ABSTRACT
HAYDEN, KRISTIN ANNLEATHA. Water Absorption Behavior of Bio-Based Polymeric
Materials. (Under the direction of Richard A. Venditti and Joel J. Pawlak.)
Absorbent hygienic materials are an important part of our society, fulfilling serious health
and safety needs. Typically, these products are derived from non-renewable petroleum-based
acrylic acid, making sustainability, disposal and biodegradability in landfills a concern.
Superabsorbents derived from renewable plant- and animal-based sources may be a viable
alternative. Due to the increased cost of petroleum-based feed stocks for absorbent materials,
renewable absorbents have become more cost-competitive. Previous studies have shown the
performance of renewable-based absorbents to be acceptable. The objective of this research
was to understand the absorbent properties of renewable carbohydrate-based materials as a

function of composition.

A method for evaluating the dynamic water absorption of absorbent materials including
carbohydrate-based powders was developed, termed a dynamic wetting apparatus (DWA).
The system gravimetrically measures the water uptake of a sample positioned on a filter
paper in contact with a water reservoir. The DWA results were observed to be reproducible
and in agreement with a standard commercially-available wetting tester, the Gravimetric
Absorption Testing System (GATS, MK Systems, Inc). The DWA results were sensitive to
the loading density (grams of sample per unit area of filter paper) and distribution of the
sample across the sample holder. A mathematical model was developed to quantify the
amount of water that was absorbed by the sample, evaporated, and trapped at the interface

between the sample and the filter paper. The model could be used to determine the actual



water uptake of the sample alone for samples that were saturated within the timeframe of the

experiment.

The DWA was used to investigate the dynamic water absorption behavior for several bio-
based powders, sand, clay and their blends. Samples that were expected to have gel blocking,
the swelling of particles that blocks capillary flow, showed a much slower water uptake rate.
A non-linear synergistic effect was observed for blends of swellable and non-swellable
particles. In some cases, a maximum in water uptake was observed for low levels of the
swellable material. For carboxymethyl starches, gel blocking, as affected by degree of

substitution and crosslinking, was the dominant factor to determine water uptake.

Static swelling and mass loss behavior were also evaluated for films cast from starch,
carboxymethyl starch, chitosan, hemicellulose and selected blends. Chitosan was found to
have significantly higher water swellability than starch and hemicellulose. Strong ionic
interactions exist between xylan and chitosan, creating a strong gel network that is more
absorbent and resistant to dissolution in water than xylan-starch blends. The carboxymethyl
starches have water uptake values greater than starch as a result of crosslinking and an

increased degree of substitution.
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Chapter 1

Introduction

Objective
The objective of this research was to understand the absorbent properties of renewable

carbohydrate-based materials as a function of composition and structure.

Absorbency

Absorbency is both a physical (macroscopic) and a chemical (molecular) phenomenon.
Physical absorbency is termed macroscopic, because “the fluid wets the surface of the
absorbent material and is physically transported into and throughout a porous medium as a
moving front of continuous liquid threads or columns. If fluid input ceases before the system
reaches saturation, the liquid front will, for a time, continue to move into the capillary
structure” (Gross 1990). Both the behavior and characteristics of the absorbent and fluid play
a role in absorbency as well. The main factors which affect the physical absorbency are
gravity, pore radius, pore length, surface tension, viscosity and contact angle (Gross 1990).
The smaller the pore radius, the higher the fluid will rise. The largest pores tend to dominate
capillary pressure, but small pores can drain large ones and leave dense concentrated areas of
small pores which retain their fluid and interfere with the wicking of the material (Gross
1990). Uniformity of the fiber structure is also important for absorbency. A non-uniform web
of material will wick in random directions whereas a uniform web will wick in the direction

of the absorbent orientation (Gross 1990).



The second major type of absorption, chemical absorption, is deemed ‘chemical’ because it
occurs on the molecular level. Chemical absorbency is governed by diffusion, hydration,
salvation, osmotic pressure, porosity of the network, and electrostatic considerations (Gross
1990). Chemically absorbed water is categorized as either freezing or non-freezing. For
cellulose-based absorbents, chemical absorption only accounts for a small portion of the total
absorbent capability. The inclusion of a superabsorbent polymer can significantly improve

absorption.

It is often the characteristics of water that determine which materials will be able to transport,
absorb and retain aqueous liquids. Because of the high surface tension of water, an effective
absorbent material must have a high surface energy. Hydrophilic groups are almost always
necessary and can be imparted onto the absorbent through chemical treatment. Such
hydrophilic groups include hydroxyls and carboxyls which can be added to the absorbent to
improve water-loving characteristics (Gross 1990). Different degrees of hydrophilicity are
important for personal care products. In a diaper for example, the lining closest to the skin is
responsible for receiving and transmitting the fluid. These materials are less hydrophilic than
the absorbent itself. This difference helps to effectively pull the fluid away from the skin and

leave a dry feeling (Gross 1990).

There are two major classes of traditional absorbents: fiber masses and foams (Buchholz
1998a). Fiber masses include woven cloth, cotton wadding, cellulose batting, and paper.

Although the structures may differ, traditional absorbents have similar features which give



rise to absorbent behavior. The actual level of absorbency depends on the relative volume of
open space, connectedness of the pores, size of the pores, and the overall mechanical strength
of the material (Buchholz 1998a). Traditional absorbent materials contain open spaces or
pores which vary in size from about 0.5um to several hundred micrometers. Beyond the
presence of pores, absorbency is also dependent upon the total amount of open space along
with the size of the openings (Buchholz 1998a). Void fraction is closely related to the
absolute open volume of the material and is defined as the volume weighted density of the
material and it depends on the amount and density of the absorbent substance. It can be
modified and controlled during processing to produce specific densities and therefore
absorbencies (Buchholz 1998a). In general, the amount of water absorbed increases as the

void fraction decreases.

The transportation of liquid into and through a porous material requires not only open space
but also a force or pressure applied to the liquid (Buchholz 1998a). Three main forces help
move fluid into and through open spaces including gravity, capillary pressure, and
hydrostatic pressure. The general relationship for steady slow flow in one direction through a

porous medium is governed by Darcy’s Law given by:

dv _ KpAAP
dt uL

(1-1)



where the volumetric flow, dv/dt, is given in terms of sample cross-sectional area, 4, sample
length, L, fluid viscosity, u, specific sample permeability, xp, and the pressure difference

driving the flow, AP.

Capillary pressure is responsible for initially wicking the fluid into the dry material
(Buchholz 1998a). Capillary pressure, p. can be defined as where R is the radius of the
capillary, o is the surface tension of the fluid, g is gravity, /4 is the height of the rise of the

liquid, and p is the density of the liquid (Equation 1-2).

20

pe = pgh =— (1-2)

The Lucas-Washburn equation gives the rate of wicking for a liquid in a capillary:

dh _ R? [ZO'C059

dt  8uh B pgh] (1-3)

T

The wicking rate, dh/dt equals the change in height, 4, of the liquid with viscosity, u, versus
time, ¢, in a vertical tube with radius, R, under the influence of gravity and capillary pressure.
The first term inside the brackets is the capillary pressure given by surface tension, o, radius
of curvature at the pore’s air-liquid interface, », and the cosine of the contact angle, 6

(Konopka 2001, Buchholz 1998a). The effect of gravity on wicking rate is defined by the



second term in the brackets, liquid density, p, gravitational force, g, and the height the liquid

has traveled, 4.

When the interfacial tension is balanced by the weight of the liquid, the liquid will stop rising
in the capillary. The force behind wicking is the spreading of liquid with a high interfacial
tension along a surface of absorbent material (Buchholz 1998a). In order to obtain maximum
wicking, the absorbent should have a large capillary radius and the liquid should be of low
viscosity. Unfortunately, absorbent materials often have irregular pores with radii that vary

and change along the fluid flow path (Buchholz 1998a).

Hydrostatic pressure, the third driving force, is the difference in pressure between the faces
of the absorbent material. Liquid flow in a pore under hydrostatic pressure can be maintained
even after saturation. Unlike capillary flow, hydrostatic pressure pushes the fluid into the

pore (Buchholz 1998a).

The tendency of an absorbent material to be dewatered by external forces such as
compression is dependent upon the mechanical rigidity and structure. A material’s
compressibility is based on the modulus of the pore structure and is calculated using
Young’s modulus:

Et/Eo = (2 + 7P + 392)/12 (1-4)



The Young’s modulus, £, for the porous material is determined by the modulus of the solid
structural material, £y, and the solid’s volume fraction within the absorbent material, ®.
Traditional absorbents have a propensity to be dewatered even if the structure is sufficiently
rigid to prevent compressive collapse (Buchholz 1998a). The rigidity can be overcome by

gravitational force or capillary pressure, resulting in structural collapse.

Absorbency is directly related to the volume of open space, connectedness and size of the
pores and the mechanical strength of the material (Buchholz 1998a). These characteristics
can be controlled by choosing a traditional absorbent’s structural material, manufacturing
process, and fiber and pore dimensions. These parameters allow it to be possible to design an

absorbent for a specific purpose.

Superabsorbency

A superabsorbent is loosely defined as a crosslinked network of flexible polymer chains.
Many synthetic water-absorbing materials were developed in the first half of the 20" century.
Most were based on acrylic acid. One of the first synthetic water-absorbing polymers known

by the public was hydrolyzed acrylonitrile-grafted starch (H-SPAN), which was developed in

the 1970’s (Gross 1990). It was described as a material which could absorb up to 5,000
grams of water per gram and was termed “Super slurper”. The term “superabsorbent” was

first used at the First International Absorbent Products Conference: INSIGHT 80, in 1980.



Later, R. E. Erickson of Dow Chemical qualified a superabsorbent as a dry material which
could “spontaneously imbibe about twenty times its own weight of aqueous fluid. The
hydrogel, resulting from the transformation of the dry superabsorbent, must have sufficient
physical integrity to resist flow and fusion with neighboring particles. When exposed to an
excess of water, true superabsorbent hydrogel particles swell to their equilibrium volume and
do not dissolve.” (Gross 1990). During this extreme volume change, the superabsorbent must
retain its identity and be recognizable in its own form. The mechanisms which control
swelling are the same ones which control dissolution. Therefore, in order to prevent the
material from dissolving, a network connection, or crosslink, must be present (Gross 1990,

Buchholz 1998a).

The simplest type of crosslink is the covalent bond. These bonds form an infinite three-
dimensional network between the polymer chains. Crosslinking has great influence over the
swelling behavior of a material. Crosslink density is defined as the average number of
monomer repeat units between crosslinks. In general, as the crosslink density increases the
swelling usually decreases significantly (Figure 1-1, Castel, Ricard and Audebert 1990).
Another result of crosslinking is a more rigid polymer in the swollen state. For diaper
applications, this enables the superabsorbent to push aside the fibers in the absorbent core to

maintain permeability (Buchholz 1998b).
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Figure 1-1: Absorbency (g/g) as a function of crosslink density (C/M). As the crosslink
density increases, the water uptake decreases rapidly. The y-axis is the water swelling (grams
of water/gram sample) and the x-axis is the crosslinking density (number of monomer repeat
units between crosslinks) (Castel, Ricard and Audebert 1990).

The preparation of superabsorbent polymers is done in a step-wise fashion, beginning with
the preparation of the monomers (Figure 1-2, Graham and Wilson 1998, Buchholz 1994).
The monomers typically used are a mixture of acrylic acid and the crosslinking monomer. A
free-radical initiator is added to the aqueous system to begin the polymerization of the
monomer. Examples of the free-radical initiators include sodium persulfate and the
combination of hydrogen peroxide and ascorbic acid. A gel is formed soon after the reaction
is started. During polymerization, the gel is often broken up to produce a rubbery material
which will be easier to dry. The dryers can be through-circulation conveyors or rotating drum

dryers. Grinding and screening the dried polymer provides the desired particle size. The fines



recovered during screening are recycled or converted into other sealable products (Graham

and Wilson 1998).

Monomgr > Polymerization [€— Gel.
Preparation Preparation

PSS

Gel
Preparation

!

Drying

l

Sizing

Fines Recycle
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Figure 1-2: Stepwise schematic for the production of superabsorbent polymers (adapted from
Graham and Wilson 1998).

Superabsorbents take up water by diffusion and osmosis whereas traditional absorbents
function by capillary forces. Diffusion is the molecular mechanism wherein molecules move
in a random way as a result of concentration gradients enhanced typically by thermal energy.
The constant random movement of the molecules results in the net movement of the
molecules from high concentration to lower concentration. In the case of superabsorbents,
water moves or diffuses into the absorbent because there is lower water concentration inside

the absorbent. As water moves into the absorbent, the polymer expands to compensate for the



added volume (Buchholz 1998a). The rate of water diffusion is slow in superabsorbent
materials because each of the polymer chains is connected together by crosslinks which

restrict the polymers’ movements. The law governing diffusion is Fick’s law:

dc
dx

N
I
|
S’
|

(1-5)

The concentration gradient, dc/dx of the diffusing substance is related to the diffusional flow
rate, f, in the x direction. The cross-sectional area of the sample is 4, and D is the diffusion
coefficient. According to Fick’s law, the absorption in a superabsorbent is proportional to the
chemical activity and flow depends on the random motion of the individual molecules, their

size and thermal energy (Buchholz 1998a).

Osmosis is the other absorption phenomenon in superabsorbent polymers. Osmosis is the
spontaneous diffusion of a solvent through a semi-permeable membrane, in the direction of
the concentrated solution (Osmosis 2008). The direction of the flow is based on the tendency

to balance the concentrations of both sides.

Diffusion and osmosis are phenomena which seek to balance the charges and concentrations
within two or more regions (Figure 1-3). This means dissociated ionic groups within the
polymeric structure help create the most effective and efficient water absorbers because they
spread out the structure and increase the rate of diffusion and osmotic pressure (Buchholz

and Burgert 1996).
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Figure 1-3: Schematic drawing of ionized crosslinked polymer network. Crosslinks between
polymer chains are represented by dark dots (Buchholz and Burgert 1996).

The most common superabsorbent polymers exist in granular powder form and have an
appearance similar to white sand and table sugar. These materials are also available as
microspherical powders and fine fibers (Buchholz 1998a). Superabsorbent polymers can be
found most frequently in infant diapers, feminine hygiene products and adult incontinence
materials but they are also utilized in paper towels, medical sponges, disposable door and
bathroom mats and pet litter (Buchholz 1998b). The tendency of superabsorbent polymers to
release water in vapor form also allows them to be utilized in humidity-controlling and soil
conditioning applications. The fact that they slowly release the water makes them ideal for

controlled release situations.
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The largest application for superabsorbent polymers is in personal hygiene products, with
more than 90% of the total polymers used in disposable infant diapers (Buchholz 1998b).
The three components of diapers are the porous top-sheet, impermeable back-sheet and
absorbent core. The top sheet is next to the baby’s skin and covers and contains the absorbent
core because it is fragile when wet. This sheet is typically made of a hydrophobic material,
often polyester or polypropylene fabric and its main purpose is to allow the urine to pass
away from the baby’ skin into the absorbent core. The back-sheet is also a hydrophobic
material, usually polyethylene, and it helps keep the baby’s clothing dry. The absorbent core
receives the liquid, distributes it to other areas of the core and holds in the liquid under the
pressure of the baby’s weight. Early absorbent cores were layers of creped tissue. Without a
polymer network to hold the water in place, the core could only keep water in the void spaces
between the tissue fibers. The greater the void space, the greater the absorption capacity. This
produced a thick core with many small pores and a low crosslink density. Gels with light
crosslinking have a low modulus when swollen and are easily deformed. These deformed
particles adhere to one another and greatly reduce the porosity of the gel. This decreases the
diffusion rate and therefore the swelling, leading to what is known as gel-blocking (Graham
and Wilson 1998, Buchholz 1998b). In diapers, gel blocking equates to a higher probability
of leaks. Increasing the crosslink density improved the gel modulus and reduced the gel-

blocking.
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Modern diaper cores utilize layering in a different way. Density gradations of the absorbent
material throughout the core help reduce the overall thickness and improve wicking, liquid
holding and total capacity (Buchholz 1998b). The addition of superabsorbents to the core has
also helped reduce diaper bulk. Diaper superabsorbents can retain approximately thirty times
their weight in urine even when under 1-5 kPa of pressure Superabsorbents make up at least
10% of the material within the core and therefore the diaper itself is relatively thin in the dry

state (Buchholz 1998b).

Gels

Hydrogels are networks of hydrophilic polymers which can absorb greater than 20% of the
total weight in water without dissolving or losing structural integrity (Bajpai and Sharma
2006). A superabsorbent hydrogel typically absorbs greater than 95% of the total weight
(Hydrogels 2007). Once wet, the structure is typically soft and rubbery with texture
resembling living tissue. It is appropriate to use hydrogels in medical fields because the
structures are often compatible with human organs and stable towards biofluids (Bajpai and
Sharma 2006). Biomedical applications of hydrogels include contact lenses, wound
dressings, controlled drug release systems and artificial implants (Bajpai and Sharma 2006).
Hydrogels are also frequently used for molecular separation, protein isolation, fire protection,
water sealing construction materials, agricultural soil additives and for superabsorbents

(Hydrogels 2007).
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The structure of a gel, which dictates swelling behavior, can be controlled by adjusting the
ionic unit content, the crosslinking density and the graft length during synthesis (Castel,
Ricard and Audebert 1990). The water absorbing behavior of hydrogels is a result of the
electrostatic repulsion of ionic charges within the network. As ionic groups are introduced,
the charges repel one another, opening up the network and leaving room for swelling.
Increasing ionic groups eventually spreads the structure out too far. The charges become so
far apart that they no longer interact with one another and the water swelling capability
decreases. For example, a gel with a copolymer concentration of 35% has the highest
absorbency in distilled water but as the ionic concentration from the copolymer increases
beyond 35%, the swelling capability decreases (Figure 1-4, Castel, Ricard and Audebert
1990). The same behavior is present with swelling in simulated urine, a high ionic strength
solution. The overall water uptake in simulated urine is lower than in distilled water because
of the abundant ions already present. The ions in solution decrease the osmotic pressure
difference between the gel and the solution. The ionic strength of a solution depends on the
mobile ions and their charges. Only small amounts of divalent or trivalent ions are needed to

dramatically decrease swelling (Castel, Ricard and Audebert 1990).
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Figure 1-4: Water uptake (ml/g) for cationic absorbents as a function of copolymer content.
The x-axis is the percentage of cationic copolymer trimethyl-aminoethylacrylate chloride
(CMA). The primary y-axis is water uptake in distilled water. The secondary y-axis is water
uptake in simulated urine (Castel, Ricard and Audebert 1990).

The level of crosslinking not only affects the overall water uptake capabilities, but it affects
the way in which the water is absorbed. A major difference between gels of gelatin, natural
gums and those of superabsorbent gels is the ease with which they form hydrogels.

Superabsorbents form gels spontaneously when they come in contact with water, whereas

gelatin and others require assistance before a gel is formed (Gross 1990).

Natural polymers
Absorbent hygienic materials are an important part of modern society, fulfilling serious

health and safety needs. The demand for these materials is greater than 40,000 metric tons
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Figure 2: Light microscope images (10x magnification) of powdered materials. Clockwise
from top left: CMS 220ul, 252ul and CMS 270ul.
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Figure 3: Light microscope images (10x magnification) of powdered materials. Clockwise
from top left: clay, sand (5x magnification) and chitosan.
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Table 1. Swellin

Table 2. Swelling results using decantation method for xylan/chitosan films.

Table 3. Swelling results using vacuum filtration method for xylan/starch films.

Appendix D

g results using vacuum filtration method for xylan/chitosan films.

Sample Uptake (g)/gram sample Mass Loss %
100X0C 2.1046 42.76%
90X10C 3.2339 35.61%
80X20C 3.6927 35.18%
70X30C 4.4728 35.63%
50X50C 159114 19.00%
0X100C 26.7082 18.72%

Sample Uptake (g)/gram sample Mass Loss %
100X0C 5.7941 45.85%
90X10C 7.7579 37.02%
80X20C 5.0607 41.57%
70X30C 6.9446 30.32%
50X50C 20.5747 26.44%
0X100C 90.1356 41.68%

Sample Uptake (g)/gram sample Mass Loss %
100X0S 2.1046 42.76%
90X10S 1.6696 37.33%
80X20S 1.7854 49.33%
70X30S 1.8137 44.42%
50X50S 1.7052 55.36%
0X100S 1.5970 43.14%

Table 4. Swelling results using decantation method for xylan/starch films.

Sample Uptake (g)/gram sample Mass Loss %
100X0S 5.7941 45.85%
90X10S 6.9492 46.07%
80X20S 3.8807 50.21%
70X30S 5.8549 42.85%
50X50S 6.8168 58.66%
0X100S 1.5092 21.26%
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Figure 1: Swelling over 30 minutes for 50% xylan 50% chitosan blend film.
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Appendix E

Photographs of starch and CMS 270ul were taken using the light microscope at 10x
magnification (Figures 1 and 2). Less than 1 ml distilled water was added to each material
and a cover slip was placed on top. After 20 minutes, another set of photographs was taken
(Figures 1 and 2). Seven particles present in the photographs for both times were evaluated
for particle size. The percent change in particle size was calculated (Tables 1 and 2). A few
particles moved out of view after water was added. The CMS 270ul particles swelled an
average of 2.27% while the CMS swelled an average of 8.50%. The results are in agreement
with the expectation that the ionized groups within CMS 270ul would increase osmotic

pressure and therefore the amount of swelling.
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Figure 1: Particle swelling for starch in distilled water before (leff) and after (right) 20
minutes.
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Figure 2: Particle swelling for CMS 270ul in distilled water before (leff) and after (right) 20
minutes.

Table 1: Particle swelling for starch in distilled water after 20 minutes.

Sample Size atstart (um) Size after20minutes (U} % Change
1 0.02035 0.02080 2.21

2 0.01653 0.01653 0.00

3 0.01809 0.01974 9.12

4 0.02106 0.02106 0.00

5 0.02559 0.02569 0.39

6 0.02081 0.02207 6.05

7 0.01875 0.01839 -1.92
Average % Change: 2.27
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Table 2: Particle swelling for CMS 270ul in distilled water after 20 minutes.

Sample Size atstart (um) Size after 20 minutes (UM % Change
1 0.00822 0.00890 8.27

2 0.01250 0.01410 12.80

3 0.02350 0.02650 12.77

4 0.02330 0.02470 6.01

5 0.02138 0.02138 0.00

6 0.01489 0.01653 11.01

7 0.01285 0.01396 8.64
Average % Change: 8.50
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