oxidation of cellulose by periodate salts has been known for long time
[72, 73] and has been recognized to follow the mechanism of Malaprade
reaction, [74] which similarly occurs with periodate oxidation of various
carbohydrates. [75] As has been mentioned earlier, this reaction is highly
regioselective without significant side reactions, thus it has been widely used in
structural analysis of various carbohydrate compounds. [76] Periodate oxidation
is well established in commercial utilization of dialdehyde starch as a wet
strengthening agent in paper industry. [77, 78] However, the periodate oxidation
has not been largely industrially exploited for cellulose due to crystalline nature
of this biopolymer. [79] Resulting product of periodate oxidation of cellulose is
referred to as 2,3-dialdehydecellulose or simplified to dialdehyde cellulose,
commonly abbreviated as DAC.

3.1 Preparation

One of the main advantages of DAC preparation lies in the relative simplicity
of the process. This means that the conversion from cellulose to DAC may be
controlled by the reaction time and can be conducted in a quantitative manner as
can be seen in Table 6. [37, 80]

Table 6 DAC prepared by periodate oxidation of spruce pulp (DP = 650) with 0.25 M
NalOy at 60 °C. [33, 80]

Reaction 2,3-dialdehyde cellulose

time Yield  Recovery® Conversion®
(hours) (9) (%) —CHO (mmol/g) (%)
2 8.9 94 7.13+0.03 57
4 7.8 82 7.75+0.09 62
5 8.2 87 8.08 + 0.06 65
6 8.7 92 9.29+0.17 73
8 8.0 84 10.14 £ 0.90 81

® Recovery: Quotient (x 100) of actual yield of polymer isolated to the
theoretical weight of 2,3-dialdehydecellulose from 9.6 g of cellulose.
" Determined according to [81].

In general, aqueous solution of sodium periodate (NalO,) is mostly used as
the cellulose periodate oxidizing agent [82—84], although potassium periodate is
also reported [85]. The choice of the source cellulose material entering periodate
oxidation process has shown to be crucial and substantial when considering time
of reaction, concentration of oxidizing agent and consequent percentage of
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conversion of cellulose to DAC. [83, 84, 86] It is presumed, that crystallinity
plays important role as the initial periodate oxidation of cellulose is largely
limited to the readily accessible regions, i.e. the amorphous region, and therefore
has been used to determine the accessibility of cellulose starting materials [87].
The kinetic study of periodate oxidation revealed at least three steps involving
(i) rapid random oxidation of amorphous regions, (ii) slow oxidation of
crystallites surface and (iii) very slow oxidation of crystalline cores [88].
Moreover, it is recommended to carry out this oxidation in dark and incorporate
scavenger in reaction mixture to prevent radical-induced depolymerisation. [33,
89, 90] The mechanism of periodate oxidation of 1,4-linked glucans is shown in
Figure 6.

CH20H

Vi \/ \
ho —+ | —_— H

/ \._ //\
o O

Figure 6 Mechanism of periodate oxidation of cellulose AGU. [91]

As can be seen in the reaction scheme in Figure 6, a waste product of
periodate oxidation in form of weaker oxidizing iodate anion is developing next
to the DAC product. However, it is possible to regenerate and recycle periodate
from the waste products of oxidation by utilizing strong oxidizing agents such as
sodium hypochlorite or ozone. [92, 93] The reaction of periodate regeneration
via sodium hypochlorite runs under alkali conditions and is described in
equation 3.1. [94]

ClIO~ + 1053 + 20H- ——— CI™ + H,I0g3 (3.1)

Besides of mentioned preparation routes, advanced methods of DAC
production were presented. For example, utilization of high temperatures and
metal salts (e.g. lithium chloride) within periodate oxidation leads towards time
and oxidant concentration reduction while achieving sufficient aldehyde content.
Lithium chloride and other metal chloride salts probably reduce the amount of
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inter- and intramolecular hydrogen bonds between cellulose chains. On the one
hand, higher temperature speeds up reaction kinetics but on the other hand, too
high temperature (over 75 °C) partially decomposes DAC. [95] Another
example of advanced DAC preparation is the utilization of milling-induced
periodate oxidation [96].

All together, these methods produce solid state DAC in various forms such as
particles, microfibres, beads etc. Nevertheless, it is possible to prepare aqueous
solution of DAC of high degree of oxidation by the methods of prolonged heat
assisted solubilization in water. Solubilized DAC can be afterwards utilized in
solution-based processes. [97, 98]

3.2 Structure and properties

The mechanism of periodate oxidation (see Figure 6) shows the resulting
molecular structure of DAC product. The secondary hydroxyl groups of AGU
are converted to pair of aldehyde groups along with the cleavage of C2-C3
bond. However, it has been confirmed in the 1970s that the free aldehyde groups
in DAC (A in Figure 7) are in very limited amount. This is not surprising
because highly reactive aldehyde groups tend to stabilize them self. Instead of
free aldehyde form, a mixture of hydrated form (B), hemialdal (C), and intra-
and intermolecular hemiacetals (D, E) were proposed. [73] Complex
composition of the DAC was later confirmed by solid-state NMR. [79] These
possible structural arrangements of DAC are shown in Figure 7. [99]
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Figure 7 Possible structures of DAC: A — dialdehyde, B — hydrated dialdehyde, C —
hemialdal, D — intramolecular hemiacetal, E — intermolecular hemiacetal.[99]

The reactive aldehyde group content can be determined by two different
methods appearing the most in literature. The first method utilizes Schiff base
reaction of aldehyde group with hydroxylamine hydrochloride resulting in
formation of oxime (see Figure 8). [79, 95] The hydrochloric acid liberated from
this reaction can be quantitatively assessed by titration. Therefore, the
conversion of aldehyde to oxime can be easily determined by the consumption
of alkali. [97, 100] The second method is related to the calculation of consumed
periodate during oxidation. The amount of consumed periodate is determined by
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spectroscopy from the linear relationship of absorbance of periodate ion at
290 nm band and its concentration in reaction media. [37, 101] Fully oxidized
DAC contains 12.5 mmol of aldehyde groups per gram. [97]

OH

OH
q ONH,OH-HCI «| 4\
* 4 2 5.0
O’§§2’01 e —— 3 |O 2L + 2HCI + 2H;0
0/3 Ol /N/B N\
HO OH

Figure 8 Schiff base reaction of aldehyde groups of AGU and hydroxylamine
hydrochloride with subsequent formation of oxime. [95]

The changes in the chemical structure with the different degree of oxidation
of DAC were analysed by infrared spectroscopy in detail by Kim et al.
(2000). [79] Increasing the reaction time of periodate oxidation leads to the
gradual increase of the degree of oxidation of DAC. This increase is reflected in
recorded infrared spectra (see Figure 9), which shows gaining intensity of sharp
band at 1740 cm™ representing the carbonyl groups vibrations. Besides this
specific band, another peak at 880 cm™, which can be assigned to the hemiacetal
or hydrated form, appears with increasing level of oxidation. However, the
amount of free aldehyde groups which could be determined by infrared
spectroscopy is highly dependent on the state of measured sample. This is
caused by high reactivity of aldehyde groups present in DAC, which are very
sensitive to moisture, resulting in their immediate hydration as revealed by

Spedding (1960). [75]
880
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N
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Figure 9 Infrared spectra of DAC different degree of oxidation (D.O.). [79]
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Closely related to the reactive aldehyde group content (or more generally to
the degree of oxidation or conversion) is the crystallinity of resulting
derivatives. The scission of C2-C3 bond induced by the periodate oxidation
results in the opening of the AGU ring which is further reflected in the
destruction of otherwise ordered packing of cellulose chains. This fact is directly
manifested in the crystalline behaviour of DAC of different degree of oxidation
as it can be seen in the right part of Figure 10. [79, 101] As it was mentioned in
section 3.1 focused on preparation of DAC, the periodate ions firstly attack the
amorphous regions of cellulose. This rapid initial oxidation causes only minimal
changes in crystalline structure. As the oxidation proceed through surface of
crystalline domains, the crystallinity gradually decreases till the material
becomes fairly amorphous.

In general, amorphous structures are less stable than crystalline forms of
analogue compound. Hence, the decrease of crystallinity due to partial
destruction of AGU units proceeds hand in hand with the loss of thermal
stability. In other words, the higher is the degree of DAC conversion, the less
thermally stable is the final product, although the oxidation process is not
necessarily accompanied by the polymer chain shortening. Typical thermo-
degradation experiment is illustrated in the left part of Figure 10. Many other
cellulose derivatives show similar behaviour, i.e. shift of decomposition
temperatures to lower values in comparison with the starting material. [102,
103]
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Figure 10 Dependence of degree of oxidation on X-ray diffraction profiles (left) and
thermal stability. [101]
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Another very important property, the stability of DAC in time, should be
addressed before any consideration of practical use. The stability of DAC is
related to the structure and reactive aldehyde group content that can change in
time under defined storage conditions. When DAC is kept in non-dried state, the
reactivity dramatically decreases to 68 % after only one week from preparation
as has been reported by Sirvio et al. (2014) [104] Complex study on stability
behaviour in time associated with the reactive aldehyde group content and
molecular weight distribution of solubilized DAC prepared from
microcrystalline cellulose was conducted by Kim et al. (2004). This research
showed the gradual decrease of reactive aldehyde group content about 15 % as
well as the steady decrease of molecular weight about 50 % after 3 weeks from
preparation of fully oxidized DAC solubilized under various conditions. [97]

The solubilization processes of DAC used within the study of Kim et al.
(2004) showed to have relatively low impact on the molecular weight of DAC
prepared from microcrystalline cellulose Funacel SF (see Table 7). [97]
However, the study of Sulaeva et al. (2015), which was mainly focused on the
characterization of molecular weight of solubilized DAC from another source of
microcrystalline cellulose Avicel PH-101 and cotton linters, showed somewhat
contradictory results to those made by Kim et al. (2004). In brief, Sulaeva et al.
(2015) reported that the solubilization process strongly affects the molecular
weight of resulting solubilized DAC (50 % decrease of molecular weight after
one hour of solubilization). [98] Their findings are summarized in Table 7.

Table 7 Mass average molecular weight (M,,) values of source cellulose material and
DAC after defined process of solubilization. [97, 98]

Source M, source DAC sol. M, pac M, loss
(kDa) (time, temp.) (kDa) (%)
Funacel SF 42.7 4 h, 80 °C 41.2 3.5
6 h, 80 °C 39.2 8.2
1 h, 100 °C 42.0 1.6
2 h, 100 °C 30.4 28.8
Avicel PH-101 40 1h,? 19.7 50.8
Cotton linters 180 1h,? 23.6 86.9

% Not specified, heated at reflux.

DAC, whether solubilized or not, was reported to be rather unstable in time
especially when kept in alkaline solution. [98, 105] The degradation processes
identified as P-elimination, hemiacetal hydrolysis and benzil-benzilic acid
rearangements of DAC polymer analogue dialdehyde starch (see Figure 11) in
alkaline environment were well described by Veelaert et al. (1997). [100]
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Figure 11 Example of dialdehyde starch degradation by the process of [-elimination.
[100]

The later work of Potthast et al. (2009) showed similar degradation behaviour
of partially oxidized DAC via B-elimination under alkaline conditions as shown
in Figure 12. Based on the study of B-elimination processes, this research
revealed that the low degrees of conversion from cellulose to DAC favour
random formation of isolated oxidized AGUs. As the conversion increases,
cluster-like oxidation becomes more dominant. [105]

Isolated oxidation Clustered oxidation

OH OH OH
0 (0]
Cell-O O-Cell Cell-O o) O-Cell
Y/ ~
o] 0 |
\

/' OH
Cell- o(\ HO_o-Cell oo Noce
+ 2/

Further degradahon

Figure 12 p-elimination degradation mechanism of DAC under alkaline conditions
connected to the different degrees of DAC oxidation (left — lower degree of oxidation,
right — higher degree of oxidation). [105]
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Besides these interesting conclusions about the Kkinetics of periodate
oxidation, the pH of DAC suspension or solution seems to be one of the key
parameters when optimizing the stability.

3.3 Applications of DAC

The presence of highly reactive aldehyde groups on DAC backbone imparts
its usage as cellulose based column packings in agueous chromatography, [106—
108] heavy metal ion and dyes absorbent, [37, 109, 110] flocculation agent,
[111] protein immobilization material, [112-114] drug delivery carrier, [115-
117] in tissue scaffold engineering, [118] or in graft copolymerization. [119]

Furthermore, the recent studies of solubilized DAC showed its potential as a
suitable crosslinking agent for chitosan [120, 121]. Such combination of
materials exhibits minimal cytotoxicity compared to chitosan crosslinked by
glutaraldenyde. Besides, DAC itself displays 6-12x lower toxicity than
commonly used crosslinking agent glutaraldehyde [120].

In general, aldehyde groups promise a broad follow-up chemistry as it can be
modified to carboxylic acid, [37, 80, 109, 122, 123] primary alcohols, [80, 122]
imines, [82, 101] or sulfonates. [124] Both DAC and its derivatives possess
a great potential in high-end applications such as medical materials [120, 125]
and biodegradable composites. [126]
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4. POLY(VINYLALCOHOL) BASED HYDROGELS

Hydrogels in general find their firm place in various areas, particularly in
medical and agricultural sector, packaging industry etc. [3, 127, 128] From the
historical point of view, innovation of hydrogel materials by Wichterle and Lim
(1960) was the initial spark for utilization of these materials in numerous
biomedical applications such as contact lenses or absorbable sutures. [2, 129]
Later on, these efforts resulted in hydrogel microcapsules for cell engineering,
novel dressing materials for burns and wounds healing and many others. [130,
131]

Hydrogels are by definition three-dimensional, hydrophilic, polymeric
crosslinked network structures capable of absorbing large amounts of water.
[132] Network of hydrogel is generally composed of homo- or copolymers,
which is insoluble due to the presence of chemical or physical crosslinks. [133]
The mechanism of network formation begins with soluble polymer of finite
macromolecules dispersed in medial (sol). As the linking process proceeds, the
solubility of polymer decreases giving rise to the infinite polymer network (gel).
This phenomenon is referred to as sol-gel transition or gelation and can be
further distinguished into chemical or physical gelation. The essential
classification of hydrogels includes two categories:

(i) Permanent (chemical) hydrogel: covalently crosslinked network, which
contains stable covalent bonds between macromolecules (besides the hydrogen
bonds). The crosslink density and polymer-water interaction parameter defines
their equilibrium swollen state. [134, 135]

(i) Reversible (physical) hydrogel: molecular entanglements, secondary
forces such as ionic, hydrogen bonding or hydrophobic interactions are
responsible for the network formation. The change in physical conditions or
application of stress causes disruption of these reversible interactions. [134, 135]

Besides above mentioned categorization, hydrogels can be classified on the
base of their other properties such as degradability, response to external stimuli,
ionic charge and many others summarized in Table 8. [8]

The most important characteristic feature of hydrogel is the water retention
capacity. The absorbed water can be further divided into (i) primary bound
water, by definition the first water molecules to hydrate the most polar,
hydrophilic groups present in the matrix of hydrogel. As the hydrophilic groups
are hydrated, the network swells and exposes hydrophobic groups, which are
also interacting with water molecules. This leads to the so-called (ii) secondary
bound water. The sum of primary and secondary bound water is described as
(iii) total bound water. Furthermore, due to the osmotic force of hydrogel
network towards infinite dilution, the network imbibes additional free water
reaching the equilibrium swelling level. [136]
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Table 8 Classification of hydrogels based on their properties. [8]

Hydrogels

Crosslinking e Physical
Chemical

Response e Chemically e pH, glucose
responsive
Biochemically e Antigen, enzyme,
responsive ligands
Physically e Temperature, pressure,
responsive light, electric/magnetic

Physical properties e Smart
Conventional
Preparation e Copolymeric
Homopolymeric
Interpenetrating
Source e Natural,
Synthetic
Hybrid
Degradability e Biodegradable
Non-biodegradable
lonic charge e (Cationic
Anionic
Non-ionic

4.1 PVA hydrogel formation

Poly(vinyl alcohol) (PVA) is undoubtedly one of the most frequent and used
material for hydrogel applications as it possesses valuable properties such as
biocompatibility, biodegradability, relatively low toxicity and it is possible to
blend it with a broad range of synthetic polymers or biopolymers. [11] Above
mentioned properties are particularly favourable in applications of medical
sector. Furthermore, crosslinked PVA possesses good chemical, thermal and
mechanical stability which imparts its use in packaging, waste water treatment
etc. [12] The specific applications are closely related to the methods of
preparation, which can be generally divided to two approaches of hydrogel
formation, i.e. physical and chemical routes.

4.1.1 Physical routes

There are several physical crosslinking methods how to prepare PVA
hydrogel. Principally, this type of approach has the undeniable advantage in
omitting any kind of crosslinking agent. However, the crosslinking process is
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rather poorly defined in the term of chemical reaction mechanism. Hydrogels
prepared using physical routes exhibit somewhat lower mechanical properties in
swollen state and physical crosslinks are not as strong and stable as chemical.
[12, 128, 137] The physical routes of PVA crosslinking include:

(i) Freeze-thaw induced crystallization. The crosslinking of PVA is induced
by formation of crystalline regions by cyclic heating and freezing (-20/+25 °C),
these regions then act as physical crosslinks. [138]

(i1) Heat treatment. The crosslinks are created via prolonged heating. For
example, 30-80 minutes at 120-175 °C is suitable for manufacturing reverse
osmosis membranes. [139] Partial degradation due to higher temperatures
produces unsaturation, chain scission and thus chemical crosslinks. [12]

(iii) Irradiation. Utilizing sources of radiation such as ®Co on cast films from
PVA result in their crosslinking. [140] Radiation induced crosslinking exhibit
looser, more open structure. [12]

4.1.2 Chemical routes

Characteristic feature of all chemical crosslinking routes is the utilization of
crosslinking agent. The crosslinking is achieved by the reaction of functional
hydroxyl groups of PVA and crosslinking agents such as aldehydes
(formaldehyde, glutaraldehyde, acrolein etc.), [140, 141] di- tri- and
polycarboxylic acids, [142] anhydrides, [143] alkoxysilanes [144] and many
others. [12, 145-147] The common characteristic for these crosslinking agents is
the synthetic origin and subsequent high toxicity. Thus, the resulting hydrogels
should be intensively wasted prior to use in medical sector. An example of PVA
crosslinking reaction with glutaraldehyde is depicted in Figure 13. [128]
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Figure 13 Crosslinking reaction of PVA using glutaraldehyde. [128]

27



4.2 Characterization and network parameters

The evaluation of properties of hydrogels is often expressed by the network
parameters. These include molecular weight between crosslinks (M) and
crosslink density (o), which can be calculated with the aid of equilibrium
swelling theory suggested by Flory and Rehner (1943). [148] The crucial and
the most important parameters of network are expressed in the following
equations:

(i) Percentage of swelling, where M is the weight of swollen polymer at time
t, and My is the initial weight of washed and dried hydrogel. [128]

M¢ — Mg

Percentage of swelling (%) = X 100 (4.1)

0

(if) The equilibrium water content (EWC), describing maximum amount of
water absorbed by hydrogel. My is the weight of sample swelled at equilibrium
conditions and My is the weight of dry washed hydrogel. [149]

M, — M
EWC(%)=SM—O
S

x 100 (4.2)

(ili) Gel fraction, where M, refers to the weight of dried hydrogel after
extraction of soluble fraction in hydrogel and M, is the weight of dry and
unwashed hydrogel. [128]

. M,
Gel fraction (%) =

x 100 (4.3)

init

(iv) Average molecular weight between crosslinks (M.), where M, is the

number average of molecular weight of initial uncrosslinked polymer, v is the
specific volume of polymer, V; is the molar volume of water, V, is the polymer
volume fraction, and y; is the polymer-solvent interaction parameter. [148]

1 2 (Vll) [ln(l - VZ,S) + Vo + Xl(Vz,s)z]
M. M, [ 1 VZ,s] (4.4)

(v) Polymer fraction (V,s), where MM, is the weight swelling ratio of
swollen hydrogel at equilibrium, p, is the polymer density, and p,, is the density
of water. [150]
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Vo= [1+ 22(5 - 1)) (4.5)

(vi) Crosslink density (p¢). [151]

1

N 4.
Pc i (4.6)

4.3 Applications of PVA hydrogels

There are myriad of specific applications of crosslinked PVA hydrogels in
many various fields. The properties of PVA hydrogels are often tailored by
addition of other synthetic polymer or biopolymer.

The work of Kamoun et al. (2014) summarizes the wound dressing
applications of PVA based hydrogel combined with numerous natural and
synthetic polymers including sodium alginate, dextran, starch, chitosan,
polyethylene glycol, poly(N-vinylpyrrolidone) and many others. [11]

Several other important applications of PVA hydrogels are within the medical
sector. Their applicability arises from the biocompatibility and low protein
adsorption. The review on the utilization of PVA hydrogels by Baker et al.
(2012) outlines the most widespread usage of this material in soft contact lenses,
tissue adhesion barriers, artificial cartilages, orthopaedic applications and other
medical devices. [10]

Another valuable source on the usage of PVA hydrogels in the form of
membranes designed for variety of water treatment applications is the work of
Bolto et al. (2009). These applications include micro-, ultra- and nano-filtration,
reverse 0smosis, pervaporation etc. It offers deep insight into the possible
methods of PVA crosslinking and its subsequent specific applications. [12]

One cannot forget the packaging industry, where the crosslinked PVA finds it
applications, for example in combination with gelatine or pectin. [127]

Besides above mentioned reviews, there are number of reports in the Web of
Science database (Wo0S) in recent vyears (2013-2017) regarding the
characterization and utilization of PVA-based hydrogels. These can be divided
in several topics such as the most cited articles relevant for:

Medical sector applications:

e PVA/cellulose nanowhiskers (CNWSs) freeze-thawed hydrogels with
controlled porosity, morphology and barrier properties suitable for
wound dressing application [152].

o Freeze-thaw prepared PVA/sodium alginate hydrogel containing
sodium ampicillin  with improved antibacterial activity and
hemocompatibility useful as wound dressing material [153].
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Carboxyl-modified PVA/chitosan hydrogel with enhanced mechanical
properties, low cytotoxicity and haemolytic potential, sustained release
profile of gentamicin sulfate supressing bacterial proliferation. Thus,
this material could be effectively used for wound protection [154].

PVA impregnated bacterial nano-cellulose (BNC) composites with
improved mechanical properties, water permeability and enhanced
compliance applicable as suitable materials for blood vessels [155].

Water treatment applications, namely phosphate/dye/heavy metal adsorbents
and sensors:

Hydrogels with improved dye adsorption capacity (via physisorption
and chemisorption) tuned by the incorporation of amphiphilic graphene
oxide in PVA hydrogel network, which increases chain mobility and
adds new functional groups to the polymer matrix [156].

Reusable high capacity PVA/gelatine hydrogel beads crosslinked by
boric acid utilized for Pb** removal driven by chemisorption with ion-
exchange mechanism [157].

PVA reusable hydrogel beads crosslinked by boric acid in the presence
of aluminium chloride containing aluminium ions in the network
structure suitable for phosphate removal [158].

PVA/poly(acrylic acid) (PAA) hydrogels usable for sensing of Ni%".
When such material exposed to heavy metal ion, there is a change of
hydrogel degree of crosslinking reflected in the change of refractive
index measurable as phase shift in the interferogram [159].

Self-healing and shape memory hydrogels:

Borax crosslinked PVA hybrid hydrogels containing nano-fibrillated
cellulose (NFC) with enhanced material stability and the ability of
hydrogen bonds re-formation without external stimuli when such
hydrogel broken apart [160].

PVA/tannic acid (TA) hydrogels with memory shape behaviour due to
strong H-bonding interaction between PVA and TA and excellent
mechanical properties [161].

PVA/graphene oxide memory shape nanocomposite with strong H-
bonding interaction between PVA and graphene oxide [162].

Gas separation application:

Separation membranes composed of diethanolamine (DEA)
impregnated PVA crosslinked by glutaraldehyde cast on supportive
polytetrafluoroethylene (PTFE) layer. Membranes prepared using
different amount of crosslinker were utilized in gas separation
experiments for CO,/CH, with reasonable permselectivities in
comparison with uncrosslinked membranes [163].

30



5. AIM OF DOCTORAL THESIS

The current work deals with research and development of a biopolymer-based
crosslinking agent for polymers containing hydroxyl groups on their backbone.
Cellulose derivative and poly(vinyl alcohol) were selected as the starting
materials. The aim of the Thesis was study of dialdehyde cellulose preparation,
characterization and its utilization as a crosslinking agent for PVA. It was
defined according to challenge identified with respect to the studied field,
performed literature review and preliminary experiences.

Particularly, the aim includes preparation of DAC by a suitable technique,
optimization of the method of its preparation, study of its structure, properties
and aging, and its applicability as crosslinker in the preparation of PVA
hydrogels. Furthermore, this study includes an optimization of the crosslinking
process with respect to the properties of final hydrogel material and
a comparative crosslinker study, in which the properties (namely network
parameters) of hydrogel materials prepared using DAC are compared to those of
hydrogels prepared using common crosslinking agent (glutaraldehyde).

This aim may be achieved by accomplishment of the following objectives:

e Research of cellulose oxidation to prepare its reactive derivative
(namely DAC) with potential use as a crosslinking agent for PVA.

e Elucidation of structure of prepared DAC via suitable analytical
methods, particularly in solution.

e Research of stability (including eventual stabilization if discovered) of
prepared DAC in its application form (i.e. solution) in time.
Characterization of changes in the structure with aging.

e Development of a crosslinking system, namely choice and suitability of
crosslinking catalysts, process parameters (i.e. drying temperatures)
and evaluation of their influence on properties crosslinked materials.

e Investigation of crosslinking capability of fresh and aged crosslinking
agent and influence of catalyst choice on material properties of
resulting hydrogels.

e Comparative study on PVA crosslinking utilizing common crosslinking
agent (i.e. glutaraldehyde) and DAC under equal conditions, evaluation
of crosslinking efficiency of used crosslinkers on resulting hydrogel
properties in the terms of network parameters comparison.
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6. EXPERIMENTAL

For the sake of clarity, sections of Experimental part, Results and Discussion
part and Concluding Summary part of this Thesis are divided into:

(i)  “Pilot study” — initial study regarding the suitability of DAC as
a crosslinking agent for PVA and experimental setup of hydrogel
preparation using different process parameters. These include catalyst
system concentration and the investigation of drying temperature
influence on resulting hydrogel properties.

(i)  “DAC study” — preparation and characterization of DAC via suitable
methods, investigation of its stability and structure during aging. Study
of DAC solubilization process under different conditions.

(ili) “Hydrogel study” — utilization of solubilized DAC of different age
accompanied by incorporation of two chemically distinct catalyst
systems in the crosslinking reactions of PVA. Use of various
concentration of fresh solubilized DAC or glutaraldehyde under equal
conditions as crosslinkers for different types of PVA. Characterization
and comparison of properties of all of the prepared hydrogels.

6.1 Materials

6.1.i Pilot study

Commercially available material Mowiflex TC 232 (Kuraray Specialities,
Europe GmbH), density p, =1.3 glcm®, M, = 23 500 g/mol (estimated by GPC),
was used as a source of PVA for initial testing. Dialdehyde cellulose (DAC) was
prepared from alpha cellulose (Sigma Aldrich, Co.) by periodate oxidation using
sodium periodate (NalO4) (PENTA, Czech Republic). Ethylene glycol (PENTA,
Czech Republic) was used for the decomposition of residual periodate salt. All
of the chemicals used in crosslinking reactions and subsequent analysis of
product were of analytical purity (p.a.) and were used without further
purification. These include 96% sulfuric acid (H,SO,), 99.8% methanol
(CH30H), sodium hydroxide (NaOH), 35% hydrochloric acid (HCI) (PENTA,
Czech Republic), and 99.8% acetic acid (CH3;COOH), hydroxylamine
hydrochloride (Sigma Aldrich, Co.). Demineralized water was used throughout
the experiment. [17]

6.1.ii DAC study

Powdered microcrystalline alpha cellulose (Sigma Aldrich Co.) of DP = 672
[164] was used as a cellulose source material. NalO,, ethylene glycol, NaOH
(PENTA Czech Republic) and hydroxylamine hydrochloride, sodium chlorite
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(NaClO,) and CH3;COOH (Sigma Aldrich Co.) were of analytical purity (p.a.)
and used as received without further purification. Demineralized water was used
throughout the experiment. [99]

6.1.1ii Hydrogel study

Two sources of poly(vinyl alcohol) (PVA) were used. The first source,
Mowiflex TC 232 (Kuraray Specialities Europe GmbH), 83 % hydrolysis
(estimated by NMR), density p, = 1.3 glcm®, M, = 23 500 g/mol (estimated by
GPC), was utilized in the study of crosslinking via fresh and aged DAC as well
as in the comparative crosslinker study. The second source, Mowiol 84-86%
hydrolysed (Sigma Aldrich Co.), p, = 1.3 glem®, M, = 27 500 g/mol (estimated
by GPC), was employed only in the comparative crosslinker study along the first
one. Alpha cellulose (Sigma Aldrich Co.) served as the source material entering
the periodate oxidation via NalO4 (PENTA, Czech Republic). The termination
of this oxidation reaction resulting in dialdehyde cellulose (DAC) was achieved
by the addition of excess of ethylene glycol (PENTA, Czech Republic). The
degree of DAC oxidation (conversion) was determined on the base of
consumption of NaOH (PENTA, Czech Republic) in alkalimetric titration of the
resulting by-product (HCI) of oxime reaction between DAC and hydroxylamine
hydrochloride (Sigma Aldrich Co.). The other chemicals used in PVA
crosslinking reaction, including 35% HCI, 96% H,SO,;, 99.8% CH;OH
(PENTA, Czech Republic), 99.8% CH3;COOH and 50% water solution of
glutaraldehyde (Sigma Aldrich Co.), were of analytical purity (p.a.) and used as
received without further purification. Demineralized water was used throughout
the experiment. [91]

6.2 Sample preparation

6.2.1 Pilot study

In the first step, oxidized cellulose was prepared analogically to the literature.
[97] 10 g of alpha cellulose was suspended in 250 mL of aqueous solution
containing 16.5 g of NalO,. To obtain DAC of high degree of oxidation,
reaction was stirred in dark for 168 hours at laboratory temperature. Periodate
oxidation was stopped by adding 10 mL of ethylene glycol. DAC product was
rinsed on filter to remove residues of periodate reaction and in never-dried state
transferred to three-necked flask equipped with reflux and stirrer. DAC sample
was diluted with 250 mL of water and the flask was immersed in water bath
heated up to 80 °C for 7-hour solubilization. Completely solubilized DAC was
rapidly cooled and purified by centrifugation to remove insolubilized material
negligible in amount. Resulting supernatant was dialysed and transferred into
250mL volumetric flask (stock solution), where it was kept until usage as a
crosslinking agent for PVA. Weight concentration of DAC in solution was
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assessed form the recovery of solids after drying of defined volume of DAC
solution at 100 °C.

In the second step, PVA/DAC aqueous mixtures containing 2 wt% of
crosslinking agent (solubilized DAC) were prepared by dissolving 4.9 g of PVA
(Mowiflex TC 232) and subsequent addition of exact volume of DAC solution
containing 0.1 g of solubilized DAC. Total volume of such mixture was 70 mL.

In the third step, catalyst system composed of 10vol% CH3;COOH, 10vol%
CH30H, 10vol% H,SO, was introduced. Two sets of PVA/DAC mixtures with
different concentration of catalyst system were prepared. Specific amount of
each component per PVA/DAC set is described in Table 9. [17]

Table 9 Catalyst system composition and volume in different sets of PVA/DAC
mixtures.[17]

Components of catalyst system PVA/DAC PVA/DAC
setl set 2

10 vol% CH3;COOH (buffer) 3mL 0.75 mL

10 vol% CH3OH (quencher) 1.5mL 0.5mL

10 vol% H,SO, (catalyst) 1mL 0.25 mL

PVA/DAC agueous mixtures containing different amount of catalyst system
were cast on plates of 15 cm in diameter to form thin films. These films were
dried at different temperatures till constant weight. For determination of network
parameters, PVA/DAC samples from each set were intensively washed and
subsequently dried at 30 °C until constant weight. The designation of samples
prepared under different condition (i.e. drying temperature, different amount of
catalyst system) is mentioned in Table 10. [17]

Table 10 PVA/DAC samples designation based on different amount of catalyst system
and different drying temperatures.[17]

Drying PVA/DAC set 1 PVA/DAC set 2

temperature (°C) unwashed washed unwashed washed
90 1-90-U 1-90-W 2-90-U 2-90-W
60 1-60-U 1-60-W 2-60-U 2-60-W
30 1-30-U 1-30-W 2-30-U 2-30-W

6.2.1i DAC study

The periodate oxidation of alpha cellulose was further optimized (time of
reaction, change of solubilization volume etc.) when compared to the process of
DAC preparation in the pilot study. Such optimization reduces reaction time
while maintaining the product properties. In brief, 16.5 g of NalO, was
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dissolved in 250 mL of water with subsequent addition of 10 g of alpha
cellulose. This reaction mixture was stirred at 750 rpm in dark (closed container)
at laboratory temperature for 72 hours. [97, 99, 101] At the end of the reaction
time, reaction was stopped by decomposing residual periodate by the addition of
10 mL of ethylene glycol.

The raw DAC product (insolubilized DAC suspension) was thoroughly
washed on a filter and in a never-dried state transferred into a three-neck flask
equipped with external stirrer and reflux cooler. Raw DAC was diluted by
adding of 200 mL of water and pH of such suspension was recorded (pH = 6).
Next, the flask was immersed in water-bath heated up to 80 °C and stirred at
350 rpm for 7-hour solubilization. After rapid cooling, solubilized DAC was
purified by centrifugation at 15 000 g for 10 minutes with subsequent dialysis of
supernatant against demineralized water for 12 hours. After dialysis, solubilized
DAC was transferred and diluted by water into 250mL volumetric flask with
resulting pH of the solution of 3.5 + 0.1 which remained constant during whole
experiment (DAC stock solution). Weight concentration of DAC in solution was
assessed form the recovery of solids after drying of defined volume of DAC
solution at 100 °C. Such dried samples were kept in desiccator for further
analysis of solubilized-dried DAC.

Hereby prepared solubilized DAC stock solution sample was examined in the
terms of its stability and structure during 28 days of aging study. The specimens
from this sample were designated by their time of aging, i.e 1 day old (fresh), 14
and 28 days old. [99]

Due to somewhat contradictory results regarding the DAC solubilization
mentioned by Kim et al. (2004) [97] and Sulaeva et al. (2015) [98] (see Table
7), solubilization process was investigated in details here. For this reason, raw
DAC was converted into its water soluble derivative, sodium salt of 2,3-
dicarboxy cellulose (Na-DCC). This was achieved by the reaction of raw DAC
with NaClO, in the presence of CH;COOH according to Maekawa et al. (1984)
[37]. In brief, composition of such reaction mixture was set with the respect to
the molar ratio of reactants in following amount 1 mole —CHO : 4 moles of
NaClO; : 2 moles of CH;COOH. This reaction was performed on an aliquot part
of raw DAC suspension (pH = 6) prior to solubilization. The other aliquots of
the same sample were solubilized employing above described process varying
solubilization time from 30 minutes to 7 hours. [99] Subsequently, all aliquots
were filtered separately using 0.2 um filters and the separated solids as well as
filtrates were analysed.

This aliquot-solubilization experiment was repeated using raw DAC
suspensions, whose pH was set to values 3.5, 5 and 7.5 by diluted HCI or NaOH
solution prior to their solubilization. Such approach enables comprehensive
evaluation of the influence of DAC solubilization and initial pH setup of DAC
suspensions on molecular weight of final product and the process as a whole.
Within this aliquot-solubilization experiment, the change of filtrate pH and
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solubilized DAC molecular weight were investigated with the respect to the
solubilization time. Raw DAC particle morphology during these solubilization
experiments was also analysed.

In contrast to conventional heating method used for DAC solubilization,
microwave assisted solubilization (MWS) was employed for raw DAC
suspensions of different initial pH as described above. Typically, 50 mL of raw
DAC suspension was transferred into 100mL flat bottom flask equipped with
reflux cooler and placed in open-vessel microwave-oven laboratory system
MWG1K-10 operated at 800 W and 2.45 GHz (Radan, Czech Republic) for
1 hour. Completely solubilized DAC samples were filtered using 0.2 um filter
and analysed.

Finally, all DAC samples solubilized utilizing 7-hour solubilization via
conventional heating and 1-hour MWS were rapidly cooled using ethanol ice,
freeze-dried and analysed.

The designation of samples within this solubilization study along the crucial
parameters of solubilization process is noted in Table 11.

Table 11 Designation of DAC samples within solubilization study distinguished by the
solubilization time, used method of heating and initial pH of raw DAC suspension.

Method Conventional heating
Solubilization pH
(hours) 3.5 5 6 7.5
0.5 WO05-s X05-s Y05-s Z05-s
WO5-f X05-f YO05-f Z05-f
1 W1-s X1-s Y1-s Z1-s
W1-f X1-f X1-f Z1-f
3 W3-s X3-s Y3-s Z3-s
Wa3-f X3-f Y3-f Z3-f
5 W5-s X5-s Y5-s Z5-S
W5-f X5-f Y5-f Z5-f
7 W7-s X7-s Y7-s Z7-s
W7-f X7-f Y7-f zZ7-f
Method Microwave assisted solubilization (MWS)
Solubilization pH
(hours) 3.5 5 6 7.5
1 mw-W mw-X mw-Y mw-Z

Samples marked as “s” refer to the solid phase DAC separated by filtration
after solubilization.

Samples marked as “f” refer to the filtrate solution of DAC after
solubilization.
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6.2.1ii Hydrogel study

The exact method of DAC preparation and solubilization is described above
(see part “6.2.ii DAC study”).

After the solubilization of DAC, preparation of PVA crosslinked samples
using aged DAC was carried out. In the first step, PVA/DAC mixtures
containing 1 wt% of crosslinker (solubilized DAC) were prepared by dissolution
of 4.95 g of PVA (Mowiflex TC 232) in 70 mL of demineralized water with
subsequent addition of exact volume of 1 day old (fresh) DAC solution
containing 0.05 g of solubilized DAC. To induce formation of crosslinked
network, acidic catalyst must be introduced.

For this reason, two chemically distinct types of acidic catalyst systems (one
of identical composition as in “6.2.i Pilot study” used for “PVA/DAC set 2” in
Table 9) were selected and added to the mixture of polymer and crosslinker
forming two types of PVA/DAC blends. These blends/catalyst systems are
referred as series/type A and B in following text. The composition of used
catalyst systems along with the volume used per sample is noted in Table 12.
The same experimental setup and process of sample preparation was repeated
using aged DAC (14 and 28 days old). [91]

Table 12 Composition and volume per sample of catalyst systems used for crosslinking
of PVA using fresh and aged DAC. [91]

Catalyst system type A Catalyst system type B
10vol% H,S0, (0.25 mL)
1.33M HCI (1.5 mL) 10vol% CH3OH (0.5 mL)

10vol% CH;COOH (0.75 mL)

For further investigation of crosslinking ability and effectivity of DAC,
conventional crosslinking agent glutaraldehyde (GA) was chosen for
comparison. Equal amounts of DAC or GA were employed for crosslinking of
two PVA source materials (Mowiflex TC 232 and Mowiol 84-86% hydrolysed).
For this reason, it was necessary to experimentally assess the reactive aldehyde
group content for both of used crosslinking agents (DAC and GA). This was
achieved with the aid the oxime reaction between crosslinker and
hydroxylamine hydrochloride (see Figure 8) with subsequent alkalimetric
titration by 1IN NaOH. The consumption of standard solution revealed reactive
aldehyde group content of 11.7 + 0.3 mmol/g for fresh DAC and of
11.1+ 0.5 mmol/g for 50 % GA solution. These values were reflected in the
sample preparation in following manner. For example, PVA/DAC hydrogel
sample crosslinked using 1 wt% contained 0.05 g of DAC. This DAC
crosslinker weight corresponds to the amount of 585 + 13 umol of reactive
aldehyde groups (n_cho) used for crosslinking of this specific sample. To
achieve comparable crosslinking using GA, the same amount of reactive n_cno
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per sample must be used. Thus, equivalent PVA/GA hydrogel sample to the one
prepared by DAC was crosslinked using 46.6 uL. of GA 50% solution. Such
approach was applied in the entire comparative crosslinker study, which
encompassed use of DAC crosslinker in the concentration range from 0.0625 to
5 wt% and equivalent amount of GA. For the sake of simplicity, only catalyst
system type A (1.33M HCI, 1.5 mL per sample) was used for the preparation of
PVA/DAC and PVA/GA blends.

PVA/DAC blends prepared using 1 wt% of fresh and aged DAC and two
distinct catalyst systems as well as the PVA/DAC and PVA/GA blends within
comparative crosslinker study were cast on 20 x 10 cm frame and dried at
30 °C. Subsequently, these xerogel samples were intensively washed in order to
remove uncrosslinked material components and again dried at 30 °C. PVA/DAC
xerogel/hydrogel samples prepared using 1 wt% of fresh and aged DAC were
analysed by several analytical methods described below. PVA/DAC and
PVA/GA hydrogel samples prepared within comparative crosslinker study were
analysed only in the terms of their network parameters. Designation of all
PVA/DAC and PVA/GA hydrogel samples is noted in Tables 13 and 14. [91]

Table 13 PVA/DAC samples prepared using aged DAC. [91]

DAC age (days) PVA/DAC blend A PVA/DAC blend B

1 A01 BO1
14 A02 BO2
28 A03 BO3

Table 14 PVA/DAC and PVA/GA samples prepared using different PVA source and
different crosslinker (DAC or GA). Equal conditions are expressed by the amount of
reactive group (n_cno) per sample. [91]

N_cHo Per DAC crosslinker GA crosslinker

sample DAC PVA/DAC GA PVA/GA

(umol) (wt%) Mowiflex Mowiol (nL) Mowiflex Mowiol
2920 5 DTC-A DSA-A 233 GTC-A GSA-A
1750 3 DTC-B DSA-B 240 GTC-B GSA-B
877 1.5 DTC-C DSA-C 69.9 GTC-C GSA-C
585 1 DTC-D DSA-D  46.6 GTC-D GSA-D
146 0.25 DTC-E DSA-E 11.6 GTC-E GSA-E
73.1 0.125 DTC-F DSA-F 5.8 GTC-F GSA-F
36.6 0.0625 DTC-G DSA-G 2.9 GTC-G GSA-G
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6.3 Experimental methods

6.3.1 Pilot study

FT-IR analysis. Infrared spectroscopic analysis was conducted on input
uncrosslinked PVA (Mowiflex TC 232), unwashed and washed PVA/DAC
samples from both prepared set (1 and 2) and for every sample dried at different
temperature (30 °C, 60 °C, 90 °C).

Infrared spectra were collected using IR spectrometer Thermo Scientific
Nicolet 6700 FT-IR equipped with ZnSe-diamond crystal (ATR mode) in span
of 750-4000 cm™. (resolution: 4, number of scans: 64, suppression of
atmospheric gases enabled). [17]

TGA analysis. Thermogravimetric curves were recorded for input
uncrosslinked PVA (Mowiflex TC 232) and for crosslinked PVA/DAC samples
dried using different temperature. Only washed xerogel samples were analysed.
Thermogravimetric measurements were conducted using TA Instruments TGA
Q500 thermogravimeter equipped with platinum pan. The temperature range
was set from 30 °C to 1000 °C, heating rate 10 °C/min. Weight of all samples
was kept the same (5 = 0.1 mg). Inert gas in ratio 40:60 mL/min
(balance:sample) was used during measurements. [17]

Network parameters. Base on the swelling behaviour of all of the of prepared
PVA/DAC samples within this pilot study, network parameters (see Chapter 4.2)
were calculated. These parameters include percentage of swelling, equilibrium
water content (EWC), gel fraction, average molecular weight of macromolecules
between crosslinks (M) and crosslink density (p.). To determine gel fraction,
PVA/DAC samples were weighted in dry unwashed state and subsequently
intensively washed in demineralized water for several weeks. After washing
process, samples were dried at 30 °C till constant weight. From all of the washed
and dried PVA/DAC samples, specimens of 3 cm in diameter were cut. The
weight of specimens was recorded. Next, these specimens were immersed and
shaken in demineralized water for 24 hours. After this period of time they were
weighted in their swollen state. [17]

Macroscopic observation. All of the prepared PVA/DAC samples were
compared based on their macroscopic observation. [17]

6.3.ii DAC study

FT-IR and XRD analysis. Spectral analysis of input alpha cellulose and its
periodate oxidized derivative in the form of raw (insolubilized) DAC and
solubilized DAC was carried out. In order of DAC analysis via these methods,
samples were dried at 100 °C according to previous literature [97]. Instrument
and the setup were identical as in the pilot study.
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X-ray diffraction analysis was conducted on the same materials as mentioned
above. For this purpose, PANalytical XPert PRO X-Ray diffractometer in span
of diffraction angles 5-95 26 degree was used. Cug,; was used as a source of
radiation. [99]

TGA analysis. Thermogravimetric analysis (TGA) was conducted on
insolubilized as well as on fresh and aged solubilized-dried DAC samples.
Instrument and the experimental setup were identical as in the pilot study. [99]

Reactive aldehyde group content. Prepared DAC was analysed in the terms of
its reactive aldehyde group content. This analysis was conducted on raw
(insolubilized) and freshly solubilized DAC (1 day old) as well as on the aged
solubilized samples (14 and 28 days old). Weight concentration of DAC in
solution was assessed form the recovery of solids after drying of defined volume
of each sample at 100 °C. Determination of reactive aldehyde group content was
conducted on 0.1 g of DAC present in solution or suspension. Typically, 0.1 g of
each DAC sample was diluted to fixed volume by water and 0.01M hydrochloric
acid was used to set pH = 4.00. DAC samples were subsequently mixed with
solution of hydroxylamine hydrochloride (0.43 g in 20 mL of water, 0.01M
NaOH was used to set pH = 4.00). Such mixtures were stirred at 100 rpm for
24 hours at laboratory temperature in closed containers. The conversion of
aldehyde to oxime was determined by the consumption of 0.1N NaOH. [97, 99,
100]

Viscosity and density measurements. The viscosity and density was measured
for fresh and aged DAC solutions. These properties were measure using Anton
Paar microviscometer Lovis 2000 ME and Density meter DMA 5000 M at
25 °C. [99]

LC-QTOF MS analysis. High performance liquid chromatography (HPLC)
analysis of solubilized DAC samples (fresh and aged) were performed on 1260
Infinity LC system (Agilent Technologies). Chromatographic separation of the
sample components was carried out on a Zorbax Extend-C18 (2.1 x 50 mm,
1.8 um) column at a flow rate of 0.3 mL/min. The mobile phase consisted of
0.1% formic acid in water and acetonitrile (isocratic flow, 70:30). The sample
injection volume was 1 pL. Detection was performed with a quadrupole Time of
Flight mass spectrometer (6530 Q-TOF, Agilent Technologies) employing an
electrospray ion (ESI) source. The mass spectrometer was operated with
capillary voltage 3000 V. Data was recorded and processed using the
MassHunter software v. B.05.01 (Agilent Technologies). [99]

NMR spectroscopy. Nuclear magnetic resonance (NMR) spectra of
solubilized fresh and aged DAC sample solutions of pH 3.5 + 0.1 were recorded
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in mixture of 90% H,O and 10% D,0 at 25 °C utilizing Bruker Avance Il HD
700MHz NMR spectrometer equipped with triple-resonance cryoprobe
optimized for 13C detection. In order to differentiate between CH and CH,
resonances, gradient-enhanced multiplicity-edited ‘H-*C HSQC experiment
with Jy_c coupling constant set to 145 Hz was used. The C3/H3, C4/H4 and
C5/H5 signals were assigned to corresponding C6/H6 resonances using ‘*H-"H
TOCSY, *H-"C HSQC and *H-"*C HMBC ("J,.c = 10 Hz) experiments with
standard setup. Based on the combination spectra of *H-*C HMBC and *H-'H
ROESY, the corresponding C1/H1 and C2/H2 resonances were identified.
Isolated signals of diastereotopic protons from CH, groups are marked as H* and
HP. The assignment of signal was carried out on the 1 day old (fresh) sample,
which was further investigated after 14 and 28 days from preparation by *H and
3C NMR spectra. Signal intensities were estimated based on 1D **C spectra due
to a number of overlapping signals in 'H spectra. Thus, to minimize the
influence of various proton counts in the vicinity of carbon atoms to the
intensity of *C signals, only signals from the identical atoms/groups (CH,) were
compared. The populations of discussed moieties (structural arrangements of
DAC) are expected to be reflected in signal intensities at least on semi-
quantitative manner. [99]

GPC analysis. Gel permeation chromatography (GPC) analysis was
performed on diluted samples of stock DAC solution (dilution factor = 10).
Chromatographic system Waters HPLC Breeze equipped with Waters 2424 ELS
detector (temperature of drift tube 60 °C) and Shodex OHpack SB-806M HQ
(300 x 7.8 mm x 8um, column T = 30 °C) column was used. Mobile phase was
0.05M ammonium carbonate water solution. Pullulan polysaccharide calibration
kit SAC-10 (Agilent Technologies, Inc.) in a span of M, 180-100 000 g/mol was
utilized for calibration. Obtained data were processed and evaluated using
Empower Pro software.

Waters 2414 refractive index (RI) detector was employed in the case of the
solubilization study. This study included the analysis of the resulting molecular
weight of solubilized DAC using solubilization process (i) under different initial
pH conditions and solubilization time and (ii) via utilization of non-conventional
heating by microwave assisted solubilization (MWS). Furthermore, RI detector
was used in the investigation of molecular weight of DAC water soluble
polymer derivative sodium 2,3-dicarboxy cellulose. Besides the use of this
different detector, the experimental setup and conditions (column, mobile phase,
etc.) were identical as mentioned above. [99]

SEM analysis. Scanning electron microscopy (SEM) was utilized for imaging
of input alpha cellulose and DAC materials. These include solid state DAC
samples obtained by filtration and lyophilised filtrate solutions of DAC both
from solubilization study. For this purpose, field-emission scanning electron
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microscope (FE-SEM) FEI Nova NanoSEM 450 (FEI, Czech Republic)
operated at 5kV acceleration voltage was utilized.

6.3.1ii Hydrogel study

Solid-state **C NMR. Cross-polarization/magic-angle-spinning carbon-13
nuclear magnetic resonance (CP/MAS **C NMR) spectra were recorded for
uncrosslinked PVA (Mowiflex TC 232) and PVA/DAC samples prepared using
fresh and aged DAC. For this purpose, powdered samples suitable for this
analysis were prepared utilizing ultra-centrifugal mill Retch ZM 200 equipped
with 0.12 mm trapezoid-holed ring sieve. To prevent thermal degradation during
high speed milling (10 000 rpm), samples were nitrogen-cooled prior the milling
procedure. Finely ground powders were collected and stored several days in
desiccator until analysis.

Bruker Advance 500MHz spectrometer operated at 500.13 MHz (‘*H) and
125.77 MHz (**C) equipped with 4 mm solid-state dual (BB-1H) CP/MAS probe
was used for the CP/MAS *C NMR acquisition of spectra at laboratory
temperature. Rotor spin frequency was set to 10 kHz with 4 s relaxation time.
Crystalline a-glycine was selected as secondary reference to the *C NMR
chemical shifts (6 = 176.03 ppm for carbonyl carbon) [165]. According to
previous studies [166], spectra of above mentioned samples were measured
using contact time of 1 ms in order to achieve the best signal-to-noise ratio. The
exponential fit of carbon signal decay was used for the determination of Tlp(lH)
values of PVA and PVA/DAC samples as a function of contact time (from 1 to
8 ms). The Tlp(13C) values were calculated using exponential fit of the carbon
signal decay as a function of the variable **C spin-lock time in the span of 0.5—
7 ms following the cross-polarization time fixed to 1 ms in the case of all
samples. [91, 167]

XRD analysis. X-ray diffraction analysis was conducted on input
uncrosslinked PVA (Mowiflex TC 232) and PVA/DAC xerogels crosslinked via
fresh and aged DAC. For this purpose, Rigaku MiniFlex600 X-ray
diffractometer equipped with Cog, (A = 1.789 A) radiation source and Kp line
filter was used in the span of diffraction 5-95 26 angles. [91]

Tensile measurements. Mechanical properties of uncrosslinked PVA and
PVA/DAC xerogels samples prepared using fresh and aged DAC were analysed
according to the standard EN ISO 37 (621436) on tensile testing apparatus
M350 5CT (Labor Chemie, Czech Republic). The sets of specimens were
prepared from the cast uncrosslinked PVA thin film and PVA/DAC xerogels in
lengths of 35 mm and tempered at 25 °C and 40 % humidity. These specimens
were initially strained at rate 1 mm/min to 7.5 % strain for Young’s modulus
estimation. The strain rate was then increased to rate of 50 mm/min. [91]
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TGA analysis. Thermogravimetric analysis (TGA) was carried out on
uncrosslinked PVA and PVA/DAC xerogel samples crosslinked by fresh and
aged solubilized DAC. Besides washed PVA/DAC xerogels, unwashed
PVA/DAC xerogels were analysed as well. Instrument and the experimental
setup were identical as in the pilot study.

Network parameters. PVA/DAC hydrogel samples prepared using aged DAC
as well as samples prepared within comparative crosslinker study (i.e. utilizing
DAC and GA crosslinkers for two types of PVA) were evaluated and compared
in the terms of their network parameters. In order to assess these parameters,
disc specimens of diameter 8 mm were cut from above mentioned unwashed
xerogel samples. Such specimens were intensively washed and swelled for one
week. Swollen samples were then dried at 30 °C and placed in desiccator. High
precision balance was used for weighing of these specimens before and after
each step. The data was subsequently used for the calculation of network
parameters defined by the equilibrium swelling theory suggested by Flory and
Rehner, 1943 (see chapter 4.2). [148] The network parameters include
percentage of swelling, equilibrium water content (EWC), gel fraction, average
molecular weight of macromolecules between crosslinks (M.) and crosslink

density (p¢). [91]
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/. RESULTS AND DISCUSSION

7.1 Pilot study

The scope of the pilot study was to test the hypothetical suitability of DAC as
a crosslinking agent for PVA. This assumption arises from the presence of
aldehyde groups (—CHO) in DAC and hydroxyl groups (-OH) in PVA, which
possibly leads to the formation of acetal or hemiacetal bridges between these
macromolecular compounds under acidic conditions. Furthermore, influence of
two different concentrations of acid catalyst systems (see Table 9) on PVA/DAC
hydrogel properties was investigated. As the formation of crosslinked network is
presumed to take place during drying of PVA/DAC blend and dehydration of
DAC, the drying temperature was varied as one of the key process parameters in
PVA/DAC hydrogel preparation. This pilot study served as a starting point for
further investigation of DAC and its utilization as PVA crosslinker.

7.1.1 Characterization of uncrosslinked PVA

FT-IR and TGA analysis of uncrosslinked PVA. Untreated PVA was analysed
by FT-IR spectroscopy and TGA analysis for subsequent comparison with its
DAC crosslinked form. FT-IR spectrum (Figure 14 part 1) shows peaks related
to the presence of hydroxyl and acetate groups on PVA backbone. There can be
found inter- intramolecular O—H stretching vibrations manifested by a broad
band at 3240 cm™, symmetric and asymmetric stretching of alkyl groups CH,
with peaks at 2939 cm™ and 2909 cm™, vibrations of vinyl acetate groups (from
non-hydrolysed PVA) C—-O and C=0 with band in the span of 1735-1710 cm™,
C=C end group vibrations at 1520 cm™ peak, CH, bending (1427 cm™), O-H
and C-H wagging (1374 cm™), CH, wagging (1325 cm™), C-O-C
vibrations (1243 cm™), C-O stretching vibrations of PVA crystalline sequences
(1141 cm™), C-O stretching and O—H bending vibrations of PVA amorphous
sequences (1090 cm™), CH, bending and rocking (920 cm™, 830 cm™). [147-
149] Figure 14 (parts Ila and 1l1b) shows the results from TGA analysis of
uncrosslinked PVA with distinct peak weight loss rates at around 190 °C,
327 °C and 437 °C. [17]
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Figure 14 FT-IR spectrum (part I) and TGA thermogravimetric curves (parts lla and
I1b) of uncrosslinked PVA (Mowiflex TC 232). [17]
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7.1.2 FT-IR and TGA analysis of PVA/DAC xerogels (pilot study)

FT-IR analysis of PVA/DAC. In general, the differences between IR spectra of
uncrosslinked PVA (Figure 14 part 1) and prepared PVA/DAC xerogels (Figure
15) can be seen in the relative weakening of intensity of the bands at 3240 cm™
(O-H stretching) and 1735-1710 cm™ (C-O and C=0 vibrations). The lower
intensity at 3240 cm™ is caused by slight reduction of hydroxyl group amount
possibly due to formation of acetal or hemiacetal bridges as a result of
crosslinking via DAC. The second observed decrease for the bands at 1735—
1710 cm™ could be explained as the result of acid hydrolysis originating from
the presence of introduced acid catalyst. In other words, the addition of acid
catalyst system composed of H,SO,, CH3;OH and CH3;COOH possesses not only
function as mediator of crosslinking reaction of PVA via DAC, it also most
likely influences the degree of hydrolysis of PVA. The evidence of acid
hydrolysis of PVA was noticeable as a strong odour reminiscent of acetic acid
during drying of PVA/DAC blends (regardless of the drying temperature). [17]
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Figure 15 FT-IR analysis of PVA/DAC xerogels prepared within pilot study. [17]

The difference in IR spectra of PVA/DAC xerogel samples prior and after
washing are manifested in the change of intensity of two bands, namely
1142 cm™ and 1040 cm™. The decrease of the band at 1142 cm™ in all of the
washed samples signalizes removal of uncrosslinked crystalline phase of PVA in
the process of washing. The other noticeable change, absence of band at
1040 cm™ in all of the washed samples (except 1-90-W) can be explained as
removal of glycerol, which has a role of softener in untreated PVA (Mowiflex
TC 232) as it is compounded with PVA Dby manufacturer. Based on the
macroscopic observation, the samples 1-90 are probably heavily degraded
because of the high temperature of drying and the redundant high amount of
catalyst. This causes slightly different trends observed in IR spectra of 1-90
samples. [17]
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TGA analysis of PVA/DAC. All PVA/DAC xerogel samples within pilot study
were analysed and compared using TGA (see Figure 16). The recorded
thermogravimetric curves revealed increasing thermal stability ascending from
sample 2-90-W, 2-60-W to 2-30-W. Thus, the higher drying temperatures
decrease thermal stability profile of the samples prepared using lower
concentration of catalyst system (PVA/DAC set 2). When higher catalyst system
concentration is used (PVA/DAC set 1), the different and non-linear thermal
stability dependence on used drying temperature is apparent from the recorded
thermogravimetric curves. For the samples 1-60-W and 1-30-W within
PVA/DAC set 1 is the thermal stability more or less similar. The last sample
from this set (1-90-W) exhibited somewhat increased thermal stability
behaviour. Analogously to the disclosure in FT-IR spectroscopy, thermal
behaviour of this sample is strongly influenced by the redundant catalyst system
and high drying temperature. Such experimental setup used in the case of this
specific sample may cause possible degradation and/or formation of unsaturated
bonds along the PVA macromolecules increasing the thermal stability. [17]
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Figure 16 TGA analysis of PVA/DAC xerogels prepared within pilot study. [17]

7.1.3 PVA/DAC network parameters and macroscopic observation
(pilot study)

Network parameters. According to the equations given in the Chapter 4.2 the
network parameters of crosslinked PVA/DAC hydrogel samples were
calculated. The average molecular weight of macromolecules between
crosslinks (M.) and crosslink density (p.) were calculated with the aid of
equilibrium swelling theory. These network parameters require exact definition
of following variables: density of polymer p, = 1.3 g/cm®; specific volume of
polymer v = 0.7692 cm®/g; density of water at 25 °C p,, = 0.99705 g/cm®; molar
volume of water V; = 18.0477; number average molecular weight of PVA
Mowiflex TC 232 M, = 23 500 g/mol (estimated by GPC); polymer-solvent
interaction parameter for PVA and water y; = 0.464 [150]. The resulting
network parameters are noted in Table 15 and Figure 17.
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Table 15 Network parameters, i.e. swelling capacity, equilibrium water content
(EWC), gel fraction, average molecular weight between crosslinks (M.) and crosslink
density (p.), calculated for PVA/DAC hydrogel samples prepared within pilot study.

# Swelling  EWC Gel Fraction M, Pe
(%) (%) (%) (g/mol)  (mmol/cm®)

1-30 129.0 56.3 83.7 410 3.2
1-60 109.5 52.3 85.1 310 4.3
1-90 48.4 32.6 81.0 80 16.7
2-30 140.6 58.4 84.8 490 2.7
2-60 144.3 50.1 85.2 510 2.6
2-90 108.3 52.0 88.7 300 4.4

There are similar trends within network parameters of hydrogels regardless of
the tested catalyst system concentrations (PVA/DAC set 1 and set 2). However,
these trends are closely related to drying temperature. On the one side, the
swelling capacity, average molecular weight between crosslinks M. and
equilibrium water content EWC exhibit decrease with the increasing drying
temperature. On the other side, crosslink density p. and gel fraction (with the
exception of 1-90 sample) increases dramatically when higher drying
temperatures are used.

All these trends are visible especially for the PVA/DAC set 1 (higher
concentration of catalyst system). For set 2 the tendencies are less pronounced
(see Figure 17). The explanation to this can be found in the possible crosslinking
induced by thermal degradation. In other words, as the drying temperature rises,
degradation of polymer/crosslinker most likely produces crosslinking hotspots
and thus denser network of crosslinks (higher p.) can be formed. Such network
is defined by shorter macromolecules between these crosslinks (lower M.) and
subsequently by decreased swelling capacity and EWC.

To summarize, if higher concentration of catalyst system is used (set 1), the
dependence of network parameters on the increase of the drying temperature is
much more pronounced. In contrast to this, utilization of lower concentration of
catalyst system leads to samples with essentially identical network parameters
up to drying temperature 60 °C. Thus, the combination of high concentration of
catalyst system along with the use of high drying temperature produces highly
crosslinked samples. However, the gel fraction of such material (namely sample
1-90) decreases steeply oppose to expected behaviour. This observation implies
significant degradation of 1-90 caused by the excess of catalyst system and
relatively high drying temperature. These assumptions were partially confirmed
by FT-IR, TGA and by simple macroscopic observation of prepared samples
(see following page).
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Figure 17 PVA/DAC network parameters dependence on drying temperature and used
concentration of catalyst system (pilot study). The lines connecting points in the right
graph are only guides for eyes.

Macroscopic observation. The influence of drying temperature and the
concentration of catalyst system is best seen via macroscopic observation.
Figure 18 depicts the PVA/DAC sample specimens prior washing, washed and
swelled specimens, and washed and dried specimens. Increase of the catalyst
system amount hand in hand with increase of drying temperature results in
visible degradation of PVA/DAC samples manifested by colour change. [17]

unwashed PVA/DAC washed-swelled PVA/DAC washed-dried PVA/DAC
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Figure 18 Macroscopic observation of PVA/DAC xerogels prepared within pilot
study. [17]
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7.1.4 Summary of the pilot study

The results from pilot study showed DAC applicability as a crosslinking agent
for PVA. The properties of prepared PVA/DAC samples can be modified by the
choice of process parameters such as catalyst concentration or drying
temperature. However, to obtain degradation-free hydrogel materials, it is
advisable to utilize lower concentration of catalyst system along with drying
temperatures up to 60 °C. [17]

Following text is focused on detail analysis of DAC structure, properties and
their changes in time, which are believed to have direct influence on intended
crosslinking application.
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7.2 DAC study

The main goals of DAC study are to (i) determine and compare basic
properties and characteristic of the insolubilized and solubilized product of
periodate cellulose oxidation, to (ii) characterize solubilized DAC in the terms
of its structure, structural changes and stability within chosen timeframe while
maintaining low pH of DAC solution and to (iii) investigate the DAC
solubilization process and its influence on properties of DAC while modulating
parameters of such process.

Basic characterization includes confirmation of aldehyde group presence
using adequate absolute methods (such as IR spectroscopy); concomitantly
indirect methods such as XRD allowing observation of crystallinity loss as a
result of anhydroglucopyranose rings opening; and essentially important
evaluation of the efficiency the oxidation reaction in the terms of degree of
oxidation or conversion expressed in the reactive aldehyde group content.

The structure of DAC on molecular and supramolecular level defines its
physico-chemical properties. Furthermore, there is a reasonable assumption that
specific structural arrangement of DAC itself, or the changes induced for
example by its aging, will further influence its potential as a crosslinking agent.
As have been mentioned in the earlier text regarding the DAC structure and
properties (chapter 3.2), presence of highly reactive aldehyde group results in
complex composition of DAC. Some structural arrangements were already given
(see Figure 7); nevertheless, Figure 19 [99] depicts expanded proposals of
theoretical and possible DAC structures. These include DAC bearing free
aldehyde groups (A) and wide variety of its hydrated forms, i.e. fully hydrated
form (B), hemialdal form (C), intra- and intermolecular hemiacetal DAC forms
(D-G).
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Figure 19 Possible structural arrangements of DAC. A — dialdehyde, B — fully
hydrated dialdehyde, C — hemialdal, D — intramolecular hemiacetal with C3—0O-C6
bond, E — intramolecular hemiacetal with C2—-O-C6 bond, F — intermolecular
hemiacetal with C6-O-C3’bond, G — intermolecular hemiacetal with C6-O-C2’
bond. Intermolecular hemiacetals F and G may also contain hemialdal unit C in their
structure (not shown). [99]
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Besides the complexity of possible structural arrangements, the DAC
solubilization process has shown to be intriguing topic of research as there are
somewhat contradictory reports about its influence on DAC degradation. [98]
To evaluate degradation potential of solubilization, insolubilized DAC aliquot
was transformed into easily dissolvable derivative Na-DCC [37] prior the
solubilization and analysed in terms of molecular weight distribution. This
initial step also gives information whether the periodate oxidation promotes
degradation or maintains high selectivity. Other aliquots of raw DAC were
solubilized utilizing different time of solubilization (0.5-7 hours) to investigate
this process in detail. For this reason, each DAC aliquot was characterized in the
terms of pH, molecular weight, amount of solubilized content, insolubilized
particle morphology etc.). Moreover, the same aliquot-solubilization
experiments were repeated utilizing different initial pH of raw DAC (3.5-7.5).
These pH-dependent aliquot-solubilization experiments were carried out based
on the knowledge of pH sensitivity of DAC and structurally similar compound
(i.e. dialdehyde starch, DAS). Besides the conventional heating used during
solubilization, microwave assisted solubilization was employed and resulting
products were analysed in the solubilized as well as in the dried and freeze-dried
state.

The following sections are focused on the detailed description of DAC. The
results and conclusions drawn in this chapter are further broadened and utilized
in the next chapter “7.3 Hydrogel study” dealing with the DAC application as a
crosslinking agent.

7.2.1 Basic DAC characterization

Basic characterization methods were applied to analyse prepared DAC and
compare it to the input cellulose material. IR spectroscopy was employed to
investigate the presence of reactive aldehyde groups formed on DAC as a result
of periodate oxidation of input cellulose material. The process of periodate
oxidation disrupts ordered macromolecular packing, thus the crystallinity of
resulting DAC was studied by XRD. Furthermore, thermal stability and reactive
aldehyde group content of different DAC forms (insolubilized vs. solubilized) as
well as of the fresh and aged solubilized-dried DAC samples were evaluated
using TGA. Finally, viscosity and density of the prepared DAC solutions was
analysed.

FT-IR analysis. Spectral analysis was conducted on source cellulose material
and its periodate oxidized derivative DAC present in two forms, raw
(insolubilized) and solubilized-dried DAC (see Figure 20). The IR spectra of
both forms of DAC exhibit similar bands as cellulose. The difference between
cellulose and DAC is manifested by the presence of C=0 vibrational band at
1730 cm™ serving as the evidence of —CHO groups formation on DAC
backbone. There is also noticeable relative intensity increase of the band at
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875 cm™ indicating increased amount of hemiacetal structures (C-O—C) in both
forms of DAC when compared to cellulose. These DAC typical bands are well
known and were reported earlier, [97, 168-170] however it is not possible to
assess of exact amount of —CHO functional groups as they tend hydrate when
exposed to moisture. [73] The last observed phenomena in the spectral analysis
of DAC is the broadening of peak shoulder in the span of 1150-1200 cm™
obscuring vibrational bands of asymmetric and symmetric stretching of C-O-C
otherwise visible for unmodified cellulose. These two bands can be resolved in
the spectrum of crystalline cellulose where only one kind of C-O-C groups
exists, while several hemiacetal or acetal groups exist in DAC. Another reason
for this broadening may be the presence of adsorbed water molecules arising
from ambient humidity, which may influence the vibration frequency by
formation hydrogen bonds blurring thus observed peaks.

IR spectra of raw and solubilized-dried DAC are more or less identical with
only one difference in slightly higher intensity of absorption band of hemiacetal
group vibration (C-O—-C) at 875 cm™ for solubilized-dried DAC sample. The
possible reason of higher amount of hemiacetal groups of this form of DAC
manifested by the increased intensity can be explained as the influence of
sample preparation process. In other words, DAC was initially solubilized
(possible formation of intra- and intermolecular hemiacetal structures) and
subsequently dried from water solution. This drying process could further favour
the formation of potentially more stable hemiacetal forms of DAC (see Figure
19 D-F). [99]
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Figure 20 FT-IR spectra of source cellulose, insolubilized and solubilized-dried DAC.
[17,99]

Besides the sample of solubilized-dried DAC prepared from fresh DAC stock
solution (1 day old), similar DAC samples were prepared using 14 and 28 days
old solubilized DAC and analysed by IR spectroscopy as well. However, they
did not show significant difference when compared to freshly solubilized-dried
DAC. For this reason, they are not shown in the Figure 20. [99]
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XRD analysis. X-ray diffraction analysis of source cellulose material and two
forms of prepared DAC (insolubilized and solubilized-dried DAC) were
analysed. Diffractograms of these samples are shown in Figure 21. As expected,
relatively sharp patterns observed for alpha cellulose (diffraction peaks at 16.3,
22.4 and 34.6 260°) were shifted to broad signals after periodate oxidation to
DAC (diffraction peaks at 20.0 and 43.0 26°). This is consistent with
amorphization of original material as reported in the literature. [101] Based on
the recorded diffractograms of both forms of DAC, the loss of crystallinity
(from 25 % of input cellulose to approximately 7 % of prepared DAC) can be
attributed to the destruction of otherwise ordered macromolecular packing of
AGUs. The shift of diffraction peaks implies phase change from close-packed
crystalline structure of cellulose to mostly amorphous structure of DAC, which
Is induced by the partial deterioration of AGU (scission of C2—-C3 bond) during
periodate oxidation and polymer periodicity decrease. [99]

The diffraction patterns observed for insolubilized and solubilized-dried DAC
were identical (see Figure 21). Similarly to the results of FT-IR spectroscopy,
XRD analysis of fresh and aged solubilized-dried DAC samples have also
exhibited negligible differences.
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Figure 21 XRD analysis of source cellulose, insolubilized and solubilized-dried DAC.
[17,99]

Summary of FT-IR and XRD analyses. The characterization via FT-IR and
XRD analysis of insolubilized (raw) and solubilized-dried DAC samples of
different age showed almost identical patterns in recorded infrared spectra and
XRD diffractograms. With the respect to the analytical power of used
characterization methods, these results imply that relatively stable DAC product
on qualitative level was obtained regardless of its solubilization conditions and
aging. The only difference between insolubilized and solubilized-dried DAC
was noticeable in IR spectra manifested in the somewhat higher intensity of the
absorption band indicating higher amount of hemiacetal groups in solubilized-
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dried DAC samples. This observation can be explained as a result of more stable
hemiacetal structure formation during drying of solubilized DAC. If the raw
DAC has higher porosity than solubilized-dried DAC and absorbs more
humidity, another explanation of this phenomenon is possible. Competition
between hemacetalization and hydration can result into slight suppression of the
respective band intensity. [99]
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Figure 22 Thermogravimetric curves recorded for insolubilized DAC sample and
aged solubilized-dried DAC samples.[99]

TGA analysis. Thermal behaviour of insolubilized as well as fresh and aged
solubilized-dried DAC samples was investigated with the aid of
thermogravimetric analysis (TGA). As the thermoanalytic curves of all aged
solubilized-dried DAC samples were similar, only one example is shown (see
Figure 22 left part). Nevertheless, differences between aged DAC samples are
clearly visible in the graphs plotting the dependence of derivative weight loss on
temperature (Figure 22 right part). [99]

In contrast to the previous spectral analysis of different DAC forms, there are
noticeable differences between insolubilized and solubilized-dried DAC in the
thermal stability profile (see Figure 22). In general, insolubilized form of DAC
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exhibits well defined and almost separate peaks in weight loss rate at 219 and
280 °C, which can be most likely assigned to thermal degradation of different
molecular weight fractions. Another significant peak in weight loss rate present
at 80 °C probably belongs to the water evaporation process as the dry
insolubilized DAC is by nature in the form of powder of relatively high porosity.
On the other side, thermal stability profiles of the solubilized-dried DAC
samples exhibit overlap of several peaks in weight loss rate, regardless of the
DAC age (Figure 22 right part). Observation of such thermogravimetric profile
change is not surprising given the prolonged solubilization process of DAC
(7 hours at 80 °C), and can be considered as an indirect evidence of pro-
degradation character of solubilization as reported by Sulaeva et al. (2015). [98]
In  other words, solubilization  probably  results in  thermal
degradation/fragmentation of DAC macromolecules into different molecular
fractions further emerging in broader polydispersity. The influence of
solubilization process under various conditions is discussed in detail in the
section 7.2.4. [99]

The thermogravimetric curves of aged solubilized-dried DAC samples
showed quite similar patterns with some minor changes in the intensity of peaks
in weight loss rate (see Figure 22 right part). The first characteristic peak around
184 °C is unambiguously present in the thermal profile of 14 and 28 days old
DAC samples and is also slightly visible as a small shoulder in
thermogravimetric curve of fresh DAC. As this peak in weight loss rate is
manifested at quite low temperature there is an assumption that it belongs to the
low molecular fraction of DAC, which evolves in time of aging and thus is not
present as distinct peak in the thermogravimetric curve of fresh DAC. The other
peaks in weight loss rate at around 220 and 250 °C are present for all of the aged
solubilized-dried DAC samples. There is visible modest shift of these peaks to
higher temperatures (224 and 255 °C) recorded for 14 days old DAC sample and
subsequent formation of shoulder at around 350 °C for both 14 and 28 days aged
DAC samples. Such thermal behaviour is presumably associated to formation of
intermolecular hemiacetals between DAC macromolecules, which imparts
higher temperature stability of such samples. [99]

Reactive aldehyde group content. Insolubilized (raw), fresh and aged
solubilized DAC samples were analysed in the terms of reactive aldehyde
content. This quantitative analysis, in which the aldehyde content was
determined by alkalimetric titration (1IN NaOH), showed identical reactive
aldehyde content of both inslubilized and solubilized (1 day old) DAC forms
(10.97 + 0.08 mmol/g). This value of reactive aldehyde group content
corresponds to 88% degree of oxidation/conversion of cellulose to DAC
(aldehyde content of fully oxidized cellulose 12.5 mmol/g). [99]

The fresh solubilized DAC was left to age at laboratory temperature and the
reactive aldehyde group content was again determined after 14 and 28 days from
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DAC preparation. Figure 23 shows the evolution of the reactive aldehyde
content in the mentioned timeframe. The noticeable decreasing trend of this
quantity is not surprising as it has been observed in previous works. [97, 104]
However, there are some important differences when comparing result from
current and previous studies.
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Figure 23 Reactive aldehyde group content and degree of oxidation of prepared
solubilized DAC estimated over period of 28 days of DAC aging. The lines connecting
points in the right graph are only guides for eyes. [99]

In the current study, the loss of aldehyde group content was estimated to be
roughly around 7 % after 28 days from DAC preparation. In contrast to this, in
the study of Kim et al. (2004) regarding the stability of solubilized DAC, the
decrease in reactive aldehyde group content of similarly prepared DAC was
approximately 15 % after 21 days [97]. The other study made by Sirvié et al.
(2014) involved analysis of insolubilized DAC as an intermediate for 2,3-
dicarboxy cellulose preparation. Such raw DAC was stored in never-dried state
at 4 °C showed 32 % loss of reactive aldehyde group content between first and
second week from DAC preparation. Based on this observation, Sirvid et al.
strongly advise to prepare fresh DAC every time.

The considerably slower rate of aldehyde group content loss in current work
can be explained by the suppression of negative degradation processes occurring
at basic pH values. This assumption is based on the works of Veelaert et al.
(1997) and Potthast et al. (2009) in which the influence of pH and temperature
on stability of DAS and DAC was investigated, respectively. [100, 105] As has
been noted earlier in the text (chapter 3.2), the degradation processes in
periodate oxidized polysaccharides solutions or suspensions kept under alkaline
conditions follow the mechanisms of [B-elimination, internal and external
Canizzaro reactions as shown in Figures 11 and 12. To reduce these undesirable
reactions and thus increase the stability of solubilized DAC, low pH was
maintained in the current study. This pH setup possibly leads to the inhibition of
hemiacetal hydrolysis and benzyl-benzilic acid type rearrangements.
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Support for this hypothesis can be found in the previous works. The increased
rate of aldehyde group content loss in the study carried out by Kim et al. (2004)
was most likely caused by the neutral pH of solubilized DAC after dialysis. [97]
Sirvio et al. (2014) did not discuss pH of raw DAC suspension at all. However,
there is a reasonable expectation that employed repeated washing process of
prepared raw DAC by distilled water resulted in a pH value close to neutral.
Such conditions may favour the pronounced aldehyde group content loss. [104]

Summary of the TGA and reactive aldehyde group content studies. To
suppress possible B-elimination degradation processes occurring at higher pH in
DAC and analogue compounds, pH 3.5 = 0.1 of DAC solution was maintained
whole time. This experimental setup leads towards slower decrease of aldehyde
group content. TGA revealed different thermal stability between insolubilized
and solubilized-dried DAC of different age resulting from possible degradation
during solubilization and aging.

Viscosity and density measurement. Viscosity (dynamic, kinematic) and
density values were recorded for the DAC solution of different age and are
given in Table 16. The noticeable decreasing trend of dynamic and kinematic
viscosity of DAC solution with its age can be explained as the result of DAC
chain scission and generation of lower molecular fractions. This conclusion
correlates with TGA measurements. Fragmentation process influences the
viscosity much more than potential DAC recombination (intermolecular
hemiacetal formation), which should increase the viscosity. The values of DAC
solution density remained constant during the observed timeframe of aging. [99]

Table 16 Viscosity and density values of fresh and aged DAC solutions. [99]

Time Dynamic viscosity  Kinematic viscosity  Density
(days) (mPa.s) (mm?/s) (g/cm’)
1 1.459 1.443 1.01049
14 1.414 1.400 1.01047
28 1.395 1.380 1.01049

Summary of characterization of DAC by basic analytical methods. Discussed
analytical methods revealed essential properties of both insolubilized and
solubilized (fresh and aged) DAC forms. However, they do not convey or
uncover more detailed information about the exact molecular structure and
composition of DAC. More elaborate and subtle analysis was necessary to
clarify these issues. Furthermore, as a result of the interest in DAC applicability
in solution-based processes, following text regarding the analysis and
characterization of composition and structure is focused to solubilized form of
DAC maintained at low pH.
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7.2.2 Determination of solubilized DAC composition

To elucidate composition and molecular structure of solubilized DAC, HPLC
analysis and NMR study was carried out on DAC fresh and aged samples. For
possible structural arrangements of DAC, the reader is referred to Figure 19
again.

LC-QTOF MS analysis. HPLC analysis with detection performed by Q-TOF
mass spectrometer was utilized for solubilized fresh and aged DAC, which
showed two types of molecular peaks in obtained high resolution mass spectra.
Observed signals can be divided and assigned to (i) different forms of DAC and
to (i1) fragments of DAC degradation.

Regarding the signals of possible DAC structures, the first observed peak at
159.0299 m/z belongs to the form of DAC bearing free aldehyde groups (A in
Figure 19). This signal had approximately the same intensity in all solubilized
DAC samples spectra regardless of the DAC aging. The second peak detected at
177.0405 m/z corresponds to the partially hydrated DAC unit in the
intramolecular hemiacetal and/or hemialdal form of DAC (C, D or E in Figure
19). This signal was clearly visible in the spectrum of fresh solubilized DAC
sample as well as in the mass spectra collected for aged DAC samples, although
with considerably lower intensity. The last observed signal at 371.0988 m/z was
assigned to DAC in the form of intermolecular hemiacetal structures (F or G in
Figure 19). The intensity of this peak was on the noise level in the spectrum of
the fresh DAC. However, intensity of this signal increased with the age of DAC.

159.0299 m/z 101.0244 m/z 85.0259 m/z

OH OH OH OH OH
i J O |
9] " HO™ |
(@] O @] (0] O

Figure 24 Possible molecular structures of DAC fragments suggested by Veelaert et
al. (1997) [100] and Potthast et al. (2009) [105] observed at noted m/z values in
HPLC analysis.

The B-elimination models of fragmentation of DAS and DAC reported by
Veelaert et al. [100] and Potthast et al. [105] schematically represented in
Figures 11 and 12, were compared with results from HPLC, and some of
suggested DAC fragments were detected. These fragments were found at
159.0299, 101.0244 and 85.0295 m/z in mass spectra of all DAC sample
regardless of the sample aging. The molecular structures of these fragments are
depicted in Figure 24. At this point it should be noted, that the first mentioned
fragment observed at 159.0299 m/z possesses the same m/z value as A form of
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DAC, although their molecular structures are different. The signal intensity at
this peak is probably sum of both of these entities. The other two bands found at
101.0244 and 85.0295 m/z are subsequent products of further DAC
fragmentation. However, the presence of these relatively low molecular
fragments can be caused by secondary fragmentation induced by the ionization
and not as a result of DAC degradation. Besides mentioned signals, quite large
number of other bands manifested by high m/z values was observed. This is not
surprising, as macromolecular compound such as DAC forms larger and
presumably very complex fragments which are difficult to analyse in the exact
terms of their composition. However, based on the obtained mass spectra, very
high molecular fragments (m/z values up to 2 500) were observed only for aged
DAC samples.

Thus, HPLC equipped with Q-TOF mass spectrometer confirmed the
presence of several DAC forms. The free aldehyde form (A) was detected in all
of analysed solubilized DAC samples in spite of their age. The overall presence
of this band is presumably due the tendency of hydrated DAC forms to easily
lose -HO™ and —H". In other words, the presence of DAC form A manifested by
respective band could also arise due to the measurement-induced dehydration of
otherwise hydrated DAC forms. Moreover, quite strong intensity of respective
band in all of the DAC samples mass spectra may be also partially caused by the
presence of DAC fragment with the same summary formula, which can be also
induced by ionization and not as a result of DAC degradation as noted earlier.

Furthermore, partially hydrated and/or intramolecular hemiacetal forms of
DAC (C, D or E) were manifested by relatively strong signal of respective m/z
value in the fresh sample. The noticeably lower intensity, combined with higher
m/z value signals in the mass spectra of aged DAC samples implies formation of
intermolecular hemiacetal forms (F or G) of DAC.

These results correlate to some extent with TGA analysis, although they draw
somewhat limited picture regarding the exact structural arrangements of
prepared solubilized DAC. For this reason, more detailed NMR analysis of DAC
structure was performed for fresh and aged DAC solutions.

NMR analysis of fresh DAC. As expected, NMR spectra of DAC solutions
were quite complex, featuring a large number of signals arising from different
spin systems.

In contrast to the findings obtained by HPLC analysis, only very weak
aldehyde group **C signals at 191.4 ppm and 189.9 ppm were detected for fresh
(one-day old) DAC solution. However, none of these signals can be attributed to
free aldehyde groups of oxidized AGU, as was determined from *H-"*C HMBC
(heteronuclear multiple bond correlation) spectra analysis. Detected *C
aldehyde signals correlate with *H resonances at 150.9/6.42 (149.9/6.48) ppm
and 142/4.49 (133/4.29) ppm. NMR chemical shift ranges of these resonances
do not match those of oxidized AGU. [79, 123] However they agree with
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resonances describing side product of cellulose periodate oxidation in the form
of 2,3-diketoglucopyranoside enol derivative with double bond between C3 and
C4, originally reported by Rohrling et al. (2002). [171] No other signals
corresponding to aldehyde groups were detected. [99]

Despite the absence of free aldehyde groups originating from DAC, *C
signals of CH, groups from 'H-*C HSQC (heteronuclear single quantum
coherence) spectra can be assigned to several chemically distinct forms of DAC
units. However, as a result of low signal intensity and signal broadening induced
by the changes in neighbouring DAC chain groups, some resonances cannot be
unambiguously assigned to specific DAC domains. Based on spectral-
characteristic features, the assignment of the most intensive signals resulted in
identification of four structural arrangements of DAC units. These moieties
along with their *H and **C NMR chemical shifts are listed in the Table 17. [99]

Table 17 Different DAC forms C, D (involving two sub-forms noted as D | and D 1)
and G with the *H and *C NMR chemical shift assignment in ppm. [99]

Moiety Atom 1 2 3 4 5 6(6Y6°)

C H 4.85 5.22 5.29 3.86 422 3.82/3.73
B3c 96.6 85.3 86.6 70.1 65.4 60.6

DI H 4.61 4.83 5.41 4.21 456  4.20/3.95
B3c 96.7 90.5 99.6 80.8 75.9 69.5

DIl H 4.68 5.05 5.35 4.22 446  4.06/-*
B3c 96.7 90.8 94.4 76.3 74.1 70.2

G H 4.77 5.25 5.22 3.71 433  4.16/3.55

B¢ 95.4 85.2 87.0 70.1 66.2 57.7
Iy 4.85 4.88 5.22 4.55 3.95  3.90/-*
(o 95.4 88.1 90.5 75.6 67.4 65.0

For atom numbering see Figure 19 caption.
* H6" signal not observed.

The first two distinct forms of DAC, noted as D | and D 11, were identified as
intramolecular hemiacetals based on the two **C NMR CH, groups (C6) signals
observed at 69.5 and 70.2 ppm, see Table 17. When compared these C6 signals
to those of related cellulose derivatives such as 2,3-dicarboxycelulose
(C6 =62.3 ppm) [79] or cellulose 2,3-acetate (C6 = 58.5 ppm) [172], both forms
D I and D 11 possess highly deshielded C6 atoms.

Furthermore, the exact DAC structure elucidation continued with analysis of
2D NMR spectra. The graph in Figure 25 shows results of experiments
employing heteronuclear multiple-bond correlation and multiplicity edited
heteronuclear single quantum correlation.
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Figure 25 Portion of *H-"*C HMBC (pale red) and multiplicity-edited *H-*C HSQC
spectra (CH signals in blue, CH, signals in deep red). The **C/*H correlations for D |
are highlighted in black, for G in red. [99]
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Figure 26 Suggested structures of D | and D Il conformational isomers of DAC form
D. [99]

Analysis of HMBC spectra of D | (highlighted black in Figure 25) and D 11
forms of DAC showed strong correlation of C6/H3 signals. This observation
corresponds to three-bond coupling oppose to common described weaker four-
bond coupling. Along with the considerably deshielded C3/H3 resonances (D |
= 99.6/5.41 ppm, D Il = 94.4/5.35 ppm), these results imply formation of
furanoid-like five-membered C3-O-C6 hemiacetal rings of structural
arrangement very close to D form of DAC depicted in Figure 19. The explicit
nature of DAC forms D | and D Il can be estimated only indirectly via
C NMR chemical shifts comparison. There is a noticeable increase about
5 ppm in the C3 and C4 and about 1.8 ppm in C5 chemical shifts of D | form
when compared to D Il. These differences imply conformation/geometry
changes located on these carbon atoms giving rise to two possible
conformational isomer units. In other words, intramolecular hemiacetal bonds
C3-0-C6 might be formed with the respect to the plane of former AGU, i.e.
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“above” and “below” the former AGUs plane (see Figure 26). If this assumption
Is correct, DAC chain can be composed of such conformational isomer units
(D I and D I1) differentiating by the spatial orientation of formed furanoid rings
with the respect to the plane of former AGU. [99]

The third DAC form, manifested by somewhat shielded C6 **C NMR signal
at 57.7 ppm, was recognized as DAC intermolecular hemiacetal G. Besides the
signals at 87.0/5.22 ppm, 70.1/3.71 and 66.2/4.33 ppm (assigned to C3, C4 and
C5, respectively), this C6 signal also correlates with signal at 88.1/4.88 ppm
referring to connection with C2’/H2’ of second DAC unit, see Figure 25.
Furthermore, substitution on C6 is reflected in low *C NMR chemical shift of
C4 (in this case 70.1 ppm), as was reported for similar C6-substituted
derivatives of cellulose. [172] Additionally, there is noticeable correlation
between C3/H3 resonance and C2/H2 resonance assigned to the signal at
85.2/5.25 ppm. This observation indicates the presence of seven-membered
hemialdal ring formed by C3-O—-C2 bond (C in Figure 19) connected to second
DAC unit via C6. The rest of the signals of G form mentioned in the Table 17
were tentatively assigned (i) on the base of correlation between C2’/H2’ and
C1’/H1” signals in HMBC spectra or (ii) on a rather weak correlation signal
between C1°/H1’ and signal at 65.0/3.90 ppm (assigned to C6/H6%). [99]

The last identified DAC form, exhibiting signal of CH, group at 60.6 ppm,
possesses quite similar NMR chemical shifts as C6-joined intramolecular
hemiacetal DAC unit noted as G (Table 17). However, there is no evidence of
inter- or intramolecular correlation of C6’ and its resonance appears to be about
3 ppm more deshielded. On the other side, three-bond C3-O-C2 coupling is
undoubtedly observable. Based on these facts, recorded signals were assigned to
hemialdal DAC form C. As a result of low intensity and relatively strong signal
overlap, it is very difficult to evaluate the rest of the signals. Nevertheless, the
signal at 59.4 ppm corresponding to C6 correlates with resonances at
90.6/5.02 and 88.1/4.88 ppm. According to the chemical shift, the first one
mentioned can be assigned to C3/H3. Then, the C6 signal at 59.4 ppm is most
likely associated with the formation of intermolecular hemiacetal. However, the
exact nature of DAC form containing this C6-O—C3’ bond cannot be
straightforwardly determined. It could be present within F moiety, or different G
form, for instance bearing hydrated aldehyde groups instead of hemialdal. [99]

In a broader perspective, analysed fresh DAC solution was comprised mostly
from several C6-bonded hemiacetal forms. This observation is not surprising as
the majority of C2 and C3 vicinal hydroxyl groups were converted to highly
reactive aldehyde groups, and with C4 and C1 hydroxyl groups being engaged
in the DAC chain, the hydroxyl group on C6 is the most favourable and perhaps
the only spot allowing the hemiacetal reaction. DAC tends to form
intramolecular hemiacetals rather than intermolecular hemiacetal structures
joining separate DAC macromolecules. This observation can be likely ascribed
to entropic reasons. [173] Regarding the exact structural composition of fresh
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solubilized DAC based on the obtained and evaluated NMR data, the only
favoured intramolecular C6-bonded hemiacetal is the D from (present in two
different conformational isomers D | and D I1). The chemical shifts referring to
the second proposed intramolecular hemiacetal form E were not observed. The
other dominant DAC form was found to be the intermolecular hemiacetal
containing C6-O—C2’ bonded moiety G (with C6-bonded ring in the form of
hemialdal). Besides these C6-bonded hemiacetal DAC structures, the last
identified DAC form is represented by 2,3-hemialdal C. The other proposed
structural arrangements of DAC, namely free dialdehyde A and hydrated B
form, were not confirmed. [99]

NMR analysis of solubilized DAC aging. The same solubilized DAC sample
was left to age for 14 and 28 days under defined conditions (pH = 3.5,
laboratory temperature, kept in dark) and analysed in the identical manner as the
fresh solution. One of the most important observations within this is that no new
signals appeared in the NMR spectral analysis as the aging of DAC proceeded.
However, based on change of the observed signals integral intensities, the
population of distinctive species estimated from **C NMR spectra varied. [99]

According to the signal intensities, the most abundant DAC form in the fresh
(one-day old) solution was D |, accompanied by slightly decreased signal
intensity recorded for D Il and G forms (both ~60 % of signal intensity of D).
Another DAC form manifested by the CH, group signal at 59.4 ppm (further
unspecified intermolecular hemiacetal) exhibit roughly 30 % intensity of D.
Even weaker signal intensity (~20% of D 1) was observed for DAC hemialdal
form C.

The differences regarding the D | and D Il signal intensities in the whole
timeframe of DAC aging experiment were negligible. The signal intensities
representing DAC forms G and C increased about 5 % over one-month period.
The main portion of this signal increase was noticed within first 14 days of DAC
aging. In contrast to these observations, signal belonging to the unspecified
intermolecular hemiacetal (59.4 ppm) intensified by more than 10 % after two
weeks. After this period, its signal intensity began to gradually decrease. This
evolution of intermolecular hemiacetal signal intensity is consistent with the
changes of molecular weight distribution analysed by gel permeation
chromatography as discussed in the following part of the text.

To summarize, the investigated pH stabilized DAC solution did not exhibit
formation of new chemical structures or specific degradation products. Presence
of fragments during HPLC study is thus not a result of DAC aging as confirmed
by NMR study. Instead of DAC degradation during its storage, the DAC aging
process is characterized by changes in populations of inter- and intramolecular
hemiacetals, which correlate with the result obtained in thermogravimetric and
viscosimetric measurements and is manifested in other properties such as
molecular weight discussed below. [99]
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7.2.3 Molecular weight distribution study of DAC — focused on aging

In order to estimate the molecular weight distribution of solubilized DAC and
the effect of its stabilization by low pH, gel permeation chromatography (GPC)
was employed. This method principally gives comprehensive, yet relative (using
standard), knowledge about molecular weight distribution of DAC
macromolecules. Therefore, it is a primary method for studies of polymer
degradation, in this case aging in solution.

GPC analysis of solubilized DAC aging. The samples of DAC fresh (one-day
old) and aged (14 and 28 days old) solution stabilized by the low pH were
analysed in the terms of their molecular weight distribution using gel permeation
chromatography (GPC). Resulting chromatograms are plotted in the graph in
Figure 27. As the aging of DAC proceeds, the changes in the molecular weight
distribution are noticeable even by naked eye. For instance, there is relatively
strong increase in molecular weight of DAC sample aged for 14 days (the whole
distribution curve shifts virtually to higher molecular weights) which is followed
by slight decrease (the distribution curve shifts to lower molecular weights
again) after 28 days from DAC preparation. Moreover, as the aging time reaches
28 days, a broad peak at around 200 g/mol starts to be noticeable. This indicates
presence of low-molecular weight fraction in the DAC solution. [99]
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Figure 27 GPC chromatograms recorded for solubilized DAC of various age. The
distribution curves are vertically shifted for better clarity. [99]

The summary of results obtained from GPC is given in Table 18. These
include evaluation of typical molecular weight distribution moments
differentiating by the statistical method of their calculation.
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Table 18 GPC recorded data for DAC solutions in different aging time, where M, is
the number average molecular weight; M,, is the weight (mass) average molecular
weight, M, is the peak molecular weight, M, is the third moment of molecular weight
and PDI is the index of polydispersity (M,/ M,). [99]

Time M, M, M, M, PDI
(days) (g/mol)  (g/mol) (g/mol)  (g/mol) (-)

1 2 600 6 100 5500 10 200 2.36
14 3100 7400 7000 12 000 2.38
28 2 000 6 900 6 700 13 200 3.46

The first moment, known as number average molecular weight (M), is equal
to the arithmetic mean of the number of particular macromolecules, which
can be calculated using equation 7.1:

i XM N;
" XN

Where M; is the molecular weight of particular polymer species; N; is the
number of moles of such species. In the case of fresh solubilized DAC, the M,,
was estimated to value 2 600 g/mol. As the aging reaches 14 day from
DAC preparation, there was noticeable increase of M, roughly about 19 %
(M, = 3100 g/mol). After 28 day of aging, opposite trend was apparent as
the M, dropped to 2 000 g/mol, which is 13 % below the value estimated for the
sample of fresh solubilized DAC (see Table 18). These observations indicate
two competing processes present within DAC solution. With the respect to
previous result from HPLC and NMR analysis, the first process was identified
as the formation of larger molecular DAC structures via (i) intermolecular
hemiacetalization, i.e. connection of individual DAC macromolecules by C6-O—
C2°(C3’) linkage and/or via (ii) joining of the DAC macromolecules on their
terminal reactive sites. Regardless of the precise nature of this recombination
process, it results in relatively significant increase in M,,. In contrast to this, the
second process comprises of splitting of DAC chains into smaller molecular
fragments most likely by the B-elimination mechanisms, which further leads to
the lowering of M,. The first process is dominant after 14 days, which is
reflected in the highest M, value recorded for 14 days-aged solubilized DAC
sample. However, the rate of DAC recombination slows down after this period
(possibly due to larger mass of recombined DAC macromolecules) and the
second process identified as cleavage of lower molecular mass fragments
prevails. This assumption is manifested by the lowest M, value estimated for
28 days aged DAC sample. Furthermore, as these two competing processes of
DAC, recombination and scission, run under different rates and presumably

(7.1)
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independently on each other during whole observed timeframe of DAC aging,
the resulting polydispersity index (PDI, M,/ M,), defining the uniformity of
molecular mass distribution, increases with the age of DAC (from 1st day PDI =
2.36, up to 28 days PDI = 3.46, see Table 18). [99]

The second moment of molecular weight is defined as the weight (mass)
average molecular weight (M,). Based on the equation (7.2) used for
calculation, this parameter favours larger molecules over the smaller ones. In
other words, bigger macromolecules will be of higher contribution to value of
this parameter.

2
M, = X M;"N; (7.2)
2 M;N;
Similarly as in the case of M, the considerable increase of M,, was observed
for solubilized DAC sample after 14 days of aging. The M,, of DAC increased
about 18 %, from 6 100 g/mol (fresh DAC) to 7 400 g/mol (14 days old DAC).
As the aging of solubilized DAC proceeds to 28 days, slight decrease in M,
value is noticeable (6 900 g/mol, i.e. 7% decrease relative to 14 days old DAC
solution, see Table 18). These results well correlate with conclusions drawn in
the NMR part. However, they are in stark contrast to the results of previous
study made by Kim et al. (2004). The authors reported about 50 % loss of M,,
after 3 week from DAC preparation. In current study, most of the experimental
parameters in DAC preparation were identical (type of source material,
oxidation stoichiometry, solubilization conditions etc.). [97] The only significant
difference is the utilization of lower pH setup (pH = 3.5 + 0.1) of solubilized
DAC in current work. Based on these observations the pH of DAC solution
seems to be one of the most important parameters influencing the kinetics of
DAC degradation and thus stability when considering its long term storage. [99]
Another molecular weight defining parameter is the third moment of
molecular weight (M,). According to the equation (7.3) used for the calculation
of this parameter, the largest molecular fractions contribute to the value of M,
the most.

3
i, = &M N (7.3)
X M;N;

Slightly different behaviour in the evolution of M, was observed when
compared to previous changes of M, and M,, during DAC aging. As can be seen
in the Table 18, there is significant increase of this parameter value over 28 days
after DAC preparation from 10 200 g/mol up to 13 200 g/mol (~29 % relative to
M, of fresh DAC) with slightly more faster increase in M, after first 14 days of
aging. This fact implies that recombination process of DAC macromolecules
described earlier occurs during whole observed timeframe of DAC aging. [99]
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In contrast to the recombination behaviour, the adverse process of DAC chain
scission can be determined from the changes in the peak molecular weight (M),
which defines the most abundant molecular weight fraction. The M, value of
fresh DAC was estimated to 5500 g/mol with subsequent increase to
7 000 g/mol after 14 days and gradual decrease to 6 700 g/mol after 28 days of
aging (see Table 18). Based on the measured data, the initial M, increase reflects
the recombination process while its modest decrease at the end of studied aging
timeframe signifies the DAC chain scission process, which prevails over the
recombination as the DAC aging proceeds. This subsequent increase in the rate
of macromolecular domains cleavage after 14 days of solubilized DAC aging is
further supported by the decrease of M, value as well as the formation of low
molecular DAC fragments manifested by the peak at 220 g/mol in the
chromatogram of 28 days aged DAC (see Figure 27). [99]

Outlined, both described processes of (i) intermolecular hemiacetal formation
and (ii) chain scission/fragmentation occur simultaneously and are competitive
to each other during investigated timeframe of DAC aging. The recombination
process is characteristic for the first 14 days of DAC aging. After this aging
period, the fragmentation process becomes dominant. Observed changes in all of
the molecular weight moments (M,, M, and M,) along with M, and PDI
correlate well with results obtained in NMR part and are further supported by
conclusions based on the evaluation of viscosimetric and thermogravimetric
measurements in the section 7.2.1. From this point of view, the term
“stabilization by low pH or in acid condition” has to be understood. Polymer
degradation is a process primarily connected with the deterioration of molecular
weight of its macromolecular chains. This can proceed as degradation of its
polymerization degree by chain scission (or depolymerization) or it can result
into crosslinking and rapid increase of the molecular weight. In contrast to
previously reported fast degradation of solubilized DAC, results in this
presented aging study confirmed that this can be avoided both in terms of
reasonable deceleration of the loss of functional aldehyde groups content in
DAC as well as in preventing rapid changes of DAC’s molecular weight.
However, it does not mean that the system is “petrified” and no changes occur
during the shelf-life; the opposite is true. It was convincingly shown, that
solubilized DAC is a living system with two competing processes of
intermolecular combination and intramolecular fragmentation which make it
applicable with some reservations for four weeks but further extensions of its
shelf time cannot be made.

7.2.4 Study of DAC solubilization process

The solubilization process of DAC is a crucial step for its subsequent
utilization in solution-based processes such as crosslinking. Thus, it is important
to evaluate influence of such process on the structure and properties of resulting
DAC in solution. As has been mentioned in the previous text, there are some
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contradictory conclusions regarding the effects of solubilization (see section
3.2). In brief, the first study carried out by Kim et al. (2004) focused on DAC
solubilization process varying different parameters, i.e. temperature and time
[97]. It showed negligible influence of such process on the molecular weight of
resulting solubilized DAC (less than 10% decrease of M,, compared to input
material even after prolonged solubilization at relatively high temperature). In
contrast to this, results of the second study made by Sulaeva et al. (2015)
revealed quite severe DAC degradation during of solubilization process using
more or less the same experimental setup (up to 50 % loss in solubilized DAC
M,, relative to input material). [98]

The following text is focused on the characterization of molecular weight, pH
and solubilized content evolution during solubilization process. Furthermore, as
the DAC stability is considered to be pH sensitive, different initial pH setups of
solubilization were also investigated as well as non-conventional heating via
microwave assisted solubilization (MWS). Obtained products of these
solubilization processes in the form of residual insolubilized solids or DAC
solutions were dried or lyophilised and imaged by scanning electron
microscopy. This principally gives information about the progress of
solubilization from the particle-dissolution Kinetic.

GPC study of solubilization process. Entire process of DAC solubilization
analysis is schematically depicted in the Figure 28.

Alpha cellulose suspension in reaction medium
Mw = 109 000 g/mol (Engels et al 2012)
DP =672

Step 1)
Periodate
oxidation
DAC suspension in reaction medium
Mw and DP = cannot be estimated by GPC
Solubilized DAC opaque pH=3.5-7.5
or clear liquid depending
on time of solubilization
and pH
Na-DCC clear solution
Mw = 150 500 g/mol
DP =638
Step 2b)
Step 2a) Chilorite
DAC solubilization via: oxidation

(i) conventional heating
(i) microwaves (MWS)

Figure 28 DAC solubilization analysis scheme; step 1) — cellulose periodate oxidation
resulting in insolubilized DAC suspension; step 2a) — solubilization of insolubilized
DAC at different initial pH setup via (i) conventional heating and (ii) microwave
assisted solubilization (MWS); step 2b) — chlorite oxidation of aliquot part of
insolubilized DAC in order to estimate its M,,. [99]
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First of all, to rule out the degradation during periodate oxidation and
simultaneously confirm high selectivity of this reaction, molecular weight of
original cellulose materials as well as insolubilized DAC were compared.
Weight average molecular weight of input cellulose material (alpha cellulose
supplied by Sigma Aldrich) was taken from the work of Engels et al. (2002);
M,, = 109 000 g/mol (DP = 672) [164]. In order to obtain M,, of insolubilized
DAC, its easily dissolvable derivative Na-DCC was prepared by chlorite
oxidation according to Maekawa et al. (1984) using aliquot part of prepared
insolubilized DAC. [37] Subsequent molecular weight analysis carried out using
Waters 2414 refractive index (RI) detector showed M, of 150500 g/mol
(DP =638). The degree of polymerization of prepared insolubilized DAC is
roughly about 5 % lower compared to original cellulose and thus the periodate
oxidation can be considered as non-degradative derivatization as it exhibits
minor influence with the respect to chain scission.

The rest of prepared insolubilized DAC suspension (pH = 6) was
subsequently transferred into solubilization apparatus and analysed in the terms
of solubilized content, pH, M,, and PDI during the standard solubilization
process described in section 6.2 part “DAC study”. The results are given in
Table 19.

Table 19 DAC solubilization analysis carried out at initial pH = 6 (standard pH
setup). [99]

Initial # Solub. Solub. pH M, PDI

pH time content

) (hour) (mg/mL;%) ()  (g/mol) ()
YO5-f 0.5 1.67; 3.2 4.5 1 600 1.6
Y1-f 1 8.32; 15.5 4.1 9100 2.6

6 Y3-f 3 18.81; 35.5 3.5 10700 2.55
Y5-f 5 31.74; 60 3.2 10600 2.75
Y7-f 7 51.25; 96.8 3.4 9100 2.39

As can be seen from the data obtained during DAC solubilization analysis
(Table 19), the solubilization produces quite small DAC macromolecules
(sample YO05-f, 1600 g/mol, PDI = 1.6) and steep drop of pH takes place
(pH = 4.5) during first half an hour of this process. The solubilized DAC content
in this initial sampling data point was estimated to about 3.2 % which further
rapidly increases as the solubilization time proceeds. After only one hour,
solubilized fraction (Y1-f) of DAC exhibited M,, of 9 100 g/mol and large
increase in polydispersity index (PDI = 2.6). The process continued with release
of low molecular DAC polymer fragments (DP about 60) from the residual
insolubilized DAC particles without significant change of PDI. It seems that the

69



solubilization goes simultaneously with degradation of DAC chains and can be
ascribed to the scission of macromolecular DAC fragments loosen from the
gradually dissolving solid phase of insolubilized DAC particles as schematically
depicted in Figure 29.

0.5 h of solubilization 1 h of solubilization 5 h of solubilization

DAC chains bound in solid phase ® DAC solubilized chains ® DAC solubilized-freed chains

Figure 29 Schematic representation of DAC solubilization with the respect to its time,
size of insolubilized DAC phase and size of macromolecular fragments.

After 7 hours, the process of DAC solubilization is nearly complete (sample
Y7-f, 96.8 % of material solubilized) resulting in almost clear DAC solution
exhibiting M,, of 9 100 g/mol, PDI of 2.39 and pH value of 3.4. Observed shift
of the DP value from 638 of insolubilized DAC to DP of 58 estimated for fully
solubilized DAC testifies to severe degradative character of solubilization to
nearly oligomer level. These results thus confirm the findings of DAC
degradation after solubilization made by the group of Sulaeva et al. (2015) and
disprove the earlier study carried out by Kim et al. (2004). [97, 98] The slight
discrepancy of measured value of M,, within this solubilization study and M,,
value of fresh DAC noted in the section 7.2.3 “Molecular weight study of DAC”
was most likely caused due to the utilization of two different GPC detectors due
to changes in the instrumentation in the GPC setup. Nevertheless, the trends in
molecular weight evolution during aging of DAC sample prepared in
solubilization study were identical.

DAC solubilization using different initial pH. Since the known fact about the
DAC sensitivity toward pH of its environment, DAC solubilization analysis was
conducted in equivalent manner as in previous case (pH = 6) using different
initial pH setup (pH = 3.5; 5 and 7.5). Diluted solutions of HCI or NaOH were
utilized for this purpose. The recorded changes in solubilized content, pH, M,,
and PDI during these pH-modified solubilization processes are noted in the
Table 20.
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Table 20 DAC solubilization analysis under different initial pH.

Initial # Solub. Solub. pH M, PDI
pH time content
(-) (hour) (mg/mL;%) ()  (g/mol) (-)
WO05-f 0.5 0:0 3.5 - -
W1-f 1 0.45; 0.8 3.8 6600 1.89
3.5 W3-f 3 0.57;1.1 3.5 6800 1.89
W5-f 5 0.76; 1.4 3.5 6900 2.03
W7-f 7 1.27; 2.4 3.6 6900 2.03
XO05-f 0.5 1.48; 3.1 3.8 1800 1.64
X1-f 1 7.32;15.2 3.5 8500 2.58
5 X3-f 3 12.67; 26.2 3.5 9800 245
X5-f 5 28.1; 58.2 3.5 10700 2.55
X7-f 7 45.54; 94.3 3.6 9400 247
Z05-f 0.5 10.97; 22 4.5 1400 1.56
Z1-f 1 33.13; 66.4 4.4 6600 244
7.5 Z3-f 3 44.05; 88.3 3.8 6500 2.83
Z5-f 5 45.44; 91.1 35 5000 2.38
Z7-f 7 49.12; 98.4 3.6 4300 2.26

The lowest initial pH setup of insolubilized DAC suspension (pH = 3.5,
samples containing “W”) maintained close to the set value during entire
solubilization analysis. However, DAC under such pH condition is nearly
insoluble as only 2.4 % were solubilized after 7 hours. As a result of high
portion of DAC solid phase the solutions exhibited high turbidity. Aside the low
solubilization efficiency, such low pH setup produces solubilized DAC of more
or less equal molecular weight (M,, ~7 000 g/mol) during whole process. These
observations can be explained as a result of stabilizing effect of low pH on DAC
and possibly decreased polymer-solvent interaction and suppression of chain
scission as discussed above.

Another investigated initial pH of value 5 (samples marked as “X”) exhibits
quite similar evolution of quantities (solubilized content, M,, and PDI) as in
standard setup (initial pH = 6). Nevertheless, there is noticeable decrease in the
solubilization rate compared to standard setup, which correlates with the effect
seen in the solubilization under pH of 3.5.

The last studied initial solubilization pH setup of 7.5 (samples containing
“Z”) testifies pro-degradative behaviour of alkaline pH on DAC as the
solubilization proceeds very fast from the very beginning (22 % solubilized
DAC after half an hour). After only one hour, there is about 66 % material
solubilized and the M,, value is on the peak (6 600 g/mol). After 3 hours, the
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DAC is more or less completely solubilized and M,, starts to slowly decrease
along with the solution yellowing. At the end of solubilization, M, of strong
yellow solubilized DAC was estimated to be 4 300 g/mol.

To summarize, the solubilization process is strongly influenced by the initial
pH of system. As the pH is set at low value (pH = 3.5), the solubilization rate
considerably slows down and DAC fragments exhibit homogeneous distribution
of M,, during all stages of this process. Increasing the initial pH to slightly acidic
or close to neutral values (pH = 5 or 6) results in faster and complete
solubilization after 7 hours. Further increase of initial pH to basic region
increases substantially the solubilization rate but causes strong degradation via
B-elimination mechanism. One common observation is identical for all
solubilization processes regardless of the initial pH value. It is the tendency to
reach pH around value of 3.5 at the end of solubilization. DAC may (i)
presumably act as a buffer or (ii) there may be evolution of unspecified organic
acid in the degradation cascade, which stabilizes the balance between
degradation and recombination around this specific value.

Microwave assisted solubilization of DAC (MWS). Different approach
towards DAC solubilization using microwave heating (one hour under reflux)
was employed. MWS was carried out on insolubilized DAC suspensions of
different initial pH (similarly as in the case of solubilization via conventional
heating). Results are summarized in Table 21.

Table 21 DAC MWS solubilization analysis under different initial pH.

Initial # Solub. Solub. pH M, PDI
pH time content

() (hour) (mg/mL;%) ()  (g/mol) ()
3.5 mw-W 1 48.25; 98 3.4 6100 2.26
5 mw-X 1 49.04; 97.8 3.6 4400 2.32
6 mw-Y 1 47.9; 98.3 3.6 4500 2.37
7.5 mw-Z 1 48.66; 98.4 4.3 2200 1.83

Complete solubilization was achieved after just one hour utilizing MWS of
insolubilized DAC suspensions differentiating by initial pH. The effect of initial
pH on DAC stability is more pronounced for MWS than for conventional
heating. As the initial pH of DAC suspension grows, the resulting solubilized
DAC after MWS exhibits lower molecular mass. However, it is possible to
employ this alternative heating method to obtain high yields of solubilized
product in very short amount of time.
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SEM analysis of DAC solubilization products. To obtain deeper knowledge
about the effect of periodate oxidation of cellulose from the material point of
view, micrographs of original cellulose powder material and insolubilized dried
DAC were taken by SEM. As can be seen from representative images in
Figure 30, the size and shape of original cellulose and insolublized DAC
particles are more or less identical. The surface morphology on the other hand is
fairly different. It is most likely caused by the oxidation process which requires
diffusion of the oxidizing agent into the cellulose microcrystals, thus causing
swelling and oxidation of the swollen material which begins from the surface. A
small material loss is experienced (presumably due to some degraded hence
readily soluble fraction from the surface) during almost complete 72h periodate
oxidation which never results in 100 % vyield of oxidized material. Obtained
insoluble but swollen material is then washed, collected and dried which imparts
the specific morphology to the surface of the insolubilized material.

Alpha cellulose

Raw (insolubilized) DAC

i
I‘ 'R/
LASEaR: Ta

Y R W

Figure 30 SEM micrographs of original cellulose and insolubilized DAC.

These initial observations were followed by a time lapse study which was
carried out on the insolubilized residues from each aliquot DAC sample
obtained after filtration to investigate the particle-dissolution kinetic during
solubilization from the general qualitative viewpoint. Imaging was performed by
scanning electron microscope analysis of dried samples. The first set of
micrographs (Figure 31) shows the particle evolution within solubilization with
initial pH of 3.5. It is clearly visible the insolubilized DAC phase maintains its
original shape and individual particles can be distinguished even after 7 hours of
solubilization. This observation correlates with the macroscopic behaviour (high
turbidity) and low solubilized fraction content.
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Figure 31 SEM micrographs of solid DAC phase during solubilization (initial pH 3.5).

Another two sets of micrographs (Figures 32 and 33) shows the particle
evolution during the solubilization utilizing initial pH of 5 and 6, respectively.

There are visible some minor differences between these two sets of samples.
When comparing samples of corresponding sampling time (e.g. X1-s vs. Y1-s),
the insolubilized fraction manifested by residual fibrous fragments is visibly
present in higher amount in samples solubilized using pH 5. This correlates with
previously discussed solubilized content, which is higher in solubilization at
initial pH of 6.

X05-s

Figure 32 SEM micrographs of solid DAC phase during solubilization (initial pH 5).
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Figure 33 SEM micrographs of solid DAC phase during solubilization (initial pH 6).

The last analysed set of samples solubilized employing initial pH of 7.5
exhibits expected morphology with the respect to identified increase in
solubilization rate. The sample Z05-s solubilized for only half an hour is
structurally similar to sample X3-s solubilized for 3 hours with starting pH of 5.
This gives evidence about the significant role of pH regarding the solubilization.
Furthermore, respective filtrates of these samples showed quite similar content
of solubilized DAC (see Table 20). As the solubilization at initial pH 7
proceeds, the fibrous residues of insolubilized DAC gradually disappear and are
no longer visible in sample Z7-s.

Z05-s AL ) _ Z3-s

Figure 34 SEM micrographs of solid DAC phase during solubilization (initial pH 7.5).
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SEM analysis revealed the particle-dissolution kinetic with high dependence
on the used initial pH of solubilization and its time. Moreover, it is in good
agreement with the data obtained from these solubilization experiments by other
methods in the previous section.

W7-f (Iyophlllsed)

Figure 35 SEM micrographs of lyophilised products of solubilization via conventional
heating carried out under different initial pH.

Besides the SEM analysis of solid residues of solubilization, the final
solubilized products were freeze-dried and imaged as well. Figure 35 shows
lyophilised DAC samples obtained after 7 hours of solubilization under different
initial pH conditions. Spherical DAC beads were present in all prepared samples
regardless of the solubilization conditions. However, some characteristic
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patterns are more frequent for specific initial pH setup. The solubilized DAC
under low pH exhibits higher fraction of fused beads (W7-f row of micrographs
in Figure 35). Lyophilisation of DAC solubilized using initial pH slightly acidic
or close to neutral (pH = 5 or 6) results in more or less perfect spherically
shaped beads (X7-f and Y7-f rows of micrographs in Figure 35). Another
imaged material prepared by lyophilisation of DAC solubilized at higher initial
pH of 7.5 exhibits larger fraction of imperfect or hollow DAC beads structures
(Z7-f row of micrographs in Figure 35).

The last investigated set of lyophilised samples was prepared from DAC
solubilized by MWS under different pH (Figure 36). All samples contain
fraction of spherical as well as slightly irregular DAC beads.

mw-W (lyophilised) mw-X (lyophilised)

mw-Y (lyophilised) mw-Z (lyophilised)

Figure 36 SEM micrographs of lyophilised products of MWS (one hour heating)
carried out under different initial pH.

The results of SEM analysis showed the influence of solubilization pH on
resulting particle shape, whether it is the insolubilized residues or the solubilized
and subsequently lyophilised DAC products (except in the case of MWS
utilization). These changes in morphology are most likely caused by the pro-
degradative behaviour of higher values of pH, which on the one side speeds up
the solubilization process and on the other cause additional DAC chain scission.

The following part of text is focused on the application of solubilized DAC as
a crosslinking agent for PVA under different conditions (different catalyst
system, DAC age or type of PVA) and evaluation of resulting hydrogel
properties.
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7.3 Hydrogel study

The main objectives of the hydrogel study are to (i) investigate the
crosslinking ability of pH-stabilized DAC during its aging, i.e. prepare and
evaluate properties of PVA/DAC hydrogels using fresh and aged DAC; (ib)
utilize chemically distinct catalysts of crosslinking reaction of DAC and PVA
and (i1) compare crosslinking efficiency of DAC and common crosslinker
glutaraldehyde (GA) under equivalent reactive group concentration conditions.

The first part of this study includes preparation of PVA/DAC xerogels using
fresh and aged DAC acidic solution and is closely related to role of different
catalysts or catalyst systems required to initiate crosslinking reactions. The
prepared PVA/DAC xerogels were firstly analysed by TGA, XRD and tensile
measurements and subsequently investigated by a more elaborate method of
structural analysis defining crosslinked network properties via solid-state NMR
analysis. Furthermore, the key functional properties of hydrogels, i.e. network
parameters such as swelling capacity, equilibrium water content (EWC) and gel
fraction were measured. Based on obtained data, average molecular weight
between crosslinks (M.) and crosslink density (p.) were evaluated with the aid of
equilibrium swelling theory by Flory and Rehner (1943). [148] Finally, all
measured swelling related characteristics of PVA/DAC material were
corroborated by their evident correlation with structural and functional
properties obtained by the other methods and discussed in a separate section.

The second part of this study aims to prepare PVA hydrogels crosslinked by
DAC (PVA/DAC) or GA (PVA/GA) utilizing broad concentration range of
these crosslinkers and diluted HCI as catalyst. All prepared hydrogels were
compared in the terms of their network parameters and two different types of
crosslink topologies were proposed.

7.3.1 Characterization of PVA/DAC

The initial characterization of PVA/DAC materials is focused on evaluation
of xerogel properties with the respect to the utilized catalyst system (see
Table 12) and the age of used pH-stabilized DAC crosslinker.

TGA analysis. Influence of two different catalyst systems on thermal stability
profile was examined for unwashed/washed cross-linked PVA/DAC samples as
well as for input materials (untreated PVA and DAC). Figure 37 shows
thermogravimetric analysis results of input materials and examples of
unwashed/washed PVA/DAC samples prepared using HCI catalyst (A01) and
catalyst system composed of H,SO,, CH;OH and CH3;COOH (B01). Only
PVA/DAC samples prepared using fresh DAC are discussed as samples
prepared utilizing aged DAC showed similar thermal properties.
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Figure 37 TGA analysis of untreated input PVA (Mowiflex) and examples of
PVA/DAC xerogels (washed and unwashed) prepared using fresh DAC and two
different types of acidic catalyst.

There is noticeable difference in thermal behaviour between unwashed
samples AO1 and BO1. Unwashed sample A0l showed very similar thermal
decomposition patterns as untreated PVA with shift of peak weight loss rate to
higher temperatures (PVA/AQ01 unwashed — 326 °C/365 °C, 438 °C/443 °C, see
left part of Figure 37). This upward shift is most likely caused by the presence of
PVA/DAC crosslinked network, capable to better withstand higher temperatures
compared to untreated PVA. In contrast to this, unwashed sample BO1 exhibits
strong peak in weight loss rate at 226 °C implying the negative influence of
B catalyst system on thermal stability of such xerogel. There is also apparent
peak in weight loss rate at around 190 °C in both unwashed PVA/DAC xerogels
which can be most likely assigned to low molecular additive. After hydrogel
washing step, i.e. removal of uncrosslinked PVA, low molecular additive and
catalyst system residues, both A0l and BO1 samples show very similar thermal
behaviour with negligible differences.

To summarize, the results from TGA analysis revealed the different influence
of two catalyst systems residues present in unwashed PVA/DAC xerogels. It is
evident, that the presence of HCI catalyst residues does not compromise the
thermal stability of such material. Oppose to this, residues of catalyst mixture
based on H,SO, considerably lowers the thermal stability. Washed PVA/DAC
samples exhibited similar thermal behaviour. In order to define the properties of
PVA/DAC xerogels free of possible interference caused by uncrosslinked PVA,
additives or catalyst residues, following analyses were conducted only on
washed xerogels.
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Tensile measurements. Mechanical properties were firstly investigated for
untreated PVA and secondly for PVA/DAC samples crosslinked by fresh and
aged DAC utilizing different catalyst systems. The examples of stress vs. strain
curves of untreated PVA sample and crosslinked PVA/DAC xerogel are shown
in the left part of Figure 38 and they represent two diverse cases of mechanical
behaviour. In the first case, untreated PVA exhibits typical elastic behaviour of
relatively high elongation and lower average values of Young’s modulus. In
contrast to this, the second case, typical for all of the prepared PVA/DAC
xerogels, shows more semi-ductile plastic behaviour in the sense of comparably
decreased elongation, yield point and apparent necking during tensile tests.
These observations imply presence of crosslinked network within all PVA/DAC
xerogels. Here it should be noted, that the second yield point visible in the stress
vs. strain curve of PVA/DAC sample shown in the lower left part of Figure 38 is
a result of different strain rates during tensile testing. [91]

Figure 38 (right) shows the dependence of Young’s modulus (E) of
PVA/DAC xerogel samples on DAC solution age and chosen catalyst system (A
or B series). Detailed results of mechanical properties from tensile tests are
given in Table 22. [91]
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Figure 38 Examples of stress vs. strain curve of untreated input PVA and PVA/DAC,
please note the x-axis scale difference between the upper and lower graph panel (left);
evolution of Young’s modulus E of washed PVA/DAC dependent on DAC age (right).
[91]

The presence of crosslinked polymer network within all of the PVA/DAC
xerogels results in the significant increase of E to values above 2 GPa, ten times
higher compared to untreated PVA (see Table 22). The formed stiff polymer
network thus results in much higher Young’s modulus than contribution of
hydrogen bond structure of untreated PVA. [91]
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Table 22 Mechanical properties calculated for untreated input PVA and PVA/DAC

crosslinked samples. [91]

it

Young’s Modulus E

Peak elongation

(GPa) (%)
PVA (Mowiflex) 0.24 + 0.02 170.9 £ 122
A01 2.53+0.18 84.9+ 17.1
A02 2.30+0.14 66.3 + 12.4
A03 2.41+0.16 68.3 5.4
BO1 2.44+0.13 60.2 + 15.9
B02 2.19+0.14 59.0+ 11.9
BO3 2.56+0.10 512477

As can be seen in Figure 38 (right) and Table 22, PVA/DAC samples
prepared using 14 days old DAC (A02 and B02) exhibit the lowest average
values of Young’s modulus while the PVA/DAC samples prepared using fresh
and 28 days old DAC crosslinking solution (A01, BO1 and A03, B03) exhibit
slightly higher stiffness. The explanation to this can be found in the change of
molecular weight of used DAC crosslinker during its shelf-life, i.e. increase of
M, during the first 14 days and its subsequent drop after 28 days of aging. These
changes most likely define the distribution of crosslinks in polymer network. In
other words, the presence of larger number of smaller DAC macromolecules
(M, ~2 000 g/mol) presumably forms denser crosslink network, which positively
influences stiffness of such PVA/DAC material. [91]

Outlined, tensile measurements (Young’s Modulus and peak elongation)
indicate presence of crosslinked polymer network with stiffness of all
crosslinked PVA/DAC xerogel samples ranging from 2 to 2.5 GPa utilizing
1 wt% of DAC crosslinking agent. Instead of expected decrease of PVA/DAC
xerogel mechanical properties with the age of utilized DAC crosslinking agent,
the PVA/DAC xerogels crosslinked using the oldest (28 days) DAC solution
were capable to retain its relatively high stiffness. Connected to this, the trends
in stiffness correlate with the molecular weight evolution of aged pH-stabilized
DAC rather than with the weakly manifested trend of reactive aldehyde group
content loss. On the other hand, variation of the mechanical properties of
xerogels with aging time of stabilized solubilized DAC solution is very small
and it can be said, that the stabilized solution is negligibly influenced by aging
from the application point of view. However, it must be noted that full
variability between these samples will be manifested in fully swollen state, but
for the moment, let us proceed with xerogels again. The following XRD analysis
further reveals the dependence of DAC age on resulting PVA/DAC xerogels
crystallinity.
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XRD analysis. Diffractogram examples obtained from XRD analysis for input
materials (PVA “Mowiflex”, alpha cellulose and solubilized-dried DAC) and
PVA/DAC xerogel samples from B series are shown in Figure 39. Particular
results from this analysis are noted in Table 23. In order to compare the input
materials, respective diffractograms are shown in the left part of Figure 39. As
has been noted earlier (section 7.2.1 “Basic characterization of DAC”, Figure
21), prepared DAC showed significant loss of crystallinity compared to original
alpha cellulose as a result of the opening of glucopyranose rings (destruction of
ordered macromolecular packing). [97, 99] Utilized untreated PVA “Mowiflex”
exhibits lower crystallinity than alpha cellulose used in subsequent production of
DAC. The set of diffractograms recorded for samples from B series shown in the
right part of Figure 39 illustrates noticeable changes in crystallinity. [91]

PVA k BO3

B02
o—celullose
DAC B01
10 20 30 40 50 60 70 8 90 10 20 30 40 50 60 70 80 90
2Theta (°)

Intensity (a.u.)

Figure 39 Diffractograms of input materials (left) and PVA/DAC samples from B
series (right). [91]

The trends in crystallinity of both PVA/DAC series correspond with trends in
Young’s modulus determined by tensile testing (see Figure 38 and Table 22)
with close relation to M, of DAC in solution during its aging. It should be also
noted, that the crystalline phase is only a minor component within prevailing
amorphous crosslinked network and has small contribution to the overall
stiffness of PVA/DAC material examined by tensile measurements. The
PVA/DAC samples exhibiting slightly larger stiffness (A01, BO1 and A03, B03)
prepared utilizing larger number of relatively low molecular weight DAC
macromolecules present in fresh and 28 days old DAC (M, ~2000 g/mol) form
presumably denser crosslink network which prevents formation of larger
crystalline sequences between PVA and DAC crosslinking spots. This leads to
decreased crystallinity of these PVA/DAC samples (e.g. Xazs = 13 %,
Xgoz = 6 %). In contrast to this, the PVA/DAC samples A02 and B02 prepared
using smaller number of larger DAC macromolecules (14 days old DAC of
M, =3 100 g/mol) result in xerogels with somewhat lower stiffness and most
likely lower crosslink density, which further enables to form more evolved PVA
crystallites in sparsely crosslinked PVA/DAC matrix (Xag, = Xgo2 = 16 %). [91]
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Table 23 Crystallinity (X) of input material (a-cellulose, DAC and PVA) and resulting
PVA/DAC samples prepared using different catalyst systems and aged DAC. [91]

# Crystallinity X
(%)
a-cellulose 25
DAC (solubilized-dried) 7
PVA (Mowiflex) 18
A01 14
AQ2 16
AO03 13
BO1 12
B02 16
BO3 6

To summarize, crystallinity reflect mechanical behaviour of prepared
PVA/DAC xerogels with correlation to the molecular weight of used DAC
crosslinker. As has been mentioned earlier in the part regarding the tensile
testing, the properties of PVA/DAC materials seem to be governed not by the
decrease of aldehyde group content as it would be normally expected but by the
evolution of DAC molecular weight. The correlation of these parameters is
further discussed in the 7.3.3 section.

The determined basic properties of PVA/DAC samples are further associated
and correlated with structural characteristics determined by solid-state NMR and
functional properties expressed by network parameters in the following text.

7.3.2 Structural and functional characterization PVA/DAC

To understand the differences between PVA/DAC xerogels prepared using
different catalyst system and utilizing DAC of different age, it is necessary to
further investigate the structure of such materials via suitable methods. In
connection to this, it is important to evaluate functional properties of formed
hydrogels in the terms of network parameters.

Solid-state NMR. In order to study the degree of crosslinking of PVA/DAC
xerogel samples prepared using fresh and aged DAC, cross-polarization/magic-
angle-spinning (CP/MAS) *C NMR spectroscopy was employed. [174] The
easily recognizable changes in the PVA signals were identified as a result of
PVA/DAC xerogel formation (see Figure 40 and Table 24). [91] Unfortunately,
the respective DAC resonances located in the range 110-80 ppm for C1-C3 and
80-55 ppm for C4—-C6 [175] were extremely weak and partially obscured by the
signals of PVA. This observation is not surprising as the ratio between the
polymer and crosslinking agent (PVA:DAC) was 99:1 in all PVA/DAC xerogel
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samples. Furthermore, the weak DAC signal intensity also arises from the
complex composition of DAC in solution which results in the expectation of
variety of possible crosslinking modes. [99] Thus, only signals originating from
untreated PVA and PVA/DAC samples are discussed in the following text. [91]

In the first place, untreated PVA was characterized using solid-state NMR
analysis. The signals depicted in Figure 40 and noted in Table 24 were assigned
to the untreated PVA on the base of previously published data. [176, 177] Based
on the knowledge of **C NMR resonance deshielding in PVA spectra caused by
the presence of intramolecular hydrogen bonds [174, 176], the steric polymer
arrangement (tacticity) can be evaluated. The signal of methine group at
77.1 ppm (marked as | in Figure 40) can be attributed to isotactic triad (mm)
with two intramolecular hydrogen bonds. Next, the signal found at 71.5 ppm
(I1in Figure 40) belongs to the heterotactic triads (mm and mr) with single
intramolecular bond and finally signal observed at 65.4 ppm (111 in figure 40)
corresponds to the syndiotactic triads (mm, mr and rr) without intramolecular
hydrogen bonds. Furthermore, only one signal representing CH, group
(45.3 ppm) was assigned and present in all measured spectra. The last recorded
signal at 22.5 ppm present also in all spectra originates from the residual acetate
group with corresponding carbonyl resonance at 173.0 ppm (not shown in
Figure 40). Based on this, the PVA (Mowiflex) utilized in the crosslinking
reactions with DAC possess roughly 16 % of acetate groups and thus it is not
fully hydrolysed. [91]

PVA/DAC
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CH:

CH

PVA/DAC
A series CHa
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Figure 40 The CP/MAS **C NMR spectra of PVA and selected PVA/DAC xerogels

(left), comparison of PVA/DAC xerogels *C NMR spectra of samples prepared using
various catalyst systems and DAC solution of different age (right). [91]
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There are negligible differences between CP/MAS *C NMR spectra
measured for the PVA/DAC xerogels prepared using DAC of different age as
well as using different catalyst (see Figure 40 left). However, there are
significant noticeable changes when comparing *C NMR spectra of PVA/DAC
xerogels and untreated PVA. From the point of PVA/DAC xerogels, the
differences described in Table 24 are manifested by (i) the absence of signal I,
(i1) the upfield shift of signal Il from 71.5 to 69.7 ppm resulting in (iii) its
complete overlap of somewhat deshielded signal 111 found in the range between
66.6-67.2 ppm (depending on the age of DAC). These changes signify
considerable disruption of hydrogen bond network within all PVA/DAC
xerogels, which is consistent with observed decrease of PVA/DAC xerogels
crystallinity and formation of crosslinks between PVA and DAC. In other
words, somewhat bulky DAC crosslinking agent induces larger PVA inter-chain
separation and thus most likely disrupts nearby hydrogen bonds. [91]

Table 24 **C NMR chemical shifts of PVA and PVA/DAC xerogels. [91]

# CHI CH I CH 1l CH,
(PPm) (PPm) (Ppm) (Ppm)
PVA (Mowiflex)  77.1 715 65.4 45.3
A01 - 69.7 66.6 46.0
A02 - - 67.2 45.8
A03 . . 66.9 46.3
BO1 . 69.7 66.9 46.3
B02 . 69.6 66.9 46.6
B03 - - 66.9 46.0

To acquire more information about the structure and properties of PVA/DAC
xerogel materials, the changes in NMR chemical shifts were correlated with the
results from the T,,(‘*H) and T,,(**C) analyses (see Table 25) offering
conclusions in qualitative or semi-qualitative terms.

The Tlp(lH) values depend on the nearby spin-reservoirs density with
individual spins interaction occurring via *H/*H dipolar mechanism [167]. Thus,
this parameter is not sensitive to motion of individual molecular groups, but it
can be treated as a “phase” quantity describing the spin-diffusion processes
efficiency in given range around observed nucleus, which is related to the
number of neighbouring spins and their individual distances. [174, 177] The
obtained Tlp(lH) data revealed noticeable increase of this parameter for all of the
prepared PVA/DAC xerogel samples, when compared to PVA (see Table 25).
This is consistent with the conclusions drawn from the NMR chemical shift
study (dilution of nearby H spin reservoirs caused by hydrogen bond network
disruption and larger PVA chain separation). Taking into account the
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experimental errors, it should be noted, that Tlp(lH) values estimated for all of
the prepared and investigated PVA/DAC xerogels are more or less comparable.
This suggests analogous spin-diffusion efficiency present in all prepared xerogel
samples, hence the roughly identical density of hydrogen bond network. The
only slight difference can be seen in the case of A03 sample, where Tlp(lH)
values dropped to 4.1 + 0.2 ms indicating increased nearby spin density. This
observation may be connected to possible partial restoration of hydrogen bond
network. [91]

The second evaluated parameter Tlp(13C) allows to analyse local site-specific
motions on kilohertz timescale. [178] It provides information about the local
polymer chain dynamics of untreated PVA as well as PVA/DAC crosslinked
xerogels. The values of Tlp(”C) noted in Table 25 show increase in this quantity
upon crosslinking, which signify increased flexibility of polymeric domains of
PVA/DAC samples (with the exception of BO3 sample) in comparison to the
untreated PVA. Such observation supports the assumption regarding the dilution
of hydrogen bond network in crosslinked PVA/DAC xerogels manifested by the
T1,(*H) results. It should be noted, that T,,(*°C) values are more sensitive to
conditions of PVA/DAC sample preparation than T,,(*H). In general, T,,(**C)
parameter is higher for PVA/DAC samples prepared using 14 days old DAC
regardless of the used catalyst system. However, the substantial difference of
Tlp(13C) parameter between catalyst system A and B is noticeable for PVA/DAC
samples prepared utilizing the oldest (28 days) DAC crosslinker solution. In this
case, sample BO3 exhibits even shorter T,,(*°C) value (4.4 = 0.2 ms) than one
estimated for untreated PVA (7.8 £ 0.5 ms). Such result implies high local
molecular motion restriction of B03 sample and loss of chain flexibility.
Furthermore, as the Tlp(lH) value of this sample remained almost unchanged
(see Table 25), the hydrogen bond network was not restored to any significant
level and thus such restriction of molecular motion is most likely caused by the
increased crosslink density. [91]

Table 25 The T,,(*H) and T,,(*C) values for PVA and PVA/DAC samples. [91]

# T1,('H) T1,("C)
(ms) (ms)
CH 111 CH, CH 111 CH,

PVA (Mowiflex) 3.3+0.2 34+£0.2 7.8+0.5 5.8+0.5
A01 4.6+0.1 4.7+0.1 12.0+0.9 85+04
AQ2 4.6+0.3 44+0.3 142+09 9.0+0.4
A03 4.1+0.2 42+0.1 11.0+£0.7 58+0.3
BO1 45403 45+0.1 11.0+£0.5 6.9+0.5
B02 48+0.1 45+0.1 11.7+0.7 7.3+£0.6
B03 49+0.1 45+0.1 44+02 23+0.1
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Obtained results correspond to the previous finding of tensile study and XRD
analysis. The dependence of PVA/DAC xerogels structural characteristics
expressed by Tlp(lH) and Tlp(13C) on DAC age or more precisely on its
molecular weight has been confirmed. The findings imply actual increase of
reactivity of aged pH-stabilized DAC solution for crosslinking reactions
especially with the use of sulfuric acid as catalyst (B series), [91] instead of
expected decrease (accompanied by aldehyde content loss) previously reported
for pH neutral DAC solutions. [97, 104]

Network parameters. In order to evaluate PVA/DAC hydrogel functional
properties, network parameters were assessed for samples of PVA/DAC
prepared using DAC of different age and different catalyst systems. The
definitions of network parameters are given in the section 4.2.
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Figure 41 Influence of DAC age used for crosslinking on the network parameters of
prepared PVA/DAC hydrogels. The graphs show percentage of swelling, equilibrium
water content (EWC), gel fraction, average molecular weight between crosslinks (M)
and crosslink density (p¢) of both prepared series of PVA/DAC samples crosslinked by
fresh and aged DAC. The lines connecting points in the graphs are only guides for
eyes. [91]

87



The dependence of DAC aging on network parameters, i.e. percentage of
swelling, equilibrium water content (EWC), gel fraction, average molecular
weight between crosslinks (M;) and crosslink density (p.), of PVA/DAC
hydrogels prepared utilizing different catalyst systems (series A and B) are
shown in the Figure 41. Several trends can be assigned to the observed
guantities of PVA/DAC hydrogels: (i) as the polymer network becomes denser
(higher p.), the smaller is the material loss during washing and thus the larger is
the amount of gel fraction; (ii) as the amount of gel fraction increases, the
swelling capacity, EWC and M. values drop and vice versa. In other words, rise
of water uptake goes hand in hand with high swelling capacity because there is
more space accessible for water molecules between the longer macromolecular
chains segments bonded in sparsely crosslinked network. [91]

Figure 41 shows the similar trends of network parameters dependent on the
age of used DAC crosslinking agent evaluated for two catalyst systems utilized
in the preparation of PVA/DAC hydrogels. In general, the samples of A series
(HCI catalyst) exhibit slightly more uniform behaviour and the properties
expressed in the terms of network parameters are less dependent on the DAC
age (or more precisely on its molecular weight) than samples of B series (H,SO,
catalyst). Taking into account that only 1 wt% of DAC crosslinker was used, the
swelling capacity of all PVA/DAC samples (except B0O3) varied approximately
from 400 to 450 % with the respect to age of DAC. The main difference
between these two series can be seen in the comparison of network parameters
of PVA/DAC samples prepared utilizing the oldest (28 days) DAC crosslinking
solution. The sample BO3 exhibits relatively steep change in all characteristic
features, i.e. lowest swelling capacity (370 %) and EWC (78.6 %), highest
amount of gel fraction (68.9 %) and highest crosslink density (0.5 mmol/cm®) of
all of the prepared hydrogel samples. This behaviour can be explained by the
increased efficiency of sulfuric acid based catalyst system towards the catalysis
of crosslinking reactions between low molecular fragments of DAC and PVA.
This results in the formation of comparably denser crosslink network exhibiting
low swelling capacity and EWC and higher amount of gel fraction. [91]

Similarly to previous structural NMR analysis, XRD analysis and tensile
measurements, the network parameters of prepared PVA/DAC hydrogel
materials showed noticeable dependence on the molecular weight of used DAC
crosslinker as well as the choice of catalyst system. The utilization of diluted
hydrochloric acid as catalyst results in uniform behaviour of hydrogels less
dependent on the molecular weight of used DAC. In contrast to this, catalyst
system based on sulfuric acid seems to be more efficient in the crosslinking
reaction of PVA especially in the combination with oldest and thus the most
fractioned DAC. [91]

Following text will be focused on the study of correlation between obtained
data from particular analyses carried out for PVA/DAC materials and DAC
itself and analysis of the role of catalyst system.
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7.3.3 Correlation between measured characteristics of PVA/DAC and
role of catalyst system

As has been noted in the previous parts of the text regarding the results of
tensile measurements, XRD analysis, NMR study and characterization of
network parameters, there are distinct trends in the obtained data for PVA/DAC
materials which can be closely related to the molecular weight evolution of used
DAC crosslinking agent during its aging.

First of all, the evolution of structural properties of DAC during its aging has
to be evaluated. Among them, two are most important, i.e. (i) reactive aldehyde
content defining the amount of respective functional groups involved in the
subsequent crosslinking reactions with PVVA and (ii) molecular weight of DAC
which is governed by structural changes of DAC via stabilization mechanisms
during aging of solubilized DAC stored in acidic media. [99]
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Figure 42 Decrease of reactive aldehyde group with DAC aging (top left); correlation
between M, of DAC in solutions of various age (Miinster et al., 2017) and Tlp(13C)
values of resulting PVA/DAC hydrogels (top right); correlation between M, of DAC
and Young’s modulus and crystallinity of PVA/DAC xerogels prepared using different
catalyst system (A and B series) with marked age of used DAC crosslinker (bottom
center). The lines connecting points in the graphs are only guides for eyes. [91, 99]

It has been found, that the total reactive aldehyde group content of pH-
stabilized DAC solution decreases only slightly (equivalent to a decrease of the
degree of oxidation by less than 10 percentage points after 4 weeks) as noted in
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the section 7.2.1. The change in this quantity shows almost linear behaviour as
shown in the upper left part of Figure 42. However, the composition of acidic
DAC solution changes dramatically during the time of its aging which is further
reflected in the evolution of molecular weight of DAC (upper right part of
Figure 42). Based on these observations made by NMR and GPC analysis, two
competing processes were identified in the acidic DAC solution. The first
process dominant during first 14 days favours the formation of intermolecular
hemiacetals connecting individual DAC macromolecules and results in the
increase of M, roughly about 20 % compared to fresh DAC solution. Next, the
second process of DAC chains splitting into smaller molecular fragments
prevails after 28 days from DAC preparation over the initial recombination. This
results in the noticeable decrease in M, of 28 days aged DAC solution almost by
40 % with the respect to M, of 14 days old DAC which is even below that of
fresh solution, see the top curve in the graph depicted in the upper right corner
of Figure 42. [91]

These changes in M,, of DAC solution in time correlate with Tlp(”C) results
(the upper right graph in Figure 42) implying the direct influence of changes in
DAC M, on resulting PVA/DAC hydrogel structure and properties. The
consequence of these changes on macromolecular level is more pronounced than
decrease of DAC reactive aldehyde group content in time which would
otherwise presumably result in increasing trend in this quantity. The explanation
can be found in the earlier proposed fact, that smaller number of larger and less
mobile fragments present after 14 days do not crosslink PVA polymer matrix as
efficiently and densely as larger number of smaller fragments present in 28 days
old solution. Therefore, the flexibility of PVA/DAC polymeric domains
expressed by the Tlp(13C) parameter reaches maximum for samples prepared
using 14 days old DAC solution (maximum M), while the most rigid structure
is obtained using 28 days old DAC (lowest M,). [91]

Furthermore, these structural conclusions are also reflected in the mechanical
properties of prepared PVA/DAC xerogels (top curves in the bottom graph
depicted in Figure 42). The linear correlation of M, of used DAC and average
values of Young’s modulus can be seen for samples prepared utilizing sulfuric
acid as catalyst (B series) which supports the assumption of the significant role
of molecular weight of used DAC crosslinker over its reactive aldehyde group
content. However, this trend is less pronounced in the case of PVA/DAC
samples prepared using hydrochloric acid as catalyst (A series). Next, the
influence of M,, of DAC on crystallinity of PVA/DAC can be seen in the bottom
graph in Figure 42. Both of prepared series of PVA/DAC materials exhibit
increase in crystallinity values as the M, of DAC increases. Again, the
explanation to this can be found in the nature of formed network of crosslinks.
The sparsely crosslinked and thus highly flexible PVA matrix crosslinked via
smaller number of larger DAC macromolecules present in 14 days old solution
results in the presence of (i) region comprised of sizable sections of free PVA
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chains bound in the (ii) regions with high crosslink density adjacent to DAC
chains. These free PVA macromolecules can presumably form larger crystalline
sequences embedded in relatively flexible crosslinked polymer network. This
assumption is supported by the correlation of polymeric domain flexibility
(Tlp(“’C)) and crystallinity of PVA/DAC xerogels as can be seen in the
Figure 43. [91]
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Figure 43 Correlation between crystallinity of PVA/DAC materials prepared using
DAC of various age and carbon spin-lattice relaxation time in rotating frame,
T,,,(13C), corresponding to polymeric chain segments flexibility as obtained from NMR
study. The lines connecting points in the graphs are only guides for eyes. [91]

These trends are particularly manifested for the BO3 sample as its crystallinity
drops down to 6 % and it exhibits the lowest T,,(**C) value of (4.4 + 0.2) ms
which implies the densest crosslinking of such PVA/DAC sample. Similar,
however less pronounced trends are observed for AO03 sample. Schematic
representation of the two extreme structural situations in xerogels, i.e.
PVA/DAC xerogel sample (B02) crosslinked by smaller number of larger DAC
macromolecules enabling formation of regions comprising of larger PVA
crystallites within the most flexible and thus least rigid crosslinked polymer
network on one hand and PVA/DAC sample (B03) crosslinked by larger number
of smaller DAC molecular fragments containing less evolved PVA crystallites
within most rigid PVA/DAC crosslinked polymer network on the other, is given
in Figure 44. The differences between PVA/DAC samples prepared using two
chemically distinct catalyst systems is further discussed in the following part of
the text. [91]
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Figure 44 Schematic representation of the structure of the respective xerogels within
PVA/DAC series B with their relation between flexibility (TIP(BC)), crystallinity (X),
Young’s modulus (E) and number average molecular weight (M) of DAC. The orange
coils correspond to (M,) of DAC, the arrays of blue lines represent polymer chain
crystallites, and the grey lines represent the amorphous phase of the polymer with
physical entanglements. The size, ratio, and number of depicted features is
intentionally exaggerated for better understanding. [91]

Role of catalyst. Characteristics of prepared PVA/DAC materials differing by
the age of used DAC crosslinker are correlated to better illustrate the influence
of used type of catalyst system (Figure 45).

Almost linear dependence of all characteristic properties of PVA/DAC
materials prepared utilizing catalyst system type A is noticeable. There are
several quantities increasing with the growing value of M, of used DAC, namely
polymeric domain flexibility parameter (Tlp(”’C), graphs 111, IV and V in Figure
45) and crystallinity (graphs Il and V in Figure 45) of PVA/DAC samples. In
contrast to this, PVA/DAC crosslink density (pc, graph I, 11, IV and V) exhibit
linear decrease with increasing molecular weight of used DAC crosslinker.
Moreover, the graph V in Figure 45 shows strong linear correlation between two
independent methods characterizing hydrogel network properties, i.e. data
obtained from solid-state NMR (Tlp(”C)) and values of (p.) calculated with the
aid of equilibrium swelling theory. Regarding graph V, both curves representing
samples of series A or B possess apparently the same slope, although the curve
belonging to samples of B series is shifted below that of A series samples which
indicates slight difference in the distribution of network crosslinks. In general,
series A exhibited higher T,,(**C) values than series B at the same values of p,
which might be a result of more uniform distribution of network crosslinks of
samples of B series over samples of A series. Moreover, as the same stock
fresh/aged DAC solution was always utilized in the preparation of
corresponding samples of both A or B series, there is a presumption that the
catalyst system type B (based on sulfuric acid) can be more sensitive towards
the low molecular fragments of DAC, or can cause degradation of DAC, or this
catalyst system may influence the formation of PVA physical crosslinks by
entanglements. Based on the observed properties, there are most likely different
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crosslinking mechanisms resulting from the utilization two chemically distinct
catalyst systems producing principally different networking. Furthermore, there
are some non-linear trends in the correlation of several properties of B series
samples, such as of p. vs. crystallinity of xerogels or vs. M, of used DAC
crosslinker. This presumably arises from the overall complexity of catalyst
system composition (methanol as volatile quencher, sulfuric and acetic acid as
catalyst and buffer, respectively) and further complicates interpretation. In other
words, although this crosslinking system (DAC + B type catalyst) works well
and results in the formation of crosslinked PVA/DAC material, it is advisable to
favour the simpler hydrochloric acid catalyst as properties of such prepared
PVA/DAC hydrogels exhibit better coherence and predicable trends. Therefore,
the next part of the study focusing on comparison of crosslinking effectivity and
efficiency of DAC vs. GA was conducted using only HCI as the catalyst. [91]
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Figure 45 Correlation between data measured by various methods for PVA/DAC
prepared using aged DAC and different catalyst system. The lines connecting points in
the graphs are only guides for eyes. The data points are labelled by corresponding age
and number average molecular weight for one series (A) only in each graph. The
second series (B) has the same order of data points from left to right always. [91]
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7.3.4 Comparative PVA crosslinking study of DAC and GA

The last part of this research objectives is focused on the comparison of
network parameters of PVA hydrogels crosslinked by DAC (PVA/DAC) and by
GA (PVA/GA) prepared utilizing broad range respective crosslinkers under
equivalent conditions (drying temperature, amount of catalyst and amount of
crosslinkers aldehyde groups per sample etc.). Such approach enables evaluation
of the crosslinking effectivity and efficiency of the newly introduced
macromolecular DAC crosslinking agent with respect to its low molecular
counterpart GA which is one of the most commonly utilized PVA crosslinkers
[179-181]. Based on the observations and conclusions made in previous chapter,
diluted hydrochloric acid was used as the catalyst of crosslinking reactions
between PVA and DAC as well as GA crosslinker.

It should be stressed out that only fresh solubilized DAC was utilized toward
this purpose with the concentration ranging from 0.0625 to 5 wt% relative to
amount of used PVA. According to the experimentally obtained value of
reactive aldehyde content (via oxime reaction) of fresh DAC solution
(11.7 + 0.3 mmol/g), the exact chemical amount of crosslinkers aldehyde groups
(n_cho) per sample were calculated. The designation of the PVA/DAC samples
prepared using PVA type “Mowiflex” and their measured network parameters
are noted in the Table 26.

As can be seen in this table, DAC was found to be effective crosslinking
agent for PVA type “Mowiflex” in the whole range of used concentrations (5—
0.0625 wt%) when using hydrochloric acid as catalyst. The network parameters
exhibit expected trends, i.e. as the amount of used DAC crosslinker decreases,
the swelling capacity, equilibrium water content (EWC) and average molecular
weight between crosslinks (M) increase while gel fraction and crosslink density
(oc) decrease. Swelling capacity, as one of the most characteristic features of
hydrogels, exhibits values ranging from approximately 100 % to 6 500 %. Next,
closely related to the swelling capacity is the gel fraction, which gradually
decreases from roughly 84 to 14 %. These values of specific network parameters
are mentioned for the two extreme cases of used crosslinker concentration of
5 and 0.0625 wt%, respectively. The explanation to this behaviour as well as to
previously described trends and correlations between network parameters is
simple; as the concentration of the crosslinker decreases, the polymer network
becomes sparsely crosslinked and thus the average length of PVA chains
between crosslinks grows. On the one side, such sparsely crosslinked network
possesses more space for water uptake by swelling and on the other it leaves
more free uncrosslinked PVA macromolecules only physically entangled in the
hydrogel matrix which increases the material weight loss during washing
process. [91] The model of the structure of PVA/DAC hydrogel will be further
refined and compared with that of PVA/GA.
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Table 26 Network parameters (percentage of swelling, equilibrium water content
EWC, gel fraction, average molecular weight between crosslinks M, and crosslink
density p.) of PVA/DAC (DTC) samples prepared using different concentrations of
DAC crosslinking agent and “Mowiflex” type of PVA. Different concentrations are
also expressed by crosslinker reactive aldehyde groups (n.cho) per sample. [91]

# DTC-

A B C D E F G
DAC
i) 5 3 15 1 025 0125 0.0625

er”gg o 29205 1750+ 877+ 585+ 146+ 731 3662

P P 60 40 19 13 3 16 0.8
(umol)

Swelling 107.7+ 1504+ 276+ 422+ 2330+ 4300+ 6500+
(%) 08 13 4 12 50 200 400
EWC 519+ 601+ 734+ 808+ 959+ 977+ 985+
(%) 0.2 0.2 0.3 04 0.1 0.1 0.1

Gel frac. 83.9+ 81.4+ 73.5+ 64.0+ 28.7+ 19.2+ 13.5+
(%) 0.1 0.1 0.7 05 0.2 0.6 18
i, 272+ 504+ 1560+ 3200+ 10810+ 11430+ 11 594+

(g/mol) 4 8 40 130 30 30 15
e 4.63+ 250+ 081+ 0395+ 0.1170+ 0.1100+ 0.1090 +

(mmol/cm®)  0.06 0.04 0.02 0.017 0.0004 0.0003 0.0001

The comparative study continues with the evaluation of the network
parameters of the PVA hydrogels prepared using GA and PVA of the type
“Mowiflex”.

The calculated network parameters for PVA/GA hydrogel samples are noted
in the Table 27. It should be stressed, that these hydrogels were prepared using
volumes of GA crosslinker containing equivalent amount of reactive aldehyde
groups (n.cno) per sample as in the case of PVA/DAC hydrogel samples
preparation (for details see section “6.2.1ii Hydrogel study™).
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Table 27 Network parameters of PVA/GA (GTC) samples prepared using different
concentrations of GA crosslinking agent defined by chemical amount of reactive
aldehyde groups (N.cxo) per sample and “Mowiflex” type of PVA. [91]

# GTC-
A B C D E F G
er”;;:ﬁ le 2920+ 1750+ 877+ 585+ 146+  73.1+  36.6%
P P 60 40 19 13 3 16 08
(umol)
Swelling 136.8+ 178+ 291.7+ 384+ 1640+ )
(%) 1.5 4 1.6 6 30
EWC 578+  64.0+ 745+ 794+ 943+ ]
(%) 0.3 0.5 0.1 0.2 0.1
Gel frac. 869+ 83.8+ 802+ 765+ 449+ ]
(%) 0.1 0.6 0.5 1.8 0.7
M, 422+ 690+ 1730+ 2760+ 10050+ ]
(g/mol) 8 30 17 70 50
De 299+  1.83+ 0.729+ 0.456+ 0.1250+

(mmol/cm®)  0.06 0.07 0.007 0.011 0.0006

The “-’sign means that the prepared material disintegrated in water.

In contrast to the previous case of hydrogel preparation by utilizing
macromolecular DAC as the crosslinking agent, low molecular crosslinker GA
exhibited its crosslinking effectivity only at relatively high concentrations
compared to DAC. Data on network parameters of PVA/GA hydrogel samples
designated as GTC-F and GTC-G prepared utilizing concentrations of the lower
part of investigated range (crosslinker reactive groups per sample n.cyo = 73.1
and 36.6 pmol, respectively) are not included in the Table 27 as these
parameters were impossible to measure. Such PVA/GA samples teared apart,
disintegrated or even dissolved during the washing process. The observed poor
crosslinking effectivity of GA crosslinker at low concentrations (amounts of n.
cho per sample) while maintaining identical preparation conditions (drying
temperature, amount of catalyst, type of PVA etc.) was the main difference in
comparison to DAC crosslinker. The next most pronounced difference was the
significantly lower swelling ability of PVA/GA in comparison with PVA/DAC
samples prepared with the use of low crosslinker concentrations. Utilizing
higher concentrations of GA led to formation of PVA/GA hydrogels exhibiting
similar trends in network parameters as of PVA/DAC ones. [91]
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Figure 46 shows direct comparison of network parameters of PVA/DAC
(DTC series, DAC crosslinker, see Table 26) and PVA/GA (GTC series, GA
crosslinker, see Table 27) hydrogels prepared utilizing PVA type “Mowiflex”
and diluted HCI as catalyst. Regardless of the chosen crosslinking agent,
hydrogel samples noted as A-E possess comparable swelling capacity, although
samples prepared using DAC in concentrations between 5-1.5 wt% exhibit
slightly lower values of swelling capacity. The reason to this can be found in
somewhat higher crosslinking efficiency of DAC over GA in this concentration
range. An important observation is embodied into the graphs on the right side of
the Figure 46. While there is no difference in M. for the two gels, the values of
pc differ with increasing concentrations. This must have implication towards the
crosslinking network topology. The difference between EWC of the two
hydrogels shows opposite trend. [91]
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Figure 46 The results from comparative crosslinking study showing dependence of
PVA/DAC (DTC) and PVA/GA (GTC) hydrogels network parameters on the used DAC
or GA crosslinker amount defined by chemical amount of reactive aldehyde groups per
sample and “Mowiflex” type of PVA. The equivalency between DAC and GA reactive
group concentrations is expressed by the two bottom x-axes. The lines connecting
points in the graphs are only guides for eyes. [91]
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The last evaluated network parameter is the gel fraction. In general, the gel
fraction of PVA/GA samples is of higher value than of PVA/DAC samples
(86.9-44.9 % and 83.9-28.7 %, A—E hydrogel samples, respectively).

The most probable explanation to all these observations lies in the different
distribution of crosslinks within network of hydrogels prepared by distinct
crosslinking agents with defined molecular weight. In the first case, the low
molecular weight crosslinkers such as GA form polymer network with
approximately homogeneous distribution of crosslinks. In the second case, the
macromolecular crosslinking agent such as DAC principally forms substantially
different network of crosslinks composed of (i) regions with high local crosslink
density adjacent to the DAC macromolecules which contain large amount of
reactive aldehyde groups responsible in crosslink formation and (ii) regions
constituted of sizable sections of free or possibly physically entangled PVA
chains. Some of these chains linking the densely crosslinked regions together are
responsible for the preservation of PVA hydrogel integrity. Other chains can be
joined to one densely crosslinked region only. A single PVA chain may be
attached to one DAC macromolecule more than on one site forming thus circles.
This diverse crosslink distribution gives rise to “two-phase” and homogeneous
“single-phase” network topology schematically depicted in the Figure 47. [91]

PVA/DAC 2 . ' PVA/GA
DAC ® GA PVA chains

Figure 47 Network topology of PVA/DAC is shown in the left part. It is composed of
(i) regions containing high local crosslink density adjacent to DAC macromolecules
(orange) embedded in (ii) larger regions comprised of free, chemically unbound, PVA
chains (grey) which can be only physically entangled. Some of these chains link the
regions (i) together. The right part of the figure shows the homogeneous network
topology of PVA/GA crosslinked by GA (blue). The size, ratio, and number of depicted
features are intentionally exaggerated for better understanding. [91]

The same experimental procedure of PVA crosslinking via two distinct
crosslinking agents and diluted hydrochloric acid as catalyst was applied on
different type of PVA (“Mowiol”). It exhibits roughly similar properties (84—
86% hydrolysis, p, = 1.3 glem®, M, = 27 500 g/mol) as PVA type “Mowiflex”
(~83% hydrolysis, p, = 1.3 glcm®, M, = 23500 g/mol). The Tables 28 and 29
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summarize the network parameters of PVA “Mowiol” hydrogels prepared using
DAC (DSA series) and GA (GSA series), respectively.

Table 28 Network parameters of PVA/DAC (DSA) samples prepared using different
concentrations of DAC crosslinking agent and “Mowiol” type of PVA.

# DSA-
A B C D E F G
DAC
(Wi%) 5 3 1.5 1 025 0.125 0.0625
er”;:ﬁ le 2920+ 1750+ 877+ 585+ 146+  73.1+  36.6%
P P 60 40 19 13 3 16 08
(umol)
Swelling 115.7+ 177.8+ 360+ 533+ 2720+ 4900+
(%) 0.5 0.2 7 9 80 200
EWC 53.6+ 64.0+ 782+ 842+ 96.4+ 98.0+
(%) 0.1 0.1 0.3 0.2 0.1 0.1
Gel frac. 01.1+ 86.7+ 72.6+ 62.5+ 25.7+ 15.6+
(%) 0.1 0.1 0.6 0.6 3.0 2.8
M, 311+ 697+ 2560+ 4710+ 12780+ 13410+
(g/mol) 3 2 80 110 50 30
De 405+ 1.81+ 0.49+ 0.269+ 0.0986+ 0.0940+

(mmol/cm®)  0.03 0.01 0.01 0.006  0.0004 0.0002

The previously observed trends in the correlation between network
parameters are the same. However, the crosslinking efficiency of DAC is
slightly lower for PVA type “Mowiol” compared to the previous case of PVA
type “Mowiflex”. This fact is manifested by shift of several parameters such as
swelling capacity, EWC and M. toward higher and p. towards lower average
values. Furthermore, DAC crosslinker is comparably worse (loss of hydrogel
integrity) at very low concentration (0.0625 wt% or 36.6 pumol of n.cyo
crosslinker groups per sample) utilized for PVA type “Mowiol” than in the case
of PVA type “Mowiflex”.

However, DAC still exhibits superior crosslinking effectivity over GA at low
concentrations even for the PVA type “Mowiol” as can be seen in the
comparison of Tables 28 and 29. As in the case of the utilization of different
type of PVA, the exceptional crosslinking efficiency of hydrogels formed by
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DAC is most likely caused by its macromolecular character which imparts the
“two-phase” topology of polymer crosslink network although this effect is not
so well pronounced as in the previous case.

Table 29 Network parameters of PVA/GA (GSA) samples prepared using different
concentrations of GA crosslinking agent defined by chemical amount of reactive
aldehyde groups per sample and “Mowiol” type of PVA.

# GSA-
A B C D E F G
er”;;':ﬁ o 2920 1750+ 877+  585& 146 T3l 366+
P P 60 40 19 13 3 16 0.8
(umol)
Swelling 139.3+ 187+ 250+ 343+ 4660+ ] ]
(%) 1.9 3 3 2 160
EWC 582+ 65.1+ 714+ 774+ 97.9+ _ _
(%) 0.3 0.3 0.3 0.1 0.1
Gel frac. 04.3+ 947+ 89.9+ 84.2+ 31.3+ ) ]
(%) 0.1 0.2 0.1 0.1 18
M, 437+ 760+ 1300+ 2300+ 11500+ ] ]
(g/mol) 11 20 30 30 20
e 289+ 166+ 097+ 0549+ 0.1098+

(mmol/cm® 0.07 005 002 0.006 0.0002

Figure 48 shows the dependence of crosslinking agent concentration on the
resulting characteristics of prepared “Mowiol” type of PVA hydrogels expressed
by the network parameters. The main difference from the “Mowiflex” type of
gels can be seen in the two graphs on the right side of Figure 48. The difference
between M. for the two gels (DSA and GSA) has just opposite trend that the
difference between p. for those gels. This most likely means, that the “two-
phase” crosslinking network topology was not developed to such extent as in the
case of DTC samples. Alternative explanation based on worsening of the
homogeneity of the distribution of GA crosslinking seems not to be reasonable.
However, even for these series of samples, the high effectivity of DAC (namely
using very low concentrations) is proven and the properties of PVA/DAC (DSA
series) are better or comparable with PVA/GA (GSA series).
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Figure 48 The results from comparative crosslinking study showing dependence of
PVA/DAC (DSA) and PVA/GA (GSA) hydrogels network parameters on the used DAC
or GA crosslinker amount defined by chemical amount of reactive aldehyde groups per
sample and “Mowiol” type of PVA. The equivalency between DAC and GA reactive

group concentrations is expressed by the two bottom x-axes. The lines connecting
points in the graphs are only guides for eyes.

To summarize, samples prepared using higher concentrations of DAC and GA
crosslinking agents showed relatively comparable network parameters for both
utilized types of PVA. However, slightly increased crosslink density was
observed for PVA/DAC samples in the span of used DAC concentration from
1.5 to 5 wt% when “Mowiflex” type of PVA employed in the hydrogel
preparation. The second investigated type of PVA “Mowiol” exhibited more or
less comparable network parameters to those measured for PVA/GA
(GSA series). The common feature regardless of utilized PVA matrix is better
crosslinking efficiency of DAC at very low crosslinker concentrations. This
observation is likely connected to the macromolecular character of DAC which
enables its use at very low concentrations (0.0625 wt%, i.e. 36.6 pumol or
0.125 wt%, i.e. 73.2 umol of —CHO groups per sample in DTC or DSA series,
respectively) compared to GA, allowing to prepare hydrogels with very high
swelling capacity.
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8. CONCLUDING SUMMARY

The concluding summary can be divided into three key parts following the
structure of the Thesis:

(i) Initially, the pilot study demonstrated the possibility of solubilized DAC
utilization as a crosslinking agent for PVA. It was found that one of the key
factors defining the resulting PVA/DAC material properties is the optimization
of process parameters such as catalyst system concentration and drying
temperature. Within this pilot study, the crosslinking of PVA matrix was
achieved in all hydrogel samples prepared by employing 2 wt% of DAC
crosslinking agent, both concentrations of catalyst system based on sulfuric acid
and whole set of drying temperatures. Resulting materials showed different
thermal behaviour and possessed different network parameters based on the
variation of these process parameters. However, in order to obtain degradation-
free hydrogel material, the optimal parameters for the preparation of the
PVA/DAC crosslinked material should include drying temperatures below 60 °C
and utilize lower concentration of catalyst system.

(i) The next part focused on the process of DAC preparation, analysis and
detailed investigation of its solubilization process. The initial characterization of
prepared DAC confirmed presence of reactive aldehyde groups and disruption of
ordered macromolecular packing manifested by decrease in crystallinity
compared to original cellulose. In the subsequent step, it was found that the
DAC solubilization process causes severe degradation of the material regardless
of heating method or initial pH. Thus the contradictions in literature between the
studies of Kim et al. (2004) [97] and Sulaeva et al. (2015) [98] were decided in
the favour of progressive deterioration of DAC macromolecules during its
solubilization. The resulting product of solubilization exhibited approximately
one tenth of the original cellulose polymerization degree. Disregarding this
molecular weight determining step, obtained solubilized DAC retained its
characteristic features, namely content of reactive aldehyde groups. These
reactive substituents present on the polymer chain enable DAC utilization in the
crosslinking applications for hydroxyl group containing polymers and thus can
be further considered as an alternative to common used aldehyde-based low
molecular crosslinkers. Main benefit of DAC as a crosslinker lies in its bio-
macromolecular character, which makes it less toxic in comparison to its low
molecular counterparts.

Next, the aging of DAC solution was studied in the terms of its functional
group content, structure and molecular weight distribution. Due to known DAC
sensitivity towards alkalic environment, the DAC solution was kept under acidic
condition in current study. Initially, the composition of fresh acidic DAC
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solution was investigated by NMR and the main forms of solubilized DAC
identified for the first time. The most abundant forms are intra- and
intermolecular DAC hemiacetals. As the aging of DAC proceeded, no new
NMR signals were detected. The only observable changes were in the
population of particular DAC forms. This observation can be assigned to the low
pH conditions which increased the stability of the system in comparison with
previous investigations reported by other authors. The low pH presumably
suppresses the degradation processes described as B-elimination and further
preserves the reactive aldehyde group content in time of DAC aging. The
indirect alkalimetric titration showed less than a half decrease of reactive
aldehyde content after four compared to previous studies on this topic. The
results form NMR and GPC study were interpreted as several characteristic
processes taking place during DAC aging. The first process occurs immediately
after DAC preparation and comprises of internal stabilization by the formation
of intramolecular DAC hemiacetals. The second process was noticed after
14 days after DAC preparation and is manifested by reactions between DAC
macromolecules resulting in the formation of intermolecular hemiacetals. This
recombination process is also reflected in the increased values of all
momentums of molecular weight estimated by GPC. The third process, DAC
chain fragmentation, becomes dominant with increasing time of DAC aging.
The significant increase in PDI and decrease in values of certain momentums of
molecular weight (M,,, M, and M,) testifies presence of such process in 28 days
old solutions. However, low pH of the solution suppresses this fragmentation
process (B-elimination) for the first 14 days of DAC aging. Hence, the evolution
and accumulation of smaller DAC fragments evolution and accumulation is
apparent after 28 days.

It should be stressed out, that the processes of recombination and
fragmentation run concurrently during entire solubilized acidic DAC aging
timeframe. This fact is supported by the changes in the PDI values as well as in
the monotonous increase of M, values during DAC aging. The practical outcome
of the investigation on the structural arrangements and properties of solubilized
acidic DAC solutions during its shelf-life is the promising potential to be
conveniently utilized for various purposes (such as crosslinking agent or
intermediate in the preparation of other derivatives) without the need to prepare
fresh DAC every time as it retains its functional properties at least for 28 days
from its preparation.

(i) The suitability of solubilized acidic DAC as a crosslinking agent for PVA
was investigated along the utilization of different catalyst systems. The effects
of catalyst systems based on the sulfuric or hydrochloric acid and the role of the
age of pH-stabilized DAC solution on resulting properties of PVA crosslinked
hydrogels were studied. Furthermore, the comparative crosslinking study of
PVA utilizing DAC or GA crosslinkers in broad range of concentrations under
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equivalent conditions was conducted. The results of this study were expressed
and compared in the terms of network parameters of prepared hydrogels.

The applicability of the acidic DAC solution as a crosslinking agent for PVA
was confirmed even after 28 days from its preparation. Moreover, DAC was
found to be effective crosslinker with both chosen catalyst systems. It was
revealed, that the properties of prepared PVA/DAC hydrogels are governed by
the molecular weight of solubilized acidic DAC and selected catalyst rather than
by the reactive aldehyde content. The functional DAC groups content
responsible for the formation of crosslinks in PVA matrix decrease linearly in
the course of 4 weeks. Thus the resulting properties of prepared hydrogels, such
as swelling capacity, should exhibit linearly increasing trend as the crosslinking
agent becomes less efficient over time. However, this was not observed. Instead,
the trends of hydrogel properties follow the evolution of DAC molecular weight.
There is about 20 % increase in its M, after 14 days caused by intermolecular
hemiacetal formation (DAC recombination) followed by decrease of this quality
about 40 % after 28 days from crosslinker preparation (DAC fragmentation).
Similar trends were observed in number of measured properties of prepared
PVA/DAC xerogels and hydrogels such as polymeric domain flexibility
(Tlp(13C)), crosslink density (p.), swelling capacity, equilibrium water content
(EWC), average molecular weight between crosslinks (M.), amount of
crystalline phase and average values of Young’s modulus. The fact, that
crosslinkers molecular weight is the key factor in hydrogel preparation implies
potential possibility of “tuning” of hydrogel properties without need for other
additives.

The properties of PVA/DAC hydrogels prepared using fresh/aged DAC
exhibit similar quantitative trends when different catalyst systems were
employed. However, there are noticeable differences in material properties of
hydrogels prepared using the oldest and thus the most fractioned DAC and
different catalyst. Based on the data obtained from NMR, tensile testing and
network parameters evaluation, sulfuric acid accompanied by methanol and
acetic acid seem to be (a) more efficient catalyst or (b) may induce DAC
degradation or (c) influence physical PVA entanglements. All of these
possibilities result in the formation of PVA hydrogel with increased crosslink
density and other related network parameters. The downside of the utilization of
this catalyst system lies in non-linear behaviour of several correlated properties
arising from the complexity of this specific catalyst system. Comparatively, the
utilization of fairly simple catalyst based on diluted hydrochloric acid produces
PVA hydrogels of predicable, structurally stable and less DAC molecular
weight-dependent properties.

The last part or this research was devoted to the comparison of
macromolecular DAC to low molecular GA crosslinker. The exceptional
crosslinking efficiency of DAC at very low concentrations outperforms GA and
enables to form hydrogels with extreme swelling capacity. Such crosslinking
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capability of DAC can be explained as a result of its macromolecular character,
which forms “two-phase” crosslink network topology composed of regions with
high crosslink density adjacent to the DAC macromolecule embedded in a
chemically uncrosslinked matrix comprised of sizable sections of free PVA
chains, which are physically entangled only. Some of these chains linking the
densely crosslinked regions together are responsible for the preservation of PVA
hydrogel integrity. Other chains can be joined to one densely crosslinked region
only. A single PVA chain may be attached to one DAC macromolecule more
than on one site forming thus circles hypothetically allowing concatenation.
Relatively sparse distribution separation of high-density crosslink regions results
is responsible for the large swelling ability of PVA/DAC hydrogels. On the
other side of the crosslinker concentration range, DAC enables formation of
highly crosslinked hydrogels of comparable of even better material
characteristics that those obtained by utilizing GA. Furthermore, due to
presumably lower toxicity of DAC compared to GA, this cellulose derivative is
promising compound for the application in medicine and pharmacy.
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9. SUMMARY OF CONTRIBUTIONS TO SCIENCE
AND PRAXIS

The main contributions of this research to science and praxis include
following achievements (i) preparation and characterization of solubilized
dialdehyde cellulose (DAC) and its use as a poly(vinyl alcohol) (PVA)
crosslinker, (i) investigation of the solubilization effects on the properties of
DAC (iii) analysis of DAC structure in acidic media during its aging, (iv)
utilization of fresh/aged solubilized DAC as a PVA crosslinker with evaluation
of its crosslinking abilities and finally (v) comparison of network parameters of
PVA hydrogels prepared using DAC and glutaraldehyde (GA) crosslinker in
wide range of concentrations.

Periodate oxidation does not influence molecular weight. However,
subsequent solubilization was proven to cause severe degradation of resulting
solubilized DAC.

Significant improvement of DAC stability in comparison to the previous
studies and thus prolongation of its shelf-life and applicability was achieved via
our originally developed low pH procedure. DAC is initially stabilized by
intramolecular and subsequently intermolecular hemiacetal formation as
confirmed by NMR and GPC. Fragmentation occurs during observed DAC
aging as well as minor decrease in reactive aldehyde group content.

It was found that DAC molecular weight influences the properties of
PVA/DAC hydrogels more than its reactive aldehyde group content. The
changes in molecular weight or functional group content did not compromise
DAC crosslinking ability even 28 days from its preparation.

It was demonstrated that solubilized and stabilized DAC exceeds crosslinking
efficiency of GA at very low concentrations. Moreover, it forms denser network
at high concentrations and principally different network topology compared to
GA. This enables to prepare hydrogels with wide range of properties.
Furthermore, arising from its macromolecular character, it is considerably less
toxic than low molecular crosslinkers. Preliminary results confirmed low
toxicity and biocompatibility of PVA/DAC hydrogels. Future work will focus
on hydrogels loading with active compounds such as platinum based complexes,
their subsequent release kinetic and biological testing.

Besides DAC utilization as crosslinker, it can serve as an intermediate in the
preparation of dicarboxy cellulose (DCC) which is another promising drug
carrier. Our recent study showed DCC high loading efficiency (90 %) and
capacity (60 % w/w) of platinum based anticancer drugs. Furthermore, it allows
adjustable and pH sensitive drug-release kinetics.

To generalize, the results embodied in this Thesis open a new field for
applications of DAC and its derivatives, namely in medical sector and pharmacy
as promised by ongoing research.
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Figure 45 Correlation between data measured by various methods for
PVA/DAC prepared using aged DAC and different catalyst system. The lines
connecting points in the graphs are only guides for eyes. The data points are
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Figure 46 The results from comparative crosslinking study showing dependence
of PVA/DAC (DTC) and PVA/GA (GTC) hydrogels network parameters on
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Figure 47 Network topology of PVA/DAC is shown in the left part. It is
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130
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