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a b s t r a c t

The adsorption of cations and anions in nitrate solutions on N,N-dimethyl(acrylamidopropyl)ammonium
propane sulfonate (DMAAPS) gels prepared using various cross-linker and monomer concentrations was
investigated. The influence of the temperature and nitrate concentration on the adsorption properties of
the gel was evaluated, demonstrating simultaneous adsorption of cations and anions. The amount of
Zn2þ adsorbed on the gel in Zn(NO3)2 solution increased as the cross-linker and monomer concentrations
used in the gel preparation increased. For the gel prepared using a higher cross-linker or monomer
concentration, elevation of the temperature did not induce any significant change in the amount of Zn2þ

adsorbed on the gel. Furthermore, for the gel prepared using a lower cross-linker or monomer con-
centration, the amount of Zn2þ adsorbed on the gel decreased significantly as the temperature increased.
In addition, an interesting correlation between the degree of swelling of the gel and the amount of Zn2þ

adsorbed on the gel was found. As the degree of swelling decreased, the adsorption amount increased to
eventually achieve a constant value.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

In the last five decades, polymers incorporating zwitterionic
species have been recognized as promising candidates for respon-
sive systems geared towards various potential applications such as
biosensors, catalysts, drug delivery systems, and separation media
[1,2]. The specific, sensitive, and instantaneous responsiveness
demonstrated by polyzwitterions has been the focus of consider-
able scientific research, and study of these materials has continued
to gain momentum in recent decades. The zwitterionic betaine
polymer containing both anionic and cationic active groups in the
same side chain of the polymeric repeat unit with an alkylene
group between them bears an overall neutral charge. Zwitterionic
polymers such as sulfobetaine [3e6], phosphobetaine [7,8], and
carboxybetaine [9e11] respectively contain sulfonate, phosphate,
and carboxylate species as the cationic active group with the qua-
ternary ammonium ion as the anionic active group. Zwitterionic
betaine polymers differ considerably from ionic polymers, where

the latter contain only negatively or positively charged functional
groups. Zwitterionic betaine polymers also exhibit ion selectivity
because the ions can bond via both the negative and positive
charges located in the same repeat unit [12e14].

One of the unique characteristics of zwitterionic betaine is the
ability of the fragments forming a cyclic conformation of the
cationic and anionic groups of neighboring monomer residues
(intra-group), or cationic and anionic groups contact between
neighboring macromolecules (inter-chain), and head-to-tail stack-
ing within single macromolecules (intra-chain) which results in the
insolubility of zwitterionic betaine in pure water [15,16]. These
interactions depend on the flexibility of spacer between opposite
charges and length. This dependency determines the solubility,
phase, volume, ionization ability and conformational state of
polymeric betaine in aqueous solutions. Furthermore, zwitterionic
betaine polymers are generally thermosensitive in aqueous solu-
tions; that is, they are insoluble in water below the transition
temperature and soluble above the transition temperature. The
transition temperature is referred to as the upper critical solution
temperature (UCST). At temperatures below the UCST, the zwit-
terionic polymer is in a collapsed-coil state due to the intra- and/or
inter-chain interactions. However, at temperatures above the UCST,
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the polymer adopts an extended conformation because the thermal
motion of the polymer molecules overcomes the intra- and/or
inter-chain interactions [17]. Moreover, the UCST of zwitterionic
polymers increases with increasing polymer concentration, which
is attributed to an increase in the intra- and/or inter-chain pairings.
Consequently, more thermal energy is required to overcome these
interactions [18]. The interaction of the charge groups of zwitter-
ionic betaine and aqueous salt solution also strongly determines
the zwitterionic betaine properties [15]. The solubility of zwitter-
ionic betaine in salt solutions depends on the nature of the anions
and cations and is well described by the charge/radius ratio, Hof-
meister series and Pearson theory [15,19,20].

Numerous studies of zwitterionic sulfobetaine type polymers
and gels have been reported in recent years, most of which have
placed emphasis on the synthesis and solution properties of the
polymers, such as the thermosensitive properties mentioned
above, or the swelling degree of the gels, which varies with the
monomer concentration [21], cross-linker concentration [22e24],
salt concentration [18,25,26], ionic strength [27,28], etc. In contrast,
there are relatively few studies on the adsorption of cations and
anions on such polymers and gels, although the adsorption
behavior is recognized to affect the swelling and transition be-
haviors. Moreover, there is very little information on the effects of
the conditions utilized in the preparation of the gels, such as the
cross-linker and monomer concentrations, on the amount of ions
adsorbed on the gel. The adsorption behavior of zwitterionic sul-
fobetaine type polymers and gels is primarily determined by the
interaction between the charged groups in the sulfobetaine (SO�

3
and Nþ) group and the ions (cation and anion) in the solutions.

To address this paucity of information, the adsorption of cat-
ions and anions on the sulfobetaine type N,N-dimethyl(acrylami-
dopropyl)ammonium propane sulfonate (DMAAPS) gels in various
nitrate solutions was investigated in this study. The effects of the
temperature and the conditions employed in the preparation of
the gel, i.e., cross-linker and monomer concentrations, on the
extent of adsorption of cations and anions on the DMAAPS gel
were evaluated. The adsorption behavior of cations and anions on
the DMAAPS gel is discussed herein by considering the degree of
swelling of the gel as well as the polymer concentration in the gel.
NaNO3, Zn(NO3)2, and Al(NO3)3 were selected as the target
solutions.

In addition, to elucidate the role of the ionic interactions in the
adsorption behavior of the DMAAPS gel relative to the copolymer
gel, the gel comprising a negatively charged sodium 2-(acryl-
amido)-2-methylpropanesulfonate (NaAMPS) and a positively
charged N,N-dimethylaminopropylacrylamide methyl chloride
quaternary (DMAPAA-Q) unit was also prepared. The DMAPAA-Q-
co-NaAMPS gel network also consists of Nþ and SO�

3 groups.
However, these ions have Cl� and Naþ as counter ions, respectively.

2. Experimental section

2.1. Materials

1,3-Propanesultone (PS) and 2-(acrylamido)-2-methyl-
propanesulfonate (AMPS) were purchased from Tokyo Chemical
Industry Co., Ltd. and used as received. N,N-Dimethylaminopropy-
lacrylamide (DMAPAA) and DMAPAA-Q were kindly supplied by
Kohjin Film & Chemicals Co., Ltd. DMAPAAwas purified by vacuum
distillation and DMAPAA-Q was used as received. N,N0-Methyl-
enebisacrylamide (MBAA), N,N,N0,N0-tetramethylethylenediamine
(TEMED), and ammonium peroxodisulfate (APS) were purchased
from SigmaeAldrich Co. (USA) and used without further purifica-
tion. Acetonitrile and acetonewere purchased fromKanto Chemical
Co., Inc. and Nacalai Tesque, Inc., respectively.

2.2. Synthesis of DMAAPS

DMAAPS was synthesized by the ringeopening reaction of
DMAPAA and PS [29]. A mixture of PS (75 g) and acetonitrile (75 g)
was added dropwise to a mixture of DMAPAA (100 g) and aceto-
nitrile (200 g) with continuous stirring at 30 �C for 90 min. Stirring
was then continued for 16 h, and the solution was allowed to stand
for 2 d. The precipitated white crystals of DMAAPS were collected
by filtration and washed with 500 mL of acetone. Finally, the ob-
tained DMAAPS crystals were dried under reduced pressure for
24 h. The structure of DMAAPS is shown in Fig. 1.

2.3. Preparation of the DMAAPS polymer and gel

The DMAAPS polymer and gel were prepared by free radical
polymerization using TEMED and APS as the polymerization
accelerator and initiator, respectively. In the preparation of the
DMAAPS polymer [poly(DMAAPS)], the concentrations of DMAAPS,
TEMED, and APS were 500, 2, and 2 mmol/L, respectively. DMAAPS
and TEMED were dissolved in 100 mL of deionized water and
charged into a separable flask. The dissolved oxygen in the solution
was removed by purging with nitrogen. A 20 mL aliquot of APS
solution, from which the dissolved oxygen had already been
removed, was then added to the mixture. Polymerization was car-
ried out for 6 h at 50 �C under a nitrogen atmosphere. The resulting
polymer was purified by dialysis using a membrane with a mo-
lecular weight cut off of 12,000e14,000 (Cellu Step T3, Membrane
Filtration Product, Inc.) over a period of one week.

The averagemolecular weight of the synthesized poly(DMAAPS)
was 1.13 � 106 g/mol, as estimated from the intrinsic viscosity [h]
that was measured in 0.1 M NaCl solution at 30 �C using a Ubbe-
lohde viscometer. The weight-average molecular weight ½Mw� was
calculated using the following equation, which has previously been
proposed by Ning et al. [21]:
�
h
� ¼ 2:3� 10�5Mw

0:78
(1)

The DMAAPS gels were prepared using themethod presented for
the synthesis of poly(DMAAPS), with the exception that MBAA was
used as a cross-linker. The synthesis of the DMAAPS gels was carried
out in a separableflask containing glass tubes (2mm indiameter and
30mm in length) to prepare the cylindrical gels. The gels prepared in
the glass tubeswere cut intopieces of 2mmin lengthandrinsedwith
deionized water. The gels were then slowly dried over several days.
During thedrying process, thegelswere placed ona Teflon sheet that
was spread on a Petri dish. Because the gels break if they are dried
quickly, the dishwas coveredwith a thinplasticfilmwith small holes
to decrease the drying speed. These gels were used to measure the
degreeof swelling.Othergelswere cut into small pieces,washed, and
then dried in an oven. The dried small gels were then ground into
powder and sieved to over 180 mesh size. These ground gels were
used for the adsorption experiments. The conditions employed in the
synthesis of the DMAAPS gels are summarized in Table 1.

2.4. Preparation of the copolymer gel of NaAMPS and DMAPAA-Q

The chemical structures of DMAPAA-Q and NaAMPS are shown
in Fig. 2. NaAMPS was prepared by neutralization of the monomer

Fig. 1. Chemical structure of N,N-dimethyl(acrylamidopropyl)ammonium propane
sulfonate (DMAAPS).
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