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Abstract: The objective of this study was to examine changes in the dissolution rate of sodium-alginate/polyacrylamide
(SA/PAM) hydrogel according to water temperature and concentration of cross-linking agent N, N'-methylenebisacryl-
amide (MBAAm). Results confirmed that swelling and dissolution rates of the SA/PAM hydrogel were increased when
the temperature of the water was increased or the amount of MBAAm was decreased. When water temperature was
increased, ionic crosslinks became unstable and amide bonds were broken due to hydrolysis, causing the hydrogel to rap-
idly dissolve in the hot water. Also, after the amount of MBAAm was decreased, ionic crosslinks became dominant and
SA/PAM hydrogel became more vulnerable to hot water. Here, we analyzed the dissolution rate of hydrogel following
temperature and MBAAm density changes. We also developed a selectively dissolvable water-blocking hydrogel that
could be stable in cold water and become dissolved quickly in hot water.

Keywords: sodium-alginate/polyacrylamide hydrogel, dissolution rate, temperature effect, cross-linking density effect,
selectively dissolvable water-blocking material.

Introduction

A hydrogel is a three-dimensional network of hydrophilic
polymers having a moisture content of 90%. Because hydro-
gels consist of water with skin-like softness, they are safe for
human body and easy to fabricate into complex shapes.
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Hydrogels are regarded as promising bio-compatible mater-
ials in various fields such as strain sensors," wastewater absor-
bents,™® and ultrasound imaging for diagnosis.*'? In the agri-
cultural field, the high moisture content and porous structure of
hydrogels enable them to be stored and to supply moisture in
landfills. It has also been proven that crop productivity can be
improved by storing necessary nutrients inside a hydrogel and
continuously releasing them for a certain period of time."" In
the medical field, the physicochemical similarity of hydrogels
to human tissue has led to their application as scaffolds for tis-
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sue engineering, > cell culture,™” and drug carriers.

Despite these advantages, the weak mechanical properties of
hydrogels have been major constraints. The fracture energy of
hydrogel, such as a polyacrylamide hydrogel, is approximately
10 J'm™, which is 1/1000 of that of natural rubber (10000
J'm?). Fortunately, recent development of a sodium-alginate/
polyacrylamide (SA/PAM) hydrogel has significantly improved
mechanical properties of hydrogels. In 2012, SA/PAM hydro-
gel synthesized by adding sodium-alginate to polyacrylamide
hydrogel was reported for the first time.'> An alginate chain
has guluronic acid blocks forming ionic crosslinks through
ions, thus enhancing mechanical properties and resilience of
the gel. The fracture energy of SA/PAM hydrogel is 9000
J'm?, which is 900 times larger than that of normal hydrogels
and similar to that of natural rubber.”

In this study, we determined the dissolution rate of SA/PAM
hydrogel in water. Our results confirmed that the dissolution
rate of SA/PAM hydrogels could be controlled by adjusting
water temperature and cross-linker concentration. Ionic cross-
links between ions and alginate play a significant role in
mechanical properties of SA/PAM hydrogels. When water
temperature was increased and cross-linking agent concen-
tration was decreased, the stability of ionic crosslinks was
reduced, which broke them down and dissolved the hydrogel
quickly. Amide bonds were also broken since hydrolysis
became dominant rather than recombination reaction accord-
ing to temperature and cross-linker concentration. Therefore,
the dissolution rate varied depending on the water temperature
and the concentration of the cross-linking agent.

Due to their excellent mechanical properties and dissolution
rate control, SA/PAM hydrogels are suitable water-blocking
materials for repairing pipes. The interior of an actual pipe is
rough and uneven owing to oxidation and corrosion. With con-
ventional water-blocking methods such as rubber-balloon
method are used for pipes, such irregularities cannot be cov-
ered. Hence, the working environment becomes increasingly
unstable because of water leakage. On the other hand, soft
properties of hydrogels are sufficient to fill in surface irreg-
ularities, thus preventing water leakage. Because SA/PAM
hydrogels are biocompatible,® they are suitable as water-
blocking materials for repairing or replacing pipes that trans-
port water in our daily life. Finally, because dissolution rate
can be controlled by adjusting water temperature and cross-
linking agent concentration, SA/PAM hydrogel-based water-
blocking devices can be easily removed without the process of
taking them out by supplying hot water into the pipe after a
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repair or replacement, making them very convenient and effi-
cient.

The SA/PAM hydrogel production conditions that provide
the highest mechanical strength were selected by analyzing
mechanical properties and microstructures of SA/PAM hydro-
gels according to the concentration of the cross-linking agent,
N,N'-methylenebisacrylamide (MBAAm). Dissolution rate of
the SA/PAM hydrogel was then analyzed according to water
temperature and cross-linking agent concentration by exam-
ining the shape, swelling ratio, and Na" concentration in water
at each hour and the dissolution time. After manufacturing an
optimal SA/PAM hydrogel water-blocking device based on
results obtained, whether it could be used as an actual water-
blocking material was determined by measuring water-proof
time for each water temperature through a pipe model similar
to the actual pipeline construction environment.

Experimental

Synthesis of SA/PAM Hydrogel. SA/PAM hydrogels were
synthesized with the following method. First, an acrylamide
(DUKSAN, Korea) 50 wt% aqueous solution was prepared
and stirred at room temperature for 24 h. Then 4.5 g of NaH-
CO; (DUKSAN, Korea) was added to a sodium-alginate
(Sigma-aldrich, USA) 2 wt% aqueous solution and stirred at
room temperature for 48 h. If NaHCO; was added immediately
during the experiment, then the dissolution rate was low and
the solution was not uniformly mixed. To make a cross-linker
solution, a 1 wt% MBAAm (Sigma-aldrich, USA) aqueous
solution was prepared and stirred at room temperature for 24
h and a 10 wt% aqueous ammonium persulfate (APS, Sigma-
aldrich, USA) solution was prepared to make an initiator solu-
tion. Finally, a 10 wt% tetramethylethylenediamine (TEMED,
Sigma-aldrich, USA) aqueous solution was prepared and
stirred at room temperature for 24 h to make an accelerator
solution.

These prepared solutions were weighed and mixed as fol-
lows. First, 12.44 g of 50 wt% acrylamide aqueous solution
was added to 39.6 g of a mixed aqueous solution of sodium
alginate and NaHCO;. Then, 0.4 g of 1 wt% TEMED aqueous
solution and 1 wt% MBAAm were mixed and dissolved. The
amount of MBAAm added was adjusted to 0.1, 0.2, 0.3, 0.4,
and 0.5 g to prepare hydrogels with different concentrations of
the cross-linking agent. Finally, after adding 0.62 g of 10 wt%
APS aqueous solution, the mixed solution was placed in a
mold, stirred using a glass rod, and heated in a 40 °C oven for
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20 h. The mold was placed in a sealed container to prevent
moisture loss.

Tensile Strength and Microstructure Analysis. The ten-
sile strength of the hydrogel was analyzed using a universal
testing machine (Yeonjin S-Tech, Korea) with a maximum
load of 100 kg (1 kN). Hydrogel tensile specimens were pre-
pared at size of 5 mm (Width)x5 mm (Height)x40 mm
(Length). The initially analyzed length was set to be 20 mm by
fixing each 10 mm up and down using a jig during the tensile
test. The tensile speed was set at 10 mm/min until failure
occurred. With regard to the hydrogel microstructure, hydrogel
specimens with different MBAAm contents were frozen at 20
°C for 48 h, and then placed in a freeze dryer for 24 h. The
microstructure of the cross-section according to the MBAAmM
content was determined using a field-emission scanning elec-
tron microscopy (FE-SEM, TESCAN, Korea).

Dissolution Rate Analysis According to Water Temperature
and MBAAm Content. To confirm the effect of MBAAmM
content on dissolution rate, hydrogels with various MBAAm
contents of 0.1, 0.2, 0.3, 0.4, and 0.5 g were analyzed at 100
°C. First, 400 mL of distilled water was heated to boiling. An
autoclave container capable of maintaining a constant pressure
and temperature was filled with boiling water. Then a 20
mmx20 mmx10 mm hydrogel specimen was placed in the
autoclave container. Its weight, size, and shape were analyzed
every hour to confirm swelling and dissolution. For accurate
analysis, the size and weight were measured after removing
water on the surface. The swelling ratio was calculated using
the following eq.:

Swelling ratio (%) =

(Weight after s.vxfelhng'— Initial weight) 100 (1)
Initial weight

In the case of dissolution rate according to temperature,
water-soluble state was analyzed at 80, 90, 100, 110, and 120
°C using a hydrogel containing 0.4 g of MBAAm, which had
the highest mechanical strength.

Also, to confirm ionic bond breaking between alginate and
sodium ions, concentrations of sodium ions were analyzed
through inductively coupled plasma-atomic emission spectro-
metry (ICP-AES, Agilent tech, USA) analysis of the aqueous
solution in which hydrogels were dipped.

Results and Discussion

Mechanical Strength and Microstructure of Hydrogel
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Figure 1. Tensile test of SA/PAM hydrogel: (a) image of measuring
tensile stress of hydrogel (A: distance between the two clamps); (b)
tensile stress-strain curve of hydrogels according to the content of
crosslinker, MBAAm; (c) toughness of hydrogels according to the
content of MBAAm.

According to MBAAm Content. Figure 1 shows tensile test
results of the SA/PAM hydrogel according to the MBAAm
content. When the MBAAm content was below 0.4 g, elastic
modulus and tensile strength were increased with increasing
MBAAm content. When the MBAAm content was 0.5 g, the
elastic modulus of the hydrogel was increased but the tough-
ness was decreased due to a decrease of elongation. These
results showed that the network cross-linking density was
gradually increased with increasing MBAAm content and elas-
tic modulus of the hydrogel. However, as the hydrogel rigidity
increased with excessive addition of MBAAm, the elastic
modulus was increased, but the elongation was decreased.

Figure 2 shows microstructures of SA/PAM hydrogels
according to the MBAAm content using FE-SEM. Results
showed that the larger the MBAAm content, the smaller the
pore size. This means that the MBA Am can make the hydrogel
dense by connecting between polyacrylamides.”® In addition,
because the increase in the elastic modulus with the increase in
MBAAm content improved the expansion resistance, the
expansion effect of swelling was relatively small. Thus, the
pore size appeared relatively small.

Dissolution Rate According to Water Temperature. Fig-
ures 3 and 4 show experimental results of the dissolution rate
of SA/PAM hydrogel according to water temperature. Results
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Figure 2. Microstructures of SA/PAM hydrogels according to
MBAAm content: (a) 0.1 g; (b) 0.2 g; (c) 0.3 g; (d) 0.4 g.

confirmed that the swelling ratio was increased more rapidly as
water temperature increased. However, at 120 °C, the swelling
ratio rapidly decreased after 2 h. Specifically, the swelling ratio
of SA/PAM hydrogels increased from 987 to 2288% at 80 °C,
from 1410 to 2438% at 90 °C, and from 1521 to 2783% at 100
°C after exposure for 1 to 5 h. Results confirmed that the
higher the temperature, the faster the initial swelling rate.
However, the swelling rate gradually decreased over time.
Results of specimen observations confirmed that the original
shape of the specimen was maintained at <100 °C. This meant
that the cross-linking reaction in the water-soluble composite

Heating Temperature

Dissolved

Figure 3. Shape of SA/PAM hydrogel with 0.4 g MBAAm accord-
ing to swelling time and temperature of the water in which hydro-
gels were dipped. The size of each sample before test was 20 mm
(width)x20 mm (length)x5 mm (height).
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polymer was resistant to hot water up to 100 °C. At 110 °C, the
swelling ratio increased from 1936 to 3612% as the swelling
time increased from 1 to 5 h. Despite swelling, the original
shape of the specimen was maintained for 1 h. However, after
3 h, the SA/PAM hydrogel was liquefied, indicating that cross-
linking in the hydrogel gradually weakened. When the swell-
ing time of the hydrogel was increased from 1 h to 2 h at 120
°C, the swelling ratio increased from 2144 to 3066%, but
decreased to 993% after 3 h and completely dissolved after
4h.

This tendency was originated from the breaking of ionic
bonding between alginate and sodium ions and the hydrolysis
of polyacrylamide. First, the ionic bonding between alginate
and sodium ions was weakened. The higher the water tem-
perature, the more easily ions could form the ionic bond with
the alginate in hydrogel escape, thus weakening the ionic
bonding force and consequently dissolving the hydrogel. To
confirm this, the sodium concentration of water in which the
hydrogel was dipped for 1 h was analyzed by ICP-AES (Fig-
ure 4(b)). Results showed that at 80, 90, 100, 110 °C, and 120
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Figure 4. Swelling tendency of SA/PAM hydrogel with 0.4 g
MBAAm according to temperature of the water in which hydrogels
were dipped: (a) swelling ratio of SA/PAM hydrogel over swelling
time; (b) Na" concentrations of water in which hydrogels were
dipped.
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°C, sodium concentrations were 120.27, 122.55, 136.81, 146.22,
and 163.38 ppm, respectively, indicating that the higher the
actual temperature, the greater the number of sodium ions that
would escape. Second, amide bonding was broken due to

27 polyamide gen-

hydrolysis. According to existing studies,
erally tends to reach the molecular weight that achieves
dynamic equilibrium through competition between hydrolysis
and recombination reaction. When polyamide with a high
molecular weight is exposed to a high temperature and/or a
high pressure, hydrolysis takes place more actively than
recombination reaction. Thus, amide bonds will break and
polyamide will melt. Therefore, it seems that the higher the
temperature, the faster the dissolution rate as ionic and amide
bonds are broken.

Dissolution Rate According to the Content of MBAAm.
Figures 5 and 6 show swelling ratios of SA/PAM hydrogels
with different MBAAm contents after placing them in 100 °C
water. In the case of the hydrogel with 0.1 g MBAAm, the
swelling ratio increased during the first hour. It then decreased
from 2 h onward. It was fully dissolved in approximately 3 h.
In the case of the hydrogel with 0.2 g MBAAm, the swelling
ratio increased for 3 h. It then began to decrease after 4 h. It
was completely dissolved after 7 h. In the case of the hydrogel
with 0.3 g MBAAm, the swelling ratio increased during the
initial 5 h. It then decreased after 6 h. The swelling ratio of the
hydrogel with 0.4 g MBAAm continuously increased. How-

MBAAmM

Dissolved

Figure 5. Shape of SA/PAM hydrogel in 100 °C water according to
swelling time and MBA Am content. The size of each sample before
test was 20 mm (width)x20 mm (length)x5 mm (height).

ever, regardless of the MBAAm content, the rate of swelling
ratio tended to decrease over time.

In the case of the 0.1 g MBAAm hydrogel, the dissolution
rate was very high compared with the swelling rate. The swell-
ing ratio seemed to decrease after 1 h of the experiment. In the
case of the hydrogel with 0.2 g MBAAm, the swelling ratio
was increased faster than that of hydrogel with 0.3 g or 0.4 g
MBAAmMm because the lower the MBAAm content, the lower
the swelling resistance, and the faster the swelling rate. As dis-
cussed above, the lower the MBAAm content, the larger the
proportion of pores in the hydrogel, meaning that there were a
lot of spaces to be filled with water inside the gel. In addition,
the rigidity of the hydrogel was reduced and the swelling resis-
tance decreased because expansion easily occurred. However,
the hydrogel containing 0.2 g MBAAm also began to lose
weight after 4 h, which might be because the swelling rate
gradually decreased as the swelling gradually became satu-
rated, while the dissolution rate was maintained. The hydrogel
with 0.3 g MBAAm also showed a tendency to lose weight
after 6 h of the experiment as the dissolution rate exceeded the
swelling rate. However, in the case of the hydrogel with 0.4 g
MBAAm, the rate of increase of the swelling ratio gradually
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Figure 6. Swelling tendency of SA/PAM hydrogel according to
MBAAm content in 100 °C water: (a) swelling ratio of SA/PAM
hydrogel over swelling time; (b) Na concentrations of water in
which hydrogels were dipped.
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decreased. However, it did not show a decrease. Thus, as the
MBAAm concentration increased, the swelling resistance
increased and the dissolution rate decreased. Hence, the swell-
ing ratio appeared to increase for a longer period of time.
These results confirmed that swelling and dissolution rates
could be controlled by adjusting the concentration of MBAAm.

This tendency was attributed to the portion between ionic
bonds and covalent bonds inside the hydrogel. As the MBAAmM
content decreased, the ionic bonding between sodium ions and
alginate was relatively dominant among bonds, which main-
tained the shape of the hydrogel. When placed in hot water, the
hydrogel with a low MBAAm content lost its shape and dis-
solved faster because sodium ions that retained the bond could
easily escape. On the other hand, the higher the MBAAm con-
tent, the more the covalent bond with MBAAm became rel-
atively dominant. The dissolution resistance of the hydrogel
increased because covalent bonds could not be easily broken,
even in hot water.

ICP-AES analysis was performed to confirm that sodium

(a)

Bottom After combination  Product after 3D printing

(d)

ions escaped differently according to the MBAAm content.
Figure 6(b) shows sodium concentration of an aqueous solu-
tion in which hydrogels with different MBAAm contents were
immersed in 100 °C water for 1 h. As the sodium concen-
tration of the aqueous solution increased, concentrations of
sodium ions inside the hydrogel decreased, indicating that the
binding force between the ions and alginate was weakened.
Analysis results showed that when MBAAm contents were
0.1, 0.2, 0.3, and 0.4 g, sodium concentrations were 175.24,
151.83, 128.12, and 122.55 ppm, respectively. These results
confirmed that the sodium ion concentration of the aqueous
solution decreased as the MBAAm content increased.
Water-Blocking Test of SA/PAM Hydrogel. To determine
whether the SA/PAM hydrogel could be used as an actual
water-blocking material in pipes, an optimal water-blocking
material was manufactured based on its mechanical properties
and dissolution rate. A balloon type water-blocking system
was chosen because it was easy to insert it into the pipe to fill
in the rough surface through expansion. Figure 7 shows the

Synthesized
40 °C 24 hr

Air blowing
in rubber balloon

Injection of
mixed solution

D <
— | :‘ .

Removal
of rubber balloon

Figure 7. Water-blocking test of SA/PAM hydrogel in the pipe: (a) balloon-type mold made of ABS was fabricated by 3D printing; (b) man-
ufacturing process of the balloon-type water-blocking material using the 3D printed mold; (c) water-blocking balloon made of SA/PAM hydro-
gel; (d) water-blocking test in a simulated pipe. Water was allowed to circulate inside the pipe to keep the water temperature constant.
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process of manufacturing and testing the water-blocking bal-
loon. The hydrogel with 0.4 g MBAAm, which had excellent
mechanical properties, was adopted as the water-blocking
material. To produce a balloon-shaped water-blocking mate-
rial, a spherical-shaped mold made of polylactic acid was fab-
ricated by 3D printing, and an inlet for injection was made at
the top. At the center of the inlet, an insertion port capable of
supporting a tube connected to a rubber balloon was made.
After inserting the tube, air was blown into it to produce an
empty balloon-shaped mold. Then, the mixed solution was
injected into the prepared mold in the order of hydrogel pro-
duction and heated at 40 °C for 24 h to synthesize a balloon-
type hydrogel. After the synthesis, the inside of the balloon
was deflated, the tube was removed, and upper and lower parts
of the mold were separated to demold the hydrogel.

After inserting the manufactured balloon-type water-block-
ing material into the pipe, which had an inlet and an outlet for
water circulation, air was blown in to block the pipe, and the
hydrogel was sealed using a water-soluble PVA cable tie. Then
the water heated in the heating bath was allowed to circulate
inside the pipe to maintain a constant water temperature. The
water-blocking time was measured at water temperatures of
25, 60, 70, and 80 °C.

Experimental results showed that the SA/PAM hydrogel-
based balloon exploded after 310 min at 25 °C, 132 min at 60
°C, 35 min at 70 °C, and 20 min at 80 °C. These results con-
firmed that the higher the water temperature, the lower the
water-blocking performance. The reason why the hydrogel
exploded sooner than the previously analyzed dissolution time
might be because it swelled under continuous tension after air
injection. Through this experiment, it was confirmed that the
SA/PAM hydrogel could effectively prevent water leakage
when it was used to repair pipes. After the repair, it could be
removed using hot water without an additional removal pro-
cess.

Conclusions

In this study, the dissolution rate of the SA/PAM hydrogel
was analyzed according to the temperature of water and the
concentration of MBAAm. Results showed that the higher the
MBAAm concentration, the slower the swelling rate in the
water at the same temperature.

The swelling ratio of hydrogel was increased rapidly with an
increasing temperature. However, the swelling ratio rapidly
decreased after 2 h at temperature above 120 °C. This means

that sodium ions in the hydrogel escaped easily at a high tem-
perature and the hydrogel dissolved in water quickly. Also,
amide bonds were broken since hydrolysis became dominant
rather than a recombination reaction, which accelerated the
dissolution rate. Results of ICP-AES analysis confirmed that
concentrations of sodium ions that escaped from the hydrogel
increased as the temperature increased.

Results of analysis of change in swelling ratio according to
MBAAmMm concentration confirmed that the higher the MBAAm
concentration, the slower the occurrence of swelling in water
at the same temperature. This was attributed to an increase in
swelling resistance as the MBAAm concentration increased.
However, in the case of the hydrogel with 0.1 g MBAAm, the
swelling ratio increased the slowest because the increase in the
swelling rate was cancelled by the increase of the dissolution
rate. The SA/PAM hydrogel maintained its shape through
chemical bonding by MBAAm and ionic bonding by alginate
and sodium ions. When swelling in hot water, the ionic bond
between alginate and sodium ions was easily broken as ions
inside the hydrogel escaped. Therefore, the lower the MBAAm
content, the more dominant the ionic bonding force and the
faster the dissolution rate. Results of ICP-AES analysis con-
firmed that the concentration of sodium ions coming out of the
hydrogel increased at a lower MBAAm content.

These results confirmed that SA/PAM hydrogel could be
used as a water-blocking balloon for repairing heating pipe
without needing a separate removal process. To determine
whether effective water blocking was possible, a pipe with a
diameter of 80 mm, which simulated a real pipe, was fab-
ricated and an experiment was conducted under conditions
similar to the real environment. Results confirmed that the SA/
PAM hydrogel-based balloon could resist swelling for 310 min
at 25 °C and 132 min at 60 °C, providing sufficient time to
repair the pipe. Thus, such SA/PAM water-blocking material
can be used to repair metallic pipes (such as copper pipes, steel
pipes, and stainless steel pipes known to be able withstand
high temperatures), household drainage pipes, and heat trans-
port pipe used for urban heating.
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