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ABSTRACT

ARTICLE INFO

In this study, we focused on the synthesis of polymeric hydrogels that will support the
sorption and controlled release of urea, which is a rich nitrogen source, from aqueous
solutions and their usability in agricultural applications. N, N-Dimethylacrylamide (DMAAmM)
and Starch (St) were selected as monomers, and their superior properties, such as chemical
stability, high sorption properties, biocompatibility, and the presence of modifiable groups,
were utilized. A redox polymerization technique was used to create a poly(DMAAm-co-St)-
based hydrogel that was then modified with acidic and basic agents to improve the properties
of starch. The synthesized acid- and base-modified hydrogels were named DSt, DSt;, and
DSt,, respectively. Swelling analyses were performed to examine the structural and
morphological properties of DSt, DSt;, and DSt, hydrogels, and Fourier-Transform Infrared
Spectroscopy (FT-IR) and Thermogravimetric Analyzers (TGA) were used. Intense cross-
linking, porosity, and the presence of hydrophilic groups were successfully detected by
instrumental analysis and swelling results. The successful results of urea sorption by DSt,
DSt;, and DSt, hydrogels show that they can both minimize the harmful effects of urea in the
environment and contain the nitrogen necessary for plants. At the same time, urea sorption
behaviors were evaluated in terms of sorption isotherms and thermodynamic properties, and it
was observed that urea sorption conformed to the Langmuir isotherm. The urea release results
showed that DSt, DSt;, and DSt, hydrogels exhibited different release properties in different
pH solutions, and these results reached 94% at pH 6-8, 100% at pH 6, and 100% at pH 8-10,
respectively. As a result of the gradual decrease in the water resources on the earth, the
increase in the use of fertilizers in agricultural production, and the insufficient use of
fertilizers, our study draws attention to the development and support of materials that
absorb/store water, and forms of controlled release fertilizers and provides potential ease of
application
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1. Introduction

Nitrogen, phosphorus, and potassium fertilizers are
especially used to increase and improve productivity in
agricultural areas [1-2]. If these fertilizers, also known as
mineral fertilizers, are used in accordance with the plant's
request, type, soil characteristics, and climatic conditions,
significant problems do not occur in the soil. However, with
the development of agricultural practices, various chemicals,
fertilizers, various wastes, and residues applied to the soil
and plants pollute the soil and water resources, making them
uninhabitable for living creatures [3-4]. Some of these
substances, which mix with precipitation and irrigation water
in the lower layers of the soil and from there into the
groundwater, deteriorate the quality of the waters and make
them undrinkable. Thus, both unnecessary economic losses

and important problems related to soil and water pollution
arise [5-7]. Recently, various studies have been carried out
on the capture and controlled release of nitrogen and
phosphorus fertilizers, which play an important role in soil
and water pollution, and attention has been drawn to various
biocompatible polymeric materials for this purpose.
Hydrogels, which are polymeric materials, provide
advantages for use in agricultural applications due to their
various properties, such as the presence of hydrophilic
groups, cross-linked structures, and insolubleness in water
[8-10]. Especially in the literature, the usability of hydrogels
synthesized  from  many  monomers, such  as
dimethylacrylamide, maleic acid, citric acid, acrylamide,
cellulose, chitosan, alginate, and acrylic acid, in agricultural
applications has been emphasized. The common point of all
these studies is that the synthesized hydrogels have
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hydrophilic properties and superabsorbent properties [11-
16].

As a non-ionic monomer that polymerizes easily, DMAA's
characteristics, such as high reactivity, low initiation
temperature, chemical stability, and high sorption capacity,
make it suitable for copolymerization reactions [17-18]. Due
to its various properties, such as being produced from
various sources, being an annually renewable resource, being
water sensitive, and being biodegradable, starch has been
used in most fields, such as thickening, gelling, and
encapsulating agents in food products; coating binders and
adhesives in papermaking; and the development of textiles,
cosmetics, plastics, and polymeric materials [19-20].
Therefore, in this study, DMAAm and starch were chosen as
monomers due to their biodegradability, excellent
biocompatibility, chemical stability, and high water
retention, and the sorption and release studies of urea
fertilizer were focused on. Polysaccharide-based DSt
hydrogels were synthesized by the free radical addition
polymerization technique, and modified with acid and base
agents to improve the positive properties of starch and
minimize its negative properties. The chemical structure and
morphological properties of DSt, DSt;, and DSt, hydrogels
were investigated with FT-IR and TGA devices. At the same
time, their water sorption capacity was examined in distilled
water and solutions at different pH values. Urea sorption and
release experiments with DSt, DSt;, and DSt, hydrogels were
also examined. Urea sorption experiments were carried out at
different urea concentrations, different pHs, and different
temperatures, and the release behavior of urea-sorbed
hydrogels was investigated in different pH environments.

2. Experimental

2.1. Materials

N, N-Dimethylacrylamide (Sigma  Aldrich, 100%,
DMAAm), and starch (Merck, 100%, St) were starting
materials for the hydrogel synthesis. The crosslinking agent,
accelerator, and initiator used were N, N’-methylene bis
acrylamide (Merck, 99%, MBA), N, N, N’, N’-
tetramethylethylenediamine (Merck, 99%, TEMED), and
ammonium persulfate (Merck, 98%, APS), respectively.
Urea (Merck, 100%) was used as sorbat. Sodium hydroxide
(Merck, 100%, NaOH) and hydrochloric acid (Sigma
Aldrich, 37.5%, HCI) were used as the modification agents.
The deionized water (DI water) was obtained from 18.2
MQ.cm (Millipore Direct-Q3 UV). The pH measurements
were carried out with a Thermo Scientific pH meter (USA).
Ultra-Viole spectroscopy (UV-Vis, Thermo Scientific
GENESYS 10S, USA) was used to quantify the amount of
urea during sorption and release studies.

2.2. Preparation of hydrogels

DMAAmM and St monomers were used to synthesize
hydrogels via the redox polymerization technique. Briefly,
1.5.10-3 g of MBA crosslinker was dissolved in 1 mL of
DMAAmM monomer, and 1 mL of deionized water was added
to the mixture and thoroughly mixed (at 2500 rpm) for one
minute. To this mixture, 2 mL of a St solution (1 g/10 mL)
was added and thoroughly mixed. Then 5 pL of TEMED and
0.2 mL of APS solution were added sequentially. The
reaction mixture was carefully mixed for approximately one
minute and allowed to polymerize and crosslink to complete
the reaction (at about six hours). Then, the hydrogel was
removed from the polymerization medium, cut into 6 mm
long cylinders, cleaned by placing it in DI water, and named
p(DMAAmM-co-St) (DSt) hydrogel. After the cleaning
procedure, the hydrogel was dried in an oven at 40°C to a
constant weight and kept in sealed containers for further
studies [11-21]. In the hydrogel modification process, the
method applied by Ersen Dudu et al. (2019) was used and
named p(DMAAm-co-St)/HCI (DStl) and p(DMAAm-co-
St)/NaOH (DSt2) hydrogels [8].

2.3. Characterization of Hydrogels

The Fourier-Transform Infrared Spectroscopy (FT-IR)
investigation was performed using an Attenuated Total
Reflection (ATR) built-in instrument (Thermo, model
Nicolet iS10 FT-IR Spectrometer, USA). After being ground
into powder, the hydrogel was arranged on the ATR sample
plate. 4 cm™ of the resolution was used to examine the
spectral range between 4000 and 650 cm™.

A Setaram Labsys Evo Gravimetric Analyzer (TGA/DSC
1600 model, France) was used to conduct TGA experiments
on hydrogels. In ceramic crucibles, samples weighing 4-6
mg were put. Under an argon atmosphere, the samples were
heated at a rate of 10°C/min from 50°C to 1000°C. A fixed
100 mL/min argon gas flow rate was used in the analyzer.

2.4. Swelling analysis

Swelling studies in water are a widely used technique for
characterizing hydrogels. Both kinetic and balance swelling
studies are based on the determination of the increase in
mass or volume of a cross-linked gel held in a solvent.
Swelling experiments were performed with the method
specified in the literature, and swelling values (S%) were
calculated using the equation given below.

(Mt - MO)

where M, is the beginning mass (g) of the hydrogel and is
the mass of the hydrogel at the end of time t [22, 23]. The
equilibrium swelling behavior of the synthesized hydrogels
was also evaluated at different pH values. SR was also
studied by adjusting the pH of the solutions with 0.1 M HCI
and 0.1 M NaOH. Again, hydrogels were kept for 24 h in
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acidic and basic solutions to determine the effect of medium
pH on the swelling ratios.

Swelling is a characteristic feature of polymeric networks.
Depending on the amount of crosslinking and the presence of
hydrophilic groups, polymeric networks can absorb very
large amounts of liquid without dissolving. The most basic
way to describe the swelling behavior is to apply the
swelling data to the equation below by accepting the
swelling kinetic curves created as a result of the dynamic
swelling tests as quadratic [24].

ds
a = Ks. (Smak — S)Z (2)

where dS/dt is the swelling speed of hydrogels; Sax is the
swelling value of hydrogel at equilibrium (Quater/Onydroger); S 1S
the swelling value at time t (Qwater/Onyaroger); Ks represents
swelling speed constant (Qnygroget/ (Jwater-MiN)); ro is the initial

Swe"ing SpEEd (gwater/(ghydrogel-min))-

Modeling the swelling kinetics of hydrogels is important for
understanding the type and rate of diffusion of water into the
hydrogel, as well as the forces acting on the swelling of the
hydrogel. The most commonly used relations for modeling
the swelling kinetics of hydrogels are Fick's laws. The
following equation is the version of Fick's law applied to
reticulated, swellable polymers [25].

P () <o ®

where M, represents the mass of hydrogels that have reached
equilibrium (g); k is a specific rate constant; n is a constant
which shows diffusion exponent; t is time (min). The value
of the diffusion exponent (n) is found from the slope of the
graph between In(MyMg) and In(t). The graph was drawn by
applying it to data where the swelling has not yet reached
equilibrium and the (MyMg) ratio is less than 0.6.

2.5. Sorption experiments

Urea is a compound of physiological importance. It is both
found in the bodies of mammals and excreted as waste, and it
is also used in the production of fertilizer, animal feed,
medicine, plastic, and paint. For this reason, it is in the class

of pollutants that cause pollution of environmental waters
and soil, and it is a fertilizer that has great importance in the
development of plants. The sorption experiments were
carried out in a temperature-controlled magnetic stirrer in
triplicate. To examine the effect of initial urea
concentrations, the urea concentration was kept in the range
of 10 to 1000 mg/L, while the hydrogel concentration, time,
temperature, and stirring speed were kept constant at 1 g/L,
48 hours, 298 K, and 150 rpm, respectively. To examine the
effect of pH change on urea sorption, pH was changed
between 2 and 12, and urea concentration, amount of
hydrogel, temperature, stirring speed, and time were kept
constant at 100 mg/L, 1 g/L, 298 K, 150 rpm, and 24 hours.
The effect of temperature on urea sorption was investigated
by changing the temperature between 283 and 323 K while
keeping the urea concentration, hydrogel amount, ambient
pH, mixing speed, and time constant at 100 mg/L, 1 g/L, 12,
150 rpm, and 24 hours. In all sorption studies, the amount of
urea in the solution was determined by a UV-Vis
spectroscopy device, and the amount of urea loaded per unit
mass of hydrogels, g (mg/g), was calculated with the
following equation [26].

(Co B Ce)-V
Q.= o @

where C, represents the initial concentration of urea (mg/L);
Ce is the equilibrium concentration of urea (mg/L); V
represents the solution volume (L); and M is the hydrogel
mass (9).

2.5.1. Ureasorption isotherms and thermodynamic studies

The urea sorption mechanism of hydrogels was evaluated
using Langmuir (Eq. (5)) [27], Freundlich (Eq. (6)) [28],
Temkin (Eq. (7)) [29], and Dubinin—-Radushkevich (D-R)
(Eq. (8)) [30] isotherm models (see Table 1a for equations).

In order to describe the thermodynamic behavior of urea
sorption, thermodynamic parameters such as free energy
change (AG°®, J/mol), enthalpy change (AH®, J/mol), and
entropy change (AS°, J/(molK)) were calculated using
Equation 9 defined in the literature (see Table 1b for
equations) [31-32].
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Table 1. a) Sorption isotherm models for urea sorption, b) Thermodynamic parameters of urea sorption, and c) Mathematical models for
urea release

a) Model Mathematical Equation

e

Langmuir (Eq. 5) C. _< C. )+( 1 )
Qmax-KL

Qmax

F lich (Eq. 1

reundlich (Eqg. 6) logq, = logK; +(E)logCe
R.T R.T
qe = ?lnAT + (E) In Ce

Temkin (Eqg. 7)
Dubinin-Radushkevich (D-R) (Eq. 8) Ing, = Inq, — B.&?

1
=R.T.l (1+—)
& n C

e

1
E=—
V2.8
b) Model Mathematical Equation
Thermodynamic parameters KO — Ce
(Eq. 9) Ce
AG® = AH® — T - AS°
InKO = AS®  AH®
BT RORT
c) Model Mathematical Equation Release Mechanism

Zero order kinetic model Diffusion Mechanism
(Z-0) (Eq. 11)
First order kinetic model

(F-O) (Eq. 12)

CT= Co_ko.t

InC, = InCy — kq. t Fick’s first law, diffusion

Mechanism

Higuchi Model G o T Diffusion medium based

(H) (Eq. 13) Co Mechanism in Fick’s first law
Korsmeyer-Peppas Model I G Ink ; Semi empirical model, diffusion-based
(K-P) (Eq. 14) e, T ke tnint mechanism

Qmax 1S the monolayer sorption capacity of urea (mg/g); K, is the L sorption equilibrium constant (L/mg) which can be determined via the
linearized L isotherm; K (mg/g) and n are the F constants related to sorption capacity and sorption intensity, respectively; R is universal gas
constant (8.314 J/(mol.K)); T is temperature at 298 K; Ay and by are T isotherm equilibrium binding constant (L/g) and T isotherm constant,
respectively; gs is the D-R monolayer sorption capacity (mg/g); € is the Polanyi potential based upon equilibrium concentration; B is a
constant based upon sorption energy (mol?/J?); E is sorption energy (kJ/mol). C, is concentration of urea release in time t (mg/L); C, is the
initial concentration of urea in the solution (most times, C, = 0) (mg/L); ko is the Z-O release constant expressed in units of
concentration/time (mg/(L.min)); t is time (min); k; is the F-O release constant (1/min); C,, is concentration of urea release in equilibrium
(mg/L); ky is H release rate constant (1/vmin); kgp is K-P release rate constant; n is release exponent which is indicative of the transport
mechanism (M/M., < 0.6 should only be used); K° represents sorption equilibrium constant; and Ct represents the sorbed urea concentration
at time t (mg/L); AG® is Gibbs free energy change (J/mol), AH® is enthalpy change (J/mol) and AS°® is entropy change (J/(mol.K)).

environmental waters causes pollution, its use as a
controlled-release fertilizer is also of great importance. The
usability of the DSt-based hydrogels we synthesized in the

2.6. Urea release in an aqueous medium and mathematical
modeling

In this study, we focused on both the sorption of urea and the
controlled release behavior. Although the loss of urea in

present study as a controlled urea release support material
was also investigated and constituted the second pillar of this
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study. Urea release experiments were performed in triplicate
in different aqueous buffer solutions ranging from 2 to 12.
Ambient temperature, stirring speed, and amount of urea-
loaded hydrogel were kept constant at 298 K, 150 rpm, and
0.05 g, respectively. Release experiments were performed
until the equilibrium value was reached as a function of time.
To determine the amount of urea released, approximately 2
mL of sample was withdrawn from the solution at regular
intervals, and the amount of released urea was measured
using a UV-visible spectrophotometer. The cumulative urea
release percentage was calculated with the following
equation [33];

Release% = % 100 (10)

o

where Q, represents the urea amount sorbed by the hydrogel
(mg/L) and Qq is the urea amount released into the solution
medium at time t (mg/L).

In order to examine the release kinetics of urea in DSt-based
swellable polymeric hydrogels, the release data were
obtained experimentally and applied to four different release
equations: the zero-order kinetic model (Z-O model) (Eq. 11)
[34], the first-order kinetic model (F-O model) (Eq. 12) [34],
the Higuchi model (H model) (Eq. 13) [35], and the
Korsmeyer-Peppas model (K-P model) (the power law) (Eq.
14) [36]. They were displayed in Table 1c as model
equations.

3. Results and discussion

3.1. Characterization

Fourier transform infrared (FT-IR) spectroscopy is a method
frequently used to identify bonds in the structure of
molecules, such as the determination of intramolecular
bonds, the determination of molecular structure, the
examination of intramolecular functional groups, and the
determination of unknown molecules by library scanning.
Figure 1a shown the FT-IR spectra of all hydrogels. Figure
la, when analyzed, represented the broad peak -OH band
observed in the 3678 to 3035 cm™ region. The peaks
occurring around 3429 cm™, 3434 cm™, and 3459 cm™ in the
three FT-IR spectra were assigned to the N-H stresses caused
by the crosslinker. The aliphatic -CH bending vibration of
DMAAm, starch, and MBA occurred at about 2926 cm™. It
was determined that the peaks observed at approximately
1619 cm™ in the same spectra correspond to the C = O
stresses of DMAAmM and MBA. It was determined that the
peak determined around 1498 cm™ belonged to the C-N
tension of acrylamide, and the intensity of this tension
increased after the modification. When all spectra were
examined, it was determined that the strength of the
structural bonds changed and the strength of the hydrogen
bonds increased with the modification.

(a)

—DSt

i —obsu

—DS2

Transmittance (%)

T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (em™')

(b)

Thermal Gravimetry (%)

850 1050

Temperature (°C)

Figure 1. (a) FT-IR Spectra of DSt, DSt;, and DSt, hydrogels, and
(b) The Thermogravimetric Analysis of DSt, DSt;, and DSt,
hydrogels.

In the thermogravimetric analysis method, mass loss can be
determined with temperature increases. For this reason,
reactions such as oxidation, evaporation, sublimation, and
desorption that may occur in the sample can be examined,
and information about the degradation mechanism of the
polymer can be provided. Thermogravimetric analysis results
were presented in Figure 1b. In Figure 1b, it was seen that
although DSt and DSt;-based hydrogels degraded in four
steps, the DSty-based hydrogel exhibited degradation
behavior in two steps. When the temperature degradation
curves were examined separately, it was determined that the
DSt, DSt; and DSt, hydrogels had 100%, 6.4%, and 100%
total mass loss, respectively, when temperatures of 597°C,
534°C, and 483°C were reached. Decomposition
thermograms showed that after the modification of the DSt
hydrogel with acid, its resistance to increasing temperature
increased and its mass loss decreased. In addition, TGA
thermograms showing the decomposition behavior with
temperature explain that decompositions up to about 100-
150 °C are caused by unbound water in the structure, losses
between about 150-250 °C are caused by the removal of
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bound water and slightly volatile compounds, and
decomposition steps above 250°C were caused by structural
deterioration and bond breaks.

3.2. Swelling analysis

The swelling behavior of hydrogels in pure water and in
buffer solutions with different pH values can be explained by
the presence of intense cross-linking, porosity, and
hydrophilic groups. With the diffusion of the solvent into the
polymeric lattice, swelling begins, and after a while, the rate
of solvent transfer to the gel and the rate of release from the
gel become equal. In this case, the gel reaches the
equilibrium swelling ratio (Smax) [37]. In order to examine
the swelling behavior of the synthesized hydrogels in a
deionized water environment, dynamic swelling experiments
were carried out at 25°C with a 0.05 g hydrogel amount at
certain time intervals, and the results are given in Figure 2a.
According to the data obtained, it was found that the DSt,
DStl, and DSt, hydrogels reached the equilibrium swelling
value after approximately 56 hours and were 1115%, 2364%,
and 2629%, respectively. The equilibrium swelling values
obtained indicate that the hydrophilicity of the DSt-based
hydrogel increased after modification.

3000

(@)

2500 -
2000

1500 -

Swelling (S %)

—H0

1000 1

—=-Dst
——DSt1
——DSt2

500 12

0¥ T T T T T T T T
0 600 1200 1800 2400 3000 3600 4200 4800

Time (min)

4000

3000 -

Swelling (S%)

2000 ~

1000 -

Figure 2. (a) Percent swelling degree of the DSt, DSt;, and DSt,
hydrogels with time in deionized water, and (b) Swelling % of the
DSt, DSt;, and DSt, hydrogels as a function of pH (pH is adjusted
by the addition of 0.1 M HCI, 0.1 M NaOH; time: 24 h).

The water-holding capacity (swelling) of hydrogels
containing anionic or cationic groups is significantly affected
by pH change. The pH-dependent water holding capacities of
DSt, DSt1, and DSt,-based hydrogels synthesized within the
scope of this study were examined at 25°C and 0.05 g
hydrogel amount in the pH = 2-12 range, and the results
were reported in Figure 2b. When Figure 2b was examined,
it was concluded that the nonionic structure of the DMAAmM
monomer was dominant in the DSt-based hydrogel. At the
same time, it was determined that the swelling behavior of
the DSt-based hydrogel was not significantly affected by the
pH change, and the equilibrium swelling value was 1421% at
pH 12. When the graphs showing the swelling behavior of
DSt; and DSt,-based hydrogels were examined, it was
determined that the swelling capacity was affected by the pH
change and that they reached different swelling values. The
maximum equilibrium swelling values of DSt; and DSt,-
based hydrogels were observed to be 2294% at pH 10 and
3302% at pH 8, respectively. The different swelling behavior
of DSt; and DSt,-based hydrogels at different pH values is
due to the fact that the ions in the external environment they
are placed in penetrate the hydrogel and come into contact
with more ionic groups, and as a result, they reach different
equilibrium swelling values at different pH values.

While calculating the diffusion exponent and constant by
drawing the InF-t graph using the data expressing the weight
change over time obtained as a result of the dynamic
swelling experiments, the theoretical swelling percentage,
swelling velocity, and rate constant values were calculated
by drawing the t/S-t curve. And then the results were
summarized in Tables 2 and 3. When Table 2 was examined,
the n values for DSt, DSt;, and DSt, hydrogels were found to
be 0.37, 0.45, and 0.45, respectively. These values comply
with the n<0.45 rule. In this case, it was concluded that the
diffusion types of all three hydrogels fall into the Fickian
type diffusion class. In this case, it can be said that swelling
is controlled by the diffusion rate of water [38]. In addition,
when Table 3 was examined, it was shown that the
theoretical equilibrium swelling values (Smax) Of the prepared
cross-linked hydrogels were in harmony with the
experimental equilibrium swelling values. This agreement in
the swelling results was an indication that the swelling
kinetics analysis was built on the right foundations. At the
same time, it was observed that the initial swelling velocity
(ro) value and swelling capacity increased after the
modification of the DSt hydrogel.
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Table 2 Results of the diffusion exponent (n), correlation
coefficient (R?), and the specific rate constant (k) for the swelling
kinetics in deionized water of the hydrogels

. Correlatio
o Specific
Water Diffusion n
Hydrogels Rate .
type Exponent (n) Coefficien
Constant (k) )
t(R9)
DSt 0.37 0.07 0.9873
Deionized
DSt; 0.45 0.04 0.9904
water
DSt, 0.45 0.04 0.9906

Table 3 Results belonging to the swelling value at time t (S), the
swelling value at equilibrium (Sy), the initial swelling speed (ry)
and swelling speed constant (k) in deionized water of the hydrogels

S% Smak r K
Water (Qwater (Qwater 0 °
Hyd r099|5 gwater/(gh (ghydrogell(g
e / /
typ ghT;ro ghT;m ydrogel-min) water- min))
ge ge
Deionized DSt 1115 1111 7.58 6.14*10°
thzr *bst, 2364 2500 924  1.48*10°
DSt, 2629 2500 9.83 1.57*10°

3.3. Sorption tests

In batch sorption studies, the effects of variables such as
initial urea concentration, initial pH, and temperature on the
sorption capacities of all sorbents were examined. The
related graphics are given in Figure 3(a-c). The effect of
initial urea concentration on urea sorption to dry DSt, DSt;,
and DSt, hydrogels was investigated at 48 hours, at 298 K,
and in the range of 10-1000 mg/L urea. As seen in Figure 3a,
it was determined that the sorption rate and capacity values
increased as the initial urea concentration increased. It was
determined that the urea sorption capacity of the DSt,
hydrogel was higher than the other two hydrogels and was
128.5 mg/g. The results showed that the base modification
made the hydrogel more sensitive to urea and increased its
sorption capacity. At the same time, it was concluded that the
hydrogel structure gave a remarkable attraction to urea in its
modification with acid, and this value was 112.7 mg/g.

5 P @
#
Cl
)
£
@
=
——DSt
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—A—DSt2

800 1000
Ce (mg/L)

100 { ®
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Removal capacity (%)
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25 1 —e— DSt
—B— DSst1
-—-A-- DSt2

0 T T T
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T(®)

Figure 3. (a) The g, vs C, graphs at different urea concentrations
of the hydrogels (urea concentration: 10-1000 mg/L (50 mL),
sorbent dosage: 1 g/L, time: 48 h, temperature: 25 °C), (b) Effect of
pH on the percent uptake of urea onto the hydrogels (pH: 2-12,
urea concentration: 100 mg/L (50 mL), sorbent dosage: 1 g/L, time:
24 h, temperature: 25 °C), and (c) Effect of temperature on the
percent uptake of urea onto the hydrogels (temperature: 10-50 °C,
urea concentration: 100 mg/L (50 mL), sorbent dosage: 1 g/L, pH:
12, time: 24 h).

The urea removal potentials of dry DSt, DSt;, and DSt,
hydrogels from aqueous solutions were investigated in the
pH 2-12 range for 24 hours at 298 K and 100 mg/L urea
concentration. The amount of urea sorbed by all three
sorbents was calculated as a percent, and the percent sorbed
amounts against pH were shown in Figure 3b. It is seen from
the graph that the sorption performances of each sorbent
against urea are different from each other. Looking at Figure
3b, it was seen that the DSt,-based hydrogel had a higher
sorption ability against urea at different pHs than the other
two hydrogels. DSt, DSt;, and DSt, hydrogels reached the
highest urea sorption capacity at pH 12; the results were
90%, 91%, and 98%, respectively. The fact that the surface
functional groups of DSt, were higher than those of other
sorbents caused an increase in sorption performance. In light
of the sorption data obtained, it is concluded that the pH
value is one of the most critical parameters affecting the
sorption and that it significantly affects the sorption
depending on the sorbate type and sorbent character of the
solution.

In order to examine the effect of temperature on urea
sorption from an aqueous solution on dry DSt, DSt;, and
DSt, hydrogels, sorption experiments between 283 and 323K
were carried out. Initial urea concentration was chosen as
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100 mg/L and pH 12, and sorption tests were applied under
optimum conditions. Using the results obtained, the
temperature—percent sorption graph was plotted in Figure 3c.
When Figure 3c was examined in detail, as the temperature
increased from 283 K to 293 K, the sorption efficiency
increased from 65% to 89% for DSt, from 70% to 91 for
DSt;, and from 73% to 97% for DSt,.It was seen that the
sorption capacity for all hydrogels decreased with increasing
the temperature from 293 K to 323 K. The positive effect of
a temperature increase up to 293 K on sorption can be
attributed to reasons such as increased sorbent-sorbate
interaction with temperature, passive sites becoming more
active, or intraparticle diffusion becoming more effective as
a result of the enlargement of the pore structure of the
sorbent. It was thought that the decrease after 293 K was due
to the fact that the energy required for the sorption to take
place was provided at 293 K and the increasing temperature
affected the urea sorption negatively since the sorption
exhibits exothermic properties after this temperature.

3.3.1L

In order to explain the sorption behavior of DSt, DSt;, and
DSt, hydrogels against increasing initial urea concentrations,
the four most known and applied sorption isotherms were
examined, and the constants of the obtained sorption
isotherms were given in Table 4. It was clear from Table 4
that the curves that best describe urea sorption by DSt, DSt;,
and DSt, hydrogels belong to the Langmuir isotherm, as
confirmed by high R? values. In the Langmuir isotherm, the
sorbent surface is considered to be similar in energy and is
known to be used to explain monolayer homogeneous
sorption. Thus, it is expected that these regions will form a
monolayer by keeping the urea in equal numbers, irreversible
adsorption, and high compatibility [39]. When the ., values
expressing the Langmuir sorption capacity were examined, it
was observed that they were in good agreement with the
experimental g, values. The monolayer sorption capacities of
urea for DSt, DSt1, and DSt, were calculated as 111 mg/g,
119 mg/g, and 132 mg/g, respectively. Table 4 showed that
the Freundlich, Temkin, and D-R isotherms exhibited a
lower correlation with experimental sorption data compared
to the Langmuir model.

Sorption isotherms and thermodynamics

Table 4 Isotherm results for sorption of urea by hydrogels

Hydrogels
Model DSt DSt, DSt,
Langmuir K_(L/mg)  0.023 0.021 0.037
Isotherm g (mg/g)  111.1  119.1 131.6
Constants 2 0.9930  0.9950  0.9981
Freundlich Kf 10.3 10.9 13.2
Isotherm n 2.71 2.76 2.66
Constants 2 0.8978  0.8746  0.8056
Temkin by 1459  142.3 103.8
Isotherm A7 (L/g) 0.7 0.71 0.46
Constants  R? 0.8456  0.8656  0.8758
D-R E (k¥/mol)  0.13 0.11 0.16
Isotherm e 03343 03559 08171
Constants

Equation 9 was used to determine the thermodynamic
parameters AG®°, AS°, and AH®, and InK. — 1/T graphs were
drawn. The values calculated from the graph were given in
Table 5. When the AG® values in the table were examined, it
was observed that the AG® values increased with increasing
temperature. Negative AG® values indicated that urea
sorption occurs spontaneously and in a suitable process,
while positive AG® wvalues indicated that increasing
temperature negatively affects urea sorption. The results
showed that urea sorption was possible at low temperatures.
Negative AH® values indicated that urea sorption on the three
hydrogels was an exothermic process. AH° can also be
helpful in deciding whether sorption is chemical or physical.
While the enthalpy value is generally less than 4.2 kJ/mol in
physical sorption, it has a value greater than 21.0 kJ/mol in
chemical sorption [40]. Looking at the AH® values in the
able, it can be said that urea sorption on hydrogels proceeds
chemically. The negative AS° values indicated that the
randomness of the sorption equilibrium occurring at the
solid-liquid interface during urea sorption decreased [41].
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Table 5 Thermodynamic parameters for sorption of urea by
hydrogels

Thermodynamic Parameters

Hydrogels Temperature AG° AHP° AS°(J/(mol.K)
(K) (J/mol)  (J/mol)
283 2028.5

DSt 293 13314 -69.1
303 343 217961
313 62.8
323 759.9
283 1979.7

DSt, 293 11641 | -81.6
303 3485 250601
313 467.0
323 1282.6
283 1987.4
293 -1034 -

Dst, 303 806 280676 003
313 872.7
323 1826.1

3.4. Cumulative urea release behavior

In the study, the release of urea, which has fertilizer
properties, was monitored from the synthesized and modified
hydrogels. Urea release from DSt, DSt;, and DSt, hydrogels
was investigated at room temperature and a pH range of 2—
12, and the graphs of urea release were shown in Figure 4.
As seen in Figure 4, it was observed that the amount of urea
released from the DSt-based hydrogels increased after the
modification of the hydrogels. It was thought that the
functional groups and porosity in the structure of the DSt-
based hydrogel increased after the modification process, and
at the same time, its tight structure loosened a little more. In
addition, while the DSt-based hydrogel exhibited similar
urea release behavior in the 4-8 pH range, this situation
changed in the DSt; and DSt,-based hydrogels. It was
observed that the maximum amount of urea released from
DSt, DSt;, and DSt,-based hydrogels reached 94% at pH 6—
8, 100% at pH 6, and 100% at pH 8-10, respectively. If the
amount of urea released was evaluated in terms of time, it
was determined that all hydrogels reached the equilibrium
release value after about 17 hours, and there was a rapid
release in the first four hours. In the first 4 hours, urea that
adheres to the surface and binds with weak interactions was
released, while urea attached to the pores was released
slowly in the next process.

Release of urea (%0)
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Figure 4. Release behavior of urea in different pHs from DSt,
DSt;, and DSt, hydrogels.

In the literature, various kinetic models have been proposed
for drug release from the surface and pores of polymeric
materials in the solution medium. Considering the slopes of
the curves drawn according to the kinetic models, the model
with the highest R? value is selected as the drug release
kinetic model. In this study, the urea release mechanism
from DSt, DSt;, and DSt,-based hydrogels was tried to be
interpreted using Z-O model, the F-O model, the H model,
and the K-P model, and the obtained kinetic model
parameters were summarized in Table 6. Considering the R
values, it was seen that the best correlation for urea-loaded
DSt, DSt;, and DSt, hydrogels was obtained from the K-P
model. When Table 6 was examined, it was observed that the
diffusion exponent constants of DSt and DSt;-based
hydrogels at different pH values were both less than 0.45 and
in the range of 0.45 to 0.89. In contrast to the DSt and DSt;
hydrogels, the DSt, hydrogel was found to have diffusion
exponent constants of less than 0.45 at all pH values. At n
values less than 0.45, the release is diffusion-controlled and
conforms to the Fickian diffusion type. At n values between
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0.45 and 0.89, however, the release is affected by both the
diffusion of water and the relaxation behavior of the
hydrogel and conforms to the non-Fickian diffusion type [8,
42]. The release results supported the swelling analysis. One
of the important parameters to be calculated while examining
the release behavior of hydrogels is the diffusion coefficient.

Table 6. Release kinetic and mechanism of urea release

When the diffusion coefficient values were examined, it was
observed that the urea release behavior from hydrogels was
different at each pH value. The high diffusion coefficients in
Table 6 suggest that urea diffusion into the solution medium
was greater.

Kinetic Models pH
DSt 2 4 6 8 10 12
Co 27.9 32.3 49.3 78.8 59.1 6.9
Z-0 Ko -0.003 -0.012 -0.021 -0.020 -0.022 -0.001
R’ 0.6895 0.7308 0.8923 0.7087 0.8436 0.5892
Co 27.9 26.9 405 75.8 56.7 6.9
F-O K -0.00009 -0.0002 -0.0002 -0.0001 -0.0002 -0.0001
R? 0.4057 0.4127 0.5658 0.4942 0.6231 0.4937
H k'; 0.0054 0.0057 0.0074 0.007 0.0068 0.0057
R 0.4785 0.8809 0.9786 0.8778 0.9723 0.8353
n 0.23 0.53 0.45 0.25 0.37 0.2
K-p Kikp 0.134_7 0.012_5 0.015_6 0.086_7 0.028_6 0.132_8
D 3.1*10 1.2*10 3.6*10 2.2*10 1.1*10 2.6*10
R? 0.9383 0.9724 0.9776 0.9711 0.9688 0.9498
DSt; 2 4 6 8 10 12
Co 11.9 45.7 71.8 56.3 45.2 8.3
Z-0 Ko -0.023 -0.028 -0.035 -0.033 -0.03 -0.007
R 0.6231 0.7493 0.6609 0.7715 0.8061 0.5316
Co 16.4 42.6 54.8 335 445 7.4
F-O Ky -0.0002 -0.0003 -0.0006 -0.0018 -0.0003 -0.0006
R 0.4533 0.5354 0.3943 0.7635 0.6019 0.3108
H Ky 0.0168 0.0108 0.0106 0.0154 0.0118 0.0182
R? 0.8892 0.9277 0.8582 0.9665 0.9621 0.7559
n 0.39 0.49 0.41 0.46 0.45 0.47
Kkp 0.058 0.021 0.04 0.024 0.027 0.049
K-P D 1.7*10° 2.1*10° 1.1*10° 1.2*10° 1.4*10° 6.3*10°
R? 0.934 0.9775 0.9579 0.9914 0.9865 0.9406
DSt, 2 4 6 8 10 12
Co 215 80.2 100.2 56.5 106.9 8.3
Z-0 Ko -0.012 -0.031 -0.042 -0.035 -0.048 -0.003
R? 0.8083 0.7022 0.7319 0.7435 0.7365 0.6369
Co 19.5 74.6 83.3 65.6 98.0 76
F-O K -0.0003 -0.0002 -0.0003 -0.0003 -0.0003 -0.0002
R’ 0.5176 0.4816 0.481 0.6383 0.5182 0.3772
H Ky 0.011 0.011 0.011 0.012 0.0002 0.001
R’ 0.9526 0.8944 0.9098 0.8732 0.8974 0.8265
n 0.35 0.31 0.3 0.17 0.39 0.24
K-p ke 0.050_ 0.073 0.077_ 0122 0.041 0.124
D 3.6*10 3*10 1.5*10 7.2*10 5.1*10 4.3*10
R? 0.9734 0.9424 0.9466 0.9527 0.9239 0.9261

4. Conclusions

Urea is a product that is naturally formed by the metabolism
of proteins and can be excreted with feces. It is a

physiologically important compound used both as fertilizer
in crops and as animal feed in the agricultural sector.
Therefore, the conscious and correct use of urea is of great
importance for the environment and plants. The present
study focused on both the synthesis of new and
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environmentally compatible hydrogels and the development
and improvement of the urea absorption and release
properties of these hydrogels. Dimethylacrylamide and
starch-based hydrogels were synthesized by the free radical
addition polymerization technique and separately modified
with acid and base solutions. FT-IR, TGA, and swelling
analyses were performed to determine whether hydrogel
synthesis and modification took place. Intense cross-linking,
porosity and the presence of hydrophilic groups were
successfully detected by instrumental analysis and swelling
results. In addition, urea sorption and release applications
constituted the two important pillars of the presented study.
The successful results of urea sorption by DSt, DSt; and DSt,
hydrogels showed that they can both minimize the harmful
effects of urea in the environment and contain the nitrogen
necessary for plants. At the same time, the high swelling and
urea sorption abilities of all hydrogels at different pH values
give these hydrogels superior properties in terms of
application area. When the urea release results were
examined, it was determined that DSt, DSt;, and DSt,
hydrogels exhibited different release properties in different
pH solutions, and these results reached 94% at pH 6-8,
100% at pH 6, and 100% at pH 8-10, respectively. The
release results suggest that urea-loaded hydrogels in soils
with different pH values will provide ease of application and
positively affect plant growth. As a result, considering the
synthesized hydrogels and their characterizations, urea
sorption, and release results, it is predicted that the presented
study will make important contributions to today's
agriculture and that the damage that urea will cause in soil
and environmental waters can be minimized.
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