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ABSTRACT: In this work, we synthesized a novel series of hydrogels composed of polyacrylamide (PAAm), methylcellulose
(MC), and calcic montmorillonite (MMt) appropriate for the controlled release of fertilizers, where the components presented a
synergistic effect, giving very high fertilizer loading in their structure. The synthesized hydrogel was characterized in relation to
morphological, hydrophilic, spectroscopic, structural, thermal, and kinetic properties. After those characterizations, the
application potential was verified through sorption and desorption studies of a nitrogenated fertilizer, urea (CO(NH2)2). The
swelling degree results showed that the clay loading considerably reduces the water absorption capability; however, the hydrolysis
process favored the urea adsorption in the hydrogel nanocomposites, increasing the load content according to the increase of the
clay mass. The FTIR spectra indicated that there was incorporation of the clay with the polymeric matrix of the hydrogel and that
incorporation increased the water absorption speed (indicated by the kinetic constant k). By an X-ray diffraction technique, good
nanodispersion (intercalation) and exfoliation of the clay platelets in the hydrogel matrix were observed. Furthermore, the
presence of the montmorillonite in the hydrogel caused the system to liberate the nutrient in a more controlled manner than that
with the neat hydrogel in different pH ranges. In conclusion, excellent results were obtained for the controlled desorption of urea,
highlighting the hydrolyzed hydrogels containing 50% calcic montmorillonite. This system presented the best desorption results,
releasing larger amounts of nutrient and almost 200 times slower than pure urea, i.e., without hydrogel. The total values of
nutrients present in the system show that this material is potentially viable for application in agriculture as a nutrient carrier
vehicle.
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■ INTRODUCTION

Nitrogen is one of the essential elements for good soil fertility,
and among the available commercial options for its application,
one of the most economically viable is the urea, CO(NH2)2.
However, this compound is not very efficient as a fertilizer.1 The
loss of nitrogen to the atmosphere via volatilization of ammonia
is one of the main factors responsible for the low efficiency of
urea applied on the soil surface. The amount of nitrogen lost
through volatilization, after soil surface application of urea, can
reach extreme values close to 80%.2 That justifies the great
interest in developing alternatives that allow slow nitrogen
liberation in the soil and consequent better administration.
To overcome such problems, hydrogels have emerged as a

good alternative. Hydrogels are extremely hydrophilic polymers
that have the characteristic of absorbing large amounts of water,
as an agricultural input, and make it available to the plants over a
long period. Hydrogels based on polysaccharides3 are receiving
great attention in the agriculture sector because they are
immediately related to soil water retention, when used as
conditioners. Their formulation from polysaccharides ensures
greater improvements in biodegradability and slow release
properties of materials.4−6 The main benefit of the controlled
release system is to increase the functional efficiency of a certain

input, reducing costs, as well as increasing the product handling
safety, reducing toxicity risks for humans due to high
concentrations in the field, and reducing environmental
contamination7 with the objective of maintaining the concen-
tration of the input in a range considered optimum for an
extended time starting from a single application.
However, in spite of the benefits for the use of the hydrogel,

the final price of the product in the market ends up making its
application unfeasible. To solve that problem, one of the
alternatives is to form a nanocomposite from hydrogels with clay
minerals8−10 in high proportions, which reduces the final value of
the product drastically and still improves some very important
properties, such as ion exchange capacity,11,12 water absorption
speed, and mechanical resistance.13,14 The viability for hydrogel
use is enhanced even more by the hydrolysis treatment of the
material because such treatment improves its hydrophilic
properties considerably.15
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As such this, in this work, we conducted the synthesis of a new
hydrogel nanocomposite, composed of polyacrylamide (PAAm),
using the biodegradable polysaccharide methylcellulose (MC)
and the clay mineral calcic montmorillonite (MMt) as modifiers.
Such materials were characterized regarding their hydrophilic,
spectroscopic, kinetic, structural, mechanical, morphological, and
thermal properties, and the controlled desorption of the nutrient
urea.

■ MATERIALS AND METHODS
Synthesis of Nanostructured Hydrogels. The hydrogels

composed of polyacrylamide (PAAm) and the biodegradable
polysaccharide methylcellulose (MC; molar mass, 40.000 g mol−1;
viscosity, 400 cP; 27.5−31.5%methyl groups; and 68.5−72.4% hydroxyl
groups; data supplied by the manufacturer Aldrich) and calcic
montmorillonite (MMt) were obtained through chemical polymer-
ization of the acrylamide monomer (AAm, Fluka) in aqueous solution
containing MC and MMt. The AAm, MC, and N,N,N′,N′-
tetramethylethylenodyamine catalyzer (TEMED, Sigma) concentra-
tions were kept constant at 3.73 wt %, 0.50 wt %, and 3.21 μmol.mL−1,
respectively. The concentration of the N′-N-methylene bisacrylamide
(MBAAm, Aldrich) cross-linking agent was fixed at 2.30 mol % relative
to the AAm concentration. The MMT concentration was varied
regarding the mass of AAm +MC used in the synthesis. The synthesis of
hydrogels was started by a first solubilization of AAm in water followed
by a dispersion of MMT into AAm solution. The cross-linking agent
MBAAm and TEMED were added, and they were mechanically stirred
during 30 min. After preparing the mixture, N2 was bubbled into the

solution for 20 min to remove oxygen. Finally, sodium persulphate
(Na2S2O8, Sigma) (3.38 μmol.mL

−1) was added in order to initiate the
polymerization reaction by the free radical mechanism. After this
process, the hydrogel was purified by immersion in water during 4 days.
The hydrogels were then named as hydrogel 1 (1:1 or 50% hydrogel:
50% MMt in weight); hydrogel 2 (2:1 or 66% hydrogel: 33% MMt);
hydrogel 3 (3:1 or 75% hydrogel: 25% MMt); hydrogel 4 (4:1 or 80%
hydrogel: 20% MMt); and hydrogel 5 (1:0 or neat hydrogel).

Physicochemical Characterization of Nanostructured Hydro-
gels. Swelling Degree. The hydrophilicity of the hydrogels was
investigated through swelling degree measurements (Q). The swelling
degree can be calculated as the ratio between the mass of the swollen
hydrogel and the mass of the dry hydrogel.16,17 The hydrogels were
placed directly in contact with Milli-Q water and/or urea solution, and
the swelling degree values were monitored at predetermined times, thus
being able to accompany its swelling kinetics.

Swelling Degree after the Hydrolysis Process. The dry cylindrical-
shaped hydrogels were placed in a 0.5 mol L−1 NaOH solution and left
to swell during 18 h at 75 °C. These conditions were achieved after initial
investigation by variation of temperature and hydrolysis time
parameters. The hydrolyzed hydrogels were put in Milli-Q water, and
the swelling degree was monitored for 24 h.

Fourier Transform Infrared Spectroscopy (FTIR). The spectroscopic
characterization of the hydrogel nanocomposites was conducted
through Fourier transform infrared spectroscopy (FTIR) using a
spectrometer (Perkin-Elmer Spectrum, Paragon 1000 model). The
synthesized hydrogels were dried, mixed with potassium bromide
(KBr), and pressed forming (KBr) tablets.18,19 FTIR spectra were

Figure 1. SEM micrographs for (a) (1:0) neat hydrogel; (b) (1:0) hydrolyzed neat hydrogels; (c) (1:1) hydrogel; (d) (1:1) hydrolyzed hydrogel; (e)
(3:1) hydrogel; (f) (3:1) hydrolyzed hydrogel.
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obtained registering 128 scans from 400 to 4000 cm−1, with a resolution
of 2 cm−1.
X-ray Diffraction. The structural properties of clay samples in

powder form and the PAAm-MC hydrogels and hydrogel nano-
composites containing different clay contents were analyzed using the X-
ray diffraction technique. A Shimadzu LabX XDR-6000 diffractometer
was used, operating with an emission tube acceleration voltage of 30 kV,
current of 30 mA, and Cu K∞ (λ = 0.154 nm) radiation. The scanning
velocity used was 1.0° min−1 and the Bragg angle reading between 3°
and 60°.
Scanning Electron Microscopy (SEM). After being swollen until

equilibrium in water, the hydrogels were removed and immersed in
liquid nitrogen. Later, the samples were lyophilized (freeze-dried) for 48
h. After lyophilization, the hydrogels were placed in a sample holder and
their surfaces covered with a gold thin layer.20,21 Such a procedure was
adopted to avoid the collapse of the hydrogel porous structure, thus
guaranteeing that all of the morphological characteristics obtained for
the dry hydrogels can be used for the hydrogels in the swollen state.22

The micrographs of the hydrogels were obtained using a scanning
electronic microscope JEOL (Model JSM-6510).
Kinetic Parameters. The swelling kinetics parameters were obtained

through kinetic measures of Q for the different synthesized hydrogels.
For each curve, the difusional exponent (n) and diffusion constant (k)
were calculated using eq 1:23

=
M

M
kt nt

eq (1)

where t is the time, k is the diffusion constant and depends on the type of
hydrogel and the swelling medium, and n is the diffusional exponent,
which supplies information on the type of transport mechanism that
impels the sorption of a given solute. Mt and Meq are the masses of the
hydrogel at a swelling time “t” and in the equilibrium state, respectively.
The equation can be applied from the initial stages until

approximately 60% because at that stage, the increase of the swelling
degree over time is an ascending straight line. After that period, as the
swelling tends toward equilibrium, that is, it practically does not undergo
more variation over time, the inclination of the straight line is practically
null (tangent ≈ 0). For the calculation of n and k, ln Mt/Meq vs ln t
graphs were made for each assay, and the difusional coefficient n was
obtained from the angular coefficient and k from the linear coefficient.
Sorption and Desorption of Urea in Water. Since one of the main

objectives of this work was to observe how the hydrogel behaves in the
controlled desorption of a fertilizer, a kinetic test was carried out in
aqueous medium. This study had the objective of determining the
release in water of the fertilizing compound, contained in the hydrogel
after 72 h of being submerged in a saturated solution of urea. The model
used was adapted from that proposed by Jijun et al.24 for the evaluation
of the slow release of drugs. Following that model, an apparatus was set
up here, where the hydrogels swollen in saturated solution of urea were
placed in a submerged small beaker in aqueous medium, at pH 7.0,
under magnetic stirring external to the beaker containing the hydrogel.
This procedure guaranteed that the urea content measured in the liquid
medium corresponded to the diffusion into the medium and not to the
mechanical action of the stirrer. Aliquots were collected at different pre-
established time intervals, until the limit of 196 h. Desorption
measurements were conducted in triplicate. For comparison, a test
was also conducted with pure urea as experimental control, where an
amount of urea intermediate to that present in the hydrogels was
stipulated.
The determination of the urea concentration in solution was done by

analysis in a UV−vis spectrophotometer, according to methodology
proposed by With et al.25 The methodology consists of preparing the
Ehrlich reagent (5g of dimethylaminobenzaldehyde + 20 mL of
concentrated hydrochloric acid, to complete 100 mL) and 10% solution
trichloroacetic acid. To take the reading in the UV−vis spectropho-
tometer, 0.5 mL of the sample to be analyzed was mixed with 2.0 mL of
the acid solution and 0.5 mL of the Ehrlich reagent (in the described
sequence). From that, a curve of the nitrogen concentration in solution
versus absorbance in the λ = 420 nm region (calibration curve) can be

obtained, and through that, the urea desorption values as a function of
time starting from the hydrogels can be arrived at.

The desorption was analyzed using the model proposed by Reis et
al,32 where the fractional release (FR) was estimated assuming the total
urea loading as proportional to themaximum swelling degree. This value
was plotted against time assuming first and second order equilibrium
release kinetics, observing the R2 values for each proposition. The value
α = FMAX/ (1 − FMAX) was calculated for all of the conditions analyzed,
using this value to estimate the affinity of the solute for the
nanocomposite hydrogel or for the solvent (water).

■ RESULTS AND DISCUSSION
Physical Characterization. The morphological investiga-

tion of the hydrogels composed of PAAm-MC and calcic

montmorillonite (MMt) was conducted by scanning electronic
microscopy, as seen in Figure 1. The morphologies of those
hydrogels presented quite homogeneous foliaceous structures,
which are characteristics of hydrogels composed of polysacchar-
ides.26 The hydrogels without the hydrolysis treatment did not
present significant changes in pore morphology with the addition
of the clay (Figures 1a, c, and e). However, after the hydrolysis
treatment, two different behaviors can be observed: (i) general
increase in pore size due to the higher swelling degree; (ii)

Table 1. Quantitative Analysis of the Evidence Presented in
the EDX Map of the Hydrogel with 50% MMt

element weight percent atomic percent

C 2.22 3.73
N 7.60 10.96
O 37.19 47.00
Na 0.67 0.59
Mg 2.14 1.78
Al 13.27 9.95
Si 34.43 24.79
K 0.80 0.42
Ca 0.86 0.43
Ti 0.83 0.35
Total 100 100

Figure 2. X-ray diffraction (XRD) patterns of the (a) MMT clay; (b)
(1:0) neat hydrogel; (c) (1:0) hydrolyzed neat hydrogel; (d) (3:1)
hydrogel; (e) (3:1) hydrolyzed hydrogel; (f) (1:1) hydrogel; and (g)
(1:1) hydrolyzed hydrogel.
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decrease in pore sizes with the addition of clay mineral, indicating
that the load affected the crossing of the chain in the formation of
the hydrogel.
The dispersion of the clay in the hydrogel matrix was observed

by energy dispersive spectrometry X-ray measurements (EDX).
Table 1 displays the semiquantitative analysis of the respective
elements present in the EDX map. The presence of all of the
elements that constitutes the calcic montmorillonite clay mineral
(structural formula: Ca0.6(Al,Mg)2Si4O10(OH)2·nH2O) may be
observed, indicating its effective incorporation. The mapping of
Si and Al elements, coming exclusively from the clay mineral in
those nanocomposites, indicates that good clay dispersion
occurred in the polymeric matrix, by comparison with the
dispersion of the element C, indicative of the hydrogel
(Supporting Information, Figure 1).
Figure 2 presents the X-ray diffractograms of MMt, PAAm,

and MC hydrogel and its nanocomposites prepared with
different clay contents with and without hydrolysis treatment.
The interlamelar spacing or basal interplanar spacing (d001) of
the samples was calculated from the respective diffraction peaks
using Bragg’s law, eq 2:

λ θ=n d2 sin001 (2)

where θ = incidence angle; n = reflection order; and λ = incident
radiation wavelength (λ = 0.154 nm).
The X-ray diffractogram of the pure clay showed an intense

peak at 2 θ = 6.56°, referring to the basal plane and
corresponding to the interlamelar distance d001 = 1.35 nm,
which identifies the montmorillonite phase, as expected. Peaks at

25 and 27° are also observed, corresponding to possible quartz
contamination, commonly present in materials of mineral
origin.27,28 Diffraction peaks at 28, 31, 38, and 45° are observed

Table 2. FTIR Band Characteristics of Hydrogels Synthesized

materials spectroscopic attributions

PAAm
3300−3450 cm−1 stretching vibration of NH2

1667 and 1466 cm−1 axial deformation of CO
MC
2990−3600 cm−1 stretching vibration of OH.
900−1230 cm−1 β-glycosides bonds among saccharide units
620 cm−1 band attributed to pyronisidic ring
calcic montmorilonite
400 − 800 cm−1 Si-O-M bending vibrations
914−930 cm−1 Al-OH-Al angular vibrations
1010−1110 cm−1 symmetric stretching of Si−O
3620−3630 cm−1 axial deformation of structural −OH

Figure 3. (a) Representative curves of stress-deformation for different hydrogels and (b) dependence of modulus of elasticity as a function of % ofMMT
clay into hydrogels.

Table 3. Values of Parameters n and k for Hydrogels
Synthesized

hydrogel k (h−1) n

1 0.27 ± 0.04 0.63 ± 0.02
2 0.22 ± 0.01 0.57 ± 0.02
3 0.19 ± 0.01 0.64 ± 0.02
4 0.18 ± 0.01 0.65 ± 0.03
5 0.17 ± 0.01 0.49 ± 0.02

Figure 4. Swelling degree at equilibrium for hydrogel samples with and
without hydrolysis processes in (a) milli Q water and (b) urea saturated
solution.
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for the neat hydrogel, corresponding to the interplanar distances
3.18, 2.88, 2.63, and 2.09 Å. In the nanocomposite materials,
peaks characteristic of clay were not observed in the region 2 θ =
3−10°, indicating good nanodispersion (intercalation) and
exfoliation of the clay lamellae in the hydrogel matrix for all of
the conditions, except the (1:1) condition, where the basal plane
moved to 3.90°, which corresponds to d001 = 2.26 nm. This
behavior was expected because at this higher clay content, there is
less quantity of hydrogel for lamellae separation. However, the
displacement of the basal plane, even in this condition, indicates
the good interaction of the clay mineral with the hydrogel.
However, it was observed that the hydrolysis process facilitated
the clay nanodispersion and exfoliation in the hydrogel matrix,
allowing, in this condition, the disappearance of the basal plane.
As will be discussed later, the more homogeneous distribution of
the clay in the polymeric matrix will directly influence the water

absorption capacity, urea fertilizer sorption/desorption time, and
level of that same fertilizer starting from the studied nano-
composites. It is important to emphasize that the diffraction
patterns were obtained in the dry materials, and therefore, the
observed dispersion refers exclusively to the intercalation of the
polymer in the lamellar structure of the clay and not to its
swelling capacity.
Furthermore, the hydrolysis process is revealed in the

diffractograms by the disappearance of the reflections regarding
the interplanar distance of 2.63 and 2.09 Å, indicating that the
base attack broke the rigid structure along the chains, probably
reducing their average length. However, this effect probably does
not alter the interaction among chains, probably associated with
hydrogen bonds and revealed by the identification of the
reflections at 3.18 and 2.88 Å. This is also indicative that this
periodicity was maintained, even after the hydrolysis.
Table 2 displays the characteristic peaks identified by FTIR

spectroscopy for the synthesized hydrogels (Supporting
Information, Figure 2).

Table 4. SwellingDegree at Equilibrium (Qeq) before and after
the Hydrolysis Process

hydrogel Qeq (g/g)
Qeq hydrolyzed

(g/g) Qeq
a (g/g)

Qeq hydrolyzed
a

(g/g)

1 45.8 ± 1.7 2188.1 ± 53.4 32.1 ± 2.7 230.8 ± 32.7
2 60.7 ± 1.1 3241.4 ± 150.2 41.9 ± 0.1 b

3 62.3 ± 1.0 3382.5 ± 172.5 44.2 ± 0.2 135.7 ± 9.6
4 72.9 ± 0.5 3300.3 ± 128.0 47.1 ± 2.7 b

5 90.1 ± 1.7 5403.6 ± 378.9 66.9 ± 1.7 124.2 ± 10.8
aSwelling in saturated urea. bNot done in such conditions.

Figure 5. Kinetic curves of controlled desorption of urea for (a) pure spherical urea, and different hydrogels at (b) pH 4.0, (c) pH 7.0, and (d) pH 9.0.

Table 5. Amount of Urea Desorbed (g of Urea/g of Dry
Hydrogel) at Equilibrium for Unhydrolyzed Hydrogels at
Differents pHs

hydrogel pH 4 pH 7 pH 9

1 13.5 ± 1.0 10.2 ± 0.3 12.5 ± 0.3
3 19.4 ± 0.9 15.8 ± 0.7 20.9 ± 0.6
5 23.2 ± 0.2 15.1 ± 0.7 24.0 ± 1.9
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For hydrogel 1, composed of PAAm-MC-MMt, all of the
mentioned bands can be observed, indicating the effective
incorporation of clay in the hydrogel. However, suppression or
displacement of the hydrogel or clay bands was not observed,
which indicates that the interlacing among the components is
weak. It should be emphasized that the bonding between the
hydrogel and the clay mineral lamellae ought to occur by ionic
bonds between the hydrophilic groups of each material, which
cannot be evidenced in FTIR. However, for the hydrolyzed

Figure 6. Kinetic curves of the controlled desorption of urea in different pH values for the hydrolyzed hydrogels: (a) 4.0; (b) 7.0; and (c) 9.0.

Table 6. Amount of Urea Desorbed (g of Urea/g of Dry
Hydrogel) at Equilibrium for Hydrolyzed Hydrogels at
Differents pHs

hydrogel pH 4 pH 7 pH 9

1 51.5 ± 4.8 74.2 ± 5.6 86.9 ± 1.0
3 45.0 ± 0.6 59.2 ± 6.8 61.4 ± 1.8
5 37.7 ± 5.2 48.5 ± 7.3 55.0 ± 4.0

Table 7. α and R2 Values Obtained Using the Reis et al.32 Model for Different Hydrogels Synthesized

hydrogels hydrolyzed hydrogels

hydrogel pH α
R2 (reversible first order

kinetics)
R2 (reversible second order

kinetics) α
R2 (reversible first order

kinetics)
R2 (reversible second order

kinetics)

(1:1) 4.0 4.258 0.97663 0.97699 0.998 0.99800 0.99801
7.0 1.577 0.94531 0.94477 2.556 0.98445 0.98413
9.0 3.027 0.94562 0.94593 5.327 0.94951 0.97399

(3:1) 4.0 5.508 0,89262 0.88573 8.469 0.91772 0.91249
7.0 2.226 0.9584 0.96425 a 0.99336 0.86601b

9.0 10.022 0.96517 0.95756 a 0.97193 0.78833b

(1:0) 4.0 2.024 0.93838 0.93777 a 0.95296 0.94852b

7.0 0.770 0.96025 0.96011 a 0.95008 0.62798b

9.0 2.222 0.95511 0.95508 a 0.95233 0.42999b

aThe value was not calculated since Fmax tended to 1. bCalculated assuming alpha as constant (arbitrary).
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hydrogels, some changes are observed, mainly due to partial
conversion of the amide groups to carboxylic groups, indicating
the occurrence of a PAAm hydrolysis reaction. In a general way,
the spectra for the hydrolyzed hydrogels were quite similar to the
spectra of the hydrogels without hydrolysis. However, for the
hydrolyzed hydrogels two bands were observed regarding the
carboxylate ion (−COO−), a more intense one in the region of
1630−1610 cm−1 originating from the axial asymmetric
deformation and another weaker one, observed around 1400
cm−1 that stems from the axial symmetric deformation.29 All of
the hydrogels presented very defined peaks in the 1670 cm−1

region, regarding the carbonyl stretching vibration in the
acrylamide groups (−CONH2), showing that the conversion of
the amide groups into carboxylic groups is not complete in the
alkaline hydrolysis reaction for the hydrogels. Usually, the
conversion degree of the amide groups into carboxylic groups is
below 70% under alkaline conditions.30

The evaluation of the mechanical properties of the hydrogels
made up of PAAm, MC, and calcic montmorillonite was
conducted determining the values of maximum compressive
stress (σmax) and modulus of elasticity (E) for different clay
mineral contents present in the hydrogel. Representative force−
deformation curves for different hydrogels using uniaxial
deformation are shown in Figure 3, where good linearity is
observed among the properties. This indicates that the
deformation of the hydrogel is elastic, in other words, the
hydrogel tends to return to its initial shape when the force
applied to it is removed. It can also be observed that the increase
in calcic montmorillonite concentration reduces the elastic
region of the mechanical properties. Also observed is that the
presence of the calcic montmorillonite provokes a considerable
gain in mechanical resistance, requiring tension 4 times higher
(hydrogel 1) so that it causes the same deformation as that in
hydrogel 5 (1:0, i.e., without clay addition). As previously
discussed, the increase of clay content in the polymeric matrix
provokes a reduction of the swelling values. Figure 3b shows that
the higher the hydrogel swelling degree, the lower its modulus
tends to be; in other words, the higher the concentration of clay
mineral in the polymeric matrix, the more resistant the hydrogel
will be.
However, the hydrolysis process compromised the mechanical

resistance of all of the samples, in spite of the sample with higher
clay content presenting better manipulability, indicating that the
reinforcement effect provided by the nanoload is maintained,
even if barely noticeable. That effect was also expected because
the hydrolysis process contributed to the water absorption

increase due to partial conversion of the amide groups into
carboxylic groups.
Table 3 presents the values obtained for the kinetic constants n

and k of the studied hydrogels during swelling, as proposed by eq
1. For hydrogels in a cylindrical shape, the n values between 0.45
and 0.50 correspond to Fickian diffusion. An n value of
approximately 1.0 indicates that the diffusion of the solvent to
the interior of the gel occurs by relaxation of the chains that
compose the network.31 For 0.5 < n < 1.0, the diffusion occurs by
anomalous transport, that is, the diffusion process is carried out,
simultaneously, by diffusion and relaxation of the hydrogel
chains.
For the hydrogels containing calcic montmorillonite, n values

are between 0.5 and 1.0, indicating that the diffusion occurs by
anomalous transport, while for the hydrogel without clay, the n
value was close to 0.5, corresponding to Fickian diffusion. For the
kinetic parameter k, we noticed that the presence of clay in the
polymeric matrix causes the hydrogel to absorb water more
quickly, a factor of extreme importance for application in the
agricultural sector.

Swelling and Release. The clay presence in the polymeric
matrix of the hydrogel controlled its swelling kinetics since
hydrogel 1 reaches its swelling equilibrium in approximately 10
h; while at lower concentrations, the swelling equilibrium is
prolonged for 24 h. Figure 4 displays the swelling degree at
equilibrium in function of the hydrogel/MMt proportion.
For the hydrolyzed hydrogels as well as for the nonhydrolyzed

ones, the swelling degree was shown to be totally dependent on
the ratio of the clay mineral. When the calcic montmorillonite
ratio in the hydrogel polymeric matrix increases, the swelling
degree reduces considerably. For the hydrogel without hydrolysis
treatment, the value of the swelling degree at equilibrium (Qeq)
reduced from 90.1 ± 1.7 g/g in the hydrogel without clay to 45.8
± 1.7 g/g in hydrogel 1. For those same hydrogels, the reduction
was even more accentuated after the hydrolysis treatment. The
Qeq values reduced from 5403.6± 378.9 g/g to 2188.1± 53.4 g/g
for the hydrolyzed hydrogels 1 and 5, respectively. This can be
related to the increase of the physical interlacing between the
hydrogel-forming chains and the calcic montmorillonite clay
lamellae. Another factor that can also contribute to the lower
swelling values is the increase of the hydrogel mechanical
resistance because with the more rigid chains, their expansion
consequently becomes more difficult. Note that this high
swelling value obtained for all the hydrolyzed sample conditions
also compromises their mechanical resistance, as previously
mentioned.
Table 4 displays the increase of the swelling degree caused by

the hydrogel hydrolysis in water and in saturated urea solution.
The considerable Qeq increase after hydrolysis is mostly due to
the total or partial conversion of the amide groups into carboxylic
groups, thus providing higher hydrogel interaction with water
(see Figure 4) and also due to the swelling degree at equilibrium
for the hydrogels in saturated urea solution. It is noteworthy that
the pattern of variation of the swelling degree follows, for the
hydrolyzed material, the same pattern observed for the
nonhydrolyzed. However, in the swelling condition in the
presence of urea, a reduction of 1 order of magnitude is observed
in the total values, which indicates that the urea competes for the
same adsorption sites as the water. Furthermore, the bidentate
character of the urea can imply an increase of the intercalation of
separate chains, influencing theQeq decline. In this condition, the
presence of the clay mineral showed inverse tendency to that
observed in swelling in water, increasing the Qeq value according

Figure 7. Fractional release (Fr) of urea from a nonhydrolyzed hydrogel
at pH 7.0.

Journal of Agricultural and Food Chemistry Article

dx.doi.org/10.1021/jf401273n | J. Agric. Food Chem. 2013, 61, 7431−74397437



to the increase of the clay mass in the nanocomposite. This factor
is probably due to the effect of chain separation promoted by the
clay mineral, which interferes in the urea adsorption avoiding the
fact that its presence compacts the hydrogel structure. However,
again the same sites are used.
The controlled desorption of urea test in different pHs (4, 7,

and 9) was done initially with the hydrogel nanocomposites 1, 3,
and 5 and with the commercial urea, i.e., without being contained
in the structure of the hydrogel. The presence of the clay mineral
causes the hydrogel to desorb the nutrient in a slower manner;
however, it implies a reduction of the total amount of urea carried
in the material due to strong clay−urea interactions. Con-
sequently, in higher clay concentrations the hydrogel has slower
desorption. This is noticed in all of the pH ranges tested, where
the hydrogel without the clay mineral desorbs practically the
whole nutrient in 24−48 h. However, for the nanostructured
hydrogels, those values increase to approximately 72 h in the
different pH values. The controlled desorption of urea curves as a
function of time for the different hydrogel types at different pH
values show that the urea desorption is quite responsive to pH
because in the pH 4 range, as well as in 9, a higher desorption of
the nutrient and lower influence of the presence of clay mineral
was noted. This can be related to the counterions or electrolytes
needed to promote the change in the system. Therefore, ionically
charged resources could favor the release by ionic exchange or by
reactions with the hydrogel structure, like hydrolysis reactions,
possible in basic pH. These phenomena need to be better
investigated in the future.
Figure 5 displays the kinetics of urea desorption, expressed in g

of liberated urea/g of dry nanocomposite, and Table 5 displays
the desorption values at the equilibrium of hydrogels at different
pH values.
Besides increasing the swelling capacity, improving the

dispersion of the clay in the polymer, the hydrolysis treatment
significantly interferes in the controlled desorption of the urea
process, increasing the amount of nutrients desorbed by the
hydrogels with higher calcic montmorillonite contents in an
average of 7-fold. It was also observed that desorption time
increased from 72 h to values close to 200 h. From that time on,
the liberation remained sustained, which is highly recommended
when one seeks a hydrogel application in prolonged liberation
systems. Figure 6 displays the controlled desorption of urea
curves as a function of time for the different hydrolyzed
hydrogels and different pH values.
Following the tendency of the hydrogels without the

hydrolysis treatment, the presence of the clay mineral delayed
nutrient desorption in quite a significant way. However, an
important factor was that, for the hydrolyzed hydrogels,
desorption time and the amount of nutrient desorbed increased
significantly. Table 6 displays the values of controlled desorption
of urea in different pH values for the hydrolyzed hydrogels.
The urea desorption for the hydrolyzed hydrogels was shown

responsive to pH because when the pH increases from 4 to 7 and
9, the amount of the nutrient desorbed increases dramatically. A
prominent factor and the most important is that the hydrolyzed
hydrogels showed an inverse tendency of that which occurred in
the nonhydrolyzed hydrogels; in other words, hydrogel 1 releases
more nutrients than hydrogels 3 and 5. These results are not fully
understood; however, it should be noted that the hydrolysis
process caused the hydrogel to be better integrated into the clay
mineral, which probably favored its ionic exchange effect.
The urea desorption values reached by the hydrolyzed

hydrogels under study show that the hydrogels are potentially

viable for agricultural application as a nutrient carrier vehicle. The
total urea content for each hydrogel was also estimated, and this
information was used to estimate the fractional solute release
(FR), considering the equilibrium of the system in water. The
model developed by Reis et al.32 was applied to fit the release
from the different nanocomposite hydrogels using first and
second order release kinetics. As shown in Table 7, a good
accordance for the solute release in neat hydrogels for both
kinetic orders was observed, by the regression R2 values, where α
values permit one to describe the solute affinity by the
nanocomposite hydrogel according to the pH medium.
However, for the hydrolyzed hydrogels (pure and nano-
composite), the model was only adequately fitted for first
order release, which is an indicative of the easier water diffusion
from nanocomposite structures to the solution. In the nano-
composites with higher hydrolyzed hydrogel contents, Fmax
tended to 1, which means that the solution affinity was much
higher than hydrogel affinity. This was expected since in these
samples, MMt clay was shown as an effective diffusional barrier to
control the urea release. Figure 7 shows an example of Fr versus
time for hydrogel nonhydrolyzed at pH 7.0.
In summary, it was possible to synthesize a novel nano-

structured hydrogel composed of PAAm, calcic montmorillonite,
and MC in different formulations. The swelling degree decreases
as the clay concentration increases; however, that value increases
considerably when the hydrogels undergo a hydrolysis treatment
because a large part of their amide groups change to carboxylic
groups. The FTIR spectra showed the presence of bands
characteristic of hydrogel and clay, showing that there was an
incorporation of the MMt by the hydrogel. By X-ray diffraction
analyses, good nanodispersion was observed (intercalation), and
exfoliation of the clay plaques in the hydrogel matrix and
probably the hydrolysis of the hydrogels greatly facilitate that
dispersion. The presence of clay in the hydrogels accelerated
water absorption, indicated by the increase of the kinetic
parameter k, and also increased their mechanical resistance. In a
general way, the presence of the clay mineral improves some
properties of the hydrogels, and the hydrogel releases the
nutrient in a more prolonged manner, releasing the urea about 72
times more slowly in the hydrogel without the hydrolysis
treatment and up to 192 times more slowly for the hydrolyzed
hydrogels, if compared with the urea without the presence of the
polymer. On the basis of such results, we highlighted the
potential and viability of application of these nanocomposites
containing high calcic montmorillonite content in nutrients
carrier systems for the controlled release of urea. In addition, to
the best of our knowledge, these nanocomposite hydrogels are
the first to present this very high quantity of the urea released per
hydrogel content, around 90 g per g of dry hydrolyzed hydrogel.
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