eXPRESS Polymer Letters Vol.3, No.5 (2009) 279–285

Available online at www.expresspolymlett.com
DOI: 10.3144/expresspolymlett.2009.35

Synthesis of porous poly(acrylamide) hydrogels using
calcium carbonate and its application for slow release of
potassium nitrate
G. R. Mahdavinia1*, S. B. Mousavi2, F. Karimi3, G. B. Marandi4, H. Garabaghi1, S. Shahabvand3
1Department

of Chemistry, Faculty of Science, University of Maragheh, P.O. Box 55181-83111, Maragheh, Iran
of Soil Science, Faculty of Agriculture, University of Maragheh, P.O. Box 55181-83111, Maragheh eh, Iran
3Department of Biotechnology, Faculty of Science, University of Maragheh, P.O. Box 55181-83111, Maragheh eh, Iran
4Department of Chemistry, Islamic Azad University, Karaj Branch, P. O. Box 31485-313, Karaj, Iran
2Department

Received 3 January 2009; accepted in revised form 3 March 2009

Abstract. Porous poly(acrylamide) was synthesized using calcium carbonate microparticles and subsequent acid treatment
to remove the calcium carbonate. Methylenebisacrylamide and ammonium persulfate/sodium metabisulfite were used as
crosslinking agent and redox initiator, respectively. The porous structure of resulted hydrogels was confirmed using SEM
micrographs. The effect of methylenebisacrylamide concentration and calcium carbonate amount on the swelling of the
hydrogels was investigated. The results showed that the effect of methylenebisacrylamide and calcium carbonate variables
on the swelling is reverse. The hydrogels were subsequently utilized for the loading of potassium nitrate. Potassium nitrate
as active agent was loaded into hydrogels and subsequently the release of this active agent was investigated. In these series
of investigation, the effect of content of loading, methylenebisacrylamide and calcium carbonate amount on the release of
potassium nitrate from hydrogels was investigated.
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1. Introduction
Hydrogels are three-dimensional hydrophilic polymer networks capable of imbibing large amount of
water [1]. For this reason they have been used
widely in the field of drug delivery, immobilization
of enzymes, dewatering of protein solutions, solute
separation, baby diapers, soil for agriculture and
horticulture, water-blocking tapes, absorbent pads,
and numerous other applications [2–8]. High
swelling rate is an important property of hydrogels.
They mainly need several hours to reach maximum
absorption capacity. The slow swelling of dried
hydrogels is due to the slow diffusion of water into
the glassy matrix of the dried hydrogels [9]. Chen
and Park developed a new kind of superabsorbent
*Corresponding

polymers, so called superporous hydrogels [10].
There are several well known methods to prepare
porous hydrogels, including phase separation,
foaming technique, emulsion-template synthesis,
and particulate leaching and freeze-drying [11, 12].
Poly(acrylamide) (PAAm) is an important and
hydrophilic polymer for preparation of hydrogels
[13]. The common method to synthesis of PAAm
hydrogels is the free radical crosslinking copolymerization of AAm monomer with multifunctional
vinyl monomers [13]. PAAm hydrogels and their
derivatives are the subject of many studies [14, 15].
PAAm hydrogels have proven capability of water
absorption and biocompatibility with physiologic
body fluids. The application of PAAm hydrogels in
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controlled release of agrochemicals and bioactive
have been investigated [16, 17]. Researchers have
been reported porous PAAm hydrogels [18–20].
Synthesizing porous hydrogels using solution polymerization method in the presence of porogen (that
produce gas bubbles from reaction of porogen with
chemicals) is a difficult task, because produced gas
bubbles from porogen leave the solution easily. The
main aim of this work was to synthesize porous
PAAm hydrogels through solution polymerization
and its application to slow release of agrochemicals. To the best of our knowledge, there have been
no previous reports on using the calcium carbonate
for synthesis of porous PAAm hydrogel. The leaching of calcium carbonate and subsequently evolving of CO2 gas from hydrogel matrix results in
porous structure. Potassium nitrate, an agrochemical agent was loaded in the hydrogels and the
release of this active agent in deionized water was
studied.

2. Experimental
2.1. Materials
Acrylamide (AAm, Merck Co.) was used after
crystallization from acetone. Methylenebisacrylamide (MBA, Fluka Co.), ammonium persulfate
(APS, Fluka Co.), and sodium metabisulfite
(SMBS, Fluka Co.) were used as received. Calcium
carbonate (CCb ~3 μm, Fluka Co.), and other
chemicals were used as received.

2.2. Synthesis of PAAm hydrogel
AAm solution was prepared in a one-liter reactor
equipped with mechanical stirrer and gas inlet.
AAm was dissolved in degassed distilled water.
Reaction variables are given in Table 1. In general,
AAm (3.0 g, 42 mmol) was dissolved in 30.0 ml of
distilled degassed water. MBA as a crosslinker
(0.050 g in 2 ml water, 0.32 mmol) was added to

the AAm solution and the mixture was continuously stirred under nitrogen gas. Various amounts
of calcium carbonate powder (1.5, 3 and 6 g) were
added to the reaction mixture and allowed to stir for
10 min. Then APS (0.05 g dissolved in 2 ml water,
0.22 mmol) and SMBS (0.05 g dissolved in 2 ml
water, 0.26 mmol) as a redox initiator were added
to the solution and stirred for 30 min. Obtained
hydrogels in bulk state were cut in similar pieces
(~2×2×2 mm). Subsequently, the calcium carbonate particles were dissolved in the aqueous 10% wt
HCl solution by immersion of hydrogels for 24 h at
ambient temperature. For removing the calcium
chloride from dissolution of calcium carbonate and
other remained substrates, the hydrogels were
immersed in excess amount of deionized water for
6 days with daily refreshment of the water. In order
to assure the complete removal of Ca2+ and Cl–
ions, CO32– and Ag+ ions were used, respectively; in
which lack of any precipitation was attributed to a
complete removal. After this time, the hydrogels
were poured to 300 ml ethanol. After dewatering
for 24 h, the hardened hydrogel products were filtered, washed with fresh ethanol (2×50 ml) and
dried at 50°C until obtaining a constant weight.

2.3. Bulk density measurement
Bulk density of dried hydrogels was determined by
using picnometric method outlined in ASTM D792.
In general, 1 g of dried hydrogels was placed in a
10 ml picnometer with known weight. Then the
picnometer containing sample was filled with acetone as non-solvent and picnometer containing
sample and acetone weighed to determine the density of sample according to standard method.

2.4. Swelling studies
Dried hydrogel pieces were used to determine the
degree of swelling. The degree of swelling (DS)

Table 1. Amount of reaction parameters for synthesis of porous hydrogels (H2O 40 ml, APS/SMBS 0.22/0.26 mmol)
Run
SP1
SP2
SP3
SP4
MBA1
MBA2
MBA3

AAm [mmol]
42
42
42
42
42
42
42

CaCO3 [g]
0.0
1.5
3.0
6.0
3.0
3.0
3.0

MBA [mmol]
0.32
0.32
0.32
0.32
0.16
0.32
0.65
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DS [g/g]
24
28
34
44
41
34
17

loaded of PN [%]
28.0
–
58.0
78.0
61.7
56.1
30.0
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was determined by immersing the hydrogels (0.1 g)
in distilled water (100 ml) and was allowed to soak
for 24 h at room temperature. After this time, they
were removed from the water, blotted with filter
paper to remove surface water, weighed and the DS
was calculated using Equation (1):
DS =

Ws − Wd
Wd

(1)

where Ws and Wd are the weights of the samples
swollen in water and in dry state, respectively. For
studying the swelling kinetics of the hydrogels, a
certain amount of samples (0.20 g) was poured into
numbers of weighed tea bags and was immersed in
200 ml distilled water. At consecutive time intervals, the water absorbency of the hydrogels was
measured according to the above method.

released was evaluated using conductometer. The
released PN was determined from the calibration
curve.

2.6. Instruments
The surface morphology of the hydrogels was
examined using scanning electron microscopy
(SEM). The purified hydrogels were dewatered and
dried at 40°C. The dried hydrogels were grinded
and sieved to obtain 40–60 mesh. Dried hydrogel
powder with 40–60 mesh size were coated with a
thin layer of palladium gold alloy and imaged in a
SEM instrument (Leo, 1455 VP). A conductivity
meter (HANNAN, HI 8819N) was used to study of
release of potassium nitrate.

2.5. Loading/release of potassium nitrate

3. Results and discussions
3.1. Synthesis and characterization

The potassium nitrate (PN) was dissolved in 25 ml
deionized water with desired concentration (1% wt
of PN for all samples, but in the series of effect of
%loading on the release of PN, 0.5, 1 and 2% wt of
PN solution was used). Pre-weighed dried and purified hydrogel pieces (0.1 g) were immersed in it for
24 h at room temperature. After withdrawing the
loaded hydrogels, the volume of the remained PN
solutions was filled to 25 ml and according to conductivity of these diluted solutions and calibration
curve, the amount of loaded PN was calculated.
Loaded hydrogels were filtered and dried in an
oven at 40°C for constant weight. The milligram of
loaded PN in hydrogels was calculated using calibration curve. The amounts of loaded PN in hydrogels were given in Table 1. For study the release of
PN, deionized water was chosen as a release
medium. In general, dried KNO3 loaded hydrogels
were immersed in 100 ml deionized water under
un-stirred condition. At intervals, the amount of PN

The aim of this study was to produce a porous
crosslinked-PAAm hydrogel under solution polymerization. Porous hydrogel was successfully prepared by the incorporation of CaCO3 microparticles. In the synthesized hydrogels, the porous structure can be formed in two ways: (a) acid treatment
to leaching the CaCO3 particles and (b) the hydrogel containing CaCO3 particles has a pasty and jelly
state that prevents removing the evolved CO2 gas
(from neutralization of CaCO3 in the presence of
acid) from the pasty and jelly state. So, the removed
gas creates pores in the hydrogel. Figure 1 indicates
SEM micrographs of hydrogels. The PAAm as a
hydrogel component and CaCO3 particles were
observed in the hybrids, as shown in Figure 1b.
After HCl treatment, the CaCO3 particles have disappeared and pores could be clearly observed in the
hydrogel, as shown in Figure 1c. On the other hand,
pores were not observed in hydrogels prepared
without the CaCO3 particles, as shown in Fig-

Figure 1. SEM micrographs (×1000, Scale bar: 20 μm) of a) non-porous PAAm, b) PAAm hydrogel containing CaCO3
and c) porous hydrogel after removing of CaCO3
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ure 1a. These observations indicate that porous
PAAm hydrogels were successfully prepared by
the present technique.

3.2. Effect of CCb content on porosity
For all dried hydrogels, the bulk density of dried
hydrogels was determined using picnometer. As
shown in Table 2, the increase in CaCO3 content
has a big influence on the density of the hydrogels.
The results reveal that the increase in CaCO3
causes a decrease in the density of the hydrogels.
Decrease in density can be attributed to the pores
containing air [21]. Using the high content of
CaCO3 to synthesize of hydrogel causes the high
number of produced pores, and subsequently the
density will be decreased. So, the decrease in density can be attributed to the increase in porosity.
Table 2. Effect of CaCO3 content on the bulk density (ρ) of
dried hydrogels
Sample
SP1
SP2
SP3
SP4

CaCO3 [g]
0.0
1.5
3.0
6.0

ρ [g/cm3]
1.64
1.23
1.02
0.85

3.3. Swelling study

the hydrogel makes pores in the hydrogel structure
and results in a high water uptake. Also, hydrogels
absorb higher amount of water with increasing
CaCO3 amount in reaction feed that may be due to
increase in pore number. Also, the effect of CaCO3
content on the swelling kinetic of the hydrogels
was investigated. A preliminary study was conducted on the hydrogels swelling kinetics. The rate
of water uptake in porous hydrogels is higher than
that of non-porous hydrogel. Increase in the rate of
absorption would be expected from the increase in
surface area with increasing porosity of hydrogels.
The swelling-time data can be fitted with the Equation (2) [22] to derive the power and rate parameters:
S t = S e (1 − e −t / τ )

(2)

where St is swelling at time t [g/g], Se is equilibrium
swelling (‘power parameter’, [g/g]), t is time [sec]
for swelling St, and τ stand for ‘rate parameter’
(time for Sτ), [s]. The rate parameters for hydrogels
prepared with using 0, 1.5, 3 and 6 g of CaCO3 are
500, 128, 113, and 100 sec, respectively. The τ
value for hydrogel with no-CaCO3 is higher than
those in the samples was synthesized using CaCO3.
This may simply be attributed to the fact that with
using CaCO3 in synthesis of hydrogel the porous
structure is formed.

3.3.1. Effect of CaCO3 content on swelling
Figure 2 illustrates the equilibrium of water content
and dynamic swelling behavior of hydrogels as a
function of the CaCO3 amount. As presented in this
figure, by using the CaCO3 in the feed mixture, the
water absorbency of the hydrogels increases. This
may be attributed to the fact that using CaCO3 in

Figure 2. Water absorbing and dynamic swelling dependency of porous PAAm hydrogel as a function of
amount of CaCO3

3.3.2. Effect of MBA concentration
Crosslinks are necessary to form a hydrogel in order
to prevent dissolution of the hydrophilic polymer
chains in an aqueous environment. To investigate
the effect of MBA concentration on the water
absorbency of the porous PAAm, the crosslinker
concentration was chosen 0.13, 0.32 and
0.65 mmol. All the other parameters in these series
of reaction were constant. As shown in Figure 3, as
the concentration of the MBA was increased, the
water absorbency of the hydrogel composite was
decreased (41, 34 and 17 g/g for 0.13, 0.32 and
0.65 mmol of MBA, respectively). Clearly, a higher
concentration of crosslinker produces a larger
degree of polymer chains branching and generates
an additional network. Thereby, with the
crosslinker content increasing, the crosslinking density increases. As a result, the network space gets
diminished, and less water enters the hydrogel [23].
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Figure 3. Effect of MBA concentration on the water
absorbency and dynamic swelling of hydrogels

Run
Loading of PN [%]

3.4.1. Effect of amount of loading on release
of PN

AA2
58

AA3
85

Figure 4. Effect of percentage of loading of PN (SP3
hydrogel) on the release of PN from hydrogel.
AA1, AA2 and AA3 are PN loaded SP3 hydrogels containing 30, 58 and 85 of %loading,
respectively.

3.4. Release of KNO3 from PAAm hydrogel
The hydrogels have been evaluated as slow release
matrix using potassium nitrate as model agrochemical. Potassium nitrate is used to improve production of crops. It is important to controlled release of
agrochemical to diminish amount of active ingredient without reducing efficiency. The release of an
active agent from hydrogel matrix may be affected
by various parameters. Hydrogel composition and
structure as well as %loading are important parameters. So, in this study we attempt to investigate the
effect of MBA concentration and amount of CaCO3
as well as the %loading on the release kinetic of
KNO3 from PAAm matrix. The release kinetic of
active agent from loaded hydrogel is closely related
to its water sorption kinetic [6, 16]. The % loading
in various hydrogels was given in Table 1.

AA1
30

the amount of released PN increases with increasing %loading of active agent. It is attributed to the
larger amount of loading. The larger the initial
load, the faster the movement of the solvent front
penetrating the surface of the loaded hydrogel
[6, 24].
3.4.2. Effect of MBA concentration on the
release of PN
The release of KNO3 from PAAm hydrogels was
studied by varying MBA concentration. Figure 5
shows the effect of MBA concentration on the
KNO3 release behavior of the hydrogel. The results
indicate that the release of active agent depends
obviously on the crosslinker concentration. In the

The release profile of PN from the porous PAAm
hydrogel loaded with various amounts of the PN
was studied in deionized water. The results are
shown in Figure 4. In this section of study, porous
PAAm hydrogel, SP3, was immersed in PN solutions with various concentrations of PN (0.5, 1 and
2% wt of PN solution). The results show that the
loading is increased with increasing the PN concentration in loading medium (%30 (AA1), %58
(AA2) and %85 (AA3) of loading for SP3 hydrogel
in solution containing 0.5, 1 and 2% wt of PN,
respectively). Then the dried and loaded hydrogels
were immersed in deionized water to study the
release profiles. The release profiles indicate that

Figure 5. Effect of MBA concentration of the release
of PN
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first 40 min, 56, 61 and 75% of KNO3 were
released from MBA3, MBA2 and MBA1 hydrogels, respectively. The fast release of KNO3 is due
the higher swelling behavior of hydrogel with low
concentration of MBA.
3.4.3. Effect of CaCO3 amount of release of PN
The KNO3 was entrapped inside the PAAm hydrogels in the swollen state. SP1, SP3 and SP4 were
chosen for loading of potassium nitrate. Loading
percentages were obtained to be 78, 58 and 28% as
determined by conductivity method for SP4, SP3
and SP1, respectively. Figure 6 shows the effect of
porosity on the KNO3 release behavior of the
hydrogels. The results indicate that the release of
active agent depends obviously on the porosity. In
the first 40 min, 76 (SP4) and 64 (SP3) percent of
PN were released from porous hydrogels, while in
non-porous hydrogel (SP1) the release amount is
only 26 percent. The release kinetic of active agent
from loaded hydrogel is closely related to its water
sorption kinetic [25, 26]. The fast release of KNO3
in porous hydrogels is due the fast swelling behavior of these polymers.

higher than that of non-porous hydrogel. The effect
of MBA concentration and CaCO3 amount showed
that the water absorbency of the hydrogels is
increased with increasing of CaCO3 amount but
decreased with increasing MBA concentration.
Also, the results of release of PN from hydrogels
showed that CaCO3 amount, MBA concentration,
and % loading affect the release of PN from hydrogels.
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