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ABSTRACT

Polymeric materials play a vital role in our daily life, but the growing concern for the
environment demands economical and natural biopolymers that can be cross-linked to create
technologically innovative lightweight materials. Their cellular matrix with extreme
flexibility makes them highly acceptable for application prospects in material science,
engineering, and biomedical applications. Furthermore, their biocompatibility, mechanical
properties, and structural diversity provide a gateway to research them to form
technologically important materials. In the light of the same, the review covers cellulose
derivatives. The first section of the study covers the general properties and applications of

cellulose and its derivatives. Then, the biopolymers are characterised based on their dielectric

* Authors who equally contributed as the first author.



properties, crystallinity, rheology, and mechanical properties. An in-depth analysis of the
diffuse process of swelling and dissolution followed by a brief discussion on diffusion and
diffusion of crosslinking has been done. The review also covers a section on swelling and
swelling kinetics of carboxymethyl cellulose (CMC) and hydroxyethyl cellulose (HEC). The
examination of all the aforementioned parameters gives an insight into the future aspects of
the biopolymers. Lastly, the study briefly covers some preferred choices of cross-linking

agents and their effect on the biopolymers.
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1. Introduction

The technology of intelligent materials paves way for the development of sustainable
products via their acute flexibility. Their ability to adapt to environment changes in response
to a stimulus, enhances their multi-functionality in daily applications as well as in all the
engineering fields, medical, defence, and automobile industries. Some of the examples of
intelligent materials include memory alloys, hydrogels, thermochromic pigments,
photochromic pigments, biopolymer coatings, shape memory polymer etc. [1]. The structure-
property relationships permit the significant variation of important physicochemical and
biological properties, which broaden their application prospects in material science,
engineering, and industrial sectors. The expeditious growth in the science and engineering
sectors demands the development of novel and sustainable materials, thereby placing new
requirements on material engineers to prepare highly sophisticated mono and composite

systems [2].

In the field of materials, the cost and energy consumption for the preparation and processing

of heavyweight building materials (mainly transport systems) is very high, thereby limiting



their scope for future applications. To avoid this, a constant search has been focused on
development of lightweight polymer composites endowing excellent mechanical properties
by using low-cost and straightforward synthesis processes. It is also worth mentioning the
increasing demand to reduce the environmental wastage and carbon footprint, particularly in
the materials industries. Therefore, it is required by researchers to focus on enhancing the
properties and functions of the biopolymers. In the view of the same, significant research has
been done to produce biopolymers and bio-composites with comparable properties and
functionalities to those of traditional bio-based packaging [3]. Some of the biopolymers that
have been studied extensively are: Polylactic acid (PLA), polyhydroxyalkanoates (PHA) [4],
starch, cellulose, pectin, chitosan among others. It is expected that in the next decade, the
weight of cars will reduce to half the original weight owing to the use of lightweight
biopolymer composites; consequently, reducing the fuel consumption by 50%. The
advantages of lightweight polymer composites and polymer-based ceramics will be applied
further to design and manufacture advanced lightweight engines. In this context, natural
biopolymers have been drawing more attention because of the following reasons: (i)
construction of living organisms” bodies can be done strategically; (ii) different properties in
solid, semi-solid, and solution phases; (iii) can be applied directly without requirement of
further processing; (iv) permitting the simple design of thin coatings on the surface of solids
by the existing methods, which are conventional in printing arts, textile, and packaging
material industries [5, 6] and thus improving hydrophobicity and hydrophilicity. Cross-linked
hydrogel coatings for surface enhancement of contact lenses have also been reported [7, 8].
The literature analysis indicates a dominant position of carbon based polymers in the form of
nanoscale fibres and dispersions, cyclic fullerenes, alongside silicon and boron polymers. Of
the aforementioned biopolymers, the review highlights cellulose and its derivatives viz,

oxycellulose, carboxymethyl cellulose, nitrocellulose and hydroxyethyl cellulose.



Cellulose is the most plentiful, renewable, and natural polymer on the planet, with yearly
output ranging from 75 to 100 billion tonnes for various industrial and biological uses [9]. It
is a glucose-based linear polysaccharide that gives mechanical support to plant cells, bacteria,
algae, and fungi (Fig. 1(a)) [10]. Most commercial cellulose fibres are obtained as pulp
(natural fibres) or derivative from the natural cellulose of wood, barks, cotton, leaves, and
jute. Carboxymethyl cellulose (CMC) was the first cellulose (Fig. 1(b)) to attain commercial
and industrial relevance in the 1920s, and it will continue to have a dominant position in the
global market. CMC can be easily made via simple processes and low-cost ingredients. The
vast market potential of CMC is the main advantage compared to other cellulose derivatives.
CMC is used in the paper, textile, pharmaceutical, cosmetic, and food industries, just like
cellulose and other cellulose derivatives. Nitrocellulose (NC) is also one of the most
commercially relevant and widely utilized natural cellulose derivatives [11]. Its nitrogen
content determines the properties and applications of NC. NC with nitrogen content below
12.0 wt% can be used for coatings, printing inks, varnishes, filtration membranes,
microfluidic technology, immunoassays, and biochemical analyses [12, 13, 14]. The
formation of NC aerogel significantly increases NC’s surface area and broadens its
applications in separations, purification science, and biomedicine [15]. Oxycellulose (OC) is
a semi-synthetic derivative of cellulose that undergoes chemical depolymerization and
enzymatic hydrolysis under in vivo conditions [16, 17]. It is a non-toxic, biodegradable,
biocompatible, and bioresorbable polymer [18, 19]. It is a well-established surgical material
commercially available as a knitted fabric or staple fibres used to stop bleeding and prevent
undesirable tissue adhesion during post operative healing [20]. Hydroxyethyl cellulose (HEC)
is non-ionic, hydrophilic, tasteless, and non-toxic cellulose derivative used extensively in
pharmaceuticals, cosmetics, and food products (Fig. 1(c)) [21, 22]. For instance, HEC cross-

linked with citric acid is used as probiotic entrapment material [23]. HEC coatings in



combination with other polysaccharides such as chitosan are used and seldom investigated
[24]. 1t has excellent film-forming ability, biocompatibility, and biodegradability, making it
suitable for biomedical applications [25]. Composites of natural biopolymers with

aluminosilicates are used as packaging materials in the food industry [26].

The primary aim of this review is to characterize the aforementioned biopolymers
(particularly CMC and HEC) followed by an extensive evaluation of their diffusion and
diffuse process of swelling and dissolution of polymers. The review briefly covers the
diffusion and coefficient or cross-linking of biopolymers, followed by a meticulous focus on
mechanical properties, surface tension for spreading, diffusion coefficient, kinetics, and
thermodynamics of diffusion, swelling, and dissolution [27]. The review also evaluates the
preparation of varieties of industrial auxiliaries for printing arts and textile industries, such as
offset print humidifying solutions, offset printing plate's protective solutions, and means for

improving colouring of textiles [28, 29, 30].

2. Characterisation of biopolymers

The characterisation evaluation of biopolymers (CMC and HEC) was conducted on the basis
of crystal/solid-state and liquid/cross-linked state. The dynamics of the macromolecular chain
movement was studied by temperature-dependent dielectric spectra in the frequency range of
20 Hz to 1 MHz [31] (Table 1) [32]. The characterisation of CMC with corn starch on the
basis of crystallinity, mean length, percent purity and mean width was also reviewed
(Table 2) [33]. The data indicates the use of CMC biopolymer as a thickener, emulsion
binder, and stabilizer [32, 34] in the detergent, cosmetic [35], food, pharmaceutical, drilling,
and textile industries [36]. It can also act as a binding granule to form drug tablets in the

pharmaceutical industries. The degree of substitution does not affect the percentage of purity.



The percentage of crystallinity varies directly with the mean width [37]. HEC is a non-ionic
cellulose ether whose water solution properties are very useful in the pharmaceutical,
alimentary, and industrial fields [38]. HEC can be used as thickening agent, protective
colloid, binder, stabiliser, and suspending agent in a variety of industrial applications
including pharmaceuticals, textiles, paper, adhesives, coatings and emulsion polymerisation

[39].

Sodium salt of carboxymethyl cellulose (NaCMC) is the most extensively used CMC
polymer. The rheological analysis for NaCMC indicated that the degree of substitution (DS)
affects the flow properties of NaCMC samples. At higher concentration, heterogeneously
substituted samples have the ability to form gels [40] and may present thixotropic or shear
aging [40, 41]. As the DS decreases below a certain threshold (around 0.9), the interchain
aggregates and formation of fringed micelles with crystalline core takes place [40, 42, 43,
44]. These micelles are responsible for the thixotropic and gelling properties of the weakly
substituted NaCMC. The rheological properties of the physical gels of CMC without the
addition of cross-linking agents depends on hydrophobic interactions between individual
macromolecular chains [45, 46, 47]. This study revealed that CMC samples with
DS ~0.7-0.8 can be separated into two fractions by centrifugation. Fraction A displayed
pseudo-plastic, non-thixotropic and non-gelling behaviour in salt free aqueous solution
whereas fraction B displayed some solubility in water and good solubility in concentrated
NaOH. The substituent distribution of fraction B was heterogeneous which led to the
formation of thixotropic gel at higher concentration by hydrophobic inter-chain associations.
The rheological properties of aqueous solution of HEC can be controlled by modifying the
polymer backbone with side chain achievements such as ionic or hydrophobic groups [48]. In
hydrophobically modified HEC [49, 50, 51], the thickening action is caused by the

association of the hydrophobic side chains into an intermolecular transient network. On the



other hand, cationically modified HEC tend to behave like typical poly-electrolytes [52]. The
viscosity enhancement is due to repulsion of the charged groups along the chain which
expands the macromolecule. As the surfactant concentration increases, the number of side
chains per micelle decreases to the point that intermolecular associations of polymer
molecules are inhibited due to the electrostatic repulsion between attached micellar
aggregates. As a consequence, the shear viscosity of the solution reaches a maximum and
then decreases as surfactant concentration is further increased [53, 54]. The inhibition of
interchain interactions through hydrophobic side chains eventually might lead to a viscosity

that is even lower than that of the pure polymer solution.

Tensile strength (TS) is the film’s retainable maximum tensile force. It explains the film’s
maximum force occurring during measurement. Various ratios of CMC produce different
tensile strength results. In general, the tensile strength values reduce with the addition of a
substrate. In a study conducted on CMC produced by carboxymethylation using sodium
monochloroacetate and varying concentrations of sodium hydroxide, it was found that the
NaOH concentration affected the TS but not the elongation at break (EB) of the CMC films
[55]. TS increased with NaOH concentrations of 20 and 30 g/100 mL (Table 3) [55].
Beyond the 30 g/100 mL concentration, the TS of the films decreased. The more
carboxymethyl groups there are, which is directly related to the DS, the more the inter-
molecular forces between the polymer chains increased, resulting in a higher TS. Somewhat
similar results for TS and EB were recorded in another studies [56, 57]. The studies involved
the formation of films with CMC and corn starch. It was found that combining four grams of
CMC in the absence of corn starch yielded the highest tensile strength whereas, combination
of corn starch with CMC in the ratio of 3:1 yielded the lowest tensile strength (Fig. 2). The
percent of elongation increased with a lower concentration of CMC-corn starch (Fig. 3). In

general, it was found that the tensile strength reduces with increase in the percentage



elongation [57]. Similar results for tensile strength and elongation at break analysis of HEC
were studied [58, 59, 60]. The study evaluated the tensile strength and elongation at break for
pure HEC films vs the films prepared with the addition of cellulose nanocrystals (CNC). The
addition of 4% of CNC increased the tensile strength by 120.2% but beyond 8%, the addition
of CNC did not enhance the tensile strength. The elongation at break reduced by 95.6% in
comparison to pure HEC film. The results indicated that the addition of CNC can improve the

tensile strength but beyond a threshold value, the elongation at break decreases [58].

3. Diffusion of polymers and surface tension

The term ‘diffuse actions’ is understood as whole processes that include the transport of
substances because of the gradients in chemical potential. Temperature, pressure, electric
potential, and magnetic field have significant contributions to chemical potential gradients.

Many authors have comprehensively studied this topic [34, 61, 62].

Two direct relations for explaining the diffusion phenomena are known as Fick's laws. For

binary system applying the one-dimensional diffusion Fick's laws:

SC,:

i. Fick’s law: J; = —D; S (1)
.. . - . 5Ci _ i . %
ii. Fick’s law: = = 5 (Dl 5x) @)

where t, x, J;j, Dj, and c; are time, coordinates, diffusion flow, diffusion coefficient, and
concentration of component i, respectively. For known initial and peripheral conditions by
solving the given differential equations, the value of diffusion coefficient (D;) can be
determined. For unit concentration gradient, diffusion coefficient determines the flow of a

substance per unit area perpendicular to the direction of flow. The values of diffusion



coefficient for low molecular weight polymers are within 107 to 10 cm? s*. R. M. Barrer

et al. [63] divided the systems of polymer-penetrant into four different categories:

a) % = Dz—zj D = const. c=kc (3)
b) Z=2[|p@)= D =f(c) c=kc (4)
0 F=5|DOF D=f(0) c=1(c) (6)
) 5=5[P%] D=f)  c=f() ©®)

‘Category a’ is typical for the diffusion of rare and most di-atomic gases in polymers at the
viscoelastic state. ‘Category b’ describes the diffusion in systems of rubber and paraffinic
hydrocarbons. ‘Category ¢’ is applicable for the diffusion of heavier hydrocarbons in rubber
layers. 'Category d' is very common, and the diffusion coefficient depends on concentration
and time in this category. Notably, this case involves the strong mutual interactions between
chain and penetrant molecules. The mutual interactions usually lead to slow relaxations in the

crystalline polymer.

Many technological fields depend on the exact knowledge of the effect of solid/liquid
interface interactions on final spreading of liquid drops. The experiment observed the
surfactant solutions behaviour at critical micellar concentration (CM conc x 10) (Fig. 4) [64]
and water drops from the impact moment to one second after the impact [65]. All the
solutions have the same process of spreading (Table 4) [64]. The surface tension is the
difference between the foaming medium'’s surface tension, the defoamer's surface tension, and
both substances interfacial tension for the spreading diffusion coefficient (S); thus,

mathematically, we can write :



S =07 —0q— 0gf (1)
where oz is the surface tension of the foaming medium, oy is the surface tension of the
defoamer and ag; is the interfacial tension of both substances.

The defoamer’s surface tension reduction causes the spreading coefficient to become
increasingly positive. The process shows the defoaming's thermodynamic tendency.
Equation 3 is applicable for insoluble liquid defoamers in bulk. However, deforming
effectiveness can be increased by certain dispersed hydrophobic solids. The process of

spreading depends mainly on surfactants.

4. Diffuse process of swelling and dissolution of polymers

4.1. Diffuse process of swelling

The conversion of solid polymer in solution at temperatures below the second-order turning
point (Tg) usually comprises swelling and dissolution processes. In the swelling process, the
solvents come to introduce at the solid polymeric phase and expand the solid surface in the
liquid phase. This effect is known as Kirkendahl's effect [66]. It is the impact that leads to
loosening of the polymer structure thereby enhancing the movement of macromolecular chain
segments, and enhancing the activity of free volume in the system alongside the replacement
polymer-polymer contacts by the polymer-solvent contacts. It results in the creation of
swollen surface layer with defined thickness and structure [67]. The movement of phase
interface, i.e., the interface between swollen layer and the liquid solvent is necessary to
understand as its own swelling. The diffusion process of polymer dissolution has been studied
in detail by Lapcik and Valko [68]. According to them, the diffusion of liquid solvents into
polymer foils can be evaluated on the basis of parameters describing the formation of a
surface diffusion layer. Furthermore, the polymer matrix swells due to the solvent effect

resulting in the developed surface diffusion layer being donated as a surface swollen layer



(SSL) [69]. The swelling process is unsteady in nature resulting formation of the swollen

surface layer.

4.2. Swollen surface layer

SSL of polymer represents interphase resistance of a given value influencing the diffusion in
both directions from the interface. Ueberreiter K. and Asmussen F. [69, 70, 71, 72, 73, 74,
75] reported that SSL comprises complex structures, mostly in temperatures below Tg. Its
thickness & depends primarily on molecular weight, temperature, the kinetic-thermodynamic
activity of solvent and minutely on the thermal history of polymer samples. The other four
layers within SSL were reported by the authors mentioned (Fig. 5) [69, 72, 74, 76]. If the
melting temperature drops below Tge, i.e., T < T <Tge, the rubbery layer &, disappears and
then only layers §,, 8;, and &, are retained. When melting temperature decreases below T,
i.e., T<T, layers &, and &, disappear, so the SSL is formed only by layer ,. The latter two
cases can be well clarified by the following reasons: dissolution in the range of temperatures
(Tger) @and (Ty), i.e., TL < T < Tye leads to weakening of the rubbery layer 5, to a value that is
not visible; it indicates that it cannot affect the swelling process. The transport of solvated
polymers into the coexisting liquid phase of the solvent is the rate-determining step at higher
dissolution temperatures. The liquid layer consists of solvent molecules accumulated by
adsorption on the surface of polymeric substances. Even if the dissolution in flowing solvent
is the rate of flowing fluid in this layer virtually zero, the concentration of polymer in this
layer grows from almost zero value, which is on the interface with flowing solvent at a value
@ that is on the interface with the rubbery layer. The thickness of this layer depends
decisively on the rate of the solvent flow. With increasing rate, the thickness decreases to a
certain limit value and does not change anymore. The rubbery layer has the character of a
liquid phase with a fixed structure. The content of solvent molecules is large, and the

thickness of the layer is comparable with the thickness of the liquid layer. The concentration



gradient from one interface to another is almost the same as the liquid layer. A sudden
increase in the concentration gradient was observed at the rubbery and tough swollen layer
interface. Polymer chains in this layer do not move in the same fashion as in the liquid phase
and the thickness of the layer is significantly smaller than in the previous two regions. The
system of this layer is composed of the continuous liquid phase, which is continuously
permeated by a dispersed polymer (with a gel-like character). The concentration of the
solvent is markedly smaller compared to the rubbery phase. The infiltration layer is
characteristically different from the previous. The movement of solvent molecules in the
direction of concentration gradient takes place in this layer, probably in the exact mechanism
as the gas transport through polymeric membrane, i.e., jJumping from one vacancy to another
without any significant movement of polymer segments. The number of polymer-polymer
cross - links is comparable with the number in the original sample. As mentioned before, it is
clear that the diffusion of solvent molecules controls the kinetics of polymers into a solid

polymer sample.

5. Diffusion and diffusion coefficient of cross-linking

Diffusion involves the movement of atoms, molecules, and ions from a higher concentration
region to a lower one. The concentration gradient is the major driving force of diffusion.
Various fields, such as chemistry, widely use the diffusion concept to characterise swelling
kinetics [77] and measurements of diffusion of macromolecules [78]. A mean square

displacement’s long-time slope gives the diffusion coefficient (D) of cross-linking:

D =1 L (t) = 7(0)? 8
= S limee, 5 (Ir(@®) = r(0)1%) (8)

where r(0) and r(t) are the centres of the mass’s vectors at time = 0 and t, respectively, in the

biopolymer CMC, an increase in the polymer concentration first reduces the diffusion

coefficient. However, a larger polymer concentration than a critical value increases the



diffusion coefficient [79]. The diffusion coefficient in a CMC relates to the excess mixing
volume and biopolymer fraction in the solution. Within the concerned region, the
concentration of the solution density is given by the formula:

p = pp(l+aWp) ©)
where pJ and aWp are the pure solvent density (0.998 g/cm®) and the polymer concentration

(wtlwt), respectively. For CMC, the value of “a” is 0.0047.

29 — exp[— ( dhard )] (10)

DO kSCl(p_O'75C°°_O'25(1—2)()_0'253+2Tf

where a is the equivalent bond length of the monomer, ¢ is the polymer volume fraction, rs is
the radius of solute, r¢ is the radius of polymer chain, C., is the characteristic ratio of polymer,
x, is the Flory-Huggins polymer/solvent interaction parameter, Dy is the diffusion coefficient
of solute in gel, and Dy is the diffusion coefficient of solute in water calculated from MD
simulation and verified by literature [79]. Since the fitting parameter for the different
polymers and solutes considered, Amsden proposed this model as a “universal” model for
solute diffusion in hydrogels.

An increase in the cross-linking density causes the diffusion of sodium ions to reduce at
0.5 M. The dynamic and theoretical predictions helped obtain the particles’ normalized
diffusion [79]. The water content variation also changes the rate of diffusion [57]. There is a
need to estimate the Rhodamine’s rotational relaxation time to calculate the translational
diffusion coefficient [79]. The increase in the cross-linking density causes the diffusion
coefficient of small. The rise in the relaxation times of the hydrogen bonding correlates with

the reduction in water diffusion.

6. The Kinetics of swelling and dissolution of CMC and HEC
The swelling and dissolution mechanism for CMC and HEC are not homogeneous because of

its multi-scale and complex structures. The ballooning phenomena are the most spectacular



effects of the heterogeneous swelling and dissolution. Some selected zones along the fibre
provide places for swelling to take place. It is assumed that the structural origins of the
ballooning effect relate to the morphological variations among the walls. Each of the balloons
presents a swollen state of the biopolymers. The quality of the solvent strongly influences the
swelling and dissolution mechanisms (Fig. 6) [68]. The swelling and dissolution
characteristics can be revealed at the different cellulose structures' lengths from the

macromolecule to the fibre's walls.

6.1. Kinetics of swelling

In practical applications, a higher swelling rate and a higher swelling capacity are required. It
is well known that the swelling Kinetics for the absorbents is significantly influenced by
various factors such as swelling capacity, the size distribution of powder particles, specific
size area, and composition of the polymer (Fig. 7, 8) (Table 5) [80, 81, 82]. Various
authors [83, 84] have investigated the influence of these parameters on the swelling capacity.
For example, Metzetal.[85] analysed the dependency of water absorbency of
superabsorbent polymers on particle size. Results indicated that the absorption rate increased
as the particle size became smaller. This may be attributed to an increase in surface area with
decreasing particle size of samples [86].

In a study conducted on the formation and subsequent analysis of swelling kinetics of a
CMC-N-isopropylacrylamide based hydrogel, the effect of particle size on the swelling
kinetics was confirmed. The rate of water absorbance increased sharply and then began to
level-off (Fig. 9) [86]. Considering the second - order Kinetics, the swelling rate at any time is

expressed as:

W = K(W,, — W)? (11)

at



where W is the water content of the superabsorbent at time t, W, is the water content before
the equilibrium has been reached and K is the constant. Substituting equation 11 with limits

t=0and W = 0to W, and rearrangement, the equation can be re-written as:

t 1

R (12)

w o KWZ = We

The swelling of the super-absorbent composites obeys second order kinetics (Fig. 10) [82,
86].

Similar results were found for the hydrogels developed from HEC [87]. Composite hydrogels
with co-polymerization with HEC, sodium acrylate and medicinal stone (MS) were created.
The analysis of kinetic swelling (Fig. 11) [87], depicted the effects of MS content, particle
size and saline solution on the swelling kinetics. It was found that the swelling rate was faster
at initial 600 seconds. With prolonging swelling time, the swelling rate decreased until a
plateau was reached. Schott’s second-order swelling kinetics model [88] (equation 13) was

introduced to evaluate the hydrogels' kinetic swelling behaviours.
—=—+4—t (13)

were, Q; (g/g) is the swelling capacity of the hydrogel at time t (s), Q. (9/g) is the theoretical

equilibrium swelling capacity, and Kis (g/g s) is the initial swelling rate constant.

6.2. Kinetics of dissolution
The dissolution of polymeric materials has some typical features. The rate of dissolution is
controlled by several factors, the determining one is the diffusion rate into the polymer
matrix. The diffusion rate depends on the chemical structure of the polymer, solvent and
functional groups present on the polymer chain (dissolving parameter density of cohesive
energy), solvent molecular volume, dissolution temperature, molecular weight of the
polymer, structural ordering of the polymer etc. By getting the polymer into contact with the

solvent, the diffusion of solvent molecules into the polymer matrix proceeds, creating thus



the SSL (o) [89, 90]. The thickness of this layer depends on the temperature of dissolution,
mixing rate, molecular weight of the polymer, kinetic and thermodynamic activity of the
solvent, and thermal history of polymers [70, 71, 91, 92].

Surface swollen layer of a polymer represents interfacial resistance of definite matter, which
influences diffusion of molecules in one or another direction from the interface. Ueberrreiter
and Asmussen have found that it has a complicated structure with respect to the dissolving
temperature [89].

If temperature of dissolution (T) ranges between gel point temperature (Tg) and glass
transition temperature (Tg) (Tgel < T < Tg), then the structure of the surface layer consists of
liquid (31), rubbery (6,), solid swollen (63), and infiltration layer (d4). Thickness and

distribution of particular layers in swollen polymer layer are represented in Fig. 12 [89].

7. Cross-linkers for creating gel-polymer

The gel in general is consisted of the cross - linked networks of hydrophilic water-soluble
polymers. Gel polymers can swell after absorbing water. It is possible to prepare natural
polymer-based hydrogels by mechanical and physical cross-linking [93]. In the case of
polymeric networks, their structure is fully dependent on covalent bonds or physical
inter-molecular interactions between individual macromolecules. However, each connecting
point of the network are mutually separated by a linear secondary chain. In the case when
these secondary chains are sufficiently long, and their chemical structure allows adoption of
various conformations, these create soft and flexible materials. Contrary to this, rigid
secondary chains cause the creation of hard and glassy materials. The characteristic property
of the stable elastomeric network is its swelling ability when in contact with proper solvent
systems. Therefore, because the polymeric network is, in fact, structuralised solid matter that

cannot be dissolved with an exemption of the cases when there is observed loss of their



coherent macroscopic structure [65]. Thus, when such cross-linked structure is immersed into
the solvent, which is miscible with the polymer chains of the network, the solvent is
absorbed, and the network is swollen. The increase of the volume can be up to one thousand
percent [94]. Chemical reactions initiated by pressure, heat, irradiation, and change in the pH
level can facilitate cross-links formation [95]. The latter cross-linking can be achieved by
chemical reactions such as polycondensation, polyaddition or by physical entanglements of
macromolecular chains. Physical entanglements and disentanglements of macromolecular
chains were reported [96, 97] as induced by temperature and pH of the dissolved polymer
system known as helix-coil transition. For example, mixing certain chemical agents, such as
cross-linking reagents with partially polymerized or unpolymerized resin creates cross-links
[98]. Cross-linking is commonly used to improve starch performance for a variety of
applications [99]. Cross-linking agents, such as sodium tri metaphosphate, phosphorus
oxychloride, epichlorohydrin, citric acid, diphenyl sulphone, anthracene endo-peroxide [100,
101, 102], sodium tripolyphosphate, and 1,2,3,4-diepoxybutane have been used for the
improvement of the materials” mechanical properties and the starch products” water stability.
Divinyl sulfone (DVS) is a non-zero length cross-linker that has been widely used to
chemically modify polymers to improve the mechanical properties and enhance the
performance according to the suitability (Fig. 13) [103]. It has been extensively used in
combination with cellulose and its derivatives, especially in the pharmaceutical industries.
The concentration of DVS added to the biopolymer directly influences its rheological
properties. It has been found that higher concentrations of DVS increases the viscosity
thereby indicating a higher cross-linking in the biopolymer [104].

Polymers may act as a basic building component of the larger systems namely of block
co-polymers and micelles. The latter micelles can be organised in the presence of the

surface-active agents to liquid crystalline systems [105].



8. Conclusions

Viewing the state of polymeric materials, the reviewed biopolymers possess enhanced
structural diversity, biodegradability, thin coat-forming ability, and diverse flexibility,
allowing them to be used in varied application prospects in technologically influential
intelligent applications. The lightweight and biocompatibility of cellulose derivatives have
been essential in biomedical and non-biomedical fields. The reviewed biopolymers have a
high potential in the preparation of intelligent high-tech materials and in unlocking new
possibilities for natural biopolymer layers to be better suited to the environment and the needs
of end-users. This review provides an attractive route for the scientific community to research

the technologically important and intelligent coatings for varied purposes.
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Figure chapter

Fig. 1 (a) Chemical structure of cellulose; (b) Chemical structure of carboxymethyl cellulose

with its sodium salt; (c) Chemical structure of hydroxyethyl cellulose

Fig. 2 Analysis of the tensile strength (Reproduced from ref. [57] with the permission of

American Institute of Physics licence no. 5270921480448)

Fig. 3 Analysis of the percentage elongation (Reproduced from ref. [57] with the permission

of American Institute of Physics licence no. 5270921480448)

Fig. 4 Spreading factor versus time for water and each surfactant at critical micellar
concentration (CM conc x 10) (Reproduced from ref. [64] with the permission of Academic

Press, Elsevier Science licence no. 5270931090431)

Fig. 5 Structure of the swollen surface layer by Ueberreiter K. and F. Asmussen: &; - liquid
layer, &, - rubbery layer, &5 - gel layer, d4- infiltration layer, T - temperature of sloughing, T,
- temperature of phase transition of solvent, Ty - gelling temperature, Ty - glass transition

temperature, and Tg - melting temperature of polymer (Reproduced from [69, 72, 74])

Fig. 6 Surface swollen layer of (a) CMC and (b) HEC (1 cm ~ 0.1mm) (Reproduced from

ref. [68] with the permission of Springer Nature licence no. 5274210286515

Fig. 7 Water uptake of HEC hydrogel samples with respect to time (Reproduced from ref.

[80] with the permission of Trans Tech Publications Ltd. Request ID 600074454)

Fig. 8 Moisture absorption of starch films as a function of CMC content (Reproduced from

ref. [81] with permission from Elsevier licence no. 5274220418935

Fig. 9 Representative swelling kinetics of the CMC-g-PMAAmM-coPNIPAAM superabsorbent

hydrogel with various particle sizes (Courtesy of [86])



Fig. 10 Plot t/W wvs. time according to equation 12 (second - order Kinetics) for

superabsorbent hydrogels with various particle sizes (Courtesy of [86])

Fig. 11 (a) swelling kinetic curves of the hydrogels (MS dosage, 0, 5, 10 and 50 wt%) in
distilled water, (b) effect of the saline solution with various concentration on the Kinetic
swelling behaviours of the composite hydrogel (MS dosage, 10 wt%), and (c) effect of
particle size on the kinetic swelling behaviours of the composite hydrogel (MS dosage, 10

wt%) (Adapted from ref. [87] with request from Elsevier request ID 600074472)

Fig. 12 Distribution of the polymer concentration in the swollen layer & composed from 6; -
liquid, 6, - rubbery, 83 - solid swollen and &4 - infiltration layers in a distance from the
interface at different mixing rates v; (v, > vy > vy = 0), ¢ — volume fraction of the polymer

(courtesy of [89])

Fig. 13 Mechanism of the cross-linker reaction and schematic representation of intra- and
inter-polymer cross-linking [103] Reprinted with permission from Atoosa Maleki, Anna-Lena
Kjoniksen, Bo Nystrom: “Effect of Shear on Intramolecular and Intermolecular Association
during Cross-Linking of Hydroxyethylcellulose in Dilute Aqueous Solutions”; The Journal of
Physical Chemistry B, 109 (Jun 1) 12329-12336 (2005). Copyright 2005 American Chemical

Society.



Table chapter

Table 1 Calculated parameters of measured dielectric spectra of studied polysaccharides

(Courtesy of [32])

Table 2 Different characteristics of CMC sample (Reproduced from ref. [33] with the

courtesy of BioResources, North Carolina State University)

Table 3 Mechanical properties for CMC films synthesized with various NaOH

concentrations at 25 °C, 75% RH (Courtesy of [55])

Table 4 Characteristics of surfactant solutions. Critical micellar concentration (CM conc) and
equilibrium surface tension at CM conc x 10. (Reproduced from ref. [64] with the permission

of Academic Press, Elsevier Science licence no. 5270931090431)

Table 5 Maximum water uptake of hydrogels (Reproduced from ref. [80] with the permission

of Trans Tech Publications Ltd. Request ID 600074454)



Table 1.

Parameter Compound
CMC HEC

103 (s - €20 37.60 2.28
2.18

a 0.0598 0.676
0.970

S 1.000 1.000
1.000

107 7ofs 68.100 5.120
3.810

A’ 2.48 x 10" 1.08 x 10™°

n 0.700 0.535

€, optical permittivity of the sample, & static permittivity of the sample, (es- €.) relaxation
strength, 7o position of the relaxation on the same axis, a slope of the low — frequency side of
the relaxation curve, product a x g describes the slope of the high — frequency side of the

relaxation curve, 4’ is sample surface area, and n is purely D.C. conductivity mechanism.



Table 2.

Degrees of substitution Mean length Mean width Percentage crystallinity Purity

(DS) (mm) (wm) (%0) (%0)
0.75 2.28 48.1 18.03 95
0.76 2.13 55.7 19.60 95
0.80 1.94 52.8 2351 95

0.73 1.43 51.7 25.85 95




Table 3.

Types of film Tensile strength Elongation at break
(MPa) (%)
20g9/100mL NaOH-CMC  141.16 +8.32 2.32+0.26
30g/100mL NaOH-CMC  255.54 +4.13 2.20+0.81
409/100mL NaOH-CMC  140.77 + 14.43 2.07 £0.50
50g/100mL NaOH-CMC 53.42+£8.21 295+1.13

609/100mL NaOH-CMC  79.62 £9.76 2.28 +0.98




Table 4.

Surfactant CMC Equilibrium surface tension

(g/litre) at CM conc x 10
(mN/m)

NPOEOP 0.06 36.9
C130E18 0.08 27.7
Silvett L77  0.10 20.4
C100E6 0.80 26.1
TTAB 1.18 37.2
CTAC 0.42 34

DOS 0.92 27

SDS 2.38 36.5
SDG 0.60 25

NPOEOP: nonylphenyl polyoxypropylene; C130E18: isodecyl polyoxyethylene;
Silvett L77: trisilioxane oxypropylene polyoxyethylene; C10OEG6: isodecyl polyoxyethylene;
TTAB: tetradecyl trimethylammonium bromide; CTAC: cetyltrimethylammonium chloride;
DOS: sodium dioctyl sulfosuccinate; SDS: sodium dodecyl sulfate; SDG: sodium

decylgalacturonate



Table 5.

12.5% HEC 13.75% HEC 15.0 % HEC

% Maximum Water Uptake 160.5 173.8 156.9
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