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Abstract Surface cross-linking of acrylic-based water
absorbent particles was conducted to enhance swollen gel
strength. Partially neutralized acrylic acid was synthe-
sized via solution polymerization, and then modification
of superabsorbent polymer was imposed on the surface of
its particles using bisphenol A diethylene glycidyl ether
(BADGE) and 3.,4-epoxycyclohexylmethyl-3,4-epoxycy-
clohexane carboxylate (CAE) resins. The two-step surface
treatment was conducted initially, by homogenous soaking
in treatment solution containing cross-linker and solvent
(90 wt% acetone and 10 wt% deionized water) and then
heating at 170 °C, to complete reaction, subsequently. ATR-
FTIR spectroscopy, rheometry analysis, swelling capac-
ity measurements in deionized water and saline solution
(0.9 wt% NaCl) and swelling kinetics measurments were
also employed for accurate investigation. Effect of both
epoxy resins content as the effective parameter has been
examined. Addition of a little amount of cross-linker raised
the storage modulus about 30 % but the higher amounts of
the reagents increased it up to 100 %. Both resins could
significantly improve the absorbency under load. Heat-
ing duration was another effective parameter which has
been investigated for BADGE resin. Two different trends
have been observed for variant heating intervals. Network
structure has been revealed by means of average M, cal-
culating by the modified rubber elasticity theory. Besides,
swelling kinetics of BADGE-treated sample was approxi-
mated by employing Voigt-based viscoelastic model and its
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parameters have been derived and compared with diethyl-
ene glycol diglycidyl ether-treated sample, as well.
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Introduction

Superabsorbent polymers as hydrophilic light cross-linked
three-dimensional networks are capable of absorbing and
retaining deionized water, up to 1000 times of their weight
[1]. Their vast variety of applications in different fields,
mainly in hygienic [2] and non-hygienic [2, 3] have made
them immensely popular. The manufacturing capacity of
superabsorbent polymers is about 2.2 million tons per year
and still there is a strong demand to raise this capacity [4].
Therefore, superabsorbent polymer is an attractive field to
conduct a research.

Strength of swollen gel is of great importance com-
paring with its other features. Various strategies such as
preparation of cyclic structure formation [5], interpenetrat-
ing polymer networks [6—8], composite hydrogels [9-11],
nanocomposite superabsorbent polymers [8, 11] and sur-
face cross-linked superabsorbent polymers [12-14] have
been utilized to enhance this characteristic. Except sur-
face cross-linking of conventional superabsorbent which
is mainly cited in patents, the other techniques have been
probed quite thoroughly. Recently, self-cross-linking abil-
ity of N,N-dimethylacrylamide (DMAA) has been resulted
in both superior mechanical properties and free absorbency,
as well [15].

Surface treatment increases cross-link density in the
outer most layers, which results in higher modulus, and
consequently higher absorption under loud (AUL) [1, 16].
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Additionally, the high-density shell could maintain the
shape of swollen superabsorbent particle and prevents gel
blockage [1, 17]. Surface cross-linking has been investi-
gated in controlling the drug diffusion, as well as, the initial
burst release [18, 19].

Although, there are numerous studies in synthesis and
characterization of superabsorbent polymers, only few of
them have been aimed surface cross-linking of the supera-
bsorbent particles and interfered its parameters [20-22] but
main challenges have been still remained. Ma et al. [20]
prepared SAP via solution polymerization. The SAP par-
ticles were surface cross-linked afterward, using ethylene
glycol diglycidyl ether and modified with inorganic salt
to achieve high-saline solution absorbency. In two other
reports, in situ surface cross-linking carried out via inverse
suspension polymerization by divinyl benzene (hydropho-
bic reagent) [21] and bis (methacryloylamino)-azobenzene
[22]. Their effects on the swelling properties and SAP
morphology were investigated [22]. In another observation
[17], the assets of photo-induced surface cross-linking ver-
sus thermal induction was also explored. However, effects
of cross-linker type and other important features have not
been investigated, particularly.

Bisphenol A diglycidyl ether (BADGE) and cycloali-
phatic diepoxide (CAE) resins could be appealing candi-
dates to run condensation reaction [23, 24]. The strong affin-
ity between the carboxylic acid pendant group of acrylic
acid and the glycidyl group in an intermediate temperature
[25] provides epoxy groups as cross-linking agents with
favorite quality. Along with that BADGE resin is one of
the most commercially used resins mainly for coating with
great properties [23]. CAE resin is also a promising resin
which has lower viscosity, higher photo stability after cur-
ing, and greater compressive strength compared to BADGE
[26, 27]. To the best of our knowledge, these resins have
not been used for surface treatment of conventional acrylic-
based superabsorbent, despite their spread use in coating
technology for cross-linking of acrylic latex [23, 25].

In this study, at first superabsorbent polymer was syn-
thesized via solution polymerization, then the surface
cross-linking of SAP particles was carried out using treat-
ment solution which contained acetone (90 wt%) and
deionized water (10 wt%) as solvent and epoxy resins
as solutes. The reaction between functional groups was
proved by ATR-FTIR spectroscopy. The effects of type and
concentration of cross-linker in the treatment solution and
curing time have been examined using rheometry analysis
of swollen gel, in addition to equilibrium swelling capac-
ity measurements in saline solution and deionized water.
Network structure was analyzed by theory of modified rub-
ber elasticity. Finally swelling kinetics of samples treated
by BADGE resin was evaluated, using Voigt-based model
and compared with the diethylene glycol diglycidyl ether
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(DEGDGE)-treated sample in the presence of a non-mod-
ified gel as control. The swelling kinetic parameters have
been estimated, as well.

Experimental
Materials

Acrylic acid (AA) as monomer, ammonium persulfate (APS)
and tetramethyl ethylene diamine (TMEDA) as an efficient
initiator pair and sodium hydroxide (NaOH) for neutraliza-
tion procedure were provided from Merck, Germany. Poly-
ethylene glycol diacrylate (PEGDA, M,: 400 g/mol) as an
interior cross-linker was supplied from Rahn, Switzerland.
Bisphenol A diglycidyl ether resin (BADGE; EEW: 185—
196 g/eq, EPIRAN-06, Iran) and 3,4-epoxycyclohexylmethyl
3,4-epoxycyclohexane carboxylate (CAE, weight per epox-
ide: 126-135 g, Zhangxin Chemical Co., China), and acetone
(Merck, Germany) were utilized as surface cross-linking
agents and solvent, respectively. Sodium chloride (Merck,
Germany) solution and deionized water for swelling media
were provided as well. All materials were used as received.

Synthesis of superabsorbent

The cross-linked partially neutralized poly(acrylic acid)
was synthesized by solution polymerization using APS and
TMEDA as an initiating pair [28]. At first, acrylic acid (15 g)
was neutralized by NaOH solution (6.25 g NaOH in 28 mL
of deionized water) at low-temperature conditions (provided
by an ice water bath). The acrylic acid was neutralized about
75 % to form sodium acrylate. On the next step, prepared
solutions of TMEDA (0.1 g in 2 mL deionized water), APS
(0.2 g in 2 mL deionized water), and PEGDA (0.01 g in
2 mL deionized water) were added to partially neutralized
acrylic acid while the solution was magnet stirred. After
a certain time, gelation occurred and then the sample was
placed in 90 °C air circulated oven for 6 h. Finally, the dried
gel was ground by a mini hammer grinder.

Surface treatment

Preferred amount of cross-linking agent dissolved in a solution
composed of acetone (90 wt%) and water (10 wt%) and called
the treatment solution. In the next step, the dried SAP particles
were soaked in the treatment solution. The total weight of treat-
ment solution for every sample was a fixed amount (i.e., 20 g);
thus, the weight percentage of each component could be changed
by reagent content variation. The concentration of SAP particles
in solvent was constant (1 g SAP in 20 g treatment solution). The
particles were incubated at room temperature for 30 min. Then,
the filtered particles were cured at 170 °C for certain time.
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Effect of cross-linker concentration has been explored
by BADGE and CAE (BA and CA series), at 170 °C for
3 h, whereas time effect on SAP properties was examined
only using BADGE in two concentrations (0.5 and 0.05 g
in 20 g of treatment solution). Overall procedure of this
work has been presented in Scheme 1.

ATR-FTIR characterization

The FTIR spectra were taken on Bruker Instruments (ABB-
Bomem MB-100, Germany). The ATR-FTIR (Specac,
Golden-gate, UK) were employed to probe the surface of
the superabsorbent particles. They were obtained at wave-

number range of 600—4000 cm ™! and resolution of 1 cm™".

Free swelling measurements
Swelling capacity was measured using sieve method [2].

The powdered samples (0.1 g) were permitted to swell
in 100 mL deionized water (DW) or in saline solution

Surface cross-linked SAP

(/ ) Shell
A ’) Highly cross-linked

(0.9 wt% NaCl) at room temperature. The swollen particles
were separated by sieve and a sponge was applied to dry
the remained aqueous. Then, swelling capacity in g/g was
calculated through Eq. (1) as follows:

(Ws - Wd)
Wy

Q

= ey
where W, and W, stand for weights of initial dry sample
and swollen SAP sample, respectively.

Saline-absorbency under load

Weighed dried SAP sample (0.5 g) was uniformly dis-
persed on the surface of polyester gauze which had been
located on a macro-porous sintered glass filter plate
placed in a Petri dish [2]. A cylindrical solid load (Tef-
lon, d = 60 mm) was put on the dry SAP particles while
it could be freely slipped in a glass cylinder. Desired load
(applied pressure 0.3 psi) was placed on the sample. Then,
0.9 wt% saline solution was added to the Petri dish. After
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Scheme 2 Reactions between carboxylic acid groups of SAP and oxirane rings of: a BADGE and b CAE resins

30 min, the maximally swollen particles were removed and
re-weighed. Absorbency under load (AUL) value was cal-
culated by Eq. (1), as well.

Swelling kinetics measurments

To measure the swelling rate, 0.100 g of dried polymer
(mesh 35-100) was dispersed in 100 mL of deionized
water under well-stirring condition (vortex has been made).
The swelling capacity was measured by Eq. (1) at definite
intervals to draw a profile of swelling against time for indi-
vidual samples.

Rheological analysis

A Paar-Physical oscillatory rheometer (MCR 300, Ger-
many) was utilized to perform the rheological measure-
ments of samples at 25 °C with parallel plate geometry
(plate diameter of 25 mm, gap of 3 mm) [2]. The storage
modulus (G’) was recorded as a function of angular fre-
quency at constant shear strain 0.2 % (to be in linear vis-
coelastic zone). All samples were scaled (0.2 g), then they
swelled in either 5 mL deionized water or 3 mL saline solu-
tion (0.9 wt%).

Results and discussion

ATR-FTIR

The surface treatment was executed using BADGE
and CAE resins. The outline of reaction is shown in

Scheme 2. The glycidyl groups of both epoxy resins have
the affinity to react with the carboxylic pendant groups
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of superabsorbent [25]. The order of reactivity for CAE
resin is directly opposite to that of BADGE resin, which
is; carboxylic acid > alcohols > amines [24]. In the major-
ity of epoxy resin reactions, several different catalysts, e.g.,
bases, metal ions and Lewis acid were added. In this spe-
cial surface treatment, no extra catalyst was added. In fact,
carboxylate anions produced in neutralization process were
the catalyst that raises the selectivity of reaction routes in
Scheme 2 at intermediate temperature [25, 27, 29].

Surface cross-linking provided a shell-like area [1] with
higher cross-link density as shown in Scheme 1. To prove
the reaction in both cases, ATR-FTIR was employed, as it is
an accurate technique for surface characterization. Figure 1
illustrates ATR-FTIR spectra of the unmodified superab-
sorbent sample and those treated by BADGE and CAE.

As shown in Scheme 2a, treatment by BADGE intro-
duced aromatic groups to the surface of the sample, result-
ing in the significant changes in FTIR spectra (Fig. 1 spec-
trum b) which were possibly associated with the aromatic
groups. The band at 1509 cm™! is related to the aromatic
groups of the surface cross-linker and the other bands
(1607, 1580 cm™") have overlapped with carboxyl bands
at 1563 and 1684 cm™' [30]. At wavenumbers higher
than 3000 cm ™!, the hydroxyl band shifted from 3459 to
3513 cm™! on account of reduction in dimeric and oligo-
meric hydrogen-bonded carboxylic acid [31] and formation
of weaker hydrogen-bonded alcohols. For cycloaliphatic
epoxy resin, CAE, (Fig. 1 spectrum c; Scheme 2b) the same
shifting occured from 3459 to 3536 cm™! for the hydroxyl
groups which have been formed on the cyclohexane rings.

Goswami et al. [32] reported that the carbonyl group
band of CAE appeared at 1725 cm™!. Presence of this
group has broadened and made a double-peak band at
1685 cm~!. Furthermore, at fingerprint region, the ether
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Fig. 1 ATR-IR spectra of: a untreated SAP, b surface-treated SAP by
1 % BADGE (BA1), and c¢ surface-treated SAP by 1 % CAE (CA1l).
The modified samples were heated at 170 °C for 3 h

band of CAE has appeared at 1100 cm™' [33] and this
alteration has changed the spectra of this region in FTIR
spectrum (Fig. 1 spectrum c). Based on these results, the
treatments were successfully carried out.

Rheometry and swelling analysis
Theory

The dynamic oscillatory rheometry is one of the most reli-
able techniques to measure modulus especially for rub-
ber-like particles. Providing a linear viscoelastic zone of
the SAP, the correct complex shear modulus G* will be
obtained (it is independent of applied strain) and is defined
according to Eq. (2) as follows [34]:

G* =G +iG" 2)
where G’ and G” are storage and loss moduli, respectively
[35]. Elastic modulus (G’) provides useful information
about strength of swollen superabsorbent, and is advanta-
geous to estimate cross-link density and chain molecular
weights between each two cross-links (M) [1, 34, 35]. The
elastic modulus of gel (G’) in a homogenous network of

Gaussian chains is related to M, and cross-link density [cal-
culated by Eq. (3)] through Eq. (4) as follows [1, 35]:

CD = ApMC 3)
M, :A(é)RT(ug)m(Uz)lﬂ @

where 7, R and p are the absolute temperature, the gas con-
stant and the density of polymer, respectively (o = 1.41 g/
cm?) [33]. The front factor A equals 1-2/¢ for phantom net-
work where ¢ is the functionality of polymer (here ¢ = 4).
Value of Ug is the volume fraction of polymer during prepa-
ration and v, is the volume fraction of polymer at which
the measurement of shear modulus is made [for Eq. (4)]
which is determined as follows [36]:

Wa
_ Pd
Pd Ps
v = 1073CoV; (6)

where V, is the molar volume of the polymer repeat unit
(V, =47.5 mL/mol) and C,, (mol/L) is initial molar concen-
tration of the monomer [37].

Effect of epoxy resin content

In this study, the two different epoxy resins, CAE and
BADGE, have been used in surface cross-linking process.
It should be noted that the modified samples have both
interior (PEGDA) and exterior (CAE and BADGE) cross-
linkings (Scheme 1). The interior cross-linking was the one
which is in typical SAP providing high free absorbency
but low absorbency under load (AUL) whereas the exte-
rior cross-linking created a highly cross-linked area around
the SAP particles. It can increase deformation stability and
AUL value (a practical value), as well.

All the samples were prepared by homogenous soak-
ing in the treatment solution where the ratio of acetone
(90 wt%) to water (10 wt%) was kept constant. Acetone
was chosen due to its low solubility parameter [8,.;one = 10
(cal/g3)”2] which is useful to retain the network collapse
[38]. Solute movement through hydrogel primarily depends
on the macromolecular mesh size of the polymer network
(M), polymer chain mobility, radius of the solute and its
binding to polymer in the case of charged polymer [39].

Since acetone to water ratio provided really small absor-
bency close to zero and lots of physical cross-links due to
entanglements made by SAP particles similar to hydrogel,
in this case hydrogel approximation was appropriate. Thus,
the depth of reagent penetration was controlled. In addi-
tion, solubility parameter of mixture [§,,;, = 11.056 (cal/
2>)”?] was much lower than critical solubility parameter
[6, =175 (cal/g3)1/2] in which network collapsed. Moreo-
ver, acetone has a great ability to dissolve both epoxy res-
ins in the presence of minute amount of water.

Table 1 describes the effect of BADGE resin content
(BA series samples) on absorbency in deionized water and
saline solution (0.9 wt% NaCl), the storage modulus (G’)
in 1 rad/s and M, calculated using Eq. (4). As the epoxy
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resin content increased, the storage modulus rose and con-
sequently average M, decreased. Additionally, the free
swelling capacity can be decreased by both surface treat-
ment and increase in the cross-linker content. Decline in
free absorbency and upturn in storage modulus, generally
indicates higher absorbency under load which is desired [1,
16, 17].

The same trend has been observed for CAE resin-treated
samples (CA series) in Table 2. The cross-linked samples
by CAE resin had more absorbency compared to BADGE
resin-treated samples. This discrepancy was more obvi-
ous in higher contents of cross-linking agents. It should be
mentioned that BADGE treatment solution had lower moles
of reagent than CAE treatment solution but the full extent
of available reagents do not participate in surface cross-
linking reaction in soaking method. Furthermore, based
on Flory-Rehner theory three main contributions including
mixing (), elastic (ir,)) and ionic (7;,,) are interfering in
the equilibrium swelling of SAP particles [40]:

T = Tion + el + Tmix =0 (7)

In the case of swelling in deionized water, the ionic part
contribution is the same for the whole samples because of
equal degree of neutralization. Thus, the crucial parameters
are network conformation and polymer—solvent interaction.

In fact, storage modulus is an approach to reveal the net-
work structure and investigate elastic contribution. Here,
the elastic modulus at low frequencies has been considered
owing to contribution of only chemical cross-links in mod-
ulus measurement.

It has been observed that the storage modulus of the
samples treated by BADGE were higher than those of the
treated ones by CAE (at the same concentration) despite
the presence of more moles of CAE in treatment solution
and higher affinity for carboxylic acid groups compared to
BADGE. Hence, the cross-link density of samples in the
CA series was lower than the BA series.

Comparing the above two cases with DEGDGE-treated
samples (DE series), it has been elicited that the DE series
showed higher modulus with higher absorbency even at
low concentrations. For instance, presence of only 0.25 g
of DEGDGE in treatment solution increased the storage
modulus values (at 1 rad/s) from 578 to 1350 Pa while
the absorbency for deionized water and saline solution
were 178.49 and 44.35 (g/g), respectively. The point is
that even the highest amount of epoxy resins did not cause
the lowest storage modulus for DEGDGE. In this specific
case, it had higher cross-link density and consequently
higher diffusion of DEGDGE molecules into the outer-
most layers of the particle. Therefore, diffusion is of great

Table 1 Effect of BADGE Sample code ~ BADGE Opw (2/2)  Og(gle)  GP(Pa) M, (g/mol)  CD (mol/
content as surface cross-linker content® (g) em?) x 10°
on absorbencies of deionized
water (Opy) and saline solution  gA» 2.00 92 25.13 1160 155,658 4.53
(Qs), storage modulus (G7) BAIL 1.00 100 28.12 1080 167,188.2 422
and molecular weight between
BAO0.2 0.20 119 3545 1020 177,022.8 3.98
BAO.1 0.10 132 38.76 951 189,866.7 3.71
BAO0.05 0.05 164 39.87 751 240,430.4 2.93
BAO 0 398 38.96 578 312,393.2 2.26
2 Surface cross-linker concentration in treatment solution
b Storage modulus of deionized water swollen SAP at 1 (rad/s)
Table 2 Effect of CAE content g,/ 06 code  CAE Opw (2/2)  Og(gle)  GP°(Pa) M, (g/mol)  CD (mol/
as surface cross-linker on content® (g) cm3) % 108
absorbencies of deionized
water (Opy) and saline solution A2 2.00 112 27 1090 165,654.4 4.26
(Qs), storage modulus (G7) CAl 1.00 123 30 1050 171,965 4.1
and molecular weight between
cross-links (M) CAO0.5 0.50 134 33 1020 177,022.8 3.98
CA0.2 0.20 140 35 1000 180,563.3 3.90
CAO0.1 0.10 144 38 973 185,573.7 3.8
CA0.05 0.05 168 40 710 254,314.4 2.77
CAO 0 398 38.96 578 312,393.2 2.26

2 Surface cross-linker concentration in treatment solution

b Storage modulus of deionized water swollen SAP at 1 (rad/s)
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Fig. 2 Variation of AUL values versus BADGE and CAE concentra-
tions (g) in treatment solution

importance in adjustment of modulus values and strength
of gel.

Amsden [39] has reported that for diffusion of solute into
the hydrogels, Cukier model is the most fitted one. In this
model, volume fraction of polymer (by the power of 0.75)
and radius of solute are related exponentially to normalized
diffusion coefficient. Different cross-linker types could affect
the radius of solute and polymer—solvent coefficient which
is constant in this model. Besides, the permeability could be
expressed in terms of solubility and diffusivity. Thus, DEG-
DGE molecules could permeate easier than BADGE and
CAE molecules due to lower radius and water miscibility.

But what about BADGE and CAE molecules? CAE mol-
ecules are smaller than BADGE ones; thus, they displayed
less contribution in cross-linking reaction. Therefore, steric
hindrance of the functional groups is also important which
has not been regarded in the Cukier model. Moreover, length
of cross-linker could be an inhibitive factor due to larger
radius whereas the larger molecules could raise the possibil-
ity of finding adjacent carboxylic acid groups to run conden-
sation reaction and, in consequence, certain length of cross-
linker could prevent the creation of free dangling groups.

Since elastic contribution had negative effect on swelling,
it is clear that all the samples faced decrease in absorbency
but decrease levels were not the same for all series. Further-
more, the m,; had an influence on swelling; either posi-
tive or negative depends on polymer—solvent interactions
[40]. In fact, the prepared polymers were copolymers of the
introduced groups; as a result, the less water miscibility of
BADGE and CAE compared to DEGDGE had resulted in
more reduction in absorbency of BA and CA series.

Despite decrease in free absorbency, the absorbency
under load (AUL) values for both series 50-100 % increased
(Fig. 2). The highest value of AUL at optimum concentra-
tion for both reagents illustrated that the balance between
absorbency and gel strength was strongly desired in real
situations and applications. Moreover, the CAE resin could
enhance the AUL much better than BADGE due to reason-
able degree of cross-linking density at shell-like area.

According to the above discussions, various parameters
exert an influence on absorbency and swollen gel strength,
such as different mole fraction, distance between functional
groups, the steric hindrance of functional groups in the reac-
tions, the water solubility, polarity and the ability of hydrogen
bond formation [36]. Furthermore, formation of osmotic pas-
sive areas may affect the absorbency in the same manner [41].

Figure 3 shows a comparison between the storage mod-
ulus variation of the same samples swollen in deionized

(a) 2500
empm= Distilled water

ey Saline solution

2000

500
0
0.1 1 10 100
Angular frequancy (rad/s)
(b)2500
g Distilled water
e=@== Saline solution
2000

500

0.1 1 10 100
Angular frequancy (rad/s)

Fig. 3 Typical variation of storage modulus in swollen: a BA1 and
b CA1 samples in deionized water and saline solution versus angular
frequency
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water and saline solution for both epoxy resins in terms
of angular frequency. The only difference between them
was their concentration in water and saline solution. The
storage modulus in saline solution, despite of lower level
of solvent, was slightly lower than the storage modulus in
deionized water. Besides, at higher frequencies, the incline
of storage modulus of swollen SAP in deionized water was
higher than that in saline solution.

In oscillatory rheometry, the relation between the angu-
lar frequency and the effect of physical cross-links on stor-
age modulus is linear [34]. Ion pairs in polyelectrolyte
attract each other due to dipole—dipole interactions and
shape multiplets. Therefore, they act as additional (physi-
cal) cross-links in superabsorbent [40, 41]. This effect
along with the presence of the free ends may contribute in
the sharp decline in deionized water absorbency. However,
these coulombic interactions between charged monomers
could be screened by both counter and salt ions [42]. In
rheometry of the swollen SAP by saline, maybe the pres-
ence of salt ions screen dipole—dipole interactions and con-
sequentially reduced physical cross-link density.

Effect of reaction time

Effect of time on surface cross-linking using BADGE
resin at two different contents, 0.5 (BAO.5) and 0.05 g
(BAO0.05) was investigated by the swelling ratio and the
storage modulus as a function of angular frequency. The
swelling capacity alterations of the surface-treated supera-
bsorbent in deionized water and saline solution (0.9 wt%
NaCl) for BAO.5 and BAO0.05 in terms of the curing peri-
ods are depicted in Fig. 4. The deionized water absorben-
cies for both samples decreased about 120 g/g during first
90 min whereas on the next 90 min, the water absorbencies
declined only about 50 and 15 g/g for BAO.5 and BAO.05,
respectively.

Figure 5 describes the storage modulus of the swollen
gel in deionized water of the latter samples as a function of
angular frequency. The main increase in storage modulus
occurred after 90 min and that increment was more obvious
at higher content of reagents while the main reduction in
absorbency occurred sometime earlier than 90 min. If cycli-
zation and anhydride formation during heating resulted in
higher storage modulus, the same trend should have hap-
pened, whereas the increment level in G’ for higher content
of BADGE (Fig. 5a) was more significant than that for the
lower content (Fig. 5b). As a result, the cross-linking reac-
tion has given rise to higher modulus.

Introduction of BADGE reduced the swelling capac-
ity (Fig. 4) due to less water miscibility at the first 90 min.
However, cross-linking reactions had not been done thor-
oughly and there were still some free dangling groups and
modulus value did not meet higher level. After 90 min, the
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Fig. 4 Absorbency of a BAO.5 and b BA(.05 samples in deionized
water and saline solution versus heating duration

cross-linking reaction (Scheme 2) was completed. Besides,
in final intervals 7, of SAP rose drastically and molecular
diffusion was more prohibited; thus, even formed hydroxyl
groups (Scheme 2) may contribute in condensation reaction
and raised the modulus further [24].

Swelling kinetics

Swelling rate was another dominant factor for SAPs, which
controlled the flow of fluid between particles and avoided
gel blockage in cross-linked SAP. In fact, higher swelling
rate increased the possibility of gel blockage because it nar-
rowed down liquid convection and diffusion mechanisms
to diffusion only, during swelling [17]. Swelling kinetics
of surface cross-linked and unmodified SAP particles was
examined by means of Voigt-based viscoelastic model as
follows [43]:

Si=S.(1—e'") (8)

Where S, is the amount of swelling (g/g) as a function of
time, the equilibrium swelling capacity S, is the swelling at
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Table 3 Values of ;; S,, S, and swelling rate (SR) obtained from the Voigt-based viscoelastic model for treated (BA1 and DE0.25) and untreated

(intact SAP) samples

Samples S.(gg™h r(s) S (gg™h SR (gg™'s™)
Intact SAP 343.6 158.3 216.47 1.37
Surface cross-linked SAP by DEGDGE 139.3 111.5 87.76 0.79
Surface cross-linked SAP by BADGE 113.2 107.71 71.556 0.664
(a) 2100 400
180 Min a
1900 | —3¢=— 150 min 350
—e— 120 min >
1700 | ——ge— 90 min 2 300 —&— Intact SAP
el 45 min 2
1500 S 250 =t DEOQ.25
= g —e— BA1
2 1300 S 200
( 2
1100 = 150
g
900 @ 100
700 S0
500 0
0.1 1 10 100 0 500 1000 1500 2000
Angular frequancy (rad/s) Time (s)
(b) —a— 180 min Fig. 6 Swelling kinetics of: a intact SAP, b DE0.25 (0.25 ¢ DEG-
2300 | —g— 150 min DGE), and ¢ BA1 (1 g BADGE) samples
—t— 120 min
—@— 90 min
—f— 45 min
1800 | e 15 min

0.1 1 10 100
Angular frequancy (rad/s)

Fig. 5 Storage modulus of slightly hydrated a BA0.5 and b BA0.05
samples by deionized water as a function of frequency at various
reaction intervals

infinite time or maximum water-holding capacity, and the
rate parameter r is the time required to reach 0.63 S, which
is S,. The swelling kinetics variation is shown in Fig. 6 and
amount of r, S, and swelling rate (SR = §,/r) are presented
in Table 3.

According to Fig. 6, the rate of swelling of untreated
sample which was calculated by curve fitting, was
1.37 g g7 's™!, whereas for the treated gels using DEGDGE

and BADGE were 0.79 and 0.664 g g~ 's™!, respectively.
This observation correlates with the higher cross-linking
density on the shell and lower diffusion of solution into
the SAP particles. It should be mentioned that the standard
method [43] used for measurement (applying vortex during
swelling by high-speed stirring) omitted the gel blockage
effect and the pure swelling rates were measured.

Conclusion

The superabsorbent polymer was prepared via solution
polymerization of partially neutralized acrylic acid and
dried at 90 °C for 6 h [28]. Subsequently, the surface mod-
ification was carried out using treatment solution includ-
ing deionized water, acetone and cross-linking agents
(BADGE or CAE), then the particles were cured at 170 °C
for 3 h. Increase in cross-linker content led to higher stor-
age modulus and subsequently higher absorbency under
load value which was coincided with lower free absor-
bency. These available and inexpensive cross-linkers
could significantly enhance the gel strength about 100 and
88 % for BADGE and CAE, respectively. BADGE cross-
linker has yielded elevated storage modulus and higher

gBlpPI @ Springer
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absorbency in contrast with the CAE reagent, despite
stronger affinity of CAE for carboxylic groups and higher
amounts of available moles at the same concentration.
Curing duration led to various levels of changes in elas-
tic modulus and swelling capacity values. Swelling kinet-
ics parameters had been estimated based on Voigt-based

viscoelastic model. The BADGE-treated samples had the

lowest swelling rate, 0.664 g g~'s~! which could prohibit

gel blockage phenomenon. To conclude, steric hindrance,
length and water miscibility of cross-linker could be con-
sidered as decisive factors.
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