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Using Freeze-Drying Method

Adhitasari Suratman’, Dwi Ratih Purwaningsih, Eko Sri Kunarti, and Agus Kuncaka

Department of Chemistry, Faculty of Mathematics and Natural Sciences, Universitas Gadjah Mada,

Sekip Utara, Yogyakarta 55281, Indonesia

* Corresponding author:

email: adhitasari@ugm.ac.id

Abstract: A new encapsulation of NPK fertilizer hydrogel granules made from
glutaraldehyde crosslinked chitosan has been successfully fabricated. This designed

fertilizer was aimed to maximize the fertilizing process in the soil, as the environmental
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pollution affected by the excess release of the nutrients can be prevented. The granule was
prepared from biodegradable chitosan crosslinked with glutaraldehyde by applying a
method of air and freeze-drying. The release test proved that this designed fertilizer

showed a good performance as a Controlled Release Fertilizer (CRF) in which the hydrogel

granules could absorb and deposit large amounts of NPK. Later on, they could also release
large amounts of NPK as well, unlike several types of CRFs. The release percentage of NPK
out of the granules tended to decrease with an increase of pH at a range close to the

average pH of the soil, which is neutral to base. Comparing two methods, the freeze-drying

technique, which yields a bigger pore size, showed a higher release percentage than air-
drying. The release kinetics of the granules followed the Korsmeyer-Peppas model.
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= INTRODUCTION

Fertilizers are very important in agriculture, where
it is needed by soil to afford essential nutrients required
by the plants [1]. However, the fertilizer losses in the soil
are still one of the main concerns in the use of fertilizers
[2]. Around 40-70% of nitrogen, 80-90% phosphorus,
and 50-70% potassium from fertilizers are wasted to the
environment without any absorption of the root plant.
This problem causes not only economic and resource loss
but also causes environmental pollution [3]. Therefore,
efficient nutrient absorption from fertilizers to the plants
should be increased to avoid nutrient loss during the
process in the soil media by controlling the processes in
fertilizers, soil media, and plant absorption. In this study,
the fertilizer released to the soil media will be observed by
controlling the amount of substances such as N, P, K,
where adjustment of the release rate of the controlled
release fertilizer (CRF) method is used. The granules that
are composed of fertilizer and crosslinked chitosan are
modified to adjust certain release mechanisms and to

regulate the release rate based on the physical

characterization of the granules, such as diffusion,
swelling, polymer matrix degradation that affects the
release pattern of the fertilizer [4-6]. A hydrogel is a type
of matrix that is known and used to control the release
of fertilizers into the soil [7]. A hydrogel is a 3D-
networking hydrophilic polymer that is capable of
keeping water in their structure and is dissoluble in
water [8-11], therefore it is a good material to be used as
a fertilizer media. In addition, the use of hydrogels for
fertilizer release can increase efficiency, reduce soil
toxicity, and minimalize the potential loss of nutrition,
and improve the soil quality [12].

Chitosan, which is a natural polysaccharides
obtained from the deacetylation of chitin and formed
from {-(1-4)-2-amino-deoxy-p-D-glucose [13], does not
dissolve in water, organic solvents, alkaline solutions,
and mineral acids at pH above 6.5 [14], and is classified
as biodegradable and non-toxic [15], a cationic polymer,
and it can form a complex structure with anionic polymers
or cross-linking agents [16], such as glutaraldehyde [17].
The solubility of chitosan is affected by the protonation
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of the amino groups in the polymer chains [18], and by
the crosslinkage with glutaraldehyde that increases the
structure stability in acidic solution [19]. Chitosan, a
natural and inexpensive source of material found in shrimp
and crab, was used in this study as a porous-structure media
to keep the NPK fertilizer. Freeze-drying used for the
hydrogel formation is based on a dry process in which the
solvent media (water) will crystallize at low temperatures
and sublimate to the vapor phase [20] in the vacuum [21]
and sublimation condition [22]. The shape of pores, pore
size distribution, and pore connectivity of the matrix will
be formed by ice sublimation during the processes [23].
The benefits of using freeze-drying are long-term-storage
use, damage reduction from heat, prevent microorganism
activity and excessive stress, and also avoid change of the
sample appearance [21,24]. The preparation of porous
hydrogels from chitosan using the freeze-drying
technique for controlled release fertilizers has not been
reported until now. The crosslinking process in chitosan
is to afford adequate pores of hydrogel to store and release
the NPK fertilizer at different conditions of pH in the soil.

m EXPERIMENTAL SECTION
Materials

The materials used in this study were chitosan,
glacial acetic acid, potassium dihydrogen phosphate,
potassium solution 1000 mg/L, ammonium molybdate,
ammonium  vanadate, glutaraldehyde, potassium
hydroxide, citric acid 65%, hydrochloric acid 37% from E.
Merck, Germany. NPK fertilizer and deionized water
were obtained from a local market.

Instrumentation

Instruments used in this study were Fourier
Transform Infrared (FTIR) Spectrometer from Shimadzu
Prestige 21, Scanning Electron Microscopy (SEM) from
Hitachi SU 3500, UV-Vis spectrophotometer from
Thermo Spectronic 20D+, and Atomic Absorption
Spectrophotometer (AAS) from Perkin Elmer 3110, and
Freeze-dryer from LyoQuest Telstar.

Procedure

Preparation of chitosan hydrogel
The hydrogel was prepared by dissolving chitosan in
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10 mL acetic acid solution 0.1 M (2% v/v). One and a half
grams of NPK fertilizer was then added into the solution
under constant stirring for about 30 min, followed with
the addition of 0.16 mL glutaraldehyde solution 25%
(0.4% v/v). The hydrogel was dried using the air-drying
and freeze-drying method. Hydrogel yielded from
freeze-drying was characterized using FTIR and SEM.

The release mechanism of N, P, K

The hydrogel of chitosan crosslinked with
glutaraldehyde (1.8 g) was immersed into 20 mL of
deionized water for 8 days. The aliquot solution of
hydrogel was then filtered. The released amount of
nitrogen out of hydrogel was determined with the
Kjeldahl method [25]. The released amount of phosphor
was determined by UV-Vis Spectrophotometer (at
wavelength 426 nm). Aliquot solution of about 0.125 mL
was diluted 20 times in water, and about 2.5 mL was
taken, added by 5 mL of a complexing solution of
vanadomolybdate acid and water until the volume
reaches 100 mL. The calibration curve standard was
made by absorbance measurement of phosphor
standard solution with a concentration of 0.5-2.5 mg/L
(interval 0.5 mg/L). Potassium release was determined
by diluting aliquot solution up to 8000 times, followed
by measurement with Atomic Absorption Spectroscopy
(AAS). The calibration curve standard was made by
absorbance measurements of potassium standard
solution from 1-5 mg/L (interval 0.5 mg/L).

The release mechanism of nitrogen, phosphor, and
potassium was determined using zeroth order, the first
order, Higuchi and Korsmeyer-Peppas kinetics models
(Table 1), where C, is NPK concentration at the time of
t, Co is the initial NPK concentration in the hydrogel, Q
is the release percentage, M, and Me are amounts of

Table 1. Kinetics model equations for determination of
release mechanism of N, P, and K

Kinetics Model Equation

Zeroth order C,—Cy=—kt
First order In[C]= lnl:Cl) +kt
Higuchi Q=kt
Korsmeyer-Peppas % =kt"
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nutrient released at a time (t) and at equilibrium, k is a
constant of the fertilizer-polymer system, and n is the
diffusion exponent characteristic of the release
mechanism in which for Quasi-Fickian diffusion is n =
0.5; non-Fickian or anomalous transport n = 0.5-1.0 and
case II transport n = 1.0 [26-27]. The calculation result
was used to determine the release of N, P, and K with NPK

concentration variation.

Swelling ratio of hydrogel at pH variation
The hydrogel was immersed into 20 mL of solution
at pH 1; 3; 5; 7; 9 for 120 min. The hydrogel was lifted and
weighed every 10 min of immersion. The swelling
percentage was calculated using the equation:
SR = w x100%
wd

where Wx and Wd refer to the weight of the swollen
hydrogel and dried hydrogel, respectively.

NPK release at pH variation

The hydrogel was immersed into 20 mL of solution
at pH 1 for 8 days. The aliquot solution was filtered, and
NPK content was determined by the Kjeldahl method and
measured by UV-Vis spectrophotometer, and AAS. The
same procedure was also done at pH 3; 5; and 9.

Air-drying method
Hydrogel made by air-drying was obtained by

heating at 70 °C for 24 h in the oven. The hydrogel
product was immersed into 20 mL of deionized water for
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8 days. The aliquot solution of the immersion was then
filtered. The determination of NPK was done with the
Kjeldahl method, UV-Vis spectrophotometer, and AAS.
The performance of the resulting hydrogel using this
method was compared with the freeze-drying method.

m  RESULTS AND DISCUSSION

Physical Characterization of the Glutaraldehyde
Crosslinked Chitosan Hydrogel

Hydrogel made by the freeze-drying method is
expected to have high stability structures. FTIR data of
the hydrogel was used to find material groups to comply
with the hydrogel. The spectra is shown in Fig. 1.

FTIR data showed that -OH stretching of the
hydrogel product was seen at about 3390 to 3500 cm™
overlapping with N-H stretching (3132 cm™). The peak
at wavenumber of around 1080 and at 1635 cm™ were
attributed to the vibrations of -C-O-C glycosidic linkage
and N-H bending, respectively. Interaction of the
chitosan backbone with glutaraldehyde was indicated by
the shifting of N-H bending of uncrosslinked chitosan
hydrogel to a lower wavenumber, at 1651 to 1635 cm™.
This wavenumber shifting of a similar crosslinking
process was also reported by Akakuru and Isiuku [28].

The SEM images of hydrogel prepared by air-
drying and freeze-drying are shown in Fig. 2. It is shown
that both hydrogels have clear differences on their
surface. The massive surface was seen on the air-drying

//_‘ﬂ_/_v\dﬁv /\\E

1631
1085
\(b)

1635
3380 \/ 1080
3132
1388
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber(cm1)

Fig 1. Spectra of (a) chitosan and (b) chitosan crosslinked glutaraldehyde hydrogel
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(a)

hydrogel (Fig. 2(a)). The surface with pores was clearly
seen on the surface of the hydrogel made by freeze-drying
(Fig. 2(b)). The pores on the hydrogel structure was
advantageous for the solvent absorption and swelling
structure change of the hydrogel.

The Release Kinetics Model of Nitrogen, Phosphor,
and Potassium

The release of N, P, and K was studied using
fertilizer concentration of 1.5 g that was immersed in
deionized water for 8 days. The results are shown in Fig. 3.

From Fig. 3, we can see that the release of N, P, and
K from the hydrogel significantly increased until the 5"
day and became constant in the following days. The release
mechanism of N, P, and K was investigated using zeroth
order, first order, Higuchi, and Korsmeyer-Peppas kinetics
model. The correlation coefficient (R?) is shown in Table 2.

1417

SU3S00 2 00KV S Baim 500k SE "' Yoo

10,04

Fig 2. The surface morphology of chitosan hydrogel made with (a) air-drying, and (b) freeze-drying

Table 2 shows that the release of N, P, and K from
the glutaraldehyde crosslinked chitosan hydrogel
followed the Korsmeyer-Peppas model, indicated by the
regression value, which is close to 1 (0.99). The
Korsmeyer-Peppas model explains that the release of N,
P, and K is due to the swelling of the hydrogel. The
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Fig 3. The release of N, P, and K in water until 8 days

Table 2. Correlation coefficient (R?) of the release kinetics of N, P, and K

Nutrient Zeroth order First order Higuchi Korsmeyer-Peppas
N 0.94 0.96 0.46 0.99
P 0.98 0.98 0.97 0.99
K 0.97 0.97 0.98 0.99
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calculation of the NPK release exponent (n), correlation
coefficient (R?), and release factor (k) of the hydrogel are
shown in Table 3.

From Table 3, we can see that the value of n from N,
P, and K was smaller than 0.5, indicating that the NPK
release followed the Quasi-Fickian diffusion mechanism.
It means that the release of NPK from the hydrogel was
determined by partial diffusion of swelling and water-
filled pores of the hydrogel. The formation of the
crosslinked chitosan with glutaraldehyde increased the
swellability of the hydrogel because of the increase of
density of the hydrogel when compared to the
uncrosslinked hydrogel [28].

Effect of Fertilizer Concentration on the Hydrogel

The release of N, P, and K from the freeze-dried
hydrogels were performed with fertilizer weight variation
of 1; 1.5; and 2 g. This variation is aimed to investigate the
effect of NPK fertilizer concentration on the kinetics of N,
P, and K releases. The data on the release of N, P, and K
are shown in Fig. 4.

Fig. 4 shows that the increase of N, P, and K
concentrations in the hydrogel caused the increase of N,
P, and K releases. The release mechanism of N, P, and K
was investigated using the kinetics model of Korsmeyer-
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Peppas. The data of the release exponent (n), correlation
coefficient (R?), and release factor (k) with the variation
of N, P, and K concentrations are shown in Table 4.

Table 4 shows that the release constants for
nitrogen were 34.1; 49.2; 54.5 ppm/day, for fertilizer
concentrations of 1, 1.5, and 2 g, respectively. For the
same fertilizer concentrations, the release constants for
phosphorus were 50.2; 54.7; and 58.2 ppm/day, while the
release constants for potassium were 42.1; 42.2; and
50.8 ppm/day.

The data indicates that the reaction rate constant
of nitrogen, phosphorus, and potassium increased with
the increase of the NPK amount in the hydrogel. This
shows that the concentration of the NPK fertilizer in the
hydrogel affects the release of nitrogen, phosphorus, and
potassium. Meanwhile, the n value of nitrogen,
phosphorus, and potassium were smaller than 0.5,
indicating that the release of phosphorus and potassium
followed the Quasi-Fickian diffusion mechanism [5].

Swelling Ratio of the Hydrogel

The swelling ratio of the hydrogel was studied by
immersing the hydrogel in water at pH of 1; 3; 5; 7; and
9 for 120 min (with 10 min interval). Fig. 5 shows the
result for the investigation of the swelling of the hydrogel

Table 3. NPK release exponent (n), correlation coefficient (R?), and release factor (k) of hydrogel

Korsmeyer-Peppas

Nutrient Correlation coefficient (R?)
n k (ppm/day)
N 0.99 0.13 49.3
P 0.99 0.27 60.9
K 0.99 0.37 42.2
-E 7000 5 (a) = 14000 1 (b) E 35000 4 (c)
2 5000 1 £12000 4 2 3000
c & E
o S000 4 £ 10000 1 2 25000 4
g & ]
_Jé 4000 - S 3000 1 £ 20000 4
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Fig 4. The release of (a) nitrogen, (b) phosphorus, and (c) potassium with fertilizer concentration variation
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Table 4. N, P, and K release exponent (n), correlation coefficient (R?), and release factor (k) with the variation of
fertilizer concentration

. Concentration Correlation Korsmeyer-Peppas
Nutrient e .
of fertilizer coefficient (R?) n k (ppm/day)

10g 0.97 0.28 34.1

N 15g 0.99 0.23 49.2
20g 0.99 0.18 54.5
10g 0.99 0.37 50.2

P 15g 0.98 0.32 54.7
20g 0.99 0.22 58.2
1.0g 0.97 0.31 42.1

K 15g 0.98 0.31 42.2
20g 0.99 0.23 50.8

due to water absorption into the pores of the hydrogel at
pH variation. In general, the swellability of the hydrogel is
influenced by the presence of hydroxyl groups (-OH) that
enhance the hydrophilicity and the presence of amino
groups (-NH,) that are protonated in water, mostly in
acidic solution. Fig. 5 shows that the lowest swelling of the
hydrogel occurred at pH 9. This was due to the -NH,
group of chitosan that was protonated to -NH;". This
protonation causes chain repulsion and diffusion in the
base solution, -NH, was not protonated.

The NPK Release at Variation of pH Solution

The NPK release of the hydrogel at pH 1; 3; 5; and 9
for 5 days are shown in Fig. 6.

From Fig. 6, it is shown that the lowest NPK release
occurred at pH 9, NPK release in the acidic solutions were
higher because the acidic pH causes the unreacted -NH,
group to be protonated. The protonation increase the
swelling of the hydrogel, causing the solvent to easily enter

the pores of the hydrogel resulting in higher NPK
release.

The Effect of Drying Method

The effect of the freeze-drying and air-drying
methods are shown in Fig. 7.

Fig. 7 shows that the release of N, P, and K from
the freeze-dried hydrogels was relatively higher than the
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Fig 5. The swelling ratio of hydrogel at pH variation
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Fig 6. The release of (a) nitrogen, (b) phosphor, (c) potassium at pH 1; 3; 5; 9
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Fig 7. The release (a) nitrogen, (b) phosphor, (c) potassium by freeze, and air-drying method

air-dried hydrogels. It was clear that the pore formation
in the freeze-drying method caused the absorption of the
solvent leading to higher swelling ratio and caused the
diffusion process to be more efficient.

m CONCLUSION

The NPK release rate increased with the increase of
NPK fertilizer concentration that were deposited in the
hydrogel structure. The release of NPK from the hydrogel
followed the Korsmeyer-Peppas model. The swelling ratio
of the hydrogel at acidic pH was higher than at pH 9 due
to the protonation of the -NH, group. The NPK release of
the freeze-dried hydrogels showed higher release
percentage as more pores in the structure of the hydrogel

were formed compared to the air-drying method.
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