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ABSTRACT: Superabsorbent polymer (SAP) can absorb
a solution of 10-folds to 1000-folds as much as its own
weight. Its micromorphology directly affects its water
absorption mechanism and absorption characteristics. In
this work, we selected three types of polymer products for
research analysis: KH (sodium polyacrylate-type), HLM
(polyacrylamide-type), and AS (polyacrylamide-kalium-
crylic acid-crosslinking-copolymer-type). The environmen-
tal scanning electronic microscope (ESEM) method and the
fractal theory are applied for studying the micromorphol-
ogy of the three types of SAPs. The results show that KH
possesses the highest water absorption multiplying factor
and HLM possesses the lowest one. Under the condition
of repeated water absorption and water release, the struc-
ture of HLM hydrogel transfers from gridding membrane
to network structure. Various types of cation solutions sig-
nificantly affect the characteristics of micromorphology of
HLM hydrogel, and both uniqueness and diversity prevail.
Under the condition of repeated water absorption and

water release, the swelling multiplying factor of HLM in
deionized water abides by an “inverted U” distribution.
The water absorption multiplying factor for the third time
is the largest one. This is primarily caused by both reduc-
tion of resilience of crosslinking network and dissolution
of polymer on the surface of hydrogel under the condition
of repeated water absorption and water release. The
boundary of hydrogel pore network of the three types of
SAPs possesses fractal characteristics. The number of frac-
tal dimensions is as follows: fractal dimension of HLM <
fractal dimension of AS < fractal dimension of KH. With
the increase of the number of repeated water absorption
and water release, the number of fractal dimensions of
cross-sectional pore boundary reduces, that is, T1 (1.3848)
> T3 (1.2100) > T5 (1.1226). © 2009 Wiley Periodicals, Inc.
J Appl Polym Sci 113: 3510-3519, 2009
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INTRODUCTION

Superabsorbent polymer (SAP) is one new type of
functional macromolecular material widely used in
agriculture, forestry, construction, sanitation, biology,
national defense, medical science, etc., because it can
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absorb a solution of 10-folds to 1000-folds as much as
its own weight.! The characteristics and theory about
its water absorption and water retention have drawn
much attention from many researchers, manufac-
turers, and users. The absorption primarily relies on
the three-dimensional networks of SAP to store abun-
dant free water.>™* Water absorption capacity of SAP
is decided by both extension caused by ionic charge
repulsion of macromolecular electrolyte and expan-
sion resistance caused by crosslinking structure and
hydrogen bond. The internal micromorphology of
SAP directly affects its absorption mechanism and
absorption characteristics.”®

Microtechnique is commonly used in observing
material configuration and physical structure, espe-
cially the electronic microscope technique. The ordi-
nary scanning electronic microscope (SEM) can be
used in observing dry samples of SAP”®; Hydrogel
can be observed by SEM after completion of sample
preparation in tissue desiccator at a temperature of —
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60°C. SEM can also be used for observing dilated
and repeatedly freeze-dried SAP in liquid nitrogen.
Environmental scanning electronic microscope
(ESEM) is convenient for observing water-contained
samples and it can eliminate the problem of sample
transfiguration because of microtherm and refrigera-
tion and it can better reflect the practical structure of
water-contained samples.” Generally speaking, most
observations are limited to observe the superficial
morphology of the macromolecular network struc-
ture of dry gel particles. Much less research is
related to the observation of micromorphology of
hydrogel. No research has been reported in micro-
morphology change after repeated water absorption
and water release and in ionic solution as well as
the influence on characteristics of water absorption
and water retention.

Fractal theory can help people deal with various
irregular geometric shapes and chaotic phenomena
from new perspectives. Fractal theory has become a
powerful tool to explore irregular structures and con-
figurations. Sporadic researches have been reported
on the application of fractal theory in macromolecular
science during recent years.>'® With application of
fractal theory in researches and development of envi-
ronmental scanning microscopes and image analysis
techniques, theoretical analysis methods and technical
measures are provided for describing the internal
structure of SAP hydrogel. Hence, in this work, three
types of widely used SAP are selected for the
research. ESEM and fractal theory are used to test
and analyze characteristics of internal micromorphol-
ogy of dry gel particles, hydrogel after repeated water
absorption and water release as well as hydrogel in
different ionic solutions. This article aims at providing
reference frame for exploring water absorption mech-
anism of SAP and enhancing its property.

MATERIALS AND METHODS
Experimental materials

Three polymer products of KH (sodium polyacry-
late-type), HLM (polyacrylamide-type), and AS
(polyacrylamide-kaliumcerylic  acid-crosslinking-co-
polymer-type) were selected for the experiment. For
KH, “KEHAN 98” Type-C SAP produced by
KEHAN Polymer (Baoding, Hebei Province) was
selected. It is not toxic for crops and it is biodegrad-
able and pH-neutral. Removal of sodium was
applied for it. For HLM, the STOCKOSORB-KL
polymer produced by Beijing HANLIMIAO Com-
pany (Beijing, China) was selected. For AS, the poly-
mer produced by Essen Company, France, was
selected. Figure 1 shows the molecular formula of
the three products. Samples were prepared by solu-
tion aggregation method. The following four size

3511

—HCH;—CHR—
COONa

{a) KH

""*HCHr—?Hmf“'
CONH,

(b) HLM

—HCH:-({H :ln"""(CH:-(f H }W}—
CONH, COOK

(c) AS

Figure 1 Structural formula of the three types of SAP.

category fractions were sieved: less than 1 mm, 1-2
mm, 2-3 mm, and larger than 3 mm. Particle size of
2-3 mm was used for the experiment.

The chemical agents for the experiment were KCl,
NaCl, CaCl,, FeCl;, and FeCl, manufactured by
Beijing Chemical Analysis Company, and the experi-
mental water used was the deionized water manu-
factured by Beijing Quchen Water Plant.

Experimental method

Swelling characteristic curve

Prepare 0.01 mol L™ CaCl,, FeCls, FeCl, solutions and
0.02 mol L™ NaCl and KCl solutions and set deionized
water as contrast. Then, add 1.00 g SAP into solutions
for swelling and filter at time intervals of 1, 3, and 8
min (every 8 min afterward). Filtering method of 100-
mesh was applied."’ Weigh the mass of SAP hydrogel
and obtain water absorption multiplying factors of SAP
at different points of time. Formula (1) shows how to
calculate the multiplying factors of SAP.

S = (Wi — Wa) /Wy (1)

where S denotes the multiplying factor; W, denotes
the mass of SAP hydrogel at the moment of t in
time; W, denotes the mass of dry gel of SAP. The
experiment stops when the relative water absorption
velocity is less than 0.0005 (g g ')/(g g ' min ).
Formula (2) shows how to calculate the relative
water absorption velocity:

Vre = (Wt+1 - Wt)/(At X Wt) ()

where Vg, denotes the relative water absorption ve-
locity and At denotes the time increment.

Then, add the hydrogel into the culture dish of 120
mm in diameter after reaching swelling equilibrium
and place the dish into the oven with a temperature

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 Swelling characteristic curves of the three types
of SAP.

of 60°C. Under constant temperature, heat it until the
mass of hydrogel reduces to 8.00 & 0.50 g. Take it out
timely to prevent destruction of the network struc-
ture. Repeat the process of water absorption, water
release, and water absorption for five times.

Scanning internal micromorphology

Use Hitachi S-3500N  ESEM and FEI Quanta 200
ESEM for observation. Place the Au layer on dry gel
particles of AS and KH and place them on observa-
tion platform of FEI Quanta 200 ESEM. Observe the
process under high-vacuum condition with an accel-
eration voltage of 30 kV. Directly scan the dry gel
particles of HLM on observation platform of Hitachi
S-3500N ESEM with an acceleration voltage of 4.6
kV and vacuum degree of less than 1 Pa. Use a cut-
ting blade to obtain the middle portion of SAP
hydrogel and place it on the observation platform of
Hitachi S-3500N ESEM for quick scanning and ob-
servation. To reduce errors in practical experiment,
five test regions on the surface of each sample were
chosen at random. Five SEM images were obtained
after testing the five regions independently. Because
of the existence of problems of unclear contrast and
polarized light in obtaining images, each image was
transferred into an 8-level grayscale image. Image
processing technique was applied in handling the
contrast and polarized light problems.

Pore network boundary fractal and its dimension

Fractal geometry deals with substantial unsmoothed
and irregular geometric shapes in nature and in non-
linear system and tries to quantitatively describe the
complex shapes, which are hard to be described by
the classical Euclidean geometry. Fractal dimension
quantitatively describes the fractal complexity and it
is a characteristic quantity for describing the fractal.
The island analysis was used to calculate fractal
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dimension of pore cross-sectional boundary of internal
structure of SAP hydrogel. The island analysis is a
method for calculating fractal dimension based on the
measurement relationship. Mandelbrot pointed out'?:

B Lb(e
- Ax(e)

~—

)

ap(e)

where L denotes the pore perimeter; A denotes the
pore area; and D denotes the fractal dimension; € =
n/Ly, where mn denotes the absolute measurement
scale and L, denotes the initial perimeter of the
image; with constant scale of m, ap(e) is a constant
while op(e) is only related to the selected scale and
it is not related to the image size. Take logarithm for
both sides of Formula (3) and obtain the following
equation:

logL(e) = Dlogoap(e) + glogA(e) =C+ glogA(s)
(4)

where C is a constant. Measure the perimeter and
area of each pore on microphotograph of SAP
hydrogel. The fractal dimension D is twice as large
as the slope of the double-log curve between area
and perimeter. Use Image-pro Software to test each
SEM image after completion of binarization process-
ing, and then calculate the area and perimeter of
each pore on each sample surface.

RESULTS AND ANALYSES
Swelling characteristics of SAP

Figure 2 shows the test results of the swelling char-
acteristic curve of HLM, AS, and KH in deionized
water by 100-mesh sieving method. Figure 3 shows
the swelling characteristic curve of HLM in deion-
ized water after five times of repeated water

T A0
o
i A0
A0
ELUVR]
2500
200
1500
IEURN]

A0
T

00
G0 100 200 300 400 %00 600 00 |00 900

Figure 3 Repeated swelling characteristic curves of HLM.
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absorption and water release with notation symbols
of T1-T5. Figure 2 indicates that the multiplying fac-
tor of KH after reaching equilibrium is the largest
(4139 ¢ gfl), the multiplying factor of AS is smaller
(2874 g gfl), and the multiplying factor of HLM is
the smallest (229.2 g gfl). The time for HLM to
reach equilibrium is the shortest (84.0 min), the time
for AS to reach equilibrium is longer (116.0 min),
and the time for KH to reach equilibrium is the lon-
gest (180 min). During the initial phase, water
absorption velocity of KH is the highest while that
of HLM is the lowest. During the middle phase, the
sequence is just on the contrary. Figure 3 indicates
that the swelling multiplying factor of HLM in
deionized water abides by an “inverted U” distribu-
tion. The swelling multiplying factor increases over
the first three tests and then decreases. However, the
swelling multiplying factors for the last four tests
are all larger than that of the first test.

Characteristics of micromorphology of dry gel
particles and hydrogel

Figure 4 shows the scanning results of micromor-
phology of dry gel particles and deionized hydrogel
of the three types of SAP. Figure 4(a) indicates that
the surface of dry gel particles of KH is smooth and
there are relatively large pores on it. Figure 4(b)
indicates that the surface of dry gel particles of
HLM is striated and there are dents among stria-
tions. Figure 4(c) indicates that the surface of dry gel
particles of AS is extremely irregular. There exist
wrinkle phenomena and there is a striation arrange-
ment in some regions. Figure 5(a) indicates that KH
hydrogel possesses the classical alveolate crosslink-
ing network structure. The network framework is
poly(acrylic acid) and there is an extremely asym-
metric distribution of pore sizes. Figure 6 indicates
that the striations of dry gel of HLM disappear. Its
structure is an alveolate crosslinking gridding mem-
brane structure with various shapes and sizes. The
striation structure is expanded into a new structure
because of the repulsion of ionic charges. Figure 5(b)
indicates that the micromorphology of the AS hydro-
gel is similar to that of HLM. However, there are
many fractures of membranes. Its structure is a tran-
sitional one between gridding membrane and net-
work structure.

Figure 6 indicates that there is a strong similarity
among images with different magnifications of 100x
to 400x. Figure 7 shows the correlation relationship
of log A and log L for pore boundaries by applying
the image processing technique. There is a strong
correlation with R* being more than 0.85. The results
of fractal dimension of pore network boundary are
calculated to be 1.3702, 1.3494, and 1.3848, res-
pectively. The error is less than 2.56%. The consis-

3513

{c) AS

Figure 4 Micromorphology of dry gel particles of SAP.

tency is good and there exists a significant scale
invariance. The HLM hydrogel possesses fractal
characteristics. Figure 8 indicates that AS hydrogel
and KH hydrogel also possess fractal characteristics
and the fractal dimensions are 1.5242 and 1.6500,
respectively.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 5 Micromorphology of hydrogel of KH and AS
after swelling in deionized water.

Influence on micromorphology of internal
structure of hydrogel after repeated water
absorption and water release

Figure 9 shows the change in micromorphology of
HLM hydrogel after the third and the fifth water
absorption and water release. Combined with Figure
6(c), it is shown that all membranes in three-dimen-
sional gridding membrane structure are ruptured
and the new structure is a three-dimensional net-
work structure. This indicates that the physical
structure of HLM hydrogel transfers from the gridd-
ing membrane structure to the network structure.
Figure 9 also indicates that water absorption velocity
of HLM for the first time is much lower than veloc-
ities for other times. There is no significant differ-
ence in the water absorption velocities from the
second time to the fifth time. This indicates that the
membrane structure of HLM has been ruptured for
the second water absorption. Figure 10 shows the

Journal of Applied Polymer Science DOI 10.1002/app
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analytical results for fractal characteristics of pore
boundaries on two images. The fractal dimensions
for the third time and the fifth time are 1.2100 and
1.1226, respectively, whereas the fractal dimension
for the first time is 1.3848. From the perspective of
the change in fractal characteristics of hydrogel after

(c) X400

Figure 6 Micromorphology of HLM hydrogel after swel-
ling in deionized water.
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Figure 7 Calculation of fractal dimension of pore bound-
ary of HLM hydrogel.

five times of repeated water absorption and water
release, the fractal dimension of cross-sectional pore
boundary decreases with respect to increase of times
of repeated water absorption and water release.
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Influence of cation on internal structure
of SAP hydrogel

Figure 11 shows the micromorphology of HLM after
its first swelling in cation solutions of Na* and K™.
Figure 12 shows the micromorphology of HLM after
its first swelling in cation solutions of Ca®*, Fe®",
and Fe’'. The images indicate that the alveolate
crosslinking gridding membrane structure and the
fractal characteristics for the hydrogel disappear.
The five cations have different influences on the
micromorphology of hydrogel. There is a clear
“wrinkle” phenomenon on Na® hydrogel interface
[Fig. 11(a)]. There is a clear structural context on K"
hydrogel interface [Fig. 11(b)] while part of the
membrane structure is ruptured and there is a prop-
erty of self-similarity for its internal structure. The
internal membrane structure of Fe’" hydrogel
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Figure 8 Calculation of fractal dimension of pore bound-
ary of AS hydrogel and KH hydrogel.
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Figure 9 Change in micromorphology of SAP hydrogel
after repeated water absorption and water release.

possesses a flocculent distribution [Fig. 12(a)]. There
exists an indented phenomenon for Fe’* hydrogel.

DISCUSSIONS

SAP can quickly absorb substantial water of 10-folds
to 1000-folds as much as its own weight and then it
becomes gelatinous. It has properties of large water
absorption capacity, quick water absorption velocity,
and strong water retention ability and it is nonpoi-
sonous and tasteless. It is widely used in agricultural
gardening, civil construction, food processing, petro-
chemical engineering, sanitary and medical services,
etc."* Tt has vast potential for future development.
The characteristics and mechanism of its water
absorption and water retention have drawn much
attention from many researchers, manufacturers, and
users, which has become the frontier and hot issues
in regions of SAP research.

Journal of Applied Polymer Science DOI 10.1002/app
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The mechanism of water absorption of SAP is
related to its molecular structure. For the mechanism
of water absorption of crosslinking SAP, the ionic
network structure theory is currently an accepted
theory.>® SAP uses its internal three-dimensional
network to store substantial free water. The micro-
morphology of SAP directly affects its water absorp-
tion and water release properties. ESEM method
used in this work confirms that KH hydrogel pos-
sesses a classical alveolate crosslinking network
structure. This result is the same as results obtained
by many other researchers. HLM hydrogel possesses
a three-dimensional gridding membrane structure,
whereas AS hydrogel possesses a transitional struc-
ture between network structure and gridding mem-
brane structure. From this point of view, water
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Figure 10 Calculation of fractal dimension of pore

boundary of hydrogel after repeated water absorption and
water release.
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Figure 11 Micromorphology of HLM after swelling in solutions of monovalent cation.

absorption velocity of KH is larger than that of AS,
and water absorption velocity of AS is larger than
that of HLM. The scanning results of micromorphol-
ogy of dry gel particles of the three types of SAP
indicate that there are pores on the surface of KH
and water molecules that can pass through these
pores to provoke early swelling equilibrium. There
is a striation distribution on the surface of dry gel
particles of HLM, and then water reaches its internal
part by capillarity and the time for swelling equilib-
rium to occur is longer. Substantial theoretical analy-
ses and experimental researches prove that ionic
SAP has higher water absorption multiplying factor
and lower water absorption velocity, whereas non-
ionic SAP has lower water absorption multiplying
factor and higher water absorption velocity. KH is
one type of ionic SAP whereas HLM is one type of
nonionic SAP. The experiment in this article con-
firms that KH has higher water absorption multiply-
ing factor and lower water absorption velocity. The
time for reaching its water absorption equilibrium is
180 min. HLM has lower water absorption multiply-
ing factor and higher water absorption velocity. The
time for reaching its water absorption equilibrium is
84.0 min. The results of swelling characteristic
curves of the three types of SAP are indicated as fol-
lows: during the initial phase, water absorption ve-

locity of KH is the highest whereas that of HLM is
the lowest; for the middle phase, the sequence is just
on the contrary. The primary reason for this phe-
nomenon to occur is that SAP is a high polymer
with various hydrophilic groups and a low cross-
linking degree. During the initial phase, water
absorption occurs by capillarity and diffusion on the
surface of particles. The hydrogel formed prevents
further penetration of water into the internal part of
SAP particles. This process is mainly controlled by
the superficial micromorphology of dry gel particles.
The swelling process is mainly controlled by the
diffusion of crosslinking network of SAP in water
solution. Water absorption by ionic SAP relies on
osmotic pressure, whereas water absorption by non-
ionic SAP relies on the hydrophilic interaction of
hydrophilic groups. Hence, the nonionic SAP has
higher diffusion capacity and water absorption
velocity is larger.

The issue of repeated water absorption and water
release property and its mechanism is important for
the application of SAP in agriculture and gardening.
This work discovers that the swelling multiplying
factor of HLM in deionized water abides by an
“inverted U” distribution. The swelling multiplying
factor increases over the first three tests and then
decreases. Water absorption multiplying factor for

Journal of Applied Polymer Science DOI 10.1002/app
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(b) Fe"

Figure 12 Micromorphology of HLM after swelling in solutions of higher-valent cation.

the third test is the largest one. Water absorption
capacity of SAP is decided by both the extension
caused by ionic charge repulsion of macromolecular
ionic charges and the expansion resistance caused
by crosslinking network. With the increase of num-
ber of times of repeated water absorption and water
release, the elastic modulus of crosslinking network
and its stretch and recovery also reduce. Thus, the
water absorption multiplying factor increases with
respect to the increase of number of times of
repeated water absorption and water release. On the
other hand, there exists a superficial dissolution phe-
nomenon during the swelling process of SAP."> The
molecules on outermost layer of SAP may have been
turned into the gel and may have been scattered
into the solvent. With ESEM, it is discovered that
the physical structure of HLM hydrogel after
repeated water absorption and water release trans-
fers from gridding membrane structure to network
structure. The rupture of membrane structural mat-
ter means that it is easier for network frame to rup-
ture and for SAP to dissolve. With the increase of
number of times of repeated water absorption and
water release, the amount dissolved increases and
the amount of dry matter reduces. In practical oper-

Journal of Applied Polymer Science DOI 10.1002/app

ation, it is hard to calculate the amount dissolved,
and the amount of dry matter is assumed to be the
same as its initial value (commonly 1.0 g), and thus
the calculated water absorption multiplying factor is
lower than its real value. These two kinds of factors
cause the swelling multiplying factor of HLM in
deionized water abiding by an “inverted U”
distribution.

With ESEM, research results of superficial micro-
morphology of SAP hydrogel indicate that hydrogel
possesses a network frame with many pores of
different sizes and shapes and it also possesses
property of self-similarity, fine structure, and fractal
characteristics. The pore cross-sectional boundary,
pore size, and distribution are important characteris-
tic parameters to describe and represent micromor-
phology of pores. The shape of cross-sectional
boundary of pores can describe the regularity prop-
erty of pores. The perimeter of pores with a certain
area can reflect the geometric property of pores. The
longer the perimeter of cross-section of pore, the
larger is the tortuosity of pore boundary, and the
same are the irregularity of geometric shape of pore
and the fractal dimension. With the increase of num-
ber of times of repeated water absorption and water
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release, the stretch and recovery of crosslinking net-
work of SAP reduce. The pore boundary becomes
smoother and smoother, and the resistance to water
flow in pores reduces. Thus, water absorption veloc-
ity, water absorption multiplying factor, and fractal
dimension of pore boundary increase with respect to
the increase of the number of times of repeated
water absorption and water release. The influence of
various cations on the micromorphology of hydrogel
is diverse and the fractal property does not exist.
The introduction of various cations increases the
number of crosslinking points in molecules and
causes the occurrence of entanglement within gel
structure.

Although this work shows the quantitative analy-
sis for micromorphology of SAP with ESEM and
fractal theory, it is still urgent to conduct researches
on nonuniformity, pore sizes, and fractal characteris-
tics at different levels for internal pore structure of
hydrogel.

CONCLUSIONS

Four categories of conclusions have been achieved
based on this research:

1. During the initial phase, water absorption ve-
locity of KH is the highest while that of HLM is
the lowest. This process is mainly controlled by
superficial micromorphology of dry gel par-
ticles. During the middle phase, water absorp-
tion velocity of KLM is the highest while that of
KH is the lowest. This process is mainly con-
trolled by the diffusion of crosslinking network
of SAP in water solution.

2. After removal of ionic water, KH hydrogel pos-
sesses a classical alveolate crosslinking network
structure. HLM hydrogel possesses a crosslink-
ing gridding membrane structure, and AS
hydrogel possesses a transitional one between
gridding membrane and network structure.
Various cation solutions affect the micromor-
phology of hydrogel and both uniqueness and
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diversity prevail. The introduction of various
cations increase the number of crosslinking
points in molecules and causes the occurrence
of entanglement within the gel structure.

3. Under the condition of repeated water absorp-

tion and water release, swelling multiplying
factor of HLM in deionized water abides by an
“inverted U” distribution. Water absorption
multiplying factor for the third test is the larg-
est one. This is primarily caused by both reduc-
tion of resilience of crosslinking network and
dissolution of polymer on the surface of
hydrogel.

4. The network boundary of pores of the three

types of SAP hydrogels possesses fractal charac-
teristics, and fractal dimensions are from 1.35 to
1.65. The fractal dimension of HLM is smaller
than that of AS while that of KH is the largest.
With the increase of number of times of
repeated water absorption and water release,
the fractal dimension of cross-sectional pore
boundary reduces, that is, T1 (1.3848) > T3
(1.2100) > T5 (1.1226).
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