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ABSTRACT: The influence of the ground particle size on
the swelling behavior of a copolymer of AA/AMPS in
water was observed to determine the best size considering
water absorbency in view of fastest and highest equilib-
rium swelling. The copolymer gel, from acrylamide and 2-
acrylamido-2-methyl-propanosulfonic acid and synthesized
in the presence of N,N-methylene-bis-acrylamide, was
obtained by a radical solution technique, and identified by
FTIR spectroscopy. By grinding, various particle diameters
were obtained, and then separated by sieves. Studies of
dynamic and equilibrium swelling in deionized water at
208C showed the influence of the particle size on the

kinetics of swelling and its equilibrium swelling capacity.
A mathematical model for the absorption, including diffu-
sion and relaxation modes, permitted to assess the absorp-
tion mechanism, and offered quantitative information
about water diffusivity in the copolymer. The fastest swel-
ling was obtained with diameters of 22.5–215 lm. Particle
sizes ranging from 67.5 to 355 lm yielded the greatest equi-
librium swelling, with mass ratios of about 1100. � 2007
Wiley Periodicals, Inc. J Appl Polym Sci 107: 3413–3418, 2008

Key words: particle size; swelling; AA/AMPS copolymer;
absorption mechanism

INTRODUCTION

The control of the particle size of a swelling polymer
is relevant regarding its many end uses, namely
pharmaceutical, agricultural, and in other indus-
tries.1,2 In agriculture, the influence of particle sizes
between 0.2 and 0.6 mm has been referred3 to affect
efficiency in the use of fertilizers and herbicides. The
swelling behavior is of great importance in the effi-
ciency of the polymer to capture water, when used
as water retention medium in the soil. If water
absorption is slow, a significant drainage of water
will occur, but if it is rapid, a higher efficiency in
water retention is to be expected. The swelling of an
absorbent polymer depends on various factors,
mainly the particle size, the structure of its network,
and the liquid to be absorbed.4,5 The structure is
influenced by the technique of copolymerization and
by several parameters adjustable during the synthe-
sis, namely: concentration and type of the mono-
mers,6–8 of the crosslinker9,10 and of the initiator,11

reaction time, temperature, and pH.12,13 The tech-
nique of radical solution copolymerization was
selected because of its advantage in avoiding further

purifications. It has been observed that the swelling
depends on the liquid to be absorbed, water in this
study, and the operating conditions (pH of the me-
dium, nature and concentration of salts present in
the liquid).14–16

The objective of this work was, by grinding the co-
polymer synthesized, to find the best particle size to
achieve a rapid swelling, i.e., a large solute-polymer
diffusion coefficient, and a large amount of absorbed
water. To obtain the copolymer gel to be used in the
study, the monomers chosen were acrylamide (AA),
2-acrylamido-2-methyl-propanosulfoinc acid (AMPS)
and bis-acrylamide (BA), with the solution technique
as the method of polymerization. The monomers
were chosen due to the low cost of AA and, for
AMPS, its compatibility with water and high toler-
ance towards divalent cations,17 thereby maintaining
its capacity for propagation. The polymerization
technique was chosen instead of the emulsion tech-
nique, which, although producing more regular par-
ticles, needs a further purifying step. To obtain suita-
ble polymer particles, in the solution technique, the
polymer must then be dried and ground to different
particle sizes, so that the influence of this variable
on the kinetic and equilibrium swelling may be stud-
ied, a range of its values being then considered.

The copolymer gel synthesized, whose structure is
shown in Figure 1, was characterized by FTIR spec-
troscopic structure analysis, specific gravity, and
granulometry. The equilibrium and the dynamic
swelling of the copolymer synthesized were observed
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in deionized water at 208C, at different particle sizes.
It was considered that the final shape of the par-
ticles, which resulted from grinding the copolymer
synthesized, was considered approximately spheri-
cal, an assumption underlying the application of a
suitable mathematical model for the kinetics. The
model adopted to describe the kinetics of swelling of
the copolymer was proposed by Berens and Hopfen-
berg.18 This model considers both Fickian diffusion
and the polymer relaxation, with good fit to data, as
attested in the research of these authors. The de-
pendence of the water diffusion coefficient on the
particle size was then considered on the basis of that
model, permitting to assess the diffusion-relaxation
absorption mechanism and the values of the diffu-
sion coefficients.

EXPERIMENTAL

The synthesis of the copolymers reported was
carried out by radical solution polymerization, and
the copolymers obtained were studied regarding the
particle size and its influence on swelling, both the
equilibrium swelling and the kinetics of the absorp-
tion process.

The monomer AA and the crosslinking agent BA
were supplied from Resiquı́mica, SA (Sintra, Portu-
gal) and the monomer AMPS from Lubrizol Corpo-
ration (Wickliffe, OH), and the free-radical initiator
potassium persulfate was supplied by Merck (Sintra,
Portugal). Aqueous sodium hydroxide for adjust-
ment of the pH of the monomer solution was sup-
plied by Fisher Chemicals (‘‘Garal,’’ Lisbon,
Portugal).

The following aspects are dealt with in this sec-
tion: copolymer synthesis, characterization (FTIR
spectroscopy, specific gravity, and granulometry),
and measurement of equilibrium and kinetics of
swelling.

Copolymer synthesis

The copolymerization of AA was carried out with
cationic monomer AMPS, BA being the crosslinking

monomer. The copolymerization technique used was
free radical solution copolymerization, having been
carried out in aqueous solution at 508C by using po-
tassium persulfate as the free radical initiator. The
copolymerization took place in a reactor equipped
with a stirrer, a reflux condenser, a thermometer, a
dropping funnel, and a gas inlet tube.

In the free radical solution copolymerization tech-
nique adopted, the monomers AA (itself a 50 wt %
solution) and AMPS and BA as the crosslinker were
dissolved in distilled water. The monomers, AA and
AMPS, were in a molar ratio of 30 : 70, and BA in a
molar ratio of 0.5% to the monomers. This aqueous
phase was placed in the reactor at room tempera-
ture, and the pH value of the monomer solution was
adjusted to 10 by drop-wise addition of aqueous so-
dium hydroxide.

A solution of potassium persulfate in distilled
water was prepared. Prior to the injection of this so-
lution, the reaction mixture was deaerated for 3 h.
For this purpose, nitrogen was bubbled into the mix-
ture at a slow rate while permanently stirring, and
the mixture was heated to 508C. The initiator solu-
tion of potassium persulfate was added by the top
of the reactor. The reaction solution was then poly-
merized at 508C, as mentioned, for a further 5 h,
keeping the nitrogen flow. After the reaction comple-
tion, the copolymer was cooled to room temperature
and isolated through precipitation of the product by
mixing the solution with acetone. Finally the copoly-
mer was dried in an oven at 608C. The copolymer
was then reduced to particles by grinding, as
referred to below.

Characterization by FTIR spectroscopy

The copolymer synthesized was characterized by
FTIR spectroscopy to confirm the copolymerization
reaction, and to check the structure of the copoly-
mer. FTIR spectra were recorded from a sample wa-
fer of copolymer with KBr on a Perkin–Elmer 1600
Fourier transform infrared spectrophotometer. FTIR
spectra of the monomers were included in a previ-
ous article19 and the one of the copolymer is shown
in Figure 2. Typical peaks of primary amides,
namely two N��H stretching, C¼¼O stretching, and
N��H deformation, were observed at about 3300,
1700, and 1550 cm21, respectively, which are charac-
teristic.20–22 The asymmetric and symmetric vibra-
tions due to the SO2 group in the sulfonic acid were
also observed at about 1200 and 1000 cm21.23 The
absorption at 3000 cm21 appears to be characteristic
of the stretching mode of OH groups bonded to SO2.
Most noticeable is that the C¼¼C peak at 980 cm21 of
the vinyl monomer is completely absent in the spec-
trum, which confirms evidence of the copolymeriza-
tion of the monomers.

Figure 1 Structure of the repeating unit in the copolymer
synthesized.
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Characterization by specific gravity and texture

The specific gravity of the copolymer was deter-
mined by using a calibrated double-stem pycnome-
ter. The calibration of the pycnometer was done
with distilled water, and the volume of the pycnom-
eter and all the measurements were accurately deter-
mined at 208C 6 0.18C, the pycnometer being
immersed in a controlled water bath.

With the exact volume of the pycnometer, the spe-
cific gravity of the copolymer was determined. Hep-
tane is used as test liquid because the copolymer
under measurement had shown no detectable solu-
bility or swelling when immersed in this liquid. For
the determination of the specific gravity, the copoly-
mer sample was weighed dry and placed in the pyc-
nometer, which was then filled with the test solu-
tion. Upon weighing again, the mass of heptane was
calculated as the difference. As the specific gravity
of the test solution is known, its volume is directly
calculated leading to the volume corresponding to
the dry polymer sample. The specific gravity is thus
estimated as the quotient of the dry mass to the vol-
ume.

To observe texture, in an attempt of a better
understanding of the swelling behavior, a fragment
of the copolymer was taken before grinding and
then viewed by electronic microscope photography,
as shown in Figure 3, the surface presenting a
nonporous, compact aspect.

Characterization by granulometry

As some absorption-related properties of the copoly-
mers depend on the dimension and the superficial
area of the particles they are composed of, a classifi-
cation of the resulting particles according to their

size is needed. For a granulometric analysis, stand-
ard screens were used to classify the copolymer syn-
thesized in different size ranges.

To obtain the copolymer as grains, it was placed
in a small mill for some seconds to crush until it had
a powder appearance. It was then passed through a
sequence of 45–355 lm screens. The screens were, as
usual, arranged serially in a stack, and the material
was loaded at top and than shaken during 15 min.
The mean particle diameter retained by a given
screen is the arithmetic mean of the aperture of the
screen on which the material is retained and the
aperture of the next larger screen (with values 45,
90, 125, 180, 250, and 355 lm, the smallest one being
considered half the first value).

Measurements of the swelling:
Equilibrium and kinetics

Swelling of the copolymer in water was observed,
regarding both the equilibrium swelling and the
kinetics of absorption. The swelling ratio, s, of the
copolymer was measured as ratio of the mass of
absorbed water per unit mass of dry copolymer
[g(w)/g(cop)], i.e., s ¼ mt�m0

m0
, where m0 is the initial

mass (dry copolymer only) and mt is the mass of
wet copolymer, measured at time t. The swelling ra-
tio was measured at time intervals (by the ‘‘tea bag’’
technique), by weighing granules of the copolymer,
till equilibrium was reached. The granules were
swollen in deionized water at 208C.

The procedure used for following the sorption
kinetics experiments was to place weighed samples
of dry copolymer in a glass with an excess of deion-
ized water. The temperature of the penetrating
liquid was controlled to within 0.018C by using a
thermostat unit. Periodically, the copolymer was

Figure 2 FTIR spectrum of the copolymer synthesized.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 3 Electronic microscope photography of the syn-
thesized copolymer AA/AMPS/BA in solution.
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removed from the water and weighed, after the
excess water was removed from the sample. From
the dry and the wet mass values, the water content
was calculated, the swelling ratio being defined as
mentioned above (wet mass divided by dry mass).

The swelling measurements were performed in
triplicate to reduce the experimental error.

RESULTS AND DISCUSSION

From the copolymer characterization, it was con-
cluded that the reaction took place, by the observa-
tion of the FTIR spectrum, as referred. The specific
gravity was 1.3 (with measurements in the range
1.27–1.32), and the copolymer presented a solid as-
pect under observation by electronic microscopy.

To reveal the effect of the particle diameter of the
copolymer on the swelling behavior, swelling experi-
ments were conducted with the AA/AMPS/BA co-
polymer at a temperature of 208C. The swelling
behavior of the copolymers was characterized by
measuring both the kinetics of swelling and the
equilibrium swelling reached, for a sequence of six
diameters.

The equilibrium swelling data are shown in Table
I, with each value being the average of three deter-
minations, with deviations from the average not
exceeding 5% (mostly 2–3%) and standard deviations
in the range 13–16 (or coefficients of variation in the
range 1–2.5%). Among the diameter values used for
the measurements, the swelling ratio was found to
average about 1100 (in the range 1000–1250) g(w)/
g(cop), not including the smallest diameter. This di-
ameter, 22.5 lm, yields a swelling ratio of only 660,
deviating from the other ratios. This is possibly due
to agglomeration, more likely to occur in small par-
ticles, leading to significant diameter heterogeneity
and hindrance to water intake to the absorbent mate-
rial. Besides this smallest particle diameter, the vari-
ation of the surface to volume ratio, expected to
favor smaller particles, did not affect the equilibrium
swelling significantly, in the range of diameters stud-
ied.

The other aspect of the swelling behavior to be
considered here is the kinetics of swelling. A mathe-
matical model selected to explain the absorption
kinetics will be shown later in this article.

In Figure 4, the experimental points and the corre-
sponding curves calculated by the model are shown,

two plots being used for a better visualization, each
with a subset of the diameters tested. The fraction
swelling in water, r, of the copolymer, for these
diameters, is represented versus

ffiffi
t

p
, as usual, with

the advantage of revealing the Fickian behavior, if
prevalent, through the presence of an initial straight
line (usually considered till at least about 50%
swelling). Because of the rapidity of the beginning
of swelling, this initial section cannot be clearly

Figure 4 Fraction swelling in water, r, versus
ffiffi
t

p
(s½),

with varying particle diameters (range 22.5–355 lm, alter-
nately distributed in the two figures): experimental points
(E) and calculated curve (C).

TABLE I
Equilibrium Swellinga of the Copolymer AA/AMPS/BA of Different

Particle Sizes in Water

Particle size (lm) 22.5 67.5 107.5 215.0 302.5 355.0
Equilibrium swelling 660 1000 1200 1250 1200 1100

a Wet mass per dry mass.
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observed experimentally, the conclusions coming
from the model. For the largest particles (in both
graphs), points with r < 0.5 can be observed, these
plots showing a shape nearer to the sigmoid type, as
is characteristic of the predominance of the relaxa-
tion mode of absorption. Observing the water
absorption curves, it is found that the absorption
rate of the copolymer was, as expected, fastest for
the smaller particles, and the swelling reached equi-
librium in a time of about 480 s (

ffiffi
t

p ¼ ffiffiffiffiffiffiffiffi
480

p � 22 in
the plot).

In Figure 5 the joint effect of the two variables, di-
ameter and time, on the swelling ratio is shown. For
all the diameters, the swelling equilibrium is reached
at least at about 480 s; and for a given time, it can be
viewed that for the smaller diameters the greater
swelling ratios are obtained, irrespective of the abso-
lute swelling obtained (Table I).

To verify if there is a significant influence of the
particle size on the swelling kinetics, some diameter
values were tried, particle sphericity being admitted.
This approximation is shown below to be reasonable,
as far as the agreement with experimental data is
concerned. In the interpretation of the absorption
kinetics experiments, the following model, proposed

by Berens and Hopfenberg for the swelling frac-
tion,18 r(t), was chosen, as already mentioned:

rðtÞ ¼ wF

h
1� 6

p2
X‘
n¼1

1

n2
exp

��n2kFt
�i

þ wR

�
1� exp

��kRt
�� ð1Þ

In this equation, t is time along which swelling
takes place, wF and wR (with wF 1 wR 5 1) are the
Fickian and relaxation contributions, and kF and kR
are the rates of diffusion and relaxation, respectively
(with n summation index). In the latter term, only
one term contribution is retained (instead of a possi-
ble weighted sum of contributions).24

From the application of the kinetic model, a good
agreement of the model with the experimental data
was obtained. A plot with the experimental and the
calculated points is given in Figure 4. The data
obtained from the kinetics of swelling of the differ-
ent particle sizes were fitted into eq. (1) to find the
best values of the rates of Fickian diffusion and of
relaxation. These values are shown in Table II. Diffu-
sivity is estimated from its relation to the Fickian
rate of diffusion, kF, through the expression D
5 kFd

2/(4p2), from the underlying diffusion theory.25

The results of the effect of the particle diameter on
the swelling behavior indicate that for the smaller
diameters, till 107.5 lm, the diffusion and relaxation
rates are of the same order of magnitude, or even
similar, kF � kR; and that for the larger diameters,
the diffusion rates become smaller than the relaxa-
tion rates, kF < kR. The two contributions were de-
tectable, but of different weights, and in the larger
particles the greater effect is from relaxation, as seen
from the form of the kinetics curves (Fig. 4). In the
cases described, when the diameter increases, the
diffusion rate kF is smaller (more difficult advance-
ment of the penetrant, water). Some estimated values
of diffusivity are affected by the minute contribution
of the Fickian absorption (Table II). The values of
diffusivity of water in the copolymer particles ap-
proximate 1.E-8 cm2/s, values deriving from the dif-
fusion rate and the particle diameter.

TABLE II
Effect of the Particle Diameter on the Swelling of the Copolymer:

Calculated Constantsa

d, lm 22.5 67.5 107.5 215 302.5 355
wF 0.18 � 0 � 0 0.38 0.03 � 0
wR 0.82 1 1 0.62 0.97 1
kF, (s

21) 1.8E202 2.1E202 1.6E202 5.6E203 3.7E204 9.9E204
kR, (s

21) 1.8E202 1.6E202 1.6E202 1.3E202 8.4E203 5.4E203
D, (cm2/s) 2.3E209 2.4E208 4.6E208 6.1E208 8.6E209 3.2E28

a D ¼ kF
d2

4p2.

Figure 5 Fraction swelling, r, versus time, t (s) and diam-
eter, d (lm).
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CONCLUSIONS

The swelling behavior of a superabsorbent copoly-
mer was investigated for different particle sizes, the
particles being considered approximately spherical.
The particle diameter of the ground superabsorbent
was found to affect the swelling rate and equilib-
rium swelling capacity.

By comparing the equilibrium swelling in the set
of diameters studied, we found that the smallest par-
ticle, sized 22.5 lm, was the least efficient, as the
equilibrium swelling capacity reached was 660 g of
water per gram of copolymer. This capacity was not
substantially affected by the particle diameter for all
the other diameters studied. For the copolymer syn-
thesized, the data obtained indicate that the suitable
diameters for a good swelling capacity are greater
than 67.5 lm, leading to about 1100 g(w)/g(cop).

Measurements of the rate of swelling of the super-
absorbent in water showed rates depending on the
diameters of the particles. The fastest swelling was
attained in particles with a diameter in the range
22.5–215 lm.

A good fit to the kinetics of swelling was obtained
using the Berens–Hopfenberg model. This model can
explain the characteristic curve shapes for absorption
of water in this superabsorbent, in the two basic
absorption modes considered, diffusion and relaxa-
tion. Namely, based on the diameter 215 lm, which
provided the largest swelling ratio, the values of the
diffusion and relaxation rates are kF 5 5.6E–3 s21

and kR 5 1.3E–2 s21, respectively, with a diffusivity
of D 5 6.1E–8 cm2/s. For the remaining diameters,
these parameters vary, having nevertheless values in
the same orders of magnitude.

This study has implied that the particle size is a
parameter to be considered when the swelling of
this kind of polymers is addressed.

NOMENCLATURE

D diffusivity, cm2/s
d particle diameter, cm or lm
kF diffusion rate constant, s21

kR relaxation rate constant, s21

Indices

F index for Fickian diffusion
Mt mass of copolymer (dry or wet), as a func

tion of time, t, g (m0 initially)

R swelling fraction (current swelling ratio, s,
over its final value)

s swelling ratio
t time, s
wF, wR contributions for swelling: F, Fickian, R,

relaxation
R index for relaxation
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