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ABSTRACT: A series of xerogels based on sodium acrylate (SA), sodium 2-acrylamido-
2-methyl propanesulfonate (NaAMPS), and N,N-methylene-bis-acrylamide (NMBA)
are prepared by inverse suspension polymerization. The water absorbency and swelling
behavior for these high absorbent polymers in deionized water and transition salt
solutions are investigated. Experimental results indicated that the absorbency in deion-
ized water increases with an increase of the NaAMPS content in the copolymeric gels,
which is related to the degree of charge density of the network and the strength of
hydrophilic group. The extent of crosslinking agent also influenced the swelling capacity
because of elastic chain force of the polymer chain. The absorbency in chloride salt
solutions decreases with an increase in the ionic strength of salt. But the decrease of
absorbency is different in monovalent and multivalent salt solution. This behavior can
be accounted for in terms of counterion condensation or screening effect for monovalent
cations, as well as complexation for multivalent cations. The swelling rates in various
salt solutions for these xerogels are also investigated. At last, SA-NaAMPS copolymeric
gels were used for ion adsorption. But the result showed that the adsorptive amount
of transition metal ions for SA-NaAMPS copolymeric gels was lower than that for pure

poly(SA) gel. © 1998 John Wiley & Sons, Inc. J Appl Polym Sci 69: 229-237, 1998

Key words: superabsorbent polymeric material; swelling behavior; sodium acrylate;
sodium 2-acrylamido-2-methylpropanesulfonate copolymeric gels

INTRODUCTION

Superabsorbents can absorb a large amount of
water, and the absorbed water is hardly remov-
able even under some pressure. Superabsorbent
materials are valuable in various products such
as disposable diapers, feminine napkins, soil for
agriculture, and horticulture, gel actuators, wa-
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ter-blocking tapes, drug delivery systems, and ab-
sorbent pads etc.!~® In such applications, water
absorbency and water retention are essential.
Some authors modified these absorbent polymers
to enhance their absorbency, gel strength, and ab-
sorption rate.?~23

The mechanism of absorption of water by hy-
drophilic polymers was explained in a nonionic
network or ionic network structure by Flory.?*
Ogawa et al. studied the kinetics of the swelling
of poly(sodium acrylate) with VIR system, calo-
rimeter, and gravimetry techniques.?

The swelling behavior for a series of various
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superabsorbent materials in water or saline
solutions have been reported in previous stud-
ies, such as poly(sodium acrylate-hydroxyethyl
methacrylate), poly(SA-HEMA)?¢, poly[SA-
3,3-dimethyl (methacryloyloxyethyl) ammonium
propane sulfonate], poly(SA-DMAPS)?’, poly-
(SA)?8, and poly[SA-3,3-dimethyl (acrylamido-
propyl) ammonium propane sulfonate], poly-
(SA-DMAAPS).? The results, for example, for
SA-HEMA xerogels showed that the water ab-
sorbency was reduced by introducing nonionic
monomer HEMA content, and also showed that
gel deswelling behavior occurred for divalent and
trivalent chloride salt solutions.

Liu et al. studied the swelling equilibria of hy-
drogels with ionizable monomer 2-acrylamido-2-
methylpropane sulfonic acid (AMPS) and di-
methylacrylamide in water and in aqueous salt
solutions.?® Their results showed that the swell-
ing capacity increases with increased charge den-
sity inside the gel and decreases with increasing
salt concentration. Fanta et al. studied the graft
copolymerization of AMPS onto starch to en-
hance the water absorbency.?!

A series of crosslinked poly(SA-sodium 2-
acrylamido-2-methyl propanesulfonate), poly-
(SA-NaAMPS), is prepared by inverse suspension
polymerization in this article. The swelling behav-
iors for these xerogels in water and saline solution
are also investigated.

EXPERIMENTAL

Materials

The materials used were purchased from Tokyo
Kasei Industries Ltd. including acrylic acid
(AA), 2-acrylamido-2-methyl propanesulfonic
acid (AMPS), sodium hydroxide and N,N’-
methylene-bis-acrylamide (NMBA). Sodium hy-
droxide, AMPS, and NMBA were used directly, and
AA was distilled under reduced pressure before
used. 4,4-Azo-bis(4-cyanovaleric acid) (ACVA) as
an initiator and sorbitan monostearate (Span60) as
an inverse suspension stabilizer were also pur-
chased from Tokyo Kasei Industries Ltd. Methanol
and cyclohexane were of reagent analytical grade.

Preparation of SA Monomer Solution

SA monomer was prepared as previously re-
ported.?

Neutralization of AMPS Monomer Solution
(NaAMPS)

NaAMPS monomer solution was prepared by add-
ing AMPS powder into sodium hydroxide solution.
The molar ratio of sodium hydroxide to AMPS was
1:1 to approach complete neutralization.

Inverse Suspension Polymerization

A 300-mL four-neck separable flask equipped
with reflux condenser, stirring rod, and thermom-
eter was charged with 60 mL of cyclohexane and
a 0.15 g sorbitan monostearate. The mixture was
stirred until the sorbitan monostearate was dis-
solved (continuous phase).

The crosslinking agent, NMBA, and NaAMPS
monomer solution were introduced into SA mono-
mer solution and the mixture was stirred until the
NMBA was dissolved completely. The monomer
solution and a 0.15 g initiator, ACVA, (dispersion
phase) were added to the reactor. Air was flashed
from the reactor by introducing nitrogen until the
entire process was completed. The stirrer speed
was 250 rpm. The polymerization was carried out
at 70°C for 4 h. After the reaction, the suspension
solution was cooled and then precipitated by 800
mL of cold methanol. The product was filtered and
washed several times with a mixture of water and
methanol (1:9, by volume). The product was then
dried in a vacuum oven at 120°C for 1 day. A white
powdered polymer was obtained, and the yield
was > 95%. The compositions of materials used
are listed in Table I.

Measurement of Water Absorbency

The samples were dried before any tests were per-
formed. All samples had a particle size in the
range of 60—100 mesh.

Saturated Absorbency

The sample (50 mg) was immersed in an excess
of deionized water or 0.9 wt % NaCl(aq) for at
least 8 h to reach swelling equilibrium at room
temperature. The residual water was removed by
suction filtration with an aspirator (250 mmHg)
for 5 min. The gel was weighed and the equilib-
rium absorbency, Q.,, was calculated by the fol-
lowing equation:
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Sample SA Yield Water
No. 3) NaAMPS (g) NMBA (g) (%) Soluble (%)
AP1 20 0 0.07 (2.14 x 107%) 95.7 5
AP2 19.95 0.11 (2.5 x107%) 0.07 (2.14 x 107%) 97.2 3
AP3 19.85 0.331 (7.51 x 107%) 0.07 (2.14 x 1073) 98.1 4
AP4 19.7 0.661 (1.5 x 1072 0.07 (2.14 x 107%) 99.2 3
AP5 19.55 0.992 (2.25 x 1072) 0.07 (2.14 x 107%) 97.6 7
AP6 19.4 1.324 (3.01 x 1072 0.07 (2.14 x 107%) 99.4 5
AP7 19.4 1.324 (3.01 X 1072 0.05 (1.53 x 107%) 98.3 4
AP8 194 1.324 (3.01 x 1072 0.10 (3.06 x 107%) 99.3 3
AP9 19.4 1.324 (3.01 x 1072 0.14 (4.29 x 107%) 96.8 4
AP10 19.4 1.324 (3.01 X 1072 0.21 (6.43 x 107?) 98.7 2

Parentheses denote the molar ratio of each monomer to total monomer.

The total weight of water is 60 g. ACVA, 0.1 g; Span60, 0.15 g.

_ wt of swollen gel — wt of dried sample

Qeq_ (1)

wt of dried sample

Kinetics of Swelling (Absorption Rate)

A technique based on DW (Demand Wettability)
method was adopted. The technique was de-
scribed in our previous report.?®

Absorbency in Various Saline Solutions

Fifty milligrams of dried samples were immersed
in an excess of various saline solutions with dif-
ferent concentrations [NaCl(aq), CaCly(aq),
FeCls;(aq), CuCl,(aq), CoCly(aq), NiCly(aq)]
and remained there for at least 8 h. The sample
was filtered with suction and weighed.

Adsorption of Transition lons

A dried sample (50, 100, 200 mg) was put in a
beaker, and CuCl,, CoCl,, and NiCl, solutions of
various concentrations were introduced. After the
equilibrium was reached, the sample was filtered
with suction and the volume of residue water was
recorded. The concentration of metal ions was de-
termined by Jasco UVIDE-5 spectrophotometer.
The adsorption amount was calculated from the
relationship.

_ CiVi - CRVR

AD
D

where AD is the adsorptive moles of transition
ions per gram sample, C; is the initial concentra-

tion of transition ions, V; is the initial volume
of solution containing transition ions, Cy is the
residue concentration of transition ions, Vy is the
residue volume of the solution containing transi-
tion ions, and D is the weight of the dried sample.

RESULTS AND DISCUSSION

Effect of NaAMPS Content on Saturated
Absorbency

The effect of NaAMPS content in the copolymeric
gel on the water absorbency in deionized water or
0.9 wt % NaCl solution measured by the suction
method is shown in Figure 1. This figure indicates

1000.0 100.0

0.9 wt% NaCl

Absorbency, g H20/g sample
aidwes B;0zH b 'Aouaqiosqy

0.0 1 . I . I 0.0
0.0 10.0 200 30.0
Molar ratio of NaAMPSx10°
Figure 1l Effect of NaAMPS content on absorbency in
deionized water and 0.9 wt % NaCl solution.
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Figure 2 Effect of the extent of crosslinking agent on
absorbency in deionized water.

that the water absorbency in deionized water is
increased from 200 to 880 g water/g dry sample
as the molar ratio of NaAMPS in the system is
increased from 0 to 30 X 10 ?. The result shows
that the water absorbency is increased with in-
creasing NaAMPS content, and that the water ab-
sorbency of the copolymeric gel is much larger
than that of poly(SA) in the experimental ranges.
Water absorbency is improved by copolymerizing
SA with only a small amount anionic monomer
(NaAMPS). This describes that the sulfonate
group in the copolymeric gel is more hydrophilic
than the carboxyl group in the polymeric gel. The
absorbency in 0.9 wt % NaCl(aq) is smaller than
that in deionized water (also see Fig. 1 ). This
result is primarily due to the decrease in the os-
motic pressure (ionic pressure) difference be-
tween copolymeric gel and external solution at
high ionic strength. This behavior is different
from the swelling behavior of crosslinked poly
(SA-sulfobetaine)s reported in our previous arti-
cles.”

Considering the effect of the extent of crosslink-
ing agent on the water absorbency (AP6—-AP10),
the gel absorbency conforms to the expected re-
sult, that is, the higher the extent of the crosslink-
ing agent, the lower the water absorbency (Fig.
2). The copolymeric gel containing 2.73 X 102
molar ratio of NaAMPS exhibits an absorbency of
880 g water/g sample when the NMBA molar ra-
tiois 1.53 X 102 (AP7), but the water absorbency
decreases to 95 g water/g sample when the NMBA

molar ratio increases to 6.43 x 10 2 (AP10). This
result obeys the Flory theory, which indicated
that the elastic chain force of the gel network is
only negative effect on water absorbency.?* Hence,
the more the extent of NMBA, the higher the
crosslinking density of the gel, and the higher the
elastic chain force and the lower the water absor-
bency.

Swelling Kinetics

The swelling kinetics of spherical polyacrylamide
absorbents described in the model by Tanaka and
Fillmore®* was generalized by Candau et al.,*
who considered a single isolated gel sphere partly
swollen and put in an excess of solvent. There is
an osmotic pressure difference, and the gel swells
to reach a new equilibrium volume. The swelling
behavior of the absorbent was explained by water
penetrating into the polymeric network. Ac-
cording to Buchholz, swelling kinetics for the ab-
sorbent is significantly influenced by factors such
as swelling capacity, size distribution of powder
particles, specific surface area, and apparent den-
sity of the polymer.'° Figure 3 shows the swelling
kinetics for AP10 in water and in various saline
solutions and shows that equilibrium water ca-
pacity for AP10 in various salt solutions increases
in the order H;ONaClMgCl,CuCl,CaCl,SrCl,.
The result obeys Flory’s swelling theory for poly-
meric gels in salt solutions and conforms to our
previous results.?*"* Hence, the equilibrium
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Figure 3 Absorptive rate in deionized water by DW
method.
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Table II Absorption Characteristics for SA-NaAMPS (AP10) Copolymeric

Gel in Water and Various Salt Solutions

Initial Absorption Rate

(g/min)

Solution 30 (s) 1-3 (min) treq*® (min) Qeq (gH,0/g)
H,0O 22.4 38 4.0 124.3
NaCl 13.8 22 7.0 91.3
CaCl, 17.2 21 7.0 77.7
CuCl, 19.4 24 3.5 81.9
MgCl, 18 25 5.0 88.8
SrCl, 16 22 4.0 77

*treq, time required to approach equilibrium.

The ionic strength of the salt solution is 0.0025 M.

swelling tendency for this gel is not affected by
the content of NaAMPS incorporated into the pol-
y(SA) gel in these salt solutions. The initial ab-
sorption rate for this gel in water at the 30-s pe-
riod is faster than in salt solutions (see Table II).
This phenomenon reveals that the initial swelling
process is primarily due to the water penetrating
into the polymeric gel through capillarity and dif-
fusion. At this 30-s period, the absorption rate
for the gel in NaCl solution is lower than that
in divalent cationic salt solutions. This may be
attributed to the common ion effect (Na*) be-
tween the polymeric gel and external salt solu-
tion. However, the absorption rate at the period
of 1-3 min is faster in water than that in various
salt solutions. This result indicates that the swell-
ing process in this period is due to the reduction
of osmotic pressure difference between polymeric
gel and external solution, ion exchange, and com-
plexibity (for divalent cationic salt solutions). The
time required for equilibrium absorption (¢,,) is
only 3.5 min in CuCl; solution, but 4 min in water.
The t,., value, thus, depends not only on swelling
absorption rate but also on the equilibrium swell-
ing capacity.

According to Yao and Zhou,* the swelling rate
can be described by the following equation:

~log(Q., — @) = K/2.303T

where @., is equilibrium absorbency, @ is the
characteristic absorbency, K is the swelling ki-
netic constant, and 7 is the characteristic swelling
time. From eq. (2), the characteristic swelling

time is defined at @ = 0.632 Q,,. Table III pres-
ents the influence of sample AP10 in various sa-
line solutions on the characteristic swelling time
(T), on the swelling kinetic constant (K), and on
the swelling capacity (@ ). The table reveals T was
decreased with the increasing of the K value, and
the swelling kinetic constant (K) is largest in
CuCl, salt solution.

Effect of Salt Solution on Water Absorbency

The swelling behavior of absorbents is signifi-
cantly affected by the factors of external solution,
such as their charge valences and salt concentra-
tions. The effect of salt solutions of various con-
centrations on the water absorbency for a series
of SA—-NaAMPS copolymeric gels is investigated
in this section. Figures 4, 5, and 6 show the absor-

Table IIT Influence of AP10 in Water and
Various Salt Solutions on Swelling
Characteristic Time (T), Swelling Kinetic
Constants (K), and Swelling (@)

AP10
Solution T (min) K (min™) Q* (gH,0/g)
H,0 4.32 0.886 78.6
NaCl 7.79 0.451 57.7
CaCl, 5.53 0.606 49.1
CuCl, 3.23 1.053 51.8
MgCl, 5.05 0.690 56.1
SrCl, 4.00 0.836 48.7
*Q = 0.632 Q..
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Figure 4 Water absorbency of poly(SA-NaAMPS)
gels in NaCl aqueous solutions with various ionic
strengths.

bency of a series of SA—NaAMPS copolymeric ab-
sorbents as a function of ionic strength in NaCl,
CaCl,, and FeCl; solution, respectively. These
figures show that absorbency in various salt solu-
tions decreases with increasing ionic strength of
salt solution for copolymeric gels (AP1-AP6).
Figures 5 and 6 show water absorbency vs. ionic
strength of multivalent cation salt solution. Ab-
sorbency for these gels does not change signifi-
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Figure 5 Water absorbency of poly(SA-NaAMPS)
gels in CaCl, aqueous solutions with various ionic
strengths.
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Figure 6 Water absorbency of poly(SA-NaAMPS)
gels in FeCl; aqueous solutions with various ionic
strengths.

cantly when polymers were immersed into dilute
salt solution (<10 *M). However, the absorbenc-
ies converge to zero when those gels were im-
mersed into concentrated salt solution (0.01M).
The Figures also show that the curve for decreas-
ing water absorbency for monovalent cation salt
solution (Fig. 4) is flatter than curves for divalent
(Fig. 5) and trivalent (Fig. 6) cation salt solu-
tions. For monovalent cation salt solution, the de-
crease in absorbency could be explained by the
osmotic pressure difference between the poly-
meric network and external solution. But for
multivalent cations, it can be described by com-
plexation.?’~2°

Figure 7 shows the result of immersing xerogel
(AP4) in various salt solutions, i.e., NaCl, CaCl,,
and FeCl;, with various ionic strengths. The re-
sults demonstrate the tendency to be in various
orders in different ranges of varying ionic
strengths. The result shown in Figure 7 demon-
strate that the water absorbency for AP4 has the
tendency at various ranges of ionic strength, i.e.,
Fe?* > Ca®" > Na™, and Na* > Ca?" > Fe®" in
the ionic strength of 3 X 102M, and 3 X 10*M
to 1M, respectively. Similar results were also ob-
served from our previous report® and conformed
to the formation constant of complexation. The
results also show that the absorbencies of the
polymeric gels sharply decrease in the range of
the ionic strength from 5 x 10* to 0.01M for
the multivalent salt solution. We also found the
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Figure 7 Water absorbency of sample AP4 in NaCl,
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phenomenon that the absorbent swelled firstly
and then deswelled during the xerogels were im-
mersed into high concentration multivalent cat-
ion salt solution. This phenomenon corresponds
to the fact that the swelling step is the water pene-
trating into the network first by osmotic pressure
difference, and the deswelling step is related to
the exchange of cations. The dried sample that
had once been immersed in high-concentration
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Figure 8 Water absorbency of sample AP5 in CuCls,,
CoCl,, and NiCl; aqueous solutions with various ionic
strengths.
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Figure 9 Adsorptive amount of Cu?* ion in various
CuCl, concentrations.

multivalent cation solutions will be never re-
swelled in water again. This occurrence can be
attributed to the increase of crosslinking density
arising from the complexation of the multivalent
cations with carboxylate groups. The above be-
havior was also observed in our previous reports
(SA-HEMA system).?6-28

Castel et al.’® reported that calcium ion can
decrease the swelling value for a hydrolyzed
starch graft polyacrylonitrile, due to the complex-
ing ability of the carboxylated group inducing in-
termolecular and intramolecular complex forma-
tion. In our previous study,?® it was found that
water absorbency for poly(SA) in CoCly, CuCl,,
and NiCl, aqueous solution was in the order Co**
= Ni?* = Cu®* and Co?" > Ni?* > Cu?®" in the
ionic strength of 6.25 X 10 *M and 6.25 x 10*
t02.0 X 10 2M, respectively. This result conforms
to the formation constant of complexation pre-
sented in a previous report.?® To understand
whether the NaAMPS component influences the
complexing ability of poly (SA) in transition metal
solutions, the gel AP5 was respectively immersed
into these three salt solutions. The results shown
in Figure 8 indicate that the absorbency rapidly
decreases from 400, 420, and 440 g H,O/g sample
to 0, 0, and 20 g H,O/g sample for AP5 gel in
CuCl;, CoCl,, and NiCl, at ionic strengths of 3.0
x 107* and 2 X 1072, respectively. The results
also show that absorbencies are in the order Ni®*
> Co?" > Cu?* for NiCl,, CoCl,, and NiCl,, re-
spectively. This result differs from poly(SA) gel
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Figure 10 Adsorptive amount of Cu?", Co?*, and
Ni%* jons in various CuCl,, CoCl,, and NiCl, concentra-
tions.

in the order of CoCl, and NiCl, solution. This dif-
ference may result from the sulfonate group intro-
duced into the gel. Hence, the complexing ability
of corboxylate group with transition metal ions
could be affected by the sulfonate group.

Adsorption of Transition Metal lons

Figure 9 shows the adsorbed amount of Cu?®* ion
for pure poly(SA) gel (AP1) and SA-NaAMPS co-
polymeric gels (AP4 and AP6) in various concen-
trations of CuCl,. It is well known that the ad-
sorption occurs at the carboxylate group for pol-
y(SA); the SA-NaAMPS copolymeric gels can be
used to access ion adsorption ability when
NaAMPS component was added to SA gel. This
figure demonstrates that a larger amount of Cu**
ion can be adsorbed by pure poly(SA) than SA—
NaAMPS copolymeric gels (AP4 and AP6). The
adsorptive amount of Cu?* ion was increased with
the initial concentration of aqueous solution.
The amount of transition metal ions absorbed
was compared in various concentrations of CuCl,,
CoCl;, and NiCl, solutions, respectively. The re-
sults shown in Figure 10 shows that the adsorp-
tive amount of transition metal ions was in the
order Cu®* > Co?" > Ni?". The result shown in
Figure 10 conforms to that shown in Figure 8.

CONCLUSION

The swelling behavior of these absorbent is re-
lated to their structure, their chemical composi-

tion, and the nature of external solutions. The
water absorbency of poly(SA) series in deionized
water or in 0.9 wt % NaCl solution would be effec-
tively improved by copolymerizing SA with a
small amount of anionic monomer NaAMPS. The
absorption rate is effectively dependent on the ex-
ternal solutions and the tendency is in the order
of H,O > divalent salt solutions > monovalent
salt solution. The absorbency of poly(SA-
NaAMPS) in multivalent saline solution strongly
decreases in comparison with that in the monova-
lent saline solution. The deswelling behavior can
be attributed to the complexation of multivalent
cations with the carboxylate group on the poly-
meric chain.
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