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Abstract: A potassium controlled-release fertilizer was fabricated in a starch-alginate matrix by
using calcium chloride as a cross-linker. 16 formulas were designed with varying amounts of
alginate and potassium chloride with the same amount of starch and calcium chloride, and most
of the formulas can form beads successfully. High sodium alginate and low potassium chloride
assembled better shape and higher encapsulation efficiency. The highest encapsulation
efficiency ratio of starch, sodium alginate, and potassium chloride was 5:1:10 in the 16 formulas.
The bonding of alginate and starch, and calcium chloride were evidenced by FTIR, and the study
of TGA revealed good thermal stability and compatibility between the polymers and potassium
chloride.
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1.Introduction
The world population is estimated to increase by one third or 2.3 billion and reach 9.5 billion by 2050
and food demand also increases as the population blooming [1], [2]. Many countries are using fertilizer
heavily to increase the food production, but the improper use of fertilizer which had led to environmental
pollution, such as soil salinity, heavy metal accumulation, water eutrophication and accumulation of
nitrate, and even greenhouse effect due to the air gases containing nitrogen and sulphur [3], [4].
Controlled-release fertilizer (CRF) is a fertilizer specially designed to mitigate nutrient loss and run-
off [5], reduce the pollution of soil, water and atmospheric relieve toxicity and stress to plants [6], also
solve the issue of fertilizer combustion [5]. Active nutrients of CRF are released to plants for fertilization
in a controlled, delayed manner with sequential synchronization of the required nutrients [6], which
improved the property and safety of chemicals. As a result, they supply higher nutrient use efficiency
and higher yields compared to conventional fertilizers [6]. There were some latest research on CRFs,
such as polyurethane coatings which are modified castor oil and starch [7], poly (lactic acid-glycolic
acid) and soy separation protein [8], biopolymer coatings which are liquefied corncob bio-based
polyurethane, starch-based polyurethane (SPU) coating [7], wheat starch, polyethylene alcohol (PVA)
and puffed soils, yak dung hydro-char (HC) [9], sawdust and tea waste biochar [10] and also
a polysulfide-matrix [11], vitreous [12], iron-based metal-organic frameworks [13], municipal bio-
wastes [14], hydrogel like tamarind kernel gum [14], chitosan (CS) and polyethylene alcohol (PVA)
[15] and so on.
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Potassium is one of the essential nutrients among nitrogen, phosphorus and potassium (NPK)
fertilizers, Different from nitrogen and phosphorus, potassium is not part of the chemical structure of
plants, so it does not exist in the form of organic compounds instead of an anionic state which mainly
in the plant branches, leaves and other tissue organs [16]. It is essential for many plant-growth processes,
such as enzyme activation, stomatal activity, photosynthesis, transport of sugar, water and nutrient,
synthesis of protein and starch, improve crop quality, etc. [17]. The effects of inadequate potassium
supply can cause reduced yield potential and quality, causing losses, especially during critical
developmental stages of short periods of deficiency, which rob the profits of the farmers [17]. Hence, it
is significant to controlled-release the potassium nutrients to promote the high quality and high yield of
crops and improves fertilization benefits.

Hydrogels are widely used in the controlled release of compounds due to the facility with which they
disperse in the matrix, alginate and alginate-starch hydrogels have been studied widely for compound
encapsulation [18], [19]. Alginate reacts with polyvalent metal cations, such as calcium ions in aqueous
media to generate strong gels and insoluble polymers [20]. Sodium alginate (SA) forms calcium alginate
hydrogels through Ca?* crosslinking, and calcium chloride (CaCl.) is the commonly used ion cross-
linker. Ca?* replace Na* in the sodium alginate G segment producing the structure called “egg-box” to
convert the sodium alginate water solution into a gel [21]. Starch is a biodegradable, non-toxic,
inexpensive, and abundantly available material [18]. Before crosslinking in CaCl; solution, adding
starch to SA can improve the stability of beads [22]. The starch-rich alginate beads are more resistant to
deformation than the starch-free ones without changing their mechanical properties [23].

The encapsulation of urea, phosphate fertilizer was synthesized with starch and SA, CaCl.as a cross-
linked with SA [24], [25]. Hence, the project is a preliminary study on bio-degradable polymer matrix
using varying potassium chloride. The hydrogels were successfully prepared, and the chemical property
and thermal stability were investigated.

2.Materials and Methods

2.1Materials

Analytical grade C.P. Sodium-Alginate (SA), Granular C.P. calcium chloride dihydrate (CaCl,-2H-0)
and A.R. potassium chloride (KCI) were obtained from R&M Chemical, UK. Meanwhile cassava starch
(food grade), brand Cap Kapal ABC, manufactured in Thailand, purchased off the shelf from
supermarket in Malaysia.

2.2 Preparation of hydrogel beads
The preparation method was discussed in detailed by the author in the previous paper [24], [26], as well
as the formulations designed. Total of 16 formulations was prepared, as shown in Table 1.

Starch, SA and KCI were mixed in 100 ml of distilled water. The solution was stirred continuously
for 30 minutes at a speed of 600 RPM by using the Thermos Scientific Magnetic Stirrer (Thermos
Scientific MSH-300) at 40°C. Calcium chloride was dissolved in 100 ml of distilled water as a crosslink
solution. The starch-SA-KCI mixture solution was dripped into the CaCl, solution. The formed starch-
potassium-alginate (St -K-Alg) beads were rinsed with distilled water and filtered with 200 mesh screens.
The beads were dried for 24 hours in an oven (Memmert UN75) at 70°C.

Table 1 Formulations of starch-alginate hydrogel beads

# Starch SA KCI (%, CaClx(M) Encapsulation
(% ,wiv) (% ,wiv) wiv) efficiency
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S1 10 0.5 5 0.75 68.06%
S2 10 1.0 5 0.75 93.53%
S3 10 15 5 0.75 89.64%
S4 10 2.0 5 0.75 99.47%
S5 10 0.5 10 0.75 47.48%
S6 10 1.0 10 0.75 52.63%
S7 10 15 10 0.75 63.01%
S8 10 2.0 10 0.75 70.91%
S9 10 0.5 15 0.75 29.23%
S10 10 1.0 15 0.75 31.85%
S11 10 15 15 0.75 42.71%
S12 10 2.0 15 0.75 52.41%
S13 10 0.5 20 0.75 29.77%
S14 10 1.0 20 0.75 41.06%
S15 10 15 20 0.75 44.76%
S16 10 2.0 20 0.75 51.88%

2.3 Sample Characterization

2.3.1 Encapsulation efficiency. The encapsulation efficiency of the St-Alg-K beads is calculated as the
equation (1) [26]

yield(%) = x—i x 100% (1)

The amount of raw material which were starch, sodium alginate and potassium chloride will be
weighted by using electronic balance and recorded as Wk, the beads were also weighted after drying at
a constant weight and recorded as Ws.

2.3.2 Transform Infrared (FTIR) Spectroscopy. The chemical interaction of the beads was found using
a FTIR (Spectrum 100, Perkin EImer). The chemical bonds were found when the wavelength range was
set from 4000 cm™ to 650 cm™ by using ATR (Attenuated Total Reflectance) sampling method [25]. A
total of 18 scans were done including the pure starch, sodium alginate.

2.3.3 Thermogravimetry Analysis (TGA). TGA (TGA 8000, Perkin Elmer) was operating from 30 °C to
800 °C to determine the thermal degradation at a fixed rate of 20 °C /min in the nitrogen atmosphere
[24]. 5 to 10 mg pure starch, sodium alginate were tested respectively with the samples. Three
replications of all the samples were selected randomly for the analysis.

3.Results and discussion

3.1 Physical shape

The shape of the Ca-alginate beads produced using the extrusion-dripping method was mainly
influenced by the liquid properties (i.e., surface tension and viscosity of the alginate and gelling solutions)
and the process conditions (i.e., collecting distance). During the fabrication, the shape of the beads was
affected by the dropping speed, collecting distance via observation.
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S13 S14 S15 S16
Figure 1 16 samples before dry
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Figure 2 16 samples after dry

Starch is a filler material to encapsulate compounds that bind to the carboxyl groups of alginate,
creating a uniform matrix, and improving adhering capacity and bead formation[18] as well as
responsible for spherical hydrogel beads [25]. Corresponding to the formulas in Table 1, the same ratio
of starch and calcium chloride in each sample, so SA and potassium chloride content were the main
factors affecting the matric affect the shape of the beads in this study.

Four groups which are S1-S4, S5-S8, S9-S12, and S13-S16 were divided from 16 samples based on
the different levels of potassium chloride, 5% w/v, 10% wi/v, 15% w/v, 20% wi/v respectively. In the 5%
wiv-level KCI group, S4 has a spherical shape, more even, tighter, and more elastic compared to S1 with
the increase in the radio of alginate. The same results were demonstrated among the 10% w/v, 15% wi/v,
and 20% wi/v level groups due to the effect of alginate content. According to the different levels of
sodium alginate, 4 groups 0.5% wi/v (S1, S5, S9, S13), 1% wi/v (S2, S6, S10, S14), 1.5% w/v (S3, S7,
S11, S15), 2% w/v (S4, S8, S12, S16) were divided from 16 samples respectively. S16 showed less even,
tight, elastic beads than S12, S8, and S4 with the increase of the potassium chloride when the SA content
is at the 2% wi/v alginate level. S4 and S8 had a tighter shape than S12 and S16 due to the lower
potassium chloride content, while S16 and S12 were garlic shapes compared to round shapes S4 and S8.
Among the 0.5% w/v SA level group, the shapeless sample with the increasing of potassium chloride
while S13 can’t form a bead shape and S5, S9 and S13 were fragile. Similar to 0.5% w/v SA and 2%
wi/v SA level, higher potassium chloride with a more fragile, shapeless appearance of the beads.

As mentioned above, starch played a filler role which was responsible for shaping a spherical
hydrogel bead around 15 wt% [25]. At the same level of starch, some of the samples (S3, S4, S7, S8)
can keep a spherical shape, most of them were garlic shapes. There might be low SA content samples
with a lower viscosity which is mentioned by previous research that SA is responsible for increasing
viscosity to form a teardrop shape during sample synthesis [25]. According to the observation, Starch-
Alginate-KCI solution with low viscosity samples will be easier to drop into the calcium chloride
solution by using the dropper, and the end of beads will be stretched because of the gravity therefore a
garlic shape forms. Once the Starch-Alginate- KCI beads are dropped into the calcium chloride solution,
they will shrink inward obviously with the low-level SA samples. Conversely, the high-level SA samples
can keep a similar size after cross-linking with the calcium chloride. Larger droplets extruded from the
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dropper to form larger beads due to an increase in the mixture viscosity, while the loss of wall material
was relatively small in CaCl; solution during the formation of beads[27].

Therefore, the bead's size might be decided by the cross-linking effect with SA under the same level
of calcium chloride. Moreover, the high-level SA samples were easier to separate while the low-level
SA is the trend to stick together before and after drying, which verifies lower-level SA with less cross-
linking on the surface of the bead, but more starch on the surface.

Overall, better shape, more elastic, and less fridge of the beads with higher alginate and lower
potassium chloride when the starch and calcium chloride content are at the same level.

3.2 Encapsulation efficiency

As shown in Table 1, the encapsulation efficiency decreased with the increased level of potassium
chloride, from 5% wi/v, 10% wi/v, 15% w/v to 20% w/v and at the same level of potassium chloride, the
encapsulation efficiency increased with the increasing SA. In line with the research data from [28,29],
a higher encapsulation efficiency can be achieved with the increment of the SA content [26].

The previous research found that 1 g of SA required 0.128 g of CaCl, determined by using a
potentiometric titration method [30]. Therefore, 0.75M CaCl, crosslinking with 2% w/v SA can be
considered as sufficient.

Starch added to SA solution before gelling in CaCl, solution can improve the stability of
microspheres [22]. Consistent starch interacted with alginate only through hydrogen bonding[26]. As
shown in S4, 10% wi/v starch mixed with 2% w/v SA is 99.47% encapsulation efficiency which is almost
100% mean 10% wi/v starch to 2% w/v SA can make a good encapsulation. The percentage yield of
starch—-alginate—Ca?* beads has not been affected by the increases in starch contents but by the alginate
amount and cross-linker concentration[26].

In the previous study, the author described the “molecular pockets” that are formatted by starch and
SA bonded with each other via physical forces between their network of macromolecular chains and
then the varying size mesh occupied by the active ingredient[31]. So the higher SA and bond with starch
means more physical force between them and creative more “molecular pockets” which can be occupied
by more active ingredient. When the active ingredient increased, there was not enough mesh for them
which might be the reason for the increase in potassium chloride, the encapsulation efficiency decreased.
Singh et al. (2009b) research found that the constant feed of active ingredients there did not affect the
entrapment efficiency which oppositely proved our finding [32].

3.3 Transform Infrared (FTIR) Spectroscopy

The S4 was selected randomly to compare with the pure SA and starch to study the interactions between
polymers. Figure 3 demonstrates the spectra of SA, starch, S4. The characteristic absorption bands of
SA, starch and S4 were 3291cm™, 3270 cm™ and 3383 cm™, respectively due to the presence of O-H
stretching vibrations [33], [26].

The wavenumber of 2934 cm™, 2933 cm™?, 2976 cm™ of SA, starch, S4 respectively attributed to the
C—H asymmetric stretching vibration ring [25], [26], [33], [34]. For starch, the band around 1644 cm™
was attributed to the O—H bending vibration of water molecules adsorbed in the amorphous region of
starch granules. The band of around 1077 cm™ to 1150 cm™ is pertain to the asymmetric stretching
vibration of C-O in C-O—H structure [26], [33].

For SA, and the asymmetric (1594 cm™) and symmetric (1408 cm™) stretching of the carboxylate
group —COO was observed in the region of 1620 - 1654 cm™ and 1414 - 1464 cm™ respectively which
align with the previous studies [26], [33].
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Figure 3 FTIR spectra of SA, starch, S4 and S13
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Figure 4 Wavenumber of function groups at 2% w/v SA level

From 2900 cm™ to 3600 cm™ led to the overlapped peak positions based on the hydroxyl groups
which was due to the similar chemical structures of the SA [35]. The —OH stretching vibration peak of
calcium alginate had a higher wavenumber (3306 cm™ to 3342 cm™?) than SA (3270 cm™). This was
probably due to a negative effect on bond formation involving adjacent hydroxyl groups because of
conformational changes of alginate after reacting with Ca?* [36]. The result also aligned with the finding
from [37] that -OH and COO- groups from SA molecular chain can interact with —OH groups of starch
which wavenumber increase with increasing of starch [38]. The hydroxyl peak shifted proving the
interaction of starch and alginate also reported by the [25].

The presence of obvious peak of COO— symmetric stretching (1408cm™) and asymmetric stretching
(1594 cm™) stretching absorption from SA and weaker symmetric stretching band in 1404 cm™ of S4
is supporting the presence carboxylate anion of SA and calcium alginate [32]. The decreased
wavenumber the of COO- (from 1408 cm ™ to 1404 cm™) and reduction intensity of the peaks were
mainly caused by the combination of starch with alginate which H-bonds may have been formed
between them [25] and the cross-linking of SA by Ca?" [36]. As shown in Figure 3, a new peak in 3660
cm showed in S4, which attribute to H-bond[39], with the decrease of the -OH bending from starch,
possible due to strong H-bond between starch and SA. By comparing FTIR spectra of S4 and SA, it can
be confirmed that crosslinking between alginate and calcium was successful and a weak COO-
asymmetric stretching was found in 1629 cm™ [40]. The wave number 1629 cm ! might be attributed to
bounded water presented in starch and to COO— asymmetric stretching of SA [35].

It was reported that with the increase of KCI, the intensity of hydroxyl peak decreased due to the
strong interaction between PVA and SA as well as KCl via intra/inter molecular hydrogen bonding with
adjacent OH groups [41]. Also, the peak corresponding C=0 stretching was slightly shift towards higher
wavenumber with decrease in intensity, supports the interaction of KCI with P\VA/NaAlg blend [41].
The intensity of hydroxyl and C=0 peaks decreased with the increased of KCI (Figure 4), assuming the
same ratio of starch, SA will be same transmittance, the changing intensity can prove the potassium
chloride were successfully encapsulated in the matrix.

34TGA
Thermo-gravimetric analyzer (TGA) used to analyze the changes in weight as function of time and
temperature which usually characterize moisture, volatile contents, and thermal stability of the
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compounds [25], [42]. Normally, when a biomaterial is heated to higher temperature it decomposes into
CO,, CO, NOx and H,0 [43].

S1, S4, S13, and S16 were compared according to the various starch and SA ratio in the 16
formulation which represented the highest starch ratio, highest SA ratio, and lowest SA ratio, lowest
starch ratio respectively.

1
sl S4
0.8 S13 S16
alginate-3 starch-1
.6

g)velght (%2}

|

0 100 200 300 400 500 600 700 800
temperature(°C)

Figure 5 TGA graph of S1,54,513,S16 , starch and SA

In general, similar thermal degradation profile of the samples as shown in Figure 5 under 600 °C.
There was a 0% weight loss range of starch (170°C to 300°C) and SA (200°C to 250°C), which in
parallel with the horizontal axis. The curve of SA was used for comparison where its shape is similar to
all the samples’ curves except for S1, maybe due to both SA and starch being hydrophilic and
heterocyclic polymers containing —OH groups thus showed similar thermal degradation [38], [44]. As
shown in Figure 6, 16 samples were classified into 4 different SA levels, the curves’ trend is similar to
the increase in SA amount. Not only S1 but also S5 are different from the other samples which both
belonged to the low SA and low potassium chloride group. With the addition of potassium chloride, the
thermal stability of starch-alginate bead was improved as shown the difference between S1 and S13, S4
and S16 are similar to the research by [34].

According to [37], the TGA thermal behaviour of SA/Starch blends was undergo two-stage thermal
degradation. Figure 5 showed that the mass loss percentage of S1 and S13 was higher than S4 and S16
below 200°C, similar to SA and starch which are assigned to dehydration of loosely bound water and
low molecular weight compound [45] or the interaction between different forms of water molecules and
polysaccharides [46]. The mass degradation of samples was between 180 and 320°C and can be
attributed to the structural decomposition of starch and SA in the polymer matrix, as hydrophilic and
heterocyclic polymers, which showed the similar thermal degradation because of the —OH groups [44].
The temperature at the second stage weight loss percentage is higher, which might be due to the high
content of starch where the methylene groups of starch underwent degradation only in the second stage
[38]. Or might be the addition of potassium chloride improved the thermal stability which was found in
Figure 5 that the increase of the potassium chloride corresponded to the decrease of weight loss
percentage from 250°C.
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Figure 6 TGA graph of 16 samples

4.Conclusion

Overall, potassium chloride was encapsulated in starch-alginate matrix successfully, higher SA and
lower KCI can form a better shape of bead and higher encapsulation efficiency. When the ratio of starch,

10
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SA and KCI was 10:2:5, almost 100% encapsulation efficiency, but there were no beads formed when
the ratio of SA to KCI was 1:40, 1:30, 1:20 with the constant starch. The chemical property has been
investigated by FTIR and confirmed the crosslinking between SA and CaCl; and the bonding between
SA and starch. The thermal stability has also been investigated by TGA and the addition of potassium
chloride improved the thermal stability. In the future, the release behavior and biodegradability will be
further investigated and optimize the ratio of KCl and SA to achieve a maximum %K.
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