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Abstract. Various superabsorbent polymers (SAPs) were synthesized by free radical copolymerization at 70°C using
acrylic acid (AA), potassium acrylate (KA), N-isopropyl acrylamide (NIPAM) and sulfopropyl methacrylate potassium salt
(SPM) as monomers, bis[2-(methacryloyloxy)ethyl] phosphate (BMEP) as crosslinker and potassium persulfate (KPS) as
initiator. The optimization of the synthesis led to the preparation of a SAP with very high water absorption ability, with a
maximum swelling of 2618 g water/g dry hydrogel. The most promising SAP was fully characterized and the absorption
capacities were studied at different pH and ionic strengths. When this SAP was mixed with soil, the mixture was able to lose
water more slowly. Also, this material revealed high loading capacity and showed good releasing profiles using urea as
model fertilizer. Due to these advantageous properties, the synthesized SAP can be used in agricultural applications.
Keywords: polymer gels, superabsorbent, bis[2-(methacryloyloxy)ethyl] phosphate, agriculture

1. Introduction

Superabsorbent polymers (SAPs) are a class of
hydrogel like materials with increasing interest in
agriculture or in polluted lands [1]. These 3D structures can absorb large amounts of water or aqueous
fluids in relatively short periods of time, as compared
to conventional hydrogels, and generally absorb an
amount of water that can reach 1000 times (or more)
their dry weight material [2, 3]. Hydrogels can be
applied in a wide range of products and areas (e.g.,
hygiene, biomedical, pharmaceutical, agriculture)
due to their unique properties such as hydrophilicity,
biocompatibility and especially high absorption
capacity and swelling/de-swelling behaviour [3–5].
Particularly, SAPs appear as materials with promising characteristics to improve the use of water in
soils. These materials can maximize water availability and increase crop production without adverse

consequences for the natural resources and environment. It is known that the largest consumers of fresh
water are the agricultural activities, specifically
intensively irrigated agriculture, which currently consumes over 85% of the available water. The importance of this comes from the fact that a very high fraction of produced food comes from irrigated lands
[6, 7]. Also, the increased water demand in several
sectors like industry and domestic, among others,
associated to the irregular distribution due to climatic and environmental changes and the practice
of some inefficient methods, demands an urgent
development of effective technologies to rationalize
the use of water. Another important feature that can
be explored in SAPs is their capacity to release agrochemicals in a controlled way. This characteristic
proves to be quite useful and advantageous for a precise supply of nutrients to plants. Among other

*

Corresponding author, e-mail: aserra@eq.uc.pt
© BME-PT

248

Gonçalves et al. – eXPRESS Polymer Letters Vol.10, No.3 (2016) 248–258

aspects, it allows the correction of environmental
deficiencies, avoiding additional costs due to excessive fertilization and agrochemical wastes [8],
reducing water runoff and erosion, enabling the
recovery of desertified and slightly fertile areas and
others [7, 9].
The present work involved the synthesis of hydrogels with extremely high swelling properties and a
promising potential for use in agricultural applications, either as water reservoirs or as agrochemical
release systems. The synthesis of these SAPs was
carried out using a combination of monomers, such
as AA, KA, NIPAM and SPM. To the best of our
knowledge, BMEP has never been used as a crosslinker for the synthesis of hydrogels. The swelling
properties of all SAPs were evaluated. For the most
promising SAP, the ability to incorporate and release
urea (used as fertilizer model compound) and the
improvements in water retention capacity by soil
were studied.

2. Experimental section
2.1. Materials

Acrylic acid (AA) (99%), 3-sulfopropyl methacrylate potassium salt (98%) (SPM), bis[2-(methacryloyloxy)ethyl] phosphate (99.9%) (BMEP), potassium hydroxide (KOH) (90%), hydrochloric acid
(HCl) (37%) were purchased from Sigma-Aldrich
(St Louis, USA); N-isopropyl acrylamide (98%)
(NIPAM) was purchased from TCI Europe (Zwijndrecht, Belgium); potassium persulfate (KPS) (99%)
was acquired from Riedel-de-Haën (Seelze, Germany). Sodium hydroxide (NaOH) (97%) was
obtained from Panreac Química (Barcelona, Spain).
Urea was acquired from VWR International, Ltd
(Carnaxide, Portugal). Potassium acrylate (KA) was
prepared by neutralization of acrylic acid with the corresponding amount of base (KOH). All the reagents,
solvents and other materials were used as received
without further purification.

2.2. SAP synthesis
The synthesis of the SAPs was performed in a 150 mL
glass reactor, equipped with a Liebig condenser and
a mechanical stirrer. The reagents, AA, KA, SPM,
NIPAM, BMEP and KPS were added to the reactor
with 40 mL of distilled water. The mixture was
heated at 70 °C until the gelification of the mixture
occurred (generally between 60 and 75 minutes).
After the polymerization, the SAP samples were

washed with cold methanol to remove unreacted
monomers, cut into small pieces and dried at 50 °C
for 24 h. Next, the dry SAPs were purified by Soxhlet extraction using acetone-methanol (1:1 v/v), at
50 °C for 24 h, powdered, dried until constant weight
and stored. For all reactions, the conversion was
calculated gravimetrically and was close to 95%.

2.3. Instrumentation
The Fourier Transform Infrared (FTIR) spectra were
recorded on a FTIR-spectrophotometer (Jasco) with
4 cm–1 resolution. Attenuated Total Reflection (ATR)
mode was used. Scanning electron microscope
(SEM) (MEV)/EDS, JEOL, model JSM-5310, at an
accelerating voltage of 10 kV was used for SEM
analysis. In this especific case, for the analysis of
porosity, the SAP samples were first immersed in
distilled water until reaching equilibrium swelling,
placed in liquid nitrogen, then freeze dried and
analysed by SEM. TGA was perfomed in a SDT
Q600 equipment (TA instruments), at a heating rate
of 10 °C/min, for temperatures ranging from 30 to
600 °C, under a constant nitrogen flow.
2.4. Molecular weight between crosslinks (Mc)
The average molecular weight between crosslinks
(Mc) of the hydrogels was calculated from the volume fraction of polymer in the swollen polymer. The
polymer volume fraction (!) of the swollen polymer
was determined taking into account the swelling
capacity of the hydrogels in distilled water and the
density of the polymer determined in a pycnometer
using heptane, according to Equation (1) [10, 11]:
n5

W0~rw
W~r 2 W0~ 1r 2 rw 2

(1)

where W is weight of swollen polymer, W0 is the
initial weight of the sample and "w and " are the density of water and the density of the dry hydrogel.
The average molecular weight between crosslinks
(Mc) can be estimated using Equation (2) developed
by Flory and Rehner [12]:
Mc 5 2

r~V1~n

1>3

(2)
2
K~n
2 1 ln11 2 n2 1 n
where V1 is the molar volume of water
(18.062 cm3/mol) and K = 2·X·V1/(R·T) [12] is the
polymer-solvent interaction parameter and indicates
the change of interaction energy when solvent and
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polymer are mixed together. The value of # was calculated using Equation (3):
x>

1
n
1
2
3

(3)

2.5. Determination of crosslinking density (q)
The determination of the crosslinking density was
done through Equation (4) [13]:
q5

Mc

(4)

Mr

where Mr, the pondered molar mass of the repeating
unit was determined through the Equation (5) [13],
where MNIPAM, MKA, MSPM, MAA are the molar
masses and mNIPAAm, mKA, mSPM and mAA are the
amount of the used monomers.
Mr 5

paper and the bag was weighted [3]. This process
was repeated several times until the swelling equilibrium was reached (approximately 24 hours), i.e.
until the bag presented a constant weight. The
swelling profiles and the absorption capacity (AC)
of the hydrogel in units of amount [g] of water
absorbed per gram of SAP, can be defined using
Equation (7):
AC 5

W s 2 Wd

where Ws and Wd are the weights of the swollen
hydrogel and the dry sample, respectively. The final
absorption capacity was calculated by taking an
average of three independent measurements.

MAA~mAA1MNIPAM~mNIPAM1MKA~mKA1MSPM~mSPM
mAA 1 mNIPAM 1 mKA 1 mSPM

2.6. Gel content
To determine the gel content of the SAPs, hydrogel
samples were cut and dried at 50 °C for 24 h. The
dried hydrogels were then extracted in a Soxhlet
using acetone-methanol (1:1 v/v) at 50 °C for 24 h.
The portion of the hydrogel remaining after extraction, corresponding to the insoluble and crosslinked
part, was dried and weighed. The gel content was calculated according to Equation (6) [14]:
Gel content [%] 5

W1

100

W0 ~

(6)

where W1 is the weight of the insoluble part of the
sample (after the extracion) and W0 is the weight of
dried hydrogel before extraction.

2.7. Swelling Properties
The absorption capacity of the synthesized SAPs was
measured both in distilled water and in saline solutions (0.3, 0.6, 0.9 and 1.5 wt% of NaCl), at various
pHs (3, 5, 7, 9, 11) using the tea bag method [3].
For the tea bag method, an accurately weighed powdered SAP sample (0.005 and 0.01 g) was placed into
a tea-bag (acrylic/polyester gauze with fine meshes)
and the bag was immersed in an excess amount of
water or of another solution (approximately 1 liter)
at room temperature. After a certain period of time,
the bag was removed from the solution, the excess
of water was removed superficially with tissue

(7)

Wd

(5)

2.8. Water retention capacity of the soil with SAP
To study the water retention capacity of the soil
treated with the SAP, different amounts of hydrogel
(0.5, 1 and 2 wt% relative to the soil weight) were
mixed with 40 g of sandy soil. Subsequently, the mixtures were uniformly irrigated with a certain amount
of distilled water (20 g) and exposed to air at a room
temperature. For each mixture, three experiments
were performed. A control experiment was also performed using soil without addition of hydrogel [15,
16]. These mixtures were weighed at certain intervals of time and the weight loss by water evaporation was registered. To determine the water retention (WR) percentage of the soil with or without the
hydrogel, Equation (8) was used [15].
WR [%] 5

W 0 2 Wt
W0

~100

(8)

where W0 and Wt are the initial mixture weight, and
the mixture weight at a certain time, respectively.

2.9. Urea loading and release
To perform the urea loading tests, samples of dry
hydrogel (0.005 g) were immersed in urea solutions
with different concentrations (5, 10, 15 and 20 g/L)
for approximately 24 hours (until reaching the maximum swelling) [11, 15]. Subsequently, the swollen
and loaded hydrogels were oven dried at 50 °C to
constant weight. Knowing the weights of unloaded
250

Gonçalves et al. – eXPRESS Polymer Letters Vol.10, No.3 (2016) 248–258

(M0) and loaded dry hydrogels (Ml) it was possible
to calculate the percentage of loading of urea using
Equation (9) [14]:
Loading [%] 5

Ml 2 M0
M0

(9)

~100

For each concentration of urea three experiments
were performed and an average of these values was
used to carried out the calculations.
To investigate the ability of the SAPs to release urea,
three samples of urea loaded hydrogels (obtained
from the immersion in a urea solution with a concentration of 20 g/L) with weights between 0.120
and 0.170 grams were placed in 500 mL of distilled
water at room temperature. At various times, 20 mL
of this solution was collected for a glass container and
the content was freeze dried. The amount of urea was
determined gravimetrically, comparing the weight
of the container before and after this process and
taking into account a blank experiment with only
20 mL of water. The percentage of urea released was
calculated using the Equation (10) [11]:
% of urea released =
50021n21 2 ~20 n21 1DW 2 i
1DW22 n~
1a
5 1DW
20
i51 Wu

(10)

where (!W)i is the weight of urea released from the
20 mL sample, Wu is the amount of urea loaded in
SAP, n indicates the number of urea release measurements at various time intervals in a single experiment, (!W)n is the weight of urea released in the
measurement n.

3. Results and discussion
3.1. Synthesis and characterization of the SAPs

The present work describes the synthesis of superabsorbant hydrogels from SPM, AA, NIPAM and KA
monomers, which are the common monomers used
in the preparation of SAPs, but introducing BMEP,
a generally used flame retardant monomer [17], as the
difunctional crosslinker. The presence of phosphate
groups could bring to the gel higher biocompatibility and biodegradability. SPM was used to increase
the osmotic pressure between the interior and the
exterior of the hydrogel (due to the difference in the
concentration of the K+ counterion), as a mean to
improve the water absorption capacity of the ionic
hydrogel [18].The use of this crosslinker in combination with the above refered monomers has never
been reported in hydrogel synthesis. NIPAM is
known to increase the rate of decomposition of persulfates, and because of that it was used in all the
hydrogels prepared in this work [11, 19, 20]. The
different reaction conditions for SAP synthesis
(SAP1 to SAP10) and the physical properties of the
obtained products are presented in Table 1.

3.2. Mechanism of polymerization
The synthesis of SAPs occurred through free radical
polymerization as shown in Figure 1. The initiator
decomposed thermally to produce sulphate radicals
that add to monomers, propagating a chain reaction
that produces the crosslinked polymer (SAP) [21].
3.3. Swelling properties
The results for the water absorption capacity of the
different synthesized SAPs (Table 1) shows that these

Table 1. Monomer feed composition, average molecular weight between crosslinks (Mc), crosslinking density (q), gel content and absorption capacity (AC) of synthesized SAPs
SAP
SAP1
SAP2
SAP3
SAP4
SAP5
SAP6
SAP7
SAP8
SAP9
SAP10

[AA]
[M]
0.635
1.270
–
0.953
1.270
1.270
–
1.270
1.270
1.270

[KA]
[M]
0.715
0.358
0.715
0.715
–
0.538
–
–
–
–

[SPM]
[M]
0.635
0.358
1.270
0.318
0.715
0.178
1.985
0.715
0.715
0.715

[BMEP]
[M]
0.00118
0.00118
0.00118
0.00118
0.00118
0.00118
0.00118
0.00155
0.00195
0.00233

Mc
[g/mol]
14 093 600
31 511 864
26 630 539
11 928 455
24"793"604
23"575"791
14"036"977
25"217"194
25"877"562
26"093"318

q
78 997
212 717
122 481
82 386
133"867
192"227
57"341
139"719
136"154
140"884

Gel content
[%]
86
92
93
87
88
85
92
91
93
90

AC
[gwater/gdry hydrogel]
1387
1715
1521
1175
2618
1469
1587
1696
1484
1376

Constant amounts of NIPAM (0,05 M) and KPS (0,009 M) were used in all experiments for a polymerization volume of 40 mL; AA
(acrylic acid); KA (potassium acrylate); SPM (3-sulfopropyl methacrylate potassium salt.); BMEP (bis[2-(methacryloyloxy)ethyl] phosphate). AC corresponds to the absorption capacity in distilled water.
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Figure 1. Reaction scheme to originate SAP polymers

materials have, in general, excellent swelling properties with very high water absorption capacities
between 1175 and 2618 g water/g dry hydrogel. This
fact is explained by the high charge density of the
material, and it is particularly relevant in the case of
SAP5. From Table 1, it is possible to observe that the
gel contents are between 80–90%, suggesting that
during the reaction there was an efficient formation of
an insoluble copolymer network and that the synthesized hydrogels have a highly crosslinked structure.
The approximate molecular weight between crosslinks, obtained from Equation (2), showed high values for the different SAPs, between 11.928 and
31.511 Mg/mol. Also, the polymers showed a high
crosslinking density (60 788 to 221 063). Unfortunately, no direct correlation between values of Mc

and q with polymer swelling capacity can be made.
The same was observed in the work of Venkatachalam et al. [11]. In the case of SAP5, which showed
the highest swelling capacity value, the molecular
weight between crosslinkings was approximately
24.793 millions with a q value of 140 724. Comparing with related hydrogels [11] using trimethylolpropane as crosslinking agent, the use of BMEP for
the same purpose and SPM as a major monomer
greatly improved the swelling properties of the materials.
The water absorption capacity of the SAPs is influenced by the nature and relative amounts of monomers used in the synthesis. The maximum water
absorption capacity of SAPs with different amounts
of monomers (SAP1–SAP7) are represented in Figure 2.
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Figure 2. Water absorption capacity for the different SAP

The results shown in Figure 2 indicate that the water
absorption capacity is higher for the hydrogels containing higher amounts of two monomers, AA and
SPM (SAP5). When the amount of SPM decreases
and KA is used as co-monomer (0.358 KA and
0.358 SPM on SAP2 or 0.178 SPM and 0.538 KA for
SAP6), hydrogels with lower absorption capacities
are obtained. The presence of AA is essential to
afford high swelling properties. Hydrogels prepared
in the absence of this monomer (SAP7 and SAP3)
originate materials with lower swelling values. It is
assumed that the presence of the highly polar sulfonate group in the structure of the SPM has a key
role in the absorption capacity of the SAPs [22, 23].
The amount of crosslinker is also determinant for the
swelling behaviour of hydrogels [4, 24]. The most
promising result was obtained for SAP5, where AA
and SPM were used as monomers, and with a BMEP
concentration of 0,00118 M. The ratio of charged
monomers to BMEP is very low (approximately
1.100) as well as its concentration (0.0018 M). These
two parameters contribute to low crosslink density
in the gel structure which favours swelling properties. Attempts were made to synthesize SAPs with
crosslinker concentrations lower than 0,00118 M,
but the obtained material dissolved in water when
swelling studies were carried out. At low concentration of crosslinking agent, there is not enough crosslinking density and the formed network is too loose
and does not have enough strength to hold water
molecules inside the structure [4, 25]. The concentration initially used seems to provide an interesting
compromise between the crosslinking level and a
stable gel structure. Increasing the amount of BMEP
decreases the water absorption capacities (Figure 3).
At crosslinker concentrations higher than 0,00118 M,
hydrogels with higher crosslinking densities were

Figure 3. Effect of crosslinker amount (BMEP) on water
absorption capacity of SAPs

obtained, leading to lower water absorption capacities. In these conditions, a tighter network structure,
with a high number of crosslinking points is expected,
which results in a reduction in the absorption capacity of the hydrogel [9].
The swelling profiles in distilled water (Figure 3)
also shows that all SAPs present a fast water absorption capacity. SAP5, with higher swelling capacity,
presents almost the same initial water absorption
capacity as the other SAPs but mantains this initial
absorption rate for a longer time (7 h) unlike the others, that at this time, presents a much lower water
absorption value. Interestingly the time to achieved
almost the maximum swelling values is the same
for all the SAPs (7 h).
Due to the excellent results obtained for SAP5, in
terms of water swelling and also in terms of reproducibility (two synthesis carried out at different times
led to SAPs with swelling abilities of 2437 and
2618 gwater/gdry hydrogel), it was decided to fully characterize only this SAP in terms of chemical structure,
morphology, and thermal stability. Its swelling capacity in solutions with different ionic strengths, and different pHs was also studied. Finally, this SAP was
tested as a release system using urea as model compound.

3.4. SAP5 characterization
The FTIR spectra of SAP5, AA and SPM are presented in Figure 4.
From Figure 4a, it is possible to observe the disappearance of the bands corresponding to the double
bonds (#–C=C– at ca. 1636 cm–1 and $–C=C– at ca.
815 cm–1) in the spectrum of SAP5. In Figure 4b
only the spectrum of SAP5 is represented. It is possible to identify a band at ca. 1720 cm–1 that has con253
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Figure 4. FTIR spectra of SAP5, AA and SPM (a) and SAP5 (b)

Figure 5. Thermoanalytical curve of SAP5

tributions from both the vibrations of the carbonyl
group of ester linkages and from the carbonyl group
of the carboxylic acid groups involved in hydrogen
bonds. At 1139 and 1038 cm–1 the bands corresponding to the stretching vibrations of the –S=O groups
appear. The bands corresponding to the stretching

vibrations of the –P=O group, that typically appear
at 1350–1250 cm–1 are overlapped with those corresponding to the –S=O groups [26]. Taking into
account the results obtained by the FTIR analysis it
is possible to say that the crosslinking reaction was
successful.
The thermal stability of SAP5 was evaluated by
TGA, from 30 to 600 °C, under a nitrogen flow. Figure 5 gives a global view of the thermal behaviour
of SAP5.
It can be observed from Figure 4 that SAP5 undergoes a small initial mass loss of 5% (close to 100°C),
probably due to the existence of residual water in
the sample. Around 250 °C, the polymer shows the
first relevant and sharp mass loss. This event is due
to a degradation of the PAA fractions of the polymer corresponding to the anhydride formation, followed by its decomposition [27]. Finally, the greatest
weight loss (approximately 40% of the total mass)

Figure 6. Micrograph of the SAP5 cross-section obtained by SEM: magnification of 750% (a), and magnification of
1000% (b)
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from 360 to is close to 450 °C is due to main chain
degradation events [28].
In order to get information about the internal morphology of SAP5, a previously swolen sample was
freeze dried and SEM images were taken. Figure 6
presents the images of the SAP5 cross-section
obtained by the SEM analysis.
From Figure 6 it is possible to see that SAP5 has a
honeycomb like morphology and a high porosity.
The highly porous structure presented by SAP5
with pore sizes between 6 and 21 &m and with a predominance of large pores allows an easy access of
water, which contributes to the good swelling properties of the hydrogel, particularly to the fast kinetics
of absorption (Figure 2). Additionally, the great number of pores creates a considerable number of reservoirs for water.
3.4.1. SAP5 swelling studies in different
conditions
The swelling behaviour of this kind of hydrogels is
highly dependent on the ionic strength of the solutions [29]. The effect of the concentration of salt solutions on the swelling behaviour of SAP5 is shown
in Figure 7.
As observed in Figure 7, the maximum swelling values for SAP5 in different saline solutions are much
lower than those obtained in distilled water, with a
reduction of two orders of magnitude, from 2600 to
around 60 gwater/gdry hydrogel (1.5 wt% NaCl). This
result is expected, taking into account the mechanism of swelling of this charged hydrogel and suggests that the developed SAP can be very responsive to salt concentration. As the ionic strength
increases, the osmotic pressure, that is the main the

Figure 7. Maximum water absorption capacity of SAP5 in
distilled water and in NaCl solutions with different concentrations, after 24 hours

driving force of swelling, is reduced due to a less
difference in concentrations of mobile ions between
the charged polymer network in the gel and environment solution [30, 31]. Also, as the solution presents
high ionic strength, electrostatic repulsion between
charged polymer chains is decreased due to shielding
effect thus reducing volume availability.
In order to investigate the SAP5 sensibility to the pH,
swelling equilibrium experiments were performed
to study water absorption at different pHs (3, 5, 7, 9
and 11). The results are presented in Figure 8.
From Figure 8 it is possible to observe that SAP5
exhibits different water absorption values, depending
on the pH of the water solution. The highest water
absorption capacity (ca. 2600 gwater/gdry hydrogel) was
achieved in neutral medium. It is possible to see that
at pH values lower or higher than 7, the absorption
capacity of the SAP5 is significantly reduced. When
SAP5 is in an acidic pH there is an increase in the
degree of protonation of the carboxylate (first) and
then of the sulfonic groups. With these conditions, the
electrostatic repulsion between the negatively charged
groups is diminished, causing a contraction of the
polymer network [32–34]. The results revealed that
for neutral conditions (pH = 7), a maximum number
of ionized carboxylate and sulfonate groups are
achieved and the electrostatic repulsive force between
them is at its highest value, contributing to the great
water absorption capacity shown by the SAP sample. At pH higher than 7, the increase in the concentration of the sodium cations exerts a screening effect
over the anions and the amount of ions inside the
network also increases. These effects prevent the
repulsive forces between the polymeric charged
chains and increases the ionic strength of the solution

Figure 8. Water absorption capacity of SAP5 at different
pHs, after 24 hours
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near polymer surfaces, reducing the total swelling
capacity [28].
3.4.2. Water retention in mixture soil/SAP5
For agricultural use it is important to evaluate the
ability of the hydrogel to retain water in the soil, as
well as the benefits of this material for the improvements in soil water absorption capacity. Figure 9
shows the percentage of water retained by the soil
for several days after an initial irrigation of a soil
sample (50% of water relatively to initial soil mass)
with different amounts of SAP5 [15]. The value of
100% corresponds to the initial weight of water/
soil/polymer mixtures.
From Figure 9, it can be seen that the amount of water
in the control soil (without SAP) reaches zero after
11 days. In the soil with 0.5 wt% SAP the amount
of water only reaches 0% between 12 and 14 days.
In soils with 1 and 2 wt% of SAP, there is still water
present in the soil even after 15 days. These results
show the clear role of SAP 5 in the improvement of
soil humidity which results in a gain of 50% of time
to reach soil dryness. During the first 2 days of the
test the curves have a similar profile, which indicates
that the water being lost corresponds to water bonded
to the soil. Near day 3, the slope of the curves
diverges according to the amount of SAP present in
the mixture. This observation indicates that, beyond
this time, the water loss corresponds to water bonded
to the hydrogel [15, 16].
3.4.3. SAP 5 urea release ability
In addition to the water absorption properties, superabsorbent hydrogels could also be useful in the con-

Figure 9. Water retention in soil and in mixtures soil/SAP5.
Control soil without any SAP (blank) and soils
with increasing amount of SAP (0.5, 1 and 2 wt%).

trolled release of fertilizers and particularly urea,
one of the most frequently used compounds [35].
First, the hydrogel’s capacity to load urea was studied using urea solutions with different concentrations.
After promoting the swelling of SAP5 in these solutions, the hydrogels were freeze dried and, by measuring their weights, it was possible to calculate the
amount of loaded urea (Figure 10).
As expected, the loading capacity increases for
higher amounts of urea available in the solution, due
to a higher diffusion to the hydrogel structure. SAP5
shows a urea loading capacity that reaches the maximum value of 30 gof urea/gpolymer (corresponding to
3000%) when in contact with a urea solution with
20 g/L of concentration. This value of loading capacity is significantly higher than those presented in literature for agricultural hydrogels [14], and is a
direct consequence of the high absorption capacity
of SAP5.
Also important is the ability of the hydrogel to release
the urea. The dry hydrogel obtained in the experiment with the urea solution of 20 g/L was placed in
distilled water and the amount of urea released with
time was monitored gravimetrically. The results are
shown in Figure 11.
In terms of urea release, it can be seen from Figure 11
that the process is quite slow, especially when compared with other works reported [14]. After 8 hours,
only 50% of the absorbed urea was released, and only
after 48 hours did the release achieve a plateau, corresponding to the release of 91% of urea originally
present in the SAP. Taking into account the fast
kinetics of water absorption (see Figure 3), a faster
release of the urea from the SAP was expected.
However, it is known that urea can interact with
carboxylic acid groups by hydrogen bonding [36,

Figure 10. Effect of urea solution on the loading [%] of SAP5
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