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Abstract

A series of k-carrageenan (k-CG) hydrogels were prepared by using glutaraldehyde
(GA) as crosslinker for controlled releasing of copper and manganese micronutri-
ents. The hydrogels were characterized by gel content, swelling and degradation
tests, Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-
FTIR) and Scanning FElectron Microscope (SEM) observations. The variations
of swelling percentages (S%) with time, temperature and pH were determined for
all hydrogels. As the amounts of crosslinker increased, S% decreased regularly in
contrast to gel content results. The higher swelling values were obtained in basic
medium than acidic and neutral mediums for all k-CG hydrogels. Releasing of cop-
per and manganese micronutrients from k-CG hydrogels was investigated in water
and soil. A simulated releasing model was also applied to estimate the releasing
behaviors in agricultural irrigations. In all release studies, the cumulative release
values increased with decreasing GA amounts. The release kinetic parameters
were also calculated. It was detected that the releasing of micronutrients in soil was
slower than that in water.

Introduction

All plants must need several nutrient elements from their environment to ensure
successful growth and development of both vegetative and reproductive tissues.
Micronutrients are one of the essential nutrient elements required by plant organ-
isms in small quantities and play an important role to increase crop yields as well as
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improving the nutritional quality of food. A lack of any one of them in the soil can
limit plant growth, even when all other nutrients are present in adequate amounts
[1].

Copper is essential in several enzyme systems and plant respiration. It activates
some enzymes in plants which are involved in lignin synthesis. It is also required
in plant metabolism of carbohydrates and proteins and assists photosynthesis.
Copper also serves to intensify flavor and color in vegetables and color in flow-
ers. Its deficiency symptoms are the formation of cupping and interveinal chlorosis
(between the veins of the new leaves or the whole leaf), wilting of leaves and the
decrement newest leaves [2, 3]. The range of copper concentration in dry matter
is 2-20 mg kg! for plants. 1.0-3.0 mg kg™! of copper exists in soils with over 8%
organic matter. The toxicity level of copper is 30 mg kg~! [4-6].

Manganese plays a fundamental role in the absorption of iron, calcium and mag-
nesium and the activation of vital enzymes such as decarboxylase, dehydrogenase
and oxidase. It is involved in the structure of the superoxide dismutase enzyme. It
assists in the process of photosynthesis, respiration, and nitrogen assimilation. It
is also required in pollen germination, pollen tube growth, root cell elongation and
resistance to root pathogens. Manganese deficiency symptoms appear as interveinal
chlorosis between the veins or in young leaves. Plant growth may also be slowed, so
plant may be stunted [3, 7]. Adequate concentrations of manganese for plant growth
vary between 20 and 200 mg kg~! (dry weight). The toxicity level is 1000 mg kg~".

Controlled-release fertilizers (CRFs) are widely used in agriculture applications.
CRFs deliver nutrients to plants at a rate that closely approximates plant nutrient
demand over an extended period [5, 6]. One possible way to provide the controlled
releasing of plant nutrients is forming the matrix structures. In matrix type formu-
lation, nutrients are dispersed in the matrix and diffused through the matrix pores
or channels. Many kinds of natural (starch, cellulose, gelatin, cellulose derivatives,
etc.) or synthetic polymers (polyolefins, polydiolefins and their copolymers, etc.) are
used to synthesize the matrix phase [7, 8].

Hydrogels are three-dimensional crosslinked networks which depend on hydro-
philic polymers that can absorb or retain water without dissolution. The hydrophilic
property is due to the presence of chemical residues such as -OH, -COOH, —NH,,
—CONH,, —SO;H and others within molecular structure. In response to stimuli pH,
temperature, light or pressure, hydrogels have the properties or ability to change
their shape or volume [9, 10]. Because of their excellent characteristics, hydrogels
can also be used for controlled release of agrochemicals and nutrients in agricultural
and horticultural applications [11, 12]. The combination of hydrogels and various
agricultural chemicals may improve nutrition of plants and mitigate at the same time
the environmental impact from water-soluble fertilizers, reduce evaporation losses
and lower frequency of irrigation [13, 14].

Carrageenans (CG) are family of linear sulfated polysaccharides that are
extracted from red seaweeds. There are three main types of carrageenans (x-CG,
1-CG and A-CG) which differ in degree of sulfation in molecule structure [15, 16].
k-CG is a non-toxic, hydrophilic, biodegradable and ionic polysaccharide found as
a matrix material in numerous species of seaweed. It comprises of repeating units
of (1,3)-D-galactopyranose and (1,4)-3,6-anhidro-a-D-galactopyranose with sulfate
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groups in a certain amount and position. Several crosslinker reagents have been used
to crosslink x-CG such as glutaraldehyde (GA), genipin, vinyltriethoxysilane, CaCl,
and epichlorohydrin [17]. GA is selected for this research because of inexpensive-
ness and easily availability. k-CG is widely used for gelling, thickening and stabiliz-
ing properties in the food, cosmetic, chemical industries, etc [18].

The aim of this study was to prepare a controlled-release micronutrient fertilizer
(copper and manganese) using k-CG polymer. We focused to obtain the most con-
venient hydrogel structure for micronutrient release. For this purpose, six types of
k-CG hydrogels were synthesized by chemical crosslinking method using GA as
a crosslinker. The effects of the crosslinker amount on gel content, morphological
structure, swelling and degradation behaviors of the hydrogels were investigated.
Depending on the swelling behaviors, we planned to choose the suitable hydrogel
for micronutrient release studies to be carried out in water and soil. The release
kinetics parameters and release mechanism of micronutrient from hydrogels were
also determined.

Experimental
Materials

k-CG (300.000 g/mol Fluka Chemie), copper (II) sulfate pentahydrate, manga-
nese (II) sulfate monohydrate and phosphate-buffered saline (PBS) tablets were
purchased from Sigma-Aldrich. GA (25 wt% in H,0) solution was obtained from
Merck.

K-CG hydrogel preparation

k-CG hydrogel was prepared by chemical crosslinking method using GA as a
crosslinker. 2.0% of k-CG aqueous solution was prepared at 80 °C by continuous
stirring. 5.0 mL of polymer solutions was transferred into glass tubes, and the dif-
ferent volumes of GA solution changing from 0.25 to 1.50 mL were added. The
crosslinking reaction was proceeded for 24 h at room temperature. Then, the glass
tube was broken, and cylinder-shaped hydrogel rods were cut into pieces of 0.5 cm
long. Hydrogel disks were washed several times with distilled water to remove unre-
acted chemicals. Then, they were dried first in air and then in a vacuum oven at
40 °C.

ATR-FTIR analysis

The chemical structures of k-CG polymer and hydrogel were characterized by ATR-
FTIR. The measurements were performed using a Bruker Vertex 70 Infrared Spec-
trometer equipped with diamond. The measurements were recorded in transmis-
sion mode with an incident beam angle of 65°, using ZnSe wire grid polarizer. The
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ATR-FTIR spectrums were set between 400 and 4000 cm™!, using a resolution of
4 cm~! and 25 scans.

Gel content

The gel content expressed as the fraction of insoluble weight was obtained by
extracting the soluble part in boiling water for 24 h using Soxhlet apparatus and dry-
ing the insoluble part completely in a vacuum oven at 50 °C [16]. Gel content (%) is
determined gravimetrically from Eq. 1:

W
Gel content (%) = Wl x 100 €))

(]

where W, is the initial weight of dried samples before extraction (total of soluble
weight and insoluble weight); W, is final weight (weight of insoluble part of hydro-
gels after extraction). This experiment was carried out in triplicate.

Swelling behaviors

The gravimetric method was used to study the stimuli-responsive swelling behav-
ior of hydrogels. A preweighed dry hydrogel sample was immersed into PBS at
pH="7.0, 30 °C. At certain time intervals, the hydrogel was taken out of the swelling
medium. Excessive surface water of the swollen hydrogel was removed with a filter
paper, and swollen hydrogels were weighed. Taking an average value of three meas-
urements for each sample, swelling percentage (%S) of the hydrogel is calculated
using Eq. 2. The mass measurements were preceded until reach constant weight
[19-21].

(Ws B Wd)

d

%S = % 100 2)

where W, and W, refer to the weight of dry and swollen hydrogels, respectively.

The weights of swollen gels were considered as equilibrium values when they
remained constant for a period of 12 h. To study the influence of pH on the equilib-
rium swelling percentage, hydrogels were swollen in PBS solutions in the pH range
of 2.0-12.0 [22, 23]. Temperature-dependent equilibrium swelling degrees were
determined in the temperature range of 4—-60 °C at pH 7.0. The reproducible results
for all swelling studies were obtained with triplicate measurements [24].

Degradation test

Degradation test of hydrogels was performed at pH 7.0, 30 °C. Dried samples were
left to swell in PBS. At the end of 24 h, swollen gels were removed from solution and
weighed. This mass (W) was recorded as the maximum swollen state of hydrogels.
Then, they were placed into the same medium, and the weighing measurement was
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proceeded at regular intervals until hydrogels completely degraded [25-27]. The degra-
dation is determined in terms of weight loss (%) from Eq. 3:

(Wm - Wt)

W,

m

Weight loss (%) = x 100 3)

where W, is the weight of hydrogel at most swollen stage and W, is the weight of
hydrogel at time 7. All measurements were performed in triplicate.

SEM studies

k-CG hydrogels swelled to equilibrium state in water at room temperature. They were
removed from swelling medium and were rapidly frozen at —80 °C and then dried in
a Labconco FreeZone 4.5 Freeze Dryer. Dried and swollen samples were mounted by
double-sided tape on stubs and coated with gold in a Polaron SC 502 Sputter Coater.
The surface micrographs of the samples were obtained with a JEOL, JSM 6060 LV
Scanning Electron Microscope [28-31].

Preparation of micronutrient-loaded k-CG hydrogels

CG-4, CG-5 and CG-6 hydrogels were chosen for release studies depending on their
swelling values. Micronutrient-loaded x-CG (ML-CG) hydrogels were obtained by clas-
sic entrapment method. ML-CG hydrogel samples were prepared by adding the micro-
nutrient into the k-CG and GA mixture during crosslinking reactions. The micronutrient
contents (0.5 mg per hydrogel) were arranged according to the literature [32]. Similar to
our standard hydrogel formation method explained previously, the cylinder-shaped fresh
hydrogel rods were taken from glass tubes and cut into 0.5-cm-long pieces. ML-CG
hydrogel disks were dried first in air and then in a vacaum oven at 40 °C [33].

Release studies

Release studies were carried out using three different experimental sets: continuous
releasing in water, intermittent releasing model in water and releasing in soil. ML-CG
hydrogel was placed in 100 mL of distilled water in a glass beaker. At different time
intervals, aliquots of 100 uL were drawn from the medium to follow the release, so
the volume can be considered constant. The release always maintained at “sink” con-
ditions. The amount of micronutrient released from hydrogel was determined using
atomic absorption spectrometer (AAS, PerkinElmer A4000). The measurements were
proceeded until reaching the equilibrium release value. The reproducible results were
obtained with triplicate measurements [34, 35].

The cumulative release (%) of micronutrient from hydrogels is calculated according
to Eq. 4:

M
Cumulative release(%) = M—[ x 100 4)

[e4]
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where M, and M are the amount of micronutrient released at time ¢ and initial
loaded micronutrient contents, respectively.

As the agricultural irrigation is usually carried out once a day, a new intermit-
tent release study was designed to estimate the releasing of micronutrient from the
hydrogel in the soil. For this purpose, ML-CG hydrogel was placed in a 100 mL of
distilled water in a glass beaker and it was kept at room temperature. After 15 min,
hydrogel was taken from water and left to dry. The released amount of micronutrient
in water was determined using AAS. After 24 h, dried hydrogel was placed into the
same release medium and the procedure was repeated. The cumulative release (%)
was calculated using Eq. 4. The measurements were proceeded until reaching the
equilibrium release value.

The other release studies were also performed in soil. A dry ML-CG hydrogel
was put into permeable chiffon package to preserve the sample from soil sticking.
A package was buried into a plastic beaker containing 200 g of dry soil at 2.0 cm
depth. About 60 numbers of beakers were prepared in this way. Then, 150 mL of
distilled water was added to each of them and the beakers were kept at room tem-
perature. At certain time intervals (every 24 h) during the period, one package was
removed from the beaker and ML-CG hydrogel was placed into 100 mL of distilled
water. The sum of micronutrient was extracted from the hydrogel into the water,
and the amount of micronutrient diffused was measured by using AAS. Thus, the
amount of released micronutrient into the soil has been calculated using Eq. 4. This
process was continued until the equilibrium release value was reached [35-37].

Results and discussion
Gel formation

General mechanisms about the crosslinking mechanism are well documented in the
literature [38]. The hydroxyl group of x-CG polymer reacts with aldehyde groups
of GA by forming a hemiacetal structure. A suggested mechanism for crosslinking
reaction is given in Fig. 1. Gel contents (%) of hydrogels calculated via Eq. 1 are
given in Table 1.

The results were found in the range of 72-94%. The highest and lowest gel con-
tent was obtained for CG-6 and CG-1 hydrogels, respectively. It can be said that
network density in hydrogel structure was increased with GA. It is well known that
polymer and crosslinker amounts promote the gel content, so the results are compat-
ible with the literature [39, 40].

ATR-FTIR spectra

Figure 2 shows ATR-FTIR spectra of x-CG polymer and hydrogel. In the spec-
tra, the absorption observed at 3500-3000 cm~! was characteristic of the O-H
stretching and absorption at~2920 cm™' was due to C—O groups and the inter-
layer C—H stretching. Besides, the absorption at~ 1500 cm™' for —CH, stretching,
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Fig. 1 The mechanism of chemical crosslinking formation through polymer and crosslinker

Table 1 The amounts of the

Hydrogel k-CG (%) GA (mL) Gel content (%)
components used to form
hydrogels, gel content (%) CG -1 2.0 0.25 723404
CG-2 2.0 0.50 80.5+0.7
CG-3 2.0 0.75 85.3+0.6
CG -4 2.0 1.00 87.4+0.8
CG-5 2.0 1.25 90.3+0.4
CG-6 2.0 1.50 93.4+0.3

absorption at~ 1446 cm™! for sulfate stretch, absorption at~1260 cm™! for ester
sulfate group S=0, absorption at~ 1080 cm™' for glycosidic linkage, absorption

at~933 cm™! for C-O of 3,6-anhydro-D-galactose and absorption at~850 cm

-1

for C-O-SO; of D-galactose-4-sulfate were observed. In hydrogel spectra, the
sharp increment of absorption bands at~2920 cm™' and 1200-1000 cm™! can be
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Fig.2 ATR-FTIR spectra of k-CG polymer and hydrogels

attributed to hemiacetal structure formed by crosslinking between polymer and
GA [41].

Swelling behaviors

Figure 3a presents the variations of S% values with time at pH 7.0 and 30 °C. All
hydrogels swelled with time initially, and then remained constant at nearly 12 h.
The amount of GA significantly influenced the swelling value of hydrogels, so
S% increased with GA content. The possible reason for this phenomenon might
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Fig.3 a The variations of S% with time, b the variations of S% with temperature, ¢ the variations of S%
with pH and d the variations of weight loss % with day

be correlated with the increment network interactions between GA, water mol-
ecules and polymer [42-44]. S% values were determined to be 970% for the most
swollen hydrogel CG-1 and 258% for the least swollen hydrogel CG-6.

As can be seen from Fig. 3b, S% of hydrogels increased with temperature at
the beginning. This increment may be due to an increase in the thermal mobil-
ity of the polymer molecules. While the temperature was increased above 40 °C,
the slight decreasing in swelling values was observed. CG-6 hydrogel having the
most gel content exhibited more stable structure than the others. It could be said
that the formation of close-packed structure increased the resistance of hydrogel
to temperature [43].

Figure 3c shows the effects of pH on the swelling behaviors of the x-CG
hydrogels. All hydrogels exhibited lower S% values in acidic medium in com-
parison with neutral and basic medium. For example, S% values were determined
to be 275% at pH 2.0 and 1883% at pH 12.0 for CG-1 hydrogel. pH-sensitive
behavior of k-CG hydrogels arose from their ionic properties. It can be postu-
lated that the protonation of ionic groups accelerated the formation of hydrogen
bonds, so the swelling was precluded in acidic solution. On the contrary, ioniza-
tion and charge density in the hydrogel networks expanded at pH (7-12) due to
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the strong electrostatic repulsion between ionic groups. Consequently, the elec-
trostatic repulsion provided the relaxation of structure and hydrogels could easily
swell [45, 46].

Degradation behaviors of the hydrogels

The stability of hydrogels structure is very important for long-term application. In
some conditions, the crosslinking network may break down and the network chains
dissolve into the medium. Therefore, it is essential to know the degradation behav-
iors of the hydrogels. Degradation behaviors of k-CG hydrogels at pH 7.0 and 30 °C
are presented in Fig. 3d. 100% of weight loss of the hydrogels varied 4-8 days. The
least swollen CG-6 hydrogel had the longer degradation time. The result indicated
that the crosslinker density caused more durable hydrogel structures [42, 45, 47].

SEM analysis

SEM photographs of k-CG hydrogels are given in Fig. 4. The morphological dif-
ferences between dry and swollen forms of the hydrogels can be clearly observed.
While swollen hydrogels possessed large number of pores, dry hydrogel had a
non-porous surface with rough structure. The porosity provided easy diffusion and
absorption of water into the hydrogel. The largest and smallest pores were obtained
for CG-1 and CG-6 hydrogels, respectively. It is observed that pore sizes reduced
and the pore numbers increased with increasing crosslinker content [33, 39, 48]. The
structure of k-CG hydrogel could be called as “sponge-type structure.”

The porosity values of the hydrogels determined from SEM images are presented
in Table 2. It was observed that the pore sizes of hydrogels were in micro-size. This
value varied from 0.47+0.10 to 1.11+0.03 um. SEM evaluations were in good
agreement with the observed swelling results. The most swollen CG-1 hydrogel
displayed more porosity relative to others. While the average pore density of CG-6
hydrogel was very high, its small pores resulted in the lowest swelling value [19,
39].

Release behavior

Figure 5 represents release behavior of the ML-CG hydrogels in water. When the
hydrogel adsorbed water within its structure, the water dissolved copper or man-
ganese chloride leads to concentration difference between the inside structure
of the hydrogel and the outer solution. Consequently, copper or manganese ions
were released from the hydrogel [49, 50]. The release rates of all hydrogels were
increased regularly and then became constant between 11 and 16 h. It can be con-
cluded from the results that the crosslinking density of the hydrogel is one of the
factors affecting the release behavior of ML-CG hydrogels. The cumulative release
of all hydrogels increased with a decreasing GA amount. The results are in good
agreement with the swelling results. As emphasized before, CG-1 hydrogel swelled
much more than others depending on network density. While hydrogel swelled, the
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Fig.4 The surface SEM images of (5 pm) a dried hydrogel, b swollen CG-1 hydrogel, ¢ swollen CG-2
hydrogel, d swollen CG-3 hydrogel, e swollen CG-4 hydrogel, f swollen CG-5 hydrogel, g swollen CG-6
hydrogel
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Table 2 The morphological

properties of k-CG hydrogels Hydrogel Average pore size (um) Z‘r‘l\l/le;ig; [(J)(f)r;otiglcsrig)
CG-1 1.11+0.03 0.63x 108 +0.02
CG-2 0.83+0.04 1.34x10%+£0.02
CG-3 0.69+0.06 3.21x10%+£0.04
CG-4 0.62+0.08 4.04x10%+0.07
CG-5 0.59+0.09 4.25%10%+0.08
CG-6 0.47+0.10 4.83x108+0.09
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Fig.5 Release behavior of ML-CG hydrogels in continuous release study

loaded micronutrient molecules easily escaped through the large pores of hydrogel
[51-53].

The values of total percent cumulative release of copper were found to be 99%,
98% and 95%, for CG-4, CG-5 and CG-6 hydrogels, respectively. Besides, the val-
ues of total percent cumulative release of manganese from CG-4, CG-5 and CG-6
hydrogels were 98%, 96% and 93%, respectively. The results showed that the values
were close to each other.

A semiempirical equation is introduced to represent the micronutrient release
process of swelling polymer.

F=M/M_ = k" 3)
where F is fractional uptake, M, is the amount of micronutrient released at time ¢ and
M, is the total content of micronutrient loaded into hydrogels; k is releasing factor
and the releasing exponent n describes the type of diffusion. The release mechanism

is a function of the diffusion exponent n. The value of n < 0.5 suggests quasi-Fickian
diffusion; n=0.5 suggests a Fickian diffusion; 0.5 <n < 1.0 supports an anomalous
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Table 3 Release parameters of

hydrogels Hydrogel n kx10°
(CG-4)-Cu 0.90 3.10
(CG-5)-Cu 0.97 3.34
(CG-6)-Cu 1.06 3.64
(CG-4)-Mn 0.91 3.33
(CG-5)-Mn 1.02 3.73
(CG-6)-Mn 1.09 3.98

non-Fickian transport (both diffusional and relaxational transport); for n=1.0, the
release mechanism is represented by a case I, relaxational transport, time-independ-
ent, zero-order model [54]. Results of release exponent and release factor for hydro-
gels were determined from the graphs driven via Eq. 5 and are listed in Table 3. As
n value of all hydrogels was calculated near 1.0, it corresponds to case II transport,
where the release rate is constant and controlled by polymer chain relaxation. Relax-
ation release is the transport mechanism associated with stresses and state transition
in hydrophilic glassy polymers which swell in water or biological fluids. This pro-
cess also involves polymer disentanglement and erosion [55].

A new intermittent release experiment was improved to be a model for soil
release study. The intermittent release behavior of copper and manganese, from all
the CRF hydrogels, is presented in Fig. 6. The results showed that the cumulative
release values were gradually increased at the beginning and then the release rates
became slower. The release became constant after 8—10 days. The release values
were satisfactory, even if they were slightly decreased in comparison with continu-
ous release values. The values of total percent cumulative release were ranged from

100 4 & (CG-4)-Cu
—+%-(CG-5)-Cu
-%—(CG-6)-Cu

— 80 || 2&-(cG-a)mn
X —&—(CG-5)-Mn
- -7~ (CG-6)-Mn
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®
9 60 -
[
14
o
2
w 40 -
S
£
S
O 20
r:/
0 r T r T T S
0 2 4 6 8 10 12

Time (day)

Fig.6 The release behavior of ML-CG hydrogels in intermittent release study
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Fig.7 The release behavior of ML-CG hydrogels in soil

78 to 88%. Besides, the release time was nearly 10 times longer than the continuous
release in water. It can be obviously said that the micronutrient release rates and the
total cumulative release values are dependent upon the release method and the val-
ues increased with decreasing GA content like continuous release study.

The release behavior of copper and manganese, from ML-CG hydrogels, into soil
is presented in Fig. 7. It was found that the cumulative release of micronutrients
into soil increased with time and became constant about 10 days. The values of total
percent cumulative release were ranged from 80 to 88%. It was observed that the
release results in soil coincided with intermittent release results. It was concluded
that the new model release system designed in this study was in good agreement
with releasing behaviors in soil.

In conclusion, for all the synthesized hydrogels, the total cumulative release val-
ues in soil solution were less than those in water. According to the literature [56,
57], the nutrient release from hydrogels into soil occurs when hydrogels are swollen
by soil solution. The solution, then, dissolves the soluble part of nutrient, and the
nutrient molecules slowly diffuse through the hydrogel pores and release into the
soil. Thus, it can be said that the diffusion of soluble nutrients from the hydrogel
into soil is more difficult than that in water [58, 59].

Conclusion

Six types of k-CG hydrogels were prepared by using GA crosslinker, and their
swelling/degradation behaviors and morphological properties were investigated. The
swelling percentages (S%) regularly decreased with increasing GA amount, in con-
trast to gel content results. Hydrogels were found to be sensitive to pH variations.
They had porous structure sensitive to changes in the amount of crosslinker. The
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average pore sizes and density of the least swollen CG-6 hydrogel were found to
be 0.47 +0.10 um and 4.8 x 108 +0.09 number of pores in cm?. Copper and manga-
nese micronutrients were loaded in k-CG hydrogel by classic entrapment method.
The release behaviors of micronutrients from k-CG hydrogels, both in water and
in soil, were investigated. A new intermittent release model was also developed to
estimate the release behavior in agricultural area. The release results closely related
to S% values of the hydrogels. It was found that the values of release exponent for
all hydrogels were close to 1.0, which corresponds to case II transport. The results
of the present work indicate that the x-CG hydrogels are good support materials for
controlled release of micronutrients with their excellent swelling/degradation behav-
iors and morphological properties.
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