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ABSTRACT: A series of xerogels based on sodium acrylate (SA), N ,N-dimethyl(acrylam-
idopropyl) ammonium propane sulfonate (DMAAPS), and N ,N *-methylene bisacry-
lamide (NMBA) were prepared by inverse suspension polymerization. The water absor-
bency or swelling behavior for these xerogels in water or various saline solutions was
investigated. Results obtained from this study revealed a water absorbency of 721 g
H2O/g sample in deionized water and 83 g H2O/g sample in 0.9 wt % NaCl solution
for a gel containing a 1.50 1 1002 molar fraction of DMAAPS. The absorbency in the
chloride salt solutions decreased with an increase in the ionic strength of the salt. For
the same ionic strength of various salt solutions, the swelling amount had the following
tendency: Co2/ ú Ni2/ ú Cu2/ for the higher ionic strength of 2.44 1 1005–1.8 1 1002

M . The Co2/ , Ni2/ , and Cu2/ solutions induce approximately the same degree of swell-
ing at the lower ionic strength ofõ2.441 1005 M . The pH effect on the water absorbency
for these xerogels was also investigated. q 1997 John Wiley & Sons, Inc. J Appl Polym Sci
66: 499–507, 1997

Key words: superabsorbent; sodium acrylate; N,N-dimethyl(acrylamidopropyl) am-
monium propane sulfonate; water absorbency; xerogel

INTRODUCTION bency or water retention is important.1–8 Modifi-
cation of these absorbent polymers was carried
out by some researchers to enhance their absor-Superabsorbents can absorb a large amount of
bency, gel strength, and absorption rate.9–23water compared with general water absorbing

Gross reported that xerogellents are an ex-materials in which the absorbed water is hardly
tention of water-soluble polymer technology.removable even under some pressure. Because of
There are five types of hydrophilic polymers: am-their excellent characteristics, superabsorbents
pholytic, anionic, cationic, nonionic, and zwitter-are widely used in many applications (such as
ionic. The polyampholytes and zwitterionic poly-disposable diapers, feminine napkins, soil for
mers have the potential to swell more in salt solu-agriculture and horticulture, gel actuators, water-
tions than in pure water.24 The mechanism ofblocking tapes, medicine for the drug delivery sys-
water absorption for hydrophilic polymers was ex-tem, and absorbent pads) in which water absor-
plained in nonionic network or ionic network
structure by Flory.25 Ogawa et al. studied the ki-

Correspondence to: W.-F. Lee. netics of the swelling of poly(sodium acrylate) by
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sion-Recorder system, calorimetry, and gravime-Journal of Applied Polymer Science, Vol. 66, 499–507 (1997)
q 1997 John Wiley & Sons, Inc. CCC 0021-8995/97/030499-09 try techniques.26
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The swelling behaviors of two series of cross- hydroxide, propane sultone, and NMBA were used
directly, and the other materials were distilledlinked poly(sodium acrylate-co-hydroxyethyl meth-

acrylate), poly(SA-HEMA), and poly[sodium co-di- under reduced pressure before use.
4,4 *-Azobis(4-cyanovaleric acid) (ACVA) as anmethyl(methacryloyloxyethyl) ammonium propane

sulfonate], poly(SA-DMAPS), absorbents were re- initiator and sorbitan monostearate (Span 60) as
an inverse suspension stabilizer were also pur-ported in our previous articles.27,28 The results for

poly(SA-HEMA) showed that the gel exhibited a chased from Tokyo Kasei Industries, Ltd. Acetone
was directly distilled and dried over anhydrousdeswelling behavior in divalent and trivalent chlo-

ride salt solutions, and the swelling amount had a calcium chloride. Methanol and cyclohexane were
of the analytical grade. Deionized water was usedtendency as follows: LiCl Å NaCl Å KCl; CaCl2

õ SrCl2õBaCl2; and Fe3/ ú Ca2/ ú Zn2/ ú Cu2/ . in the polymerization system.
But the results for poly(SA-DMAPS) showed that
the water absorbency exhibited values of 1435 g

Preparation of Sodium Acrylate (SA)H2O/g sample and 96 g H2O/g sample in deionized
Monomer Solutionwater and 0.9 wt % NaCl solution, respectively. A

gel containing a 1.88 1 1003 molar ratio of N,N*- The SA monomer was prepared as previously re-
methylene bisacrylamide (NMBA) was used in the ported.27

polymerization, and the swelling amount in the
presence of various salt solutions had following ten-

Synthesis of DMAAPSdency: Na/ ú Fe/3 ú Al/3 ú Ca/2 for the higher
ionic strength of 5 1 1003–2 1 1002M and Na/ The monomer DMAAPS was prepared as de-ú Fe/3 ú Ca/2 ú Al/3 for the lower ionic strength scribed previously.38 Its yield was 91.23%, and its
of õ2 1 1004M. These orders, which are related to melting point was 1057C. The structure of
the complexing ability of metallic cation and carbox- DMAAPS as follows:
ylate group in the polymeric chains, were confirmed.

The superabsorbent polymers containing zwit-
terionic monomer or sulfobetaine monomer are not
found in the literature, though some ampholytic
monomers and cationic monomers containing absor-
bent polymers were studied.29–35 A series of sulfobe-

CONHCH¤CH¤CH¤N!CH¤CH¤CH¤SO@‹

CH¤®CH CH‹

CH‹
taine monomers and corresponding cationic mono-
mers, as well as were prepared, and the solution
behavior of these polymers in the aqueous salt solu-
tions was investigated in our laboratory.36–40 Thus, Inverse Suspension Polymerization
a series of crosslinked poly[sodium acrylate(SA)-
co-N,N*-dimethyl(acrylamidopropyl) ammonium A 300-ml four-neck separable flask equipped with

a reflux condenser, a stirring rod, and a thermom-propane sulfonate (DMAAPS)] xerogels were pre-
pared by inverse suspension polymerization, and eter was charged with 60 ml cyclohexane and 0.15

g sorbitan monostearate. The mixture was stirredthe swelling behaviors of these xerogellants at vari-
ous ratios of DMAAPS/SA in aqueous salt solutions until the sorbitan monostearate was dissolved

(continuous phase).were investigated and are compared in this article
with the swelling behaviors of poly(SA-DMAPS) The appropriate amounts of the DMAAPS

monomer and the crosslinking agent NMBA (0.07gels.
g, wt % based on total monomer) were introduced
into the SA monomer solution, and the mixture
was stirred until the NMBA was dissolved com-EXPERIMENTAL
pletely. The monomer solution and 0.02 g initiator
(ACVA, dispersion phase) were introduced intoMaterials
the reactor. Air was flushed from the reactor by
adding nitrogen until the entire process was com-The materials used in this study were purchased

from Tokyo Kasei Industries, Ltd., including pleted. The stirrer speed was maintained at 250
rpm. The polymerization was set at 707C for 4 h.acrylic acid (AA), dimethylaminopropylacrylam-

ide, sodium hydroxide, propane sultone, and After the reaction, the suspension solution was
cooled and then precipitated by 800 ml cold meth-N ,N *-methylene bisacrylamide (NMBA). Sodium
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anol under stirring. The product was filtered and Effect of DMAAPS Content on
Saturated Absorbencywashed several times by the mixture of water and

methanol (1 : 9 in volume). The product was then
The swelling behavior of the absorbents dependsdried in a vacuum oven at 1207C for 1 day. The
on the nature of the polymer and the characteris-white powdered polymer was obtained, and the
tics of the external solution. The polymer’s natureyield was 94–98%.
involves several parameters such as the charge,
ionic content, and crosslinking density. The char-

Measurement of Water Absorbency acteristics of the external salt solution include the
charge number and the ionic strength.

The samples were dried in a vacuum oven at 607C Buchanan et al.41 have plotted the water reten-
for 1 day before any tests. All of the samples were tion of polyacrylate networks as a function of the
used with a particle size in the range of 60–100 degree of neutralization, and a swelling maximum
mesh. The saturated or equilibrium absorbency, was also observed. It was suggested that the chain
Qeq , measured by the suction filtration method or expanded to such an extent that the distance be-
tea bag method has been described elsewhere.27,28

tween neighboring charges increased owing to re-
pulsion effects between the charges.

The effect of the DMAAPS content in the copol-
Swelling Behaviors in Various Salt ymeric gel on the water absorbency measured by
Solution Concentrations the suction and tea bag methods is shown in Fig-

ure 1. The results show that the water absorbencyFifty milligrams of dried samples were immersed
increases with the molar fraction of DMAAPS.in an excess of various saline solutions with differ-
The maximum value appears at the molar fractionent concentrations (LiCl(aq) , NaCl(aq) , KCl(aq) ,
of 1.50 1 1002 , and the water absorbency of theMgCl2(aq) , CaCl2(aq) , SrCl2(aq) , BaCl2(aq) , FeCl3(aq) ,
copolymeric gel is larger than poly(SA) (sampleCoCl2(aq) , NiCl2(aq) , and CuCl2(aq) ) and remained
DM0) in the experimental ranges. This occur-there for at least 8 h. The samples were filtered
rence implies that the water absorbency is ef-with suction and weighed.
ficiently improved, thereby copolymerizing SA
with some amount of zwitterionic monomer
(DMAAPS). Similar behavior was also observedEffect of Various pH Solutions
in SA-co-DMAPS copolymeric gel systems,28 buton Water Absorbency
the maximum water absorbency for poly(SA-

The effect of various pH solutions on water absor- DMAPS) gel appeared at a 1.88 1 1003 molar
bency was determined in the same way the water ratio of DMAPS in the copolymeric gel. This molar
absorbency was measured in various saline solu- ratio of DMAPS in the copolymeric gel is lower
tions. The pH values of the external solution were than that of DMAAPS in the presented copoly-
adjusted by adding HCl solution or NaOH solu- meric (SA-DMAAPS) gel. This occurrence obvi-
tion in water. ously indicates that the DMAPS component ef-

fects a more pronounced improvement in the wa-
ter absorbency for this series of gels. The water
absorbency shown in Figure 1 exhibits a maxi-RESULTS AND DISCUSSION
mum value at 1.5 1 1002 molar fraction of
DMAAPS for the said copolymeric gel series. TheCharacterization of SA–DMAAPS
reason for this phenomenon was explained in ourCopolymeric Gels
previous report.28

A comparison of the suction filtration and tea-The elemental analysis was performed to deter-
bag methods reveals an extreme difference inmine the content of sulfur in the SA–DMAAPS
their absorbencies (Fig. 1). This occurs becausecopolymeric gels. The data shown in Table I imply
the absorbed water tends to accumulate in thethat the actual compositions conform to the feed
interstices of particles when the tea bag method iscompositions. Table I also shows that the percent-
adopted, but water is lost when suction filtrationages of water solubles of the said copolymeric gel
(corresponding to gel bearing force) is used.27range from 4 to 7 and that the saturated absorben-

Figure 2 shows the water absorbency in 0.9 wtcies increase with additions to the sulfur content
in the copolymeric gels. % NaCl(aq) as a function of DMAAPS content for
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Table I Characterization of SA-DMAAPS Copolymer Gels

Abosrbency
Feed Composition Elemental Analysis of Sulfur (g H2O/g sample) Water

Sample Solubles
No. SA (g) NMBA (g) DMAAPS (g) Calculation (%) Found (%) Tea Bag Method (%)

DM0 19.911 0.07 0 — — 386 4
DM1 19.874 0.07 0.111 (1.88 1 1003 M ) 0.06 0.01 460 5
DM2 19.836 0.07 0.221 (3.75 1 1003 M ) 0.12 0.12 523 7
DM3 19.761 0.07 0.444 (7.51 1 1003 M ) 0.25 0.20 580 5
DM4 19.612 0.07 0.886 (15.0 1 1003 M ) 0.49 0.45 721 7
DM5 19.462 0.07 1.329 (22.5 1 1003 M ) 0.73 0.72 650 7

Quantity of water Å 60 g; amount of monomer Å 0.213 mol.

the copolymeric gels. The results are similar to dissociated sodium ion can bind to the sulfonate
group on the DMAAPS chain and reduce the con-those in deionized water. The water absorbency

in 0.9 wt % NaCl solution increases from 22 g centration gradient of the free sodium ion.37,39

H2O/g sample for poly(SA) gels to 51 g H2O/g
sample as measured by the suction filtration
method and from 45 g H2O/g sample to 83 g H2O/ Effect of Salt Solution on the Water Absorbency
g sample when measured by the tea bag method

The swelling behavior of sodium acrylate absor-at a 1.50 1 1002 molar fraction of DMAAPS for
bents can be significantly affected by various fac-the copolymeric gels. These results conform to our
tors in the external salt solution such as its va-expectation that the zwitterionic (sulfobetaine)
lency and concentration. SA-HEMA copolymericmonomer could improve the water absorbency in
gels have been discussed in a previous article27

salt solution. This finding is mainly attributable
that demonstrated that the expansion of the gelto the increase in the osmotic pressure difference
network decreases because the repulsive counter-between the polymeric gel and the external solu-
ion (carboxylate group) on the polymeric chain istion with high ionic strength. In other words, the
shielded by the bound ionic charge (cation) anddifference in osmotic pressure in the same salt
that the osmotic pressure difference between theconcentration for poly(SA) gel is smaller than
gel network and the external solution decreasesthat for SA-DMAAPS copolymeic gel because the

Figure 1 Effect of DMAAPS content on absorbency Figure 2 Effect of DMAAPS content on absorbency
in 0.9 wt % NaCl(aq) .in deionized water.
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Figure 3 Water absorbency of crosslinked poly(SA- Figure 5 Water absorbency of crosslinked poly(SA-
co-DMAAPS) gel in FeCl3 aqueous solutions of variousco-DMAAPS) gel in NaCl aqueous solutions of various

ionic strengths. ionic strengths.

and that the water absorbency in various solu-with the increase in the ionic strength of the salt
tions for a series of SA-DMAAPS copolymeric gelssolution.27

is enhanced by the addition of the zwitterionicWe investigated the effect of varying the salt
(sulfobetaine) monomer to the copolymeric com-solution concentration on water absorbency for a
positions. Figures 3, 4, and 5 show the typicalseries of SA-DMAAPS copolymeric gels. Figures
absorbency of a series of SA-DMAAPS copoly-3, 4, and 5 show the typical absorbency of a series
meric absorbents as a function of ionic strengthof SA-DMAAPS copolymeric absorbents as a func-
for NaCl, CaCl2, and FeCl3 solutions, respectively.tion of the ionic strength for a series of salt solu-
Note that the curves of water absorbency for thetions. The figures reveal that the water absor-
monovalent cationic salt solution (Fig. 3) are farbency in various salt solutions decreases with an
flatter than those for divalent (Fig. 4) and triva-increase of the ionic strength of the salt solutions
lent (Fig. 5) cationic salt solutions. These results
are due to the reduction in the osmotic pressure
difference between the polymeric gel and the ex-
ternal solution with the increase in external solu-
tion concentration. Comparing Figure 3 with Fig-
ures 4 and 5 reveals that the absorbency curves
are steeper for multivalent salt solutions than
those for a monovalent salt solution. Moreover,
the absorbency converges to zero in the presence
of high ionic strength for divalent and trivalent
salt solutions, but not for monovalent salt solu-
tions. Restated, for a given high ionic strength,
the water absorbency in monovalent cation solu-
tions is higher than that in multivalent cation
solutions.

Figure 6 shows the deswelling behavior of the
sample DM4. The gel deswelling is apparently
found in the range of the ionic strength of 2
1 1004–0.01M for the multivalent salt solutions.
Our experiments (not shown) revealed that theFigure 4 Water absorbency of crosslinked poly(SA-
absorbents first swelled and then deswelled whileco-DMAAPS) gel in CaCl2 aqueous solutions of various

ionic strengths. the xerogels were immersed in the high-concen-
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Figure 7 Water absorbency of sample DM4 in the
Figure 6 Water absorbency of sample DM4 in NaCl, LiCl, NaCl, and KCl aqueous solutions of various ionic
CaCl2, and FeCl3 aqueous solutions of various ionic strengths.
strengths.

drolyzed starch graft polyacrylonitrile owing to
tration multivalent cationic salt solution. This the complexing ability of the carboxylate groups
phenomenon occurred because the swelling step to induce intramolecular and intermolecular com-
corresponded to the water entering the network plex formation. The influence of different cations
rapidly by osmotic pressure difference, and the with a common anion (Cl0 ) on the water absor-
deswelling step was related to the exchange of bency of SA-DMAAPS xerogels is shown in Fig-
cations. The degree of deswelling varied with ex- ures 7 and 8. Results obtained from the said copol-
change capacities of the multivalent cations. In ymeric gel systems demonstrate that the water
addition, these dried gel samples, which had once absorbency tendency for the said gel in the salt
been immersed in a higher-concentration multi- solutions is in the order LiCl(aq)úNaCl(aq)úKCl(aq)valent cation solution, will never be reswelled in
water again. This occurrence can be attributed to
the increase in crosslinking density arising from
the complexation of the multivalent cations with
the carboxylate groups. This behavior agrees with
the results reported by Gugliemelli et al.42 on the
viscosity of hydrolyzed starch graft polyacryloni-
trile dispersions in various salt solutions.

Influence of Different Cations with a Common
Anion (Cl0 ) on the Water Absorbency

Buchanan et al.41 reported that all univalent cat-
ionic species of the same concentration had a simi-
lar effect on the water absorbency of the poly(SA)
gel (i.e., the effect is independent of the radius of
the cation or the nature of the anion). Similarly,
all multivalent cations of the same charge concen-
tration influenced the swelling of the gel to the
same extent. They thought that this was due to
ionic crosslinking by polyvalent species. D. Castel Figure 8 Water absorbency of sample DM4 in various
et al.16 also reported that calcium ion (Ca2/ ) can the MgCl2, CaCl2, and BaCl2 aqueous solutions of vari-

ous ionic strengths.drastically decrease the swelling values for a hy-
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in the ionic strength of õ2.0 1 1004M and 2.0
1 1004–1.8 1 1002M , respectively). These re-
sults also reveal that the same effect of multiva-
lent cation solution on water absorbency as it con-
verges to zero is observed from higher ionic
strength (ú1.8 1 1002M ) . Similar results were
also observed from our previous report and con-
formed to the formation constant of complex-
ation.27,41,43

The order at a higher ionic strength for the two
gels having carboxylate groups can be interpreted
by the formation constants of complexation. The
logarithm of formation constants of the ethylene-
diaminetetraacetic acid (EDTA) with multivalent
cations at 0.1M are 16.31, 18.62, and 18.80 for
Co2/ , Ni2/ , and Cu2/ , respectively.43 Hence, the
greater the formation constant, the stronger the
complexation, and the weaker the water absor-

Figure 9 Water absorbency of samples DM0 and bency. Such an inference conforms to the result
DM2 in CuCl2, CoCl2, and NiCl2 aqueous solutions of obtained from SA or SA-HEMA gels at a higher
various ionic strengths. ionic strength solution.27

Effect of pH on Water Absorbency(Fig. 8); MgCl2(aq)úCaCl2(aq)úSrCl2(aq)úBaCl2(aq)

(Fig. 8). These findings correspond to the previ- The swelling behavior of the absorbent in various
ous investigations and are due to the cationic ra- pH value solutions reveals that the absorbency is
dius or hydration force. The hydration radius a roughly constant from pH Å 3 to pH Å 11 and
grows as a result of the small cation being sur- from pH Å 4 to pH Å 10 for poly(SA) gels and
rounded by a large amount of water. In other SA-DMAAPS copolymeric gels, respectively (Fig.
words, the lower the cationic charge density, the 11). This behavior was explained by the buffer
weaker the binding affinity to the carboxylate action of the sodium carboxylate group with acid
group. The cation with a large radius therefore or base in a previous paper.27 In our previous re-
tends to enter the network and easily bind to the
carboxylate groups.

Effect of the Transition Metal Ions (Ni2/ , Co2/ ,
and Cu2/ ) on Water Absorbency

To understand the effect of DMAAPS on the com-
plexing ability of the SA-DMAAPS systems, the
said gels were immersed in different salt solutions
(i.e., NiCl2, CoCl2, and CuCl2) , with various ionic
strengths. Figures 9 and 10 summarize the re-
sults for SA gel and SA-DMAAPS copolymeric gels
[i.e., (DM0 and DM2) and (DM0 and DM4), re-
spectively]. These results show that the water ab-
sorbencies for the samples DM2 and DM4 have
the same tendencies at various ranges of ionic
strengths (i.e., Co2/ 6 Ni2/ 6 Cu2/ and Co2/

ú Ni2/ ú Cu2/ in the ionic strength of õ2.44
1 1005M and 2.44 1 1005–1.8 1 1002M , respec-
tively). But water absorbency for DM0 has the Figure 10 Water absorbency of samples DM0 and
tendency at various ranges of ionic strengths DM4 in CuCl2, CoCl2, and NiCl2 aqueous solutions of

various ionic strengths.(i.e., Co2/ 6 Ni2/ 6 Cu2/ and Co2/ ú Ni2/ ú Cu2/
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