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Abstract

The release kinetics of nitrogen and phosphorous of a granulated fertilizer, encapsulated in a k-carrageenan-based hydrogel
(CBH), was evaluated in order to determine its release mechanism given the potential this hydrogel has as coating material
for controlled release fertilizers (CFRs). The effect of pH on the release properties was also investigated. The relationship
between the NH,", NO,’, and PO, release of encapsulated fertilizers and time was determined by short- and long-term
laboratory incubations. The mechanism of the release of nutrient ions was determined by comparing the release data
with the zero-order, first-order, Higuchi, Hixon-Crowell and Korsmeyer-Peppas kinetic models. The findings showed
that the Korsmeyer-Peppas model could be used to describe the release characteristics of the nutrients in the encapsulated
fertilizers and that non-Fickian diffusion is the main release mechanism. The experimental hydrogel showed a high
water retention capacity able to absorb 300 times its weight water.
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1. Introduction

The use of fertilizers since the end of the World War II
significantly increased the production per unit area, allowing
the agricultural industry to meet the demand for food of the
increasing human populations!'-l. Despite the positive impact
these inputs have on productivity, their use is inefficient.
Less than 50% of the nitrogen (N) and phosphorus (P) in the
fertilizers is taken up by the plants*l. The non-assimilated
nutrients are lost by leaching or by volatilization into the
atmospherel*®7), causing serious environmental problems
and economic lossest® 1.

In coated controlled release fertilizers (CRFs), the
mechanism and the factors influencing the speed and
duration of the nutrient release are known and controllable,
and they are currently being used as a strategy to decrease
the rate at which nutrients are released from the fertilizer
to the soil solution, allowing synchronization between the
onset of nutrient uptake by the crop and the availability of
nutrients!?.. Another important aspect of CRFs is the rate of
reduction in nutrient removal from soil by rain or irrigation
water!"¥), which can help mitigate the eutrophication and
greenhouse gases flow to the atmosphere as a result of
reduction of the N and P output from the productive systems.
Among the materials being used commercially as fertilizer
coatings are minerals and synthetic polymers!'*'®\. Although
these materials have proven to be useful for increasing
nutrient use efficiency and for decreasing nutrient losses
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from the agricultural production system!!”!'), they may be
toxic and / or nonbiodegradable; additionally, they raise the
fertilizer price!'>!*), which prevents a more frequent use by
producers. For this reason, the search has begun for a low
cost, nontoxic, biodegradable material within the different
organic polymers of natural origin that can be used as a
coating for fertilizer grains!'®1*-2!l,

In the search for alternative coating materials, the use of
Carrageenan, a family of sulfated polysaccharides found in
the wall of red algae of the Rhodophyceae class, has begun to
be tested for the preparation of high water retention hydrogels
with good mechanical properties regarding processability
and end use applications. Kappa-carrageenan hydrogels
have been synthesized by copolymerization with N-vinyl
formamide!?? and polyacrylamides®!, which although have
shown to have good hydration capacity are not biodegradable.
Additionally, hydrogels containing polyacrylamides, when
added to the soil, could cause environmental damage due
to the accumulation of nitrogen!®*..

To continue exploring the possibilities of this natural
polymer in the construction of fertilizers with a lower
environmental impact and promoting the development of
products based on raw materials available in the Colombian
Caribbean, we have designed a carrageenan based hydrogel
(CBH) less complex in structure and chemical composition
in order to encapsulate fertilizer granules!”). This hydrogel
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is porous, semipermeable, biodegradable, nontoxict?**"),
able to absorb up to ten thousand times its weight in
water without dissolving or losing its integrity, and its raw
material, carrageenan, can be easily obtained?®). Its chemical
structure is composed of alternative units of D-galactose
and 3,6-anhydrogalactose (3,6 AG) that are bound through
a-1,3 and B-1,4 glycosidic bonds. It is an anionic polymer,
with high molecular weight. The presence of a cross-linking
agent allows carrageenan to form hydrogels in which
polysaccharides form three-dimensional networks that
swell in water?**l. The wetting and swelling behavior of
the hydrophilic polymers allow the hydrogels to control
water penetration, and thus the rate of nutrient dissolution
present in the core of the coated fertilizer®'33. As these
nutrients dissolve, they migrate from their initial position in
the polymer system to the outer surface of the polymer and
are subsequently released into the environment. Laboratory
soil column experiments have shown that fertilizer granules
encapsulated with the CBH release nutrients more slowly in
comparison to the non-encapsulated fertilizer'>!. Although,
CBH proves to be useful in delaying the release of nutrients
to the environment, nothing is yet known about its soil
release mechanism.

Therefore, the objective of this work is to evaluate the
release behavior of fertilizer granules encapsulated within the
CBH by interpreting its N and P release profile with various
mathematical models in order to obtain insight into its release
mechanism accompanied by swelling. These mathematical
models let us associate the properties of the materials used
to build a CRF and its release mechanism, which makes it
possible to improve its design. The mathematical models
chosen for this study include the mechanisms of penetration
of water within the CFR, diffusion®'-** and erosion®*.. These
are important for the CRF design based on the fact that these
mechanisms can be controlled through the design of the
hydrogel in order to get the greatest release of nutrients to
the soil solution when crop plants begin their greatest peak
of nutrients absorption.

Considering that the CBH has been designed to be used
in yellow potato crops (Solanum pureja) which are frequently
located in soils whose soil pH vary 4.5 and 6.0%°37, and
since the stability of the three-dimensional structure of the
hydrogel depends on the pH, the nutrient release in the
potato crop could be produced by the breakdown of the gel
in an environment with acidic pH®®!. Therefore, the effect
of'an acidic pH (4.5) and a pH close to neutrality (6.3) will
be evaluated as release controlling factors. This study will
provide relevant information for the future development
and field use of a CRF with a carrageenan-based hydrogel
as a coating material in yellow potato crops.

2. Materials and Methods
2.1 Synthesis of CBH and preparation of the coated fertilizer

An aqueous k-carrageenan powder solution was prepared
by dissolving a commercial food grade k-carrageenan
powder (Cimpa MCH 5722) in distilled water to obtain a
final concentration of 3% (w/v). Next, 1.5 mL of glycerol
(Chemi Laboratory) was added as a plasticizing agent, and
the mixture was stirred continuously until a clear solution
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was obtained. This mixture was poured into silicone molds
and allowed to cool slowly. Before gelation was completed,
NPK fertilizer granules (13-26-6 Nutrimon) were added to
the silicone mold at a final concentration of 14% (p/p) in
order to obtain cylindrical capsules of 1.5 cm?®, which were
used to analyze the kinetic release behavior through the CBH.

2.2 Water swelling capacity of the CBH

CBH capsules (25) were immersed in 140 ml of DH,O
for 1, 2, 4, 24 h and 30 days at 25 °C. At each time, five
capsules were taken out of the solution and the equilibrium
water content (EWC) was calculated with Equation 1:

%EWC = *100

Where Wh is the hydrated weight of the sample and Wd is
the dry weight of the sample. An average value was obtained
from five parallel measurements. The obtained values were
used to calculate the nutrient concentration in the aqueous
solution that was released from the CBH encapsulated
fertilizer with Equation 2:

ion in the aqueous phase (mg)

Vo-dWh,

ICS =

@

Where Vo is the initial volumen of the aqueous phase and
Veq is the Volume of the aqueous phase at the hydrogel
absorption equilibrium at time t. Veqt =Vo — dWh, where
d is the water density at 20 °C and Wh.

2.3 Release of NO,, NH,* and PO * from a granulated
fertilizer encapsulated with CBH

The relationship between time and the ammonium
(NH,"), nitrate (NO,"), and phosphate (PO,*) ion release, was
determined by placing one capsule of coated NPK fertilizer
(13-26-6 Nutrimon) in a stainless-steel basket support inside a
150 mL beaker with 140 mL dH,O (pH 5.5). The beaker was
covered with parafilm and incubated at 25 °C in a rotatory
shaker. Nutrient release was measured at regular sampling
times up to 40320 min. At each sampling time, nutrients
were measured in the aqueous solution of three replicates.

Samples were analyzed for NH,",NO, and PO, by the
Indophenol blueP”, sodium salicylate!*”, and Canterbury
colorimetric methods™'l, respectively, using a Thermo
Scientific UV-Visible Analyzer EV-300. The concentrations
of the ions in the solutions were measured at wavelengths
of 640 nm for NH,", 415 for NO,”nm and 650 nm for PO,*.
The calibration curves for all the evaluated ions were linear
in the tested ranges, going from 0.05 to 5.5 mmol L' for
NH,*, from 0.0008 to 0.037 mmol L for NO,” and from
0.0005 to 0.024 mmol L' for PO,?, and they had correlation
coefficients (R?) better than 0.997. The equations for
the regression lines were y = 0.787x + 0.0349 for NH,",
»=0.3114x+0.0015 for NO, and y = 0.0189x + 0.0132 for
PO,?, where y is the absorbance and x is the concentration
of the ion.

The same procedure described above was carried out with
shorter incubation times up to 240 and 300 min, in order to
evaluate the effect that pH has on the release of the NH,",
NO, and PO, ions. Besides using dH,O with a pH of 5.5,
solutions of pH 4.5 and 6.3, prepared with acetate buffer and
citrate buffer were also used in the release experimentst*> .
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All the reagents used for preparation of the buffer solutions
were provided by Sigma-Aldrich. Phosphate buffer pH 6.3
was prepared with NaH,PO, and Na,HPO, solutions; therefore,
PO,* concentration was not measured at pH 6.3

The percentage of released nutrient (%RN) was calculated
by Equation 3:

%RN=RLx100 3)
Co

where Rt is the nutrient concentration in the solution at
time t and Co is the initial concentration of nutrients in the
encapsulate fertilizer.

Nutrient release results from solutions at different pH
values were compared by means of a one-way analysis of
variance (ANOVA) using the Statgraphics Centurion XVII
program (Version 17.0.16, Statpoint 2009).

2.4 Evaluation of nutrient release data on mathematical
models

The physical mechanism of nutrient release was
determined by comparing the release data with the following
five mathematical models. The first is a zero-order model™’],
which describes a system where the nutrient release
rate is independent of its concentration. To compare the
experimental results to this model, the nutrient release data
are plotted vs. time. The second is a first-order model™*,
where the nutrient release is directly proportional to the
concentration of the nutrient in the fertilizer. To compare
the experimental results to this model, the log of cumulative
percentage of nutrient remaining data is plotted vs. time.
The third is the Higuchi model™*¥, where the prime mechanism
of nutrient release is diffusion. To compare the experimental
results to this model the data obtained in the incubation
experiments is plotted as cumulative percentage of the
nutrient released vs. the square root of time. The fourth
model is the Hixon-Crowell model*, which describes the
nutrient release from systems where there is a change in

model™*48] which allows us to identify the type of diffusion
of the nutrients incorporated in polymeric matrices with
spherical, cylindrical or tablet shapes. In order to compare
the experimental results to this model a graph is plotted
between log cumulative percentage of nutrient release vs. log
time. Model equations are presented in Table 1. The model
fitting analysis was applied to the data from the incubation
experiments at pH 4.5, 5.5 (dH,0) and 6.3. To assess the fit
of each model to the data, the correlation coefficient was
determined for each case. The best model to explain the
nutrient release mechanism from CBH, was the one with the
highest adjusted correlation coefficient. Data analysis was
carried out with the Statgraphics Centurion XVII program
(Version 17.0.16, Statpoint 2009).

3. Results and Discussions

3.1 Water swelling capacity of the CBH

The CBH absorbs water quickly during the first 8 h and
then, the value remains constant (Figure 1). The absorption of
water by the gel is approximately 4 g in the last 2700 minutes,
which allows the calculation of nutrient release taking into
account the swelling effect. Another important observation
is that the gel manages to absorb 320 times its weight in
water and maintain it during the 28 days of the test. During
this time and at room temperature, no fungal contamination
or deterioration of the hydropolymer matrix was observed.
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surface area and diameter of particles and tablets. To compare 0 3000 1000: 500 20005 2500° 3000
the experimental results to _thls model, a graph_ is plptted e i)
between the cube root of nutrient percentage remaining in the
fertilizer vs. time. The final model is the Korsmeyer-Peppas Figure 1. Sewelling behavior of the CBH hydrogel.
Table 1. Coefficients obtained to evaluate the kinetic model that best fit the experimental nutrient release data.
Kinetic Models
Zero Order First Order Higuchi Hixson Korsmeyer-Peppas
Nutrient pH
Q=Q,+K,t ImQ=InQ,+Kit Q =KyVt  Q)-Q" =Kt Qi/Q, =Kyt"
K R? K R? K R? K R? n K R?
NO; 4.5 8.99 0.95 0.93 0.53 5.09 0.97 0.19 0.55 0.61 0.35 0.99
5.5 7.70 0.71 0.84 0.44 3.32 0.91 0.12 0.74 0.44 0.65 0.95
6.3 18.11 0.58 1.02 0.84 9.55 0.77 0.32 0.63 0.54 0.38 0.92
NH," 4.5 5.95 0.92 0.75 0.61 6.00 0.96 0.15 0.49 0.64 0.11 0.98
5.5 4.93 0.95 0.70 0.73 2.51 0.95 0.07 0.94 0.55 0.33 0.99
6.3 11.21 0.82 0.84 0.52 1.07 0.96 0.18 0.87 0.62 0.21 0.98
PO,? 4.5 2.00 0.92 0.71 0.77 11.18 0.86 0.01 0.94 0.56 0.31 0.82
5.5 6.38 0.73 0.26 0.38 0.97 0.94 0.10 0.78 0.67 0.40 0.97

K =Release constant, R>= Adjusted Correlation coefficient, n = Indicator of nutrient release mechanism from cylindrical shapes. Kinetic Models
Parameters: Q = amount of nutrient released at time t, Q, = initial concentration of the nutrient at t =0, K = zero order rate constant, Q = percent
of nutrient remaining at time t, K, = first order rate constant, K, = Higuchi dissolution constant, Ks = Hixson release constant, K, = Korsmeyer

release constant.
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During the swelling process, there were no major changes
in the cylindrical shape of the capsules.

3.2 Release mechanism

The results of the released nutrients as a function of
time were adjusted to the different kinetic models, and as
expected, according to the correlation coefficient obtained
for each nutrient and pH condition (Table 1), the best fit
to the data is presented by the Korsmeyer-Peppas model,
confirming diffusion, and not the fracture mechanism, as the
mechanism of nutrient release from the CBH encapsulated
fertilizer, even at acidic pH.

Therefore, the Korsmeyer-Peppas model was used
to elucidate the type of diffusion from the encapsulated
fertilizer. This model describes the nutrient release from a
polymeric system with cylindrical shapes, as represented
by Equation 483%40],

_qn

met 4)
where Mt/Mw is the fraction of nutrient released at time t;
K is the release constant, which includes characteristics
of the polymer matrix; and n is the diffusion exponent
or nutrient release exponent, an indicator of the nutrient
transport mechanism through the polymer. The value of
nB® characterizes the release mechanism of the nutrients
as described in Table 2 in cylindrical shapes.

The graphs of the fraction of nutrients released over
time and Equation 5 were used to determine the diffusion
coefficient (n) and the release constant (K)

log (%) =log (K) + n log (t) (5)

Table 1 shows that the values of n are between the range
of 0.45 to 0.67, therefore the nutrients follow a diffusion
release of the anomalous type, which means that the nutrient
release from the CRF coated with CBH takes place by
non-Fickian diffusion*”. This anomalous diffusion occurs
when the relaxation time of the polymer’s chains is of the
same order as the diffusion time of the penetrant solution.
Non-Fickian diffusion is also the result of hydropolymer
matrix erosion, which is due to chain disentanglement that
occurs in physically crosslinked matrices induced by the
matrix swelling fluid, and the hydrodynamic conditions
imposed in the release environment*”.. As the diffusing
penetrant enters the polymer, it causes a deformation, which
induces a stress driven diffusion. What causes Fick’s law
to not represent the diffusion in the CBH polymeric matrix
is that it does not take into consideration the viscoelastic
nature of polymers(#$-),

3.3 Rate and percentage of release

Figures 2 a, b, ¢ show the release of nutrients in dH,0
(pH 5.5) in a long-term incubation. It is observed that 17%
of NH," was released after a one-hour incubation and 95%
was released after 28 days. For nitrate, 23% was released in
24 hours and 68% in 28 days. In the case of PO,*, 1.8% of
this ion was released in the first ten minutes of incubation
and 62% by day 28. These in vitro results show that the
prototype of a CRF coated with the CBH does not meet
quite well the criteria as a CRF in regard to the European
Standardization Committee (CEN), according to which,
nutrients released from a CRF in 24 hours must exceed 15%
but not more than 75% in 28 days'*2.. In spite of this, these
study results do not mean that the CBH cannot be used as
a CRF coating material. The in vitro release results are an
input that contribute to the tailoring of material for optimal
controlled release based on the structure-function relationship
of the CRF’s building materials. Our experimental data
indicate that a significant percentage of the nutrients are being
released before 30 days, which means that the structure of
the hydrogel must be modified in order to retain the nutrients
for a longer time. With a slower nutrient release, it will be
more feasible to synchronize the CRF’s nutrient release and
the crop’s onset of the nutrients uptake. In particular, this
study is interested in the development of a CRF for potato
crops, given the worldwide importance of this crop, with
close to 19.3 million hectares planted®?, and more than
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Figure 2. Release behavior of (a) NH,", (b) NO,,, and (¢) PO,* in
a long term incubation in dH,O, pH=5.5.

Table 2. Different release mechanisms for swelling polymeric matrices with cylindrical shape.

Release exponent (n)

Nutrient transport mechanism

Rates as a function of time

0.45 Fickian diffusion =03
>0.45 -0.89 Non Fickian transport !
0.89 Case II transport Zero order release

>0.89

Super case II transport !

Source Gouda et al.l*¥]
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246.000 tons of NPK fertilizers used in this crop annually
in Latin America, in addition to potato being one of the
crops with the highest fertilizer application rates around the
world®*. The greatest assimilation time for the potato plant
is 35 - 45 days after being sown!. It means that in order to
use the CRF coated with CBH in the potato crop, it would
be necessary to modify the coating material to ensure the
greatest outflow of nutrients between 35 and 45 days after
planting. To diminish the CBH nutrient release during the first
30 days, the polymer synthesis ratios could be modified to
ensure noncovalent spatial networks with three-dimensional
conformations that slow down the diffusion of nutrients to
the medium. These modifications require the integration
of more inner charges to the non covalent spatial networks
by cross-linking through covalent chemical bonds, which
stabilizes the hydrogel and improves the nutrients retention
properties. To integrate more inner charges it is suggested to
increase the concentration of any of the following: calcium
salts (from 2 to 5% w / v), glycerol (from 5 to 10% w / v)
or self-assembling peptidest®. Additionally, the hydrogel
synthesis pH could be modified to guarantee the reduction
of hydrolysis and thus ensure the formation of stronger
networks. On the other hand, the concentration of fertilizer
in the capsule could be reduced to produce a longer nutrient
diffusion process. The diffusivity could also be adjusted
by changing the concentration of plasticizer additives
(or solvents) that increase the mobility of the polymer
chains in order to reduce the ions mobility, or by adding
fillers such as chitosan or starch. The ultimate refinement of
the CRF requires field tests, because the CRF performance
will depend on many controlled release factors associated
with soil type and rainfall precipitation.

3.4 Effect of solution pH

The release curves of NH," and NO," in solutions with
different pH values are presented in Figures 3 a and b. In this
case, no significant differences were observed between pH
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Figure 3. Effect of different pH values on the (a) NH,", (b) NO,
and (c) PO, release behavior.
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treatments for the N release from the encapsulated fertilizer to
the aqueous medium (P> 0.05). The release curves of PO, in
aqueous solution with pH values of 4.5 and 5.5 are presented
in Figure 3 c. The release of PO,* towards the aqueous
medium is greater at pH 4.5 (P <0.05). After 300 minutes
of starting the experiment, 80% of PO, in the fertilizer
coated with CBH, had already been released. In contrast,
at pH 5.5, after 300 minutes of incubation, only 22% of
the ion had been released into the solution. This difference
can be explained because aqueous solutions with low pH
values have a higher positive charge of ions in the medium,
which attracts the negatively charged phosphate ions found
in the hydrogel matrix, which has a negative charge due to
the sulfate and hydroxyl groups present in carrageenan.

4. Conclusions

A CRF encapsulated with k-carrageenan hydrogel
plasticized with glycerol was synthesized. It does not fracture
at acidic pH and is able to reduce the speed at which the
NO,, PO, and NH," ions of the fertilizer migrate into
the medium. The hydrogel has excellent water retention.
The Korsmeyer-Peppas model was applied successfully, and
it was determined that the ions leave the polymeric matrix by
Non-Fickian diffusion without polymer fracture. The results
of this study suggest that the fertilizer encapsulated with
CBH may have potential as a CRF in order to reduce the
environmental impact imposed by the excessive use of
fertilizers, without problems of toxicity or biodegradability.
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