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A superabsorbent resin (SAR) is a functional polymer with a high water absorption capacity, which has been widely used in many
fields. In this study, a modified aqueous solution polymerization process was adopted to synthesize a SAR. The optimum
synthetical mass ratios of starch, bentonite, potassium persulfate (K,S,03), and N,N’-methylene-bis-acrylamide to acrylic acid
(AA) were 7.14%, 3.57%, 0.29%, and 0.057%, respectively, and the neutralization degree of AA was 50%. The molecular structure
and the surface morphologies of the SAR were confirmed using Fourier transform infrared spectroscopy and scanning electron
microscopy. The SAR had a water absorbency of 1300 mL/g in distilled water and 56 mL/g in 0.9 wt.% NaCl solution. The water
absorption rate reached 72.65% of the maximum water absorption in 1 hour and swelled to equilibrium in 4 hours. The water
retention rate was 45.86% after heating and evaporation at 150°C for 1 hour. The moisture absorption rate reached 28.2% after 10
days of placement. The modified technology provides a new synthetic method for production of SARs, which is characterized by a
lack of nitrogen protection, the direct use of raw AA and potato starch, a simplified synthesis process, substantially improved

efficiency, and lower production costs.

1. Introduction

A superabsorbent resin (SAR) is a recently developed
functional polymer material with strong hydrophilic groups,
such as carboxyl and hydroxyl groups [1]. It is soluble in
neither inorganic nor organic solvents and has a specific
crosslinking degree (CD) and network structure [2]. SARs
have a good adsorption performance, water retention ca-
pacity, pressure resistance, and heat resistance and have been
used widely used in agriculture, forestry, and horticulture
[3,4], industry [5-7], health supplies [8], and other fields
[9-14].

However, most traditional water absorbent resins have
poor degradability and are expensive [15]. To solve these
problems, naturally available resources, such as polysac-
charides and inorganic clay mineral, have been used

recently as raw materials because of their renewability,
biodegradability [16], and low cost. Introducing cheap
mineral clay to modify SARs and synthesize composite
SARs has become an important development direction
[17]. Kaolin, bentonite, attapulgite, and many other clays
have been used to synthesize SARs. Besides, starch is an
extremely abundant natural resource and is used widely to
synthesize SARs.

Traditionally, aqueous solution polymerization is
commonly used to synthesize SARs, in which nitrogen
and argon are essential to remove oxygen, and AA is
purified before polymerization. Overall, these processes
increase the complexity and cost of SAR synthesis. In this
study, a novel SAR was investigated, which was based on
potato starch, bentonite, and AA, with K,S,03 (potassium
persulfate) as the initiator and N, N'-methylene-bis-
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FIGURE 1: The synthesis mechanism of composite superabsorbent resin.

acrylamide (MBA) as the cross-linker. The modified
method has no nitrogen protection during the poly-
merization process, with raw AA and potato starch being
used directly. Also, the optimal ratio of raw materials and
main influences of the reaction conditions for the
composite SAR were investigated, and its structure and
properties were evaluated.

2. Experimental

2.1. Materials. Potato starch was obtained from Inner
Mongolia Minfeng Potato Industry Co., Ltd. (Inner Mon-
golia, China). Bentonite was obtained from Xinghe
Zhongshun Bentonite Co., Ltd. (Inner Mongolia, China).
Sodium hydroxide (NaOH) was purchased from Tianjin
Xing’ao Chemical Reagent Technology Company (Tianjin,
China). AA was supplied by Guangdong Tianhua Chemical
Reagent Company (Guangdong, China). K,S,0g was pur-
chased from Guangdong Bili Reagent Co., Ltd. (Guangdong,
China). MBA was supplied by North China Special Chemical
Reagent Development Center (Tianjin, China). Other agents
were all of analytical grade and were used without further
purification. All solutions were prepared using distilled
water. All the experiments in this study had made three
parallel experiments, each set of experiments had the same
experimental results, and the data obtained were the average
of the three experiments.

2.2. Pretreatment of Potato Starch and Bentonite. The potato
starch and the bentonite were put into a mortar separately
and ground into a uniform fine powder, dried in an air dry
oven with the temperature of 35°C for 30 minutes to remove
the moisture attached to their surfaces, and allowed to cool.
In this study, the potato starch was not modified, and the
bentonite did not need to be further purified.

2.3. Reaction Mechanism of the Composite SAR. The com-
posite SAR was synthesized using a free radical polymeri-
zation reaction. Firstly, after being heated with the starch,
K,S,05 initiates starch to produce free radicals (in
Figure 1(a)). Secondly, the free radicals initiate AA poly-
merization and form starch-acrylic free radicals, which
continue to polymerize with AA and cause chain propa-
gation, and then a mesh macromolecule is formed by the
crosslinking action of MBA (in Figure 1(b)) [18].

2.4. Synthesis of the Composite SAR. A certain amount of
NaOH was dissolved in 25 mL of distilled water to prepare
an NaOH solution to neutralize 20mL AA, to which a
certain amount of potato starch, bentonite, K,S,05, MBA,
and 25mL distilled water were added. The mixture was
stirred for 30 minutes and placed in a water bath at an initial
temperature of 35°C. Then, the water bath temperature was
increased to 80°C within half an hour to facilitate the
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polymerization reaction. The polymerization process could
be completed in another 1.5 hours under these conditions.
Subsequently, the synthetic product was taken out, cut into
pieces, and dried in a drying oven at 70°C for 3 days,
resulting in the composite SAR. Moreover, the SAR was
milled and sifted through 20-40 meshes to prepare samples
for performance testing.

2.5. Determination of Water/Salt Absorption. A sample
(0.5 g) of the SAR was immersed in distilled water or NaCl
solution. After the swelling equilibrium was reached, the
unabsorbed water was filtered out. The water (salt) ab-
sorption (Q) was calculated using the following equation:

M (1)
m bl

Q:

where V| and V, are the volumes of added water and filtered
water (mL), respectively, and m is the mass of the resin (g).

2.6. Determination of the Water Retention Rate at Different
Temperatures. Samples of the SAR were poured into
1000 mL of distilled water. When the swelling equilibrium
was reached, fully swollen hydrogels were obtained. After
filtration, the weight of the hydrogels was measured after
1 hour drying at different temperatures. The water retention
rate (R) was calculated as follows:

R= M, x 100% (2)
M, ’

where M, is the mass of the initial hydrogel (g) and M, is the
mass of the hydrogel after drying (g).

2.7. Determination of the Moisture Absorption Rate. The
temperature of the temperature and humidity test box was set
at 25°C, and the humidity was set at 50%. After weighing, the
dried composite SAR samples were placed in the constant
temperature and humidity test box, and the moisture ab-
sorption was calculated at 0, 2, 4, 6, 8, and 10 days after SAR
exposure. The moisture absorption rate (W) was calculated as
m — "y
W = ——"2x 100%, (3)
my

where m, is the mass of dry SAR (g) and m; is the mass of

SAR after moisture absorption (g).

2.8. Characterization

2.8.1. Fourier Transform Infrared Spectroscopy (FTIR)
Analysis. The structures and chemical bond compositions of
the resin, the potato starch, and bentonite were analyzed
using FTIR (TENSOR 27 FTIR, BRUKER company, Bre-
men, Germany). KBr pellets of the samples were used.

2.8.2. Scanning Electron Microscopy (SEM) Analysis. The
surface morphology of the resin, potato starch, and ben-
tonite were examined using the SEM (Sigma 300 field

emission SEM, Carl Zeiss, Oberkochen Germany). The
samples were coated with Au prior to SEM examination.

3. Results and Discussion

3.1. Effect of Synthesis Conditions on the Water Absorption of
the Composite SAR

3.1.1. Effect of the Amount of Potato Starch. As shown in
Figure 2(a), the water absorption of the SAR appeared to
increase at first and then decrease as the amount of starch in
the mixture increased. The largest water absorption value
was obtained when the amount of potato starch was 1.5g
(the mass ratio of the potato starch to AA was 7.14%). It
could be explained by the fact that starch is a basic skeleton
to synthesize a SAR and provides active sites during the
reaction. With the increase in the amount of potato starch,
the number of active sites increases, which is beneficial to
AA and its sodium salts to graft onto the starch, resulting in a
gradual increase in water absorption. When the amount of
starch was greater than 1.5g, too many active centers were
initiated on the starch chain, which could promote the
formation of short branched chains, resulting in an increase
in the crosslinking density. This would lead to the chain
segment between the crosslinking points to become rela-
tively short, and the network space between the crosslinking
points becomes relatively small, which would result in the
elastic expansion force of the network being correspondingly
small, thus reducing the resin water absorption rate [22].

3.1.2. Effect of the Amount of Bentonite. The amount of
bentonite could significantly affect the water absorption of
the SAR (Figure 2(b)). When bentonite increased from 0.5 g
to 0.75g, the water absorbency of the SAR gradually in-
creased, while this tendency decreased significantly after the
amount of bentonite reached 1.0 g. Thus, the water absor-
bency of SAR was maximized with bentonite at 0.75g (the
mass ratio of bentonite to AA was 3.57%).

One explanation of this result is that the hydrophilic
groups on the surface of bentonite (such as -OH) and in the
SAR polymerization system (such as -CONH, and -COOH)
could cooperate with each other, resulting in an increase in
water absorption. At the same time, the hydrophilic groups
can be used as crosslinking points during graft polymerization,
which expands the network structure of the system. Therefore,
the resin can absorb more water with increasing amounts of
bentonite. However, when the amount of bentonite was over
0.75g, the bentonite could not be evenly dispersed in the
mixture, and the excess bentonite did not participate in the
reaction but accumulated in a physical manner, which ulti-
mately led to a large crosslinking point and a reduction in the
extension degree of the molecular chain, making the network
structure smaller. As a result, it would be difficult for water
molecules to enter the SAR, thus reducing water absorption.

In addition, an increase in the amount of bentonite from
1.0g to 1.5g caused the surface of the resin to become ad-
hesive, which is not conducive to water absorption. Therefore,
considering the water absorption and the state of the resin, the
optimal amount of bentonite was identified as 0.75g.
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3.1.3. Effect of the Neutralization Degree of AA. AA with
different neutralization degrees can be obtained when the
amount of NaOH changes. Thus, the effect of the neutrali-
zation degree of AA on the water absorption of the SAR was
also tested (Figure 2(c)). We observed that the water

absorption of the SAR increased at first and then decreased
with the increase in the neutralization degree of AA, reaching
a maximum when the neutralization degree of AA was 50%.

With the increasing degree of neutralization of AA, the
ionization of carboxyl groups in the polymer chain increases,
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FIGURE 3: Properties of superabsorbent resin. (a) The water absorption rate. (b) Salt resistance. (c) Influence of water addition on water
absorption. (d) Influence of temperature on water absorption. (e) The effect of temperature on water retention. (f) Moisture absorption.

resulting in an increase of repulsion, the network structure of
the polymer product, and osmotic pressure; therefore, the
water absorption of the SAR increases. However, when acrylic
neutralization exceeds 50%, an excess of -COONa in the SAR
results in an increase in water solubility of the resin, thereby
decreasing the water absorption capacity of the resin [23].

3.1.4. Effect of the Amount of the Initiator. The relation
between the water absorption of the SAR and the amount of
the initiator K,S,04 was studied (Figure 2(d)). The result
indicated the water absorption of the resin increased with

increasing amounts of K,S,0s, reaching a maximum when
the amount of K,S,05 was 60 mg (the mass ratio of K,S,04
to AA was 0.29%), beyond which its water absorption ca-
pacity decreased.

When the amount of the initiator is low, fewer free
radicals are produced and fewer active points are initiated,
which will slow the rate of polymerization and reduce the CD
of the three-dimensional network structure, consequently
leading to low water absorption of the SAR. However, when
the dose of the initiator is high, excessive free radicals are
produced that accelerate the polymerization rate, causing an
increase in the crosslinking density, a shortened chain length,



and a smaller network structure of the SAR. As a result, the
water absorbing capacity of the SAR also decreases [24].

3.1.5. Effect of the Amount of the Crosslinking Activator (CA).
The amount of MBA, which acted as a CA in synthesis of the
SAR, also affected its water absorption capacity (Figure 2(e)).
Water absorption was enhanced as the amount of MBA in-
creased, reaching a maximum water absorption of 1300 mL/g
when the amount of MBA was 12 mg (the mass ratio of MBA to
AA was 0.057%).

Water absorbance of the resin is mainly dependent on
the relative size of the network structure space and the CD in
the system. When the amount of MBA was lower than
12mg, the CD of the system gradually increased with in-
creasing amounts of MBA, which resulted in the formation
of an effective spatial network structure that increased the
water absorption capacity. The CD of the system was optimal
when the amount of MBA was 12 mg, which resulted in the
formation of a suitable spatial network structure and
maximized water absorption. However, when the amount of
MBA was over 12 mg, the increase in crosslinking points in
the SAR would enlarge the CD of the system and shrink the
network structure of the resin. As a result, the SAR could not
easily swell, and the water absorption capacity was reduced.
Therefore, controlling the amount of MBA is one of the key
factors in the synthesis of a high water absorbent resin.

3.2. Properties of the Novel SAR. As new functional polymer
materials, SARs have become an indispensable material in
the national economy, and it is very important to identify the
properties of a newly developed SAR. Accordingly, water
absorption, water retention, and moisture absorption of the
SAR developed in the present study were evaluated.

3.2.1. Water Absorption. Water absorption is an important
indicator to evaluate the application performance of an SAR.
Thus, the effects of immersing time, salt solution concen-
tration, water addition, and immersion temperature on the
water absorption of the SAR were tested.

The effect of immersion time on water absorption by
the SAR showed that the water absorption rate of the resin
was fast, reaching 72.65% of the maximum water ab-
sorption in 1 hour and achieving swelling equilibrium in 4
hours (Figure 3(a)). This could be because the SAR is a
kind of polymer electrolyte, and the internal groups of the
SAR dissociate to produce ions when in contact with
water. Accordingly, the ion concentration in the inside
network is greater than that outside, generating osmotic
pressure, and resulting in the diffusion of external water
into the network [25]. With the continuous entry of ex-
ternal water, the hydrophilic groups inside the network
further ionize, resulting in the increase in osmotic
pressure between inside and outside the network and
penetration of water molecules further. However, with the
further increase of water molecules in the network, the ion
concentration inside the network gradually decreases, so
the ion concentration difference between inside and
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FIGURE 4: FTIR spectra of superabsorbent resin (a), bentonite (b),
and potato starch (c).

outside the network gradually decreases, which leads to a
corresponding decrease in the osmotic pressure, ulti-
mately reaching the swelling equilibrium of the water
absorption of the SAR.

The concentration of NaCl had a significant effect on the
liquid absorption capacity of the SAR, and the water absorption
decreased gradually as the NaCl concentration increased
(Figure 3(b)). The water absorption of the SAR was 142 mL/g in
0.1 wt.% NaCl and 56mL/g in 0.9 wt.% NaCl. The liquid
absorption capacity of the SAR in NaCl solution was markedly
less than that in distilled water. NaCl solution is a strong
electrolyte that contains a large number of ions, resulting in a
reduced jon concentration difference inside and outside the
network structure, which reduces the osmotic pressure and
hinders the entry of water molecules into the resin [26].

The water absorption of the SAR increased as the amount
of water added increased (Figure 3(c)). The reason is that the
higher the amount of water outside the resin, the greater the
pressure it produces, which leads to increase water absorption
of the resin. The water absorption of the SAR also increased as
the immersion temperature increased (Figure 3(d)). This could
be explained by the increase in the movement and spacing of
water molecules between the chains of the SAR as the tem-
perature rises, which results in an enlargement of the network
space of the resin, thereby increasing water absorption [27].

3.2.2. Water Retention. Temperature had a significant in-
fluence on the water retention of the SAR (Figure 3(e)). The
explanation is that some of the water molecules in the SAR
are bound to the resin by hydrogen bonding and inter-
molecular van der Waals forces, and some are bound by the
network structure [28]. Increasing the temperature inten-
sifies the thermal movement of water molecules bound in the
network structure, resulting in a decrease in the binding
force of the resin to water molecules, causing the water
retention of the SAR to decline significantly. The water
retention rate of the SAR was still 45.86% after being heated
and evaporated at 150°C for 1 hour, indicating that the resin
had good water retention.
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FIGURE 5: SEM images of (a) bentonite, (b) potato starch, (c, d) SAR, (e) SAR after absorbing distilled water and (f) SAR after absorbing salt
water. SAR, superabsorbent resin; SEM, scanning electron microscope.

3.2.3. Moisture Absorption. As shown in Figure 3(f), the
moisture absorption rate of the SAR continued to rise
when it was left for 10 days. The moisture absorption rate
was 7.27% after 2 days and 28.2% after 10 days. It could
be explained by the fact that the SAR is a polymer gel with
both a water absorbent function of the liquid state and a
moisture absorption function of the gas state. Bentonite
has strong moisture absorption, potato starch can swell
in water, and acrylic acid can be mutually soluble with
water. The SAR prepared from these raw materials
contains a strong hydrophilic group, so it has good
moisture absorption.

3.3. Characterization of the Novel SAR

3.3.1. FTIR Analysis. As shown in Figure 4, the telescopic
vibration absorption peaks of -OH and -COO™ in the SAR
appeared at 3449 and 1595 cm ™, respectively [29]. For potato
starch, telescopic vibration absorption peaks were observed at
3466 cm ™! (-OH) and 1018 cm ™ (the a — 1,4-glucosidic bond
in the potato starch chain). Comparison of the absorption
peaks of potato starch and the SAR revealed that the tele-
scopic vibration absorption peak of -COO™ appeared in the
spectrum of the resin, which suggested that AA and its salt
had graft polymerized into the long chain of potato starch.



The FTIR spectrum of bentonite showed telescopic
vibration absorption peaks at 3449cm™' (-OH in the
structure of bentonite), 1634cm™" (-OH in interlayer
water), and 1034 cm™" (-O-Si in bentonite) and bending
vibration absorption peaks of -O-Si at 521cm™ and
465cm™'. Comparison of the absorption peaks of ben-
tonite and the SAR revealed that the telescopic vibration
and bending vibration absorption peaks of -O-Si still
existed in the spectrum of the resin, but the absorption
peak was weak, indicating that the vibration dipole mo-
ment had changed, and bentonite had graft polymerized
with AA and bound to the polymer chain of the resin
through chemical bonds [30]. Thus, these findings showed
that the highly absorbent resin was a crosslinked polymer
formed by the polymerization of potato starch, bentonite,
and AA.

3.3.2. Scanning Electron Microscopy Analysis. As shown in
Figure 5, the original morphology of potato starch in the
SAR no longer existed, indicating that potato starch had
undergone relatively complete and uniform graft poly-
merization with AA and its sodium salt. Comparison of the
original morphology of bentonite and the resin revealed
some differences, which suggested that bentonite had graft
polymerized with AA.

To investigate the effect of the ion concentration on the
network structure of the SAR, the surface morphologies of
the SAR after absorbing distilled water and after absorbing
salt water were studied using the SEM. Comparison of the
surface morphology of the two SARs revealed distinct
differences. The surface morphology of the SAR after
absorbing distilled water is covered with gullies and holes,
which suggested that the resin had a large specific surface
area and would have a high water absorption capacity [31].
The resin surface after absorbing salt solution was smooth
and dense, which would reduce the surface area of the
resin and thus decrease the liquid absorption capacity.
The SEM results further demonstrated that the ions in
solution affected the expansion of the network structure of
the SAR.

4. Conclusions

A novel composite SAR was synthesized by aqueous solution
polymerization using potato starch, bentonite, and AA as
raw materials. The optimum synthetical mass ratios of
starch, bentonite, potassium persulfate (K,5,0g), and N, N'-
methylene-bis-acrylamide to acrylic acid (AA) were 7.14%,
3.57%, 0.29%, and 0.057%, respectively, and the neutrali-
zation degree of AA was 50%. The SAR had a water ab-
sorbency of 1300 mL/g in distilled water. The results showed
that the SAR synthesized using the modified method showed
good water absorption, water retention, and moisturizing
properties. The modified SAR synthetic method is charac-
terized by a lack of nitrogen protection, the direct use of raw
AA and potato starch, a simplified synthesis process, sub-
stantially increased efficiency, and lower production costs.
The FTIR and SEM results showed that potato starch, AA,
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and bentonite were graft polymerized well, and the ions in
solution could affect the expansion of the network structure
of the SAR. In the related literature, the humidity of the
experimental environment is not considered when deter-
mining the water retention rate of the resin. We will study its
influence on the water retention rate of the SAR at different
temperatures in the future.
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