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Abstract

Biodegradable interpenetrating polymer network (IPN) hydrogels based on pre-vulcanized natural rubber (NR) and cassava
starch (St) using sulphur (S) and glutaraldehyde (GA) as crosslinkers were developed in a solution form as a coating mem-
brane for slow-release nitrogen fertilizer. The NR/St ratios affecting water swelling, water permeability and biodegradation
were investigated. Results revealed that water swelling, water permeability and biodegradation of IPN NR/St hydrogels
decreased with increasing NR content. The wax was used as outer coating shell to further improve the release characteristic
of the coated urea. The urea bead (UB) coated with IPN NR/St and wax layers (W-IPN-CUB) exhibited exceptional release
behavior up to 24 days in soil compared to native UB (3 days). The release mechanisms of W-IPN-CUB in both water and
soil environments were a non-Fickian diffusion with n=0.88 and 0.85, respectively, relating to the diffusion through porous
membrane. Also, the W-IPN-CUB was able to slow the leaching of urea fertilizer and significantly improve the performances
of corn and basil height compared to native UB (P < 0.05). Thus, the W-IPN-CUB material proved to be a good candidate
material for slow release fertilizer which could be widely used in agricultural and horticultural applications.
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Introduction

It is well known that the growth of plants needs sufficient
nutrients (from natural or synthetic fertilizers) to increase
crop productions regarding meeting the increased popula-
tions. However, 40-70 wt% of nitrogen nutrient from urea
fertilizer usually escapes to environment by ammonia vola-
tilization or leaching to water before the plants can absorb
them [1, 2]. These problems are a substantial economic loss
and serious environment pollution [3, 4]. Controlled release
technology could effectively resolve these problems [5].
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Controlled-release urea was found to improve nitrogen use
efficiencies in wheat, maize, rice, oilseed rape and potato,
compared to normal urea [6—8]. Various types of coating
materials are used for producing the slow/control released
urea such as sulfur-, polymer- and superabsorbent-based
materials which have the complex synthesis processing, high
cost and the non-environmentally friendly preventing scale
production. However, the popular one is the bio-composite
materials which are relatively cheaper, biodegradable and
renewable regarding starch, lignin and cellulose coating
materials [5, 9, 10].

The natural starch, polysaccharide polymer, is a suitable
material for agrochemical encapsulation due to its many
hydroxyl groups absorbing water molecules. Rychter et al.
[11] prepared potato starch film plasticized with urea thus
successfully used as fertilizer on the plant growth but this
film had too short release time and not satisfied from the use
in field. To solve this problem, the development of coated
fertilizer is developed to improve hydrophobicity by graft-
ing the starch with a hydrophobic polymer. Chen et al. [1]
grafted starch with hydrophobic poly(L-lactide) (PLLA)
and encapsulated urea fertilizers within the starch matrix
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modified by L-lactide through in situ graft-copolymeriza-
tion. The hydrophobic PLLA reduced the swellability of
starch matrix and decreased urea release rate. In contrast,
Riyajan et al. [12] had improved the hydrophilicity and
biodegradability of natural rubber (NR) by grafting with
modified cassava starch (St) (NR—g—St). They reported that
the NR—g—St membrane for controlled-release urea ferti-
lizer was degraded easily in soil but it was difficult to swell
due to the grafting chemical interactions between NR and
St. In addition, most hydrogels suffer from the insufficient
mechanical strength to meet the requirement of other appli-
cations. However, there are only few reports dealing with the
application of NR/St hydrogel solution as coating membrane
for controlled-release urea fertilizer. Therefore, the develop-
ment of NR/St based coating membrane to improve release
characteristic and mechanical strength is still needed to be
explored.

In our previous work [13, 14], we attempted to prepare
crosslinked natural rubber (XNR) and cassava starch (CSt)
hydrogels using interpenetrating polymer networks (IPN)
method combining two or more network polymers together
with high mechanical strength and good compatibility
[15-17]. The XNR latex crosslinked with N,N"-methylene-
bisacrylamide (MBA) was mixed with gelatinized cassava
starch and maleic acid (MA). Finally, the mixture was casted
on glass mould to form IPN XNR/CSt thick film hydrogels
via crosslinked reaction at 120 °C in oven. The IPN XNR/
CSt hydrogels exhibited not only a high water swelling but
also good biodegradation. However, the obtained hydrogels
cannot be coated on the urea bead surface due to the rigid
sheet of the final form. It is known that hydrogel from NR
and St is a good choice for fertilizer encapsulation but it has
a short lifetime in high moisture soil which results in the
decreases in efficiency of controlled-release fertilizer due
to the increase of release rate with increasing imperfections
and porous on the outer surface [18]. To reduce the rate of
nutrient release, wax is usually used on the outer surface of
slow release fertilizer to close hole, crack or imperfection
[19, 20].

Therefore, in this work, we aimed to develop the novel
coating membrane based on pre-vulcanized NR and St syn-
thesized via IPN method using sulphur (S) and glutaralde-
hyde (GA) as crosslinkers to obtained IPN NR/St in a solu-
tion form. The influences of NR/St ratio on the gel fraction,
water permeability and water swelling of the IPN NR/St
were also evaluated. The chemical structure, microstructure
and morphology of the IPN NR/St hydrogels were investi-
gated by Fourier transform infrared spectroscopy (FTIR),
X-ray diffraction (XRD) and scanning electron microscopy
(SEM), respectively. The biodegradation of the IPN NR/St
in soil was also investigated. Finally, the solution of IPN NR/
St hydrogels was applied as coating membranes to encapsu-
late the native urea beads. The release behaviors and release
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kinetics of hydrogel-coated urea beads in water and in soil
environments as well as the performance of coated urea
beads on the corn and basil plantation were also inspected
and discussed.

Experiment
Materials

High ammonia concentrated NR latex (HA latex, 60% dry
rubber content), 10% potassium hydroxide (KOH) solution,
50% Sulphur dispersion, 50% Zinc oxide (ZnO) dispersion
and 50% Zinc diethyldithiocarbamate (ZDEC) dispersion
were supplied by Chemical and Materials Co. Ltd., Thai-
land. Cassava starch (St, 19 wt% amylose) was purchased
from Bigtree Intertrade Co. Ltd., Thailand. Emulvin WA as
stabilizer for NR latex was obtained from Lanxess Company,
Germany. GA and hydrochloric acid (HCI) were purchased
from Sigma-Aldrich.

Preparation of Pre-vulcanized NR Latex as First
Networks

Formulation of pre-vulcanized NR latex compound was car-
ried out according to Maznah et al. [21]. HA latex (166.7 g)
was introduced into a round bottom reactor along with
100 mL distilled water and then 10% KOH solution (3.0 g)
was added and stirred at 215 rpm for 10 min at room tem-
perature to stabilize HA latex. Dispersion additives con-
sisting of 50% sulphur (3.0 g), 50% ZnO (0.5 g) and 50%
ZDEC (3.0 g) as vulcanizing agent, activator and accelera-
tor, respectively, were then added to the mixture and con-
stantly stirred for 2 h. The final mixture was kept at room
temperature for 72 h to obtain pre-vulcanized NR latex. The
crosslink level of pre-vulcanized NR latex was determined
by chloroform number test and its crosslink density was
evaluated using Flory—Huggins equations. The chloroform
number and crosslink density of pre-vulcanized NR latex
in this research were ca. number 2 (lightly vulcanized) and
65.40 +3.66 mol/m?, respectively.

Preparation of IPN NR/St as Coating Solution

To synthesize the IPN NR/St hydrogels, the second net-
works of crosslinked St in the presence of pre-vulcanized
NR latex were generated as following procedures. Firstly,
to stabilize the pre-vulcanized NR latex, Emulvin WA was
added. Gelatinized St was prepared by heating aqueous
St suspension (25 wt%) to 80 °C and stirred at 250 rpm
for 1 h. After cooling, 100 g of the gelatinized St was
added by GA crosslinkers (1 g) in acidic medium (1 mL,
1 N HCl). To obtain the IPN NR/St coating solution, the
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gelatinized St was finally mixed with pre-vulcanized NR
latex at various ratios (0-50 wt%) and the crosslinking
reaction of St with GA was stirred at 50 °C for 2 h. For
testing swelling, biodegradation and other properties, the
final mixture was cast on a glass mould and dried at 40 °C
in hot air oven.

Coating Urea Bead with IPN NR/St Coating Solution

To coat urea bead with the IPN NR/St solution, the mass
ratio of IPN NR/St solution to urea was fixed at 1:4. A
1 kg urea beads (UB) previously sieved to 3.6 mm in
diameter and the optimal IPN NR/St coating solution
(250 g) were fed into a rotary drum coater which was
made from aluminum blow (20 cm diameter) and heated
to 100 °C. The coater was rotated at 110 rpm to obtain
the dry IPN NR/St coated urea beads (IPN-CUB) without
agglomeration. Melting wax (250 g) was subsequently
coated as outer shell on the IPN-CUB material using the
rotary drum coater being rotating at 100 rpm at room tem-
perature and then the IPN-CUB (W-IPN-CUB) coated by
wax was finally obtained and further used for urea release
experiments. The possible characteristic and structural
photograph of urea bead coated by layers of IPN NR/St
solution and wax were demonstrated in Fig. 1a, b, respec-
tively. The photographs of UB, IPN-CUB and W-IPN-
CUB are shown in Fig. 1c.

Fig. 1 a Possible characteristic
and b optical micrograph of
W-IPN-CUB, and ¢ photo-
graphs of UB, IPN-CUB and
W-IPN-CUB

Urea bead

Characterizations
FTIR Spectral and Microstructure Analysis

The chemical structures of NR, St and IPN NR/St sheets
were analyzed using a attenuated total reflectance Fourier
transform infrared spectrometer (ATR-FTIR) (Spectrum
Two, Perkin Elmer) equipped with a diamond head for 16
scans in the range between 4000 and 650 cm™'. The micro-
structure of IPN NR/St samples was measured by XRD tech-
nique using an X’ Pert MPD (Philips, The Netherlands). The
voltage and current used were 35 kV and 25 mA, respec-
tively. The XRD patterns were recorded in the 20 range of
5-50°.

Soluble and Gel Fraction Tests

Soluble fraction of the IPN NR/St samples was performed
by extraction of 0.1 g of the IPN NR/St samples in excess
distilled water with mild stirring at 250 rpm for 3 h to reach
swelling equilibrium. The swollen sample was then filtered
by filter papers and dried in oven until weight was constant.
The sample weight loss is the soluble fraction. The gel frac-
tions of IPN NR/St samples were calculated by Eq. (1) [22]:

Sol (%) + Gel (%) = 100 D
where Sol and Gel are soluble fraction (%) and gel fraction
(%) of sample, respectively.
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Water Swelling Ratio (SR)

The IPN NR/St sheets (20 mm X 20 mm X 0.5 mm) were
immersed in distilled water at room temperature, removed
at every 24 h and weighed each swollen sample. The water
swelling ratio (SR) was calculated as follows:

SR (%) = [(W, — W;)/W,]| x 100% )

where W,(g) and W,(g) are the weight of the dried and swol-
len samples, respectively.

Water Permeability of IPN NR/St Film

To choose the suitable IPN NR/St formula for coating on
urea bead, water permeability of the IPN NR/St films was
tested by a method adapted from Han et al. [23]. The water
permeability was performed using 6 cm—diameter perme-
able cups containing silica gel sealed by the IPN NR/St film.
The cups were then stored at room temperature for 24 h and
weighed. The water permeability (WP) was calculated by

Eq. 3):
WP = Am/tS €
where WP unit is g/m?> h™!, Am is the increasing weight

of silica gel (g), t is 24 h and the water permeable area or
$=2.826x107" m*.

Release Behavior and Kinetics of W-IPN-CUB
in Water and Soil

Native urea bead (UB) and W-IPN-CUB of 7 g were
immersed in 100 mL distilled water at room temperature
(31 °C). A 5.0 mL solution was taken out to evaluate the urea
contents at a certain interval time and then added the same
volume of fresh water. The release of urea from W-IPN-
CUB in soil was adapted from Liang et al. [24]. The release
of urea from UB and W-IPN-CUB in agricultural field was
tested in a soil column. The sandy soil used in experiment
was washed 10 times with distillation water and air-drying.

Polypropylene (PP) pots of 25 cm internal diameter and
22 cm height were used to hold soil. Loaded UB and W-IPN-
CUB (7.0 g) was well mixed with 1.0 kg dry soil and then
placed in PP pot equipped with the filter paper No. 5 in the
bottom. Water (200 mL) was added slowly and the filtered
water was then centrifuged to separate sandy soil particles
from water. The temperature of soil used in this experiment
was also measured to be 31 °C.

According to Ehrlich reaction, the released urea from
the UB and W-IPN-CUB in water and soil was added
4-(Dimethylamino) benzaldehyde (DMBA) as indicator and
was measured at 440 nm by UV-Vis spectrophotometer (UV
2600, Shimadzu). All the release experiments were done in
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duplicate, and their results were averaged. Moreover, the
kinetics of urea release from native UB and W-IPN-CUB
in both water and soil environments were also studied and
discussed.

Scanning Electron Microscopy (SEM)

A scanning electron microscope (SEM, JSM-5410LV, JEOL,
Japan) was used to study the surface morphologies of the
IPN NR/St film specimens before and after burial test,
including swollen sample of IPN-CUB and W-IPN-CUB
previously freezed drying process. All specimens were
mounted onto stubs and coated with gold plasma. The SEM
images of coated samples were then taken.

Biodegradation in Soil Test

To examine the biodegradation of IPN NR/St hydrogels, the
analysis procedure was slightly modified from Riyajan et al.
[12]. The specimen (20 mm X 20 mm X 0.5 mm) was bur-
ied under soil at 7 cm from top soil (Warinchamrap, Ubon
Ratchathani, Thailand). The water was added every week
for 90 days. Each month, specimen was carefully taken out,
washed with distilled water and dried at 45 °C until weight
constant before being weighed. The biodegradability was
determined by measuring weight loss of the specimens. The
reported values were averaged from five specimens.

Evaluation of Plant Growth

Pot culture experiments on the corn and basil plants were
conducted under the same laboratory condition with the
treatment of native UB (control) and W-IPN-CUB. The corn
and basil babies were firstly seeded in PP pots (25 cm diam-
eter and 22 cm height) containing 2 kg loamy soil. When
the corn and basil babies aged 20 days with the same height,
5 g of native UB and W-IPN-CUB were put in the soil of
each samples and water (500 mL) was added every day. The
changing of corn and basil heights was recorded from the
feeding start of fertilizer to 6 weeks. The values of changing
of corn and basil heights were averaged from five pots and
analyzed by one-way ANOVA with P <0.05.

Results and Discussion

Synthesis and Characterization of IPN NR/St
Hydrogels

In order to prepare IPN of NR and St, two polymer networks
of pre-vulcanized NR and crosslinked St must be synthe-
sized consecutively. The pre-vulcanized NR latex as first net-
work were carried out by mixing NR latex and KOH buffer
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with dispersion additives including sulphur, ZnO and ZDEC
as vulcanizing agent, activator and accelerator, respectively,
and constantly stirred for 2 h. The sulphur (Sg) was acti-
vated by activator and accelerator at room temperature and
formation of accelerator-polysulphide (see Scheme 1a).
The accelerator-polysulphides are capable of sulphurating
rubber chains and considered as sulphurating agent of the
type-monomeric polysulphides. The polysulphides sul-
phurating agent molecules react with rubber molecules to

form sulphurated rubber molecules of the type-polymeric
polysulphides and release accelerator molecules. Then, the
sulphurated rubber decomposes into radicals which are the
crosslink forerunners and combine with another rubber
molecule to form crosslinked rubber (see Scheme 1b). The
formation of crosslinked St as second networks was sub-
sequently performed by addition of gelatinized St and GA
(4% of St) in acidic medium (1 mL, 1 N HCI) into the NR
latex first networks. Then, the crosslinking reaction of St
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with GA was stirred at 50 °C for 2 h. The crosslinking of
St molecules with GA was carried out through nucleophilic
addition of hydroxyl group to the carbonyl group in order
to form hemi-acetal linkages as shown in Scheme 1c [25]
and finally this led to the successful formation of IPN NR/
St solution (see Scheme 1d).

The chemical structures of NR, St and IPN NR/St hydro-
gel were characterized by ATR-FTIR as shown in Fig. 2a.
NR exhibits the characteristic bands of C=C (stretching) at
1664 cm™! and C-H (stretching) at 2997, 1473 and 1376 cm™!
and C=C (bending) at 853 cm™!. In St, there are main bands
at 3770-3300 cm™~! (-OH stretching) and three bands at
1165, 1084 and 987 cm™! (C-O-C stretching). The peak at
1636 cm™! is attributed to the adsorbed water in the amor-
phous region of starch [26]. For the IPN NR/St, the broad band
of —OH group in St is observed at 3313 cm™! and the bands
at 1655, 1539 and 1452 cm™! are attributed to the C=C and
C-O stretching and —CH; deformation, respectively, which
is similar to our previous work [14]. The new peaks at 1246
and 1083 cm™! relating to asymmetric and symmetric bending
of C-O-C, respectively, as well as a new peak at 703 cm™!

NR

IPN NR/St

st 1644 |

1539 | 1246

(a), , , , , ,

T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
wavenumber (cm'l)

700

(b) — NRfilm
— IPNNR/St
~ Stfilm

600 -

500 +

400 -

300 4

Intensity (a.u.)

200 -

100 i

Fig.2 a ATR-FTIR spectra and b XRD patterns of NR, St and IPN
NR/St (70/30) hydrogel
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(C-0 bending) were also observed which indicates the reac-
tion between GA and St portions.

The microstructures of pure NR, pure St and the [IPN NR/St
samples were also evaluated by XRD as shown in Fig. 2b. It is
seen that a NR pattern shows broad peak at 26 =18.6° which
corresponds to an amorphous structure. While, XRD pattern
of St exhibits five peaks at 20=15.1, 17.1, 18.1, 19.5 and
23.3°, respectively, which are attributed to the semi-crystalline
structure of St [27]. For the IPN NR/St showed the different
XRD pattern from the pure St and pure NR but it closed to the
combination between both parent polymers that confirmed the
formation of new polymer (IPN). It exhibits a broad peak with
weak intensity at 18.1° of NR fraction and the less intensity
peaks of St portion at 20=15.0, 17.0, 19.8 and 23.1° were
observed. This pattern exhibited decrease in the crystallinity
compared to St that indicates the crosslinks between St and
GA [28]. Moreover, the slightly shifted peaks in the IPN NR/
St XRD pattern may indicate the good compatibility between
the NR and St networks through the IPN method [14]. The IPN
formation between NR and St networks confirmed by FTIR
and XRD results could improve their compatibility and pro-
vide a good water absorption and yield a longer service times
for slow-release fertilizer.

Effect of NR/St Ratio on Gel and Soluble Fractions
of IPN NR/St Hydrogel

The IPN NR/Starch (St) hydrogels were synthesized from
hydrophilic polymer (St) and hydrophobic polymer (NR) by
using IPN technology to combine both excellent properties
from St and NR components. Generally, the natural starch
consisting of abundant hydroxyl groups is easily soluble in
water but our work aimed to solve this weak point through
the IPN technology in order to enhance its application
ranges. The effect of NR/St ratio on gel and soluble fractions
of IPN NR/St sample is presented in Table 1. It is apparent
that the soluble fractions of IPN NR/St trend to increase
with increasing St content. The values of soluble fractions
increase from 4.5 to 10.4% when St contents increased from
10 to 50 wt%, while the gel fraction decreases gradually.
This result is similar trend with previous work that the NR/
St IPN hydrogels were synthesized using MBA and MA as
crosslinking agents [13, 14]. However, we found that the gel
fractions of the IPN NR/St in this work was slightly lower
than the previous work in all series [13]. This probably sug-
gested that the IPN NR/St hydrogels have higher porous
network structures.

Water Swelling and Permeability of IPN NR/St
Hydrogels

Starch is usually chosen as biodegradable materials for sev-
eral products even though their poor water resistance due to
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Table 1 Gel and soluble fractions, water permeability, water swelling and biodegradable of IPN NR/St at various NR/St ratios

NR/St ratio Gel fraction (%) Sol fraction (%) Water swelling (%) Water permeabil- Weight retention (%)
ity x 1073 [g/(m® h)]

100/0 N/A N/A 7.9+0.7 N/A 94.6+0.4

90/10 95.5+0.1 4.5+0.1 17.1+0.3 359+1.5 82.9+0.8

80/20 94.7+0.2 53+0.2 21.2+1.7 42.1+2.5 71.2+0.1

70/30 94.1+0.1 59+0.1 25.5+4.7 66.7+9.7 64.2+4.5

50/50 89.6+0.4 10.4+0.4 43.8+2.5 76.9+9.6 47.7+2.1

high water sensitivity limits the application of starch-based
material for controlled-release fertilizers. To overcome this,
we tried to use NR as a hydrophobic substance to improve
the water resistance of starch. By increasing the hydropho-
bic of the polymer blend membrane, the water resistance
of the matrix could be improved and thus the urea release
rate could be reduced with increasing NR content in the
IPN NR/St membrane [1, 14]. In the application of urea
controlled release, water permeability and water absorption
which are the important parameters for fertilizer-coated
materials were thus investigated in this work. The effect
of NR/St ratio on the water permeability and water swell-
ing of IPN NR/St hydrogel was evaluated and displayed in
Table 1. It is seen that water permeability and water swelling
of IPN NR/St hydrogel tend to decrease with increasing NR
portions which is similar to our previous works [13]. This
phenomena resulted from the increase of hydrophobicity of
polymer matrix which directly affected on the water trans-
port reduction and retardation of water ingress to the matrix
[29]. Moreover, the decrease of —OH hydrophilic groups in
the IPN NR/St membrane could be the main reason for the
decrease of water absorbency [23].

Biodegradation of IPN NR/St Hydrogels

The principal goal of coated or slow-release fertilizers is
to provide nutrients in a slowed/delayed manner to meet
with the sequential nutrient requirement of plant in order to
increase crop yields [8]. Although starch (St) is an effective
material for fertilizer encapsulation, it degrades too quickly
due to the abundant hydroxyl groups absorbing and ingress-
ing water molecules to the matrix [1]. Therefore, it cannot
efficiently control the release of nutrients in soil for long
time. In this work, NR with a slower biodegradable process
and a large amounts in Thailand has thus been chosen to
blend with St for reducing the St degradation rate and pro-
longing their service times.

Surface morphologies of the IPN NR/St films degraded in
soil for 30 and 90 days were examined using SEM as shown
in Fig. 3 (column I) and (column II), respectively, which in
the first, second and third rows are the IPN NR/St of 90/10,
70/30 and 50/50 ratios, respectively. After 30 days, SEM of

the IPN NR/St hydrogel of 90/10 ratio showed a perfora-
tion on the membrane surface (Fig. 31a) while in 70/30 (Ib)
and 50/50 (Ic) ratios, the number of holes increased with
increasing St ratio. Moreover, with increasing buried time
to 90 days, the number of holes in all IPN NR/St samples
increased significantly and the rapture structures of pores/
holes were clearly seen in Fig. 3IIa—c. This indicates that the
degradation of IPN NR/St sample increased with increas-
ing time which was comparable to our previous works [13,
14]. This result may be attributed to the more hydrophilic
behavior of St resulting in the increase in the hygroscopic
characteristics of the blends and promotion of the growth of
microorganisms during degradation as well as the increases
in weight loss of IPN NR/St hydrogels [30].

This result also suggested that the IPN NR/St coating
membrane could reduce the environment pollutant in soil
when it was used as a coating membrane on the fertilizer
surfaces. The reduction of weight in pure NR and a series
of IPN NR/St hydrogels decomposed in soil at 90 days was
presented in Table 1. It is found that the degradation of IPN
NR/St hydrogels increased with the increasing St contents.
The weight retention of IPN NR/St samples decreased from
83 to 48% with increasing St content from 50 to 90% which
was analogous to previous work [13]. This implies that NR
molecule can be biodegraded by the help of St. Abraham
et al. [31] also reported that the degradation of NR was an
oxidative cleavage of the double bond in the NR backbone
due to various bacterials but it can be realized that the bio-
degradation rate of NR was very slow. From the results of
gel fraction, water swelling and permeability, biodegrada-
tion (see Table 1), and SEM morphology, in summary, we
believed that the NR/St ratio providing the suitable IPN NR/
St hydrogel with good water permeability and an acceptable
degradation rate was 70/30 ratio.

Morphology of W-IPN-CUB Surface Before and After
Water Immersion

Figure 4 presents the optical and SEM micrographs of IPN-
CUB and W-IPN-CUB. It is seen from Fig. 4a that the urea
bead (UB) was completely covered by the IPN NR/St mem-
brane which was almost uniform but some rougher surfaces
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Fig.3 SEM morphologies of
the IPN NR/St hydrogels of

a 90/10, b 70/30 and ¢ 50/50
ratios after buried in soil for 30
(column I) and 90 days (column
1)

were still observed. After further coating with two layers of
wax, W-IPN-CUB showed a smoother surface and more uni-
form structure (Fig. 4b). This suggests that the wax can be
used to make more uniform structure and smoother surface
of encapsulation process [19, 20].

The SEM cross-sectional area of IPN-CUB and W-IPN-
CUB surfaces were displayed in Fig. 4c, d, respectively. It is
seen that the cover thickness of W-IPN-CUB material was
about two times larger than that of IPN-CUB. The cover
thickness of IPN-CUB and W-IPN-CUB was ca. 108.3+3.0
and 193.5+3.2 pym, respectively. This data obviously con-
firm that the cover layer of W-IPN-CUB material is actually
comprised of IPN NR/St and wax.

The application of coated fertilizer is to retard the
release of nutrient from fertilizer. The morphologies of
IPN-CUB and W-IPN-CUB materials before and after
immersion in water for 24 h were selected randomly and
observed with optical microscopy and SEM techniques as
shown in Fig. 5. Before immersion in water, the structures
of IPN-CUB (Fig. 5a) and W-IPN-CUB (Fig. 5b) materials
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exhibited a permanently spherical shape with a smooth
surface. However, after swelling in water for 24 h, the
structure of IPN-CUB was collapsed (see Fig. 5a) but that
of W-IPN-CUB was still remained as a spherical shape
(Fig. 5b). This indicated that W-IPN-CUB materials has
more stable structure due to the help of wax to retain the
structure of coating membrane [19, 20].

Figure 5c—f show the SEM morphologies of cover sur-
face of IPN-CUB and W-IPN-CUB before (Fig. 5c, e) and
after swelling (Fig. 5d, f) in water for 24 h. Before swell-
ing in water, some pores/holes in the surface of IPN-CUB
material were seen and no pore/hole was observed in the
surface of W-IPN-CUB membrane because wax covered
such cracks or holes [19, 20]. However, after swelling in
water for 24 h, a number of holes with bigger pore size
were clearly observed in the IPN-CUB cover surface.
These holes could probably be the channels that water
molecules diffuse into the internal fertilizer to dissolve
urea and then urea can be released quickly.
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Fig.4 Optical micrographs of (a)
a [PN-CUB and b W-IPN-CUB
and cross-sectional SEM images
of ¢ IPN-CUB and d W-IPN-
CUB

Urea bead

188pm BEBEEE

1o6prm GO0 AR

J
e ~

Fig.5 Optical micrographs of a IPN-CUB and b W-IPN-CUB before and after swelling in water for 24 h. SEM micrographs of IPN-CUB ¢
before and d after swelling in water for 24 h and SEM micrographs of W-IPN-CUB e before and d after swelling in water for 24 h

On the other hand, the surface of W-IPN-CUB appeared
only a few holes due to the improvement of hydrophobic
surface of W-IPN-CUB by introduction of wax [19, 20]. As
a result, the release rate of urea under W-IPN-CUB could

be reduced significantly. In other words, the W-IPN-CUB
was able to slow the leaching of urea fertilizer. From these
results, wax has thus been used to improve the hydrophobic
surface of several hydrophilic materials [32, 33] due to a
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high content in esters of long-chain fatty alcohols and acid,
as well as long-chain alkanes that have low-energy surfaces.
Furthermore, wax has been chosen to be the top-coated fer-
tilizer products [19, 20] providing for the controlled release
because the wax outer layer protects the internal phase from
liquid water [34, 35].

Release Behavior and Kinetics Study of W-IPN-CUB
in Water and Soil

The influences of W-IPN-CUB on the rate of urea release
in water and soil environments are demonstrated in Fig. 6a.
At the same weight of UB, the native UB was completely
released in water within 2 h, while the urea release rate of
W-IPN-CUB in water had been certainly slowed down and
completely released in 72 h, which was totally different com-
pared to the work of Bortoletto-Santos et al. reported that
uncoated urea completely released up to 30 days [36]. In
soil test, the urea release of native UB and W-IPN-CUB
was completely released in 3 (72 h) and 24 (576 h) days,

(a)110
100
90
80
70
60
50
40
30

Release (%)

—&— UB in Soil
—v— W-IPN-CUB in Soil
—@— UB in water

—w— W-IPN-CUB in water

0 50 100 150 200 250 300 350 400 450 500 550 600
Time (h)

(b) 0.0
0.5

-1.0 A

2.0 4

In(M/M)

-2.5 A

-3.0 1 A

in Soil
in Water
‘3.5 T T T T T T

-1 0 1 2 3 4 5 6
In(time)

Fig.6 a The urea release profiles and b plots of In(urea release frac-
tion) against In(time) of W-IPN-CUB in water and in soil environ-
ments
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respectively. The longer release time in soil (576 h) than
in water (72 h) could be due to lesser water molecules sur-
rounded the W-IPN-CUB. The significant improvement of
release time for W-IPN-CUB suggested that it could able
to slow the release of urea fertilizer and thereby decreasing
nitrogen oxide (NO,) and dinitrogen (N,) emissions [37].
Therefore, the W-IPN-CUB could be an alternative mem-
brane for using in agriculture and horticulture applications.

To determine the release behavior of urea from the
W-IPN-CUB in both water and soil environments, the modi-
fied Peppas’s model [36, 38] was used to interpret and obtain
the release process kinetic parameters:

In(M,/M_)=Ink+nln(t—¢,)
where 7 is the time, ¢; is initial release time (the material
retention time for release), & is the diffusion constant depend-
ing on the type of material and the permeation medium, n
is the diffusional exponent suggesting the type of transport
mechanism for a given solute; and M, and M, are the urea
mass released at a time ¢ and at the steady state, respectively.
This relationship could be only applied in the release range
from starting to about 60%. By plotting graphs of In(M/M )
versus In(time) for each release test, the n and k values can
thus be determined from slope and intercept, respectively,
as shown in Fig. 6b.

The typical n parameter (diffusion process) ranges from
0 to 1, where n=0.5 (Fickian release) contributes to a dif-
fusional release through a semipermeable membrane, but
0.5 <n <1 indicates the non-Fickian behavior describing the
diffusion through the pores of coating membrane, whereas
n=1 characterizes a zero-order kinetic process commonly
interpreting as a process where the diffusion barrier (i.e., the
coating) is dynamically modifying the pore sizes or the chain
organization [36, 38]. From Fig. 6b, n values are determined
as 0.88 and 0.85 for the release of W-IPN-CUB in water
and soil, respectively. The obtained n values in this work
is also similar to other reports [36, 39]. For these cases,
the urea release from W-IPN-CUB in both water and soil
environments is considered to non-Fickian behavior. This
may indicates that the diffusion occurs from the pores on
the coating membrane and is regulated by the constant per-
meation through the W-IPN-CUB membrane [36]. In other
words, the urea was released from W-IPN-CUB by the com-
bine mechanisms of pure diffusion controlled and swelling
controlled release [39]. Moreover, the k values in both water
and soil are found to be 7.58x 1072 and 8.54x 107> h™",
respectively. This result indicates that diffusion constant of
urea through W-IPN-CUB membrane in soil is about 89%
slower than in water. This may resulted from the less water
entering into UB via W-IPN-CUB membrane in soil com-
pared to in water.

The possible mechanism of control urea release coating
with IPN-CUB and W-IPN-CUB is schematically illustrated
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Fig. 7 Possible graphical mechanism of controlled urea release of a IPN-CUB and b W-IPN-CUB materials

in Fig. 7a, b, respectively. When the IPN-CUB and W-IPN-
CUB were immersed in water environments, the water mol-
ecules diffuse through the membranes and dissolve urea to
solution. Then the solute as urea solution will move through-
out the coating membrane by diffusion process to outside
of the membranes [1, 40—42]. As seen in Fig. 7a, the urea
in IPN-CUB membrane could be released at higher rate
due to the higher water volume entering into the membrane
compared to the urea release in W-IPN-CUB covered by
IPN NR/St and wax layers (Fig. 7b). This is because the
wax layer was expected to retard the rate of water molecules
entering to the IPN NR/St membrane before reaching the
native UB. This schematic model probably matches with
the urea release profiles as shown in Fig. 6a. For the W-IPN-
CUB release in soil environment, it may be explained
similarly as follows; firstly, the moisture in soil around the
W-IPN-CUB permeates through the coating membrane on
urea bead surface and dissolves urea solid to urea solution.
The urea solution inside of W-IPN-CUB is then diffused
outside to the soil which has higher moisture condition and
that can be absorbed by the root of plants.

Evaluation of Plant Growth

The effect of W-IPN-CUB on the plant growth was also
investigated using two plants; corn and basil. The growth
rate of plants can normally be analyzed using several meth-
ods such as measurement the dry mass of plant, mass (dry
and green) of the seeding or fruit of plant and so on [6, 11].
However, the measurement of plant height is an easy method

and used in this work. The plant growth test measured the
change of corn and basil height was performed and com-
pared after the addition of urea bead types (native UB and
W-IPN-CUB) in soil up to 6 weeks as shown in Fig. 8.

The change of corn and basil height without urea (con-
trol) was little and the highest of corn and basil height was
only 6 and 9 cm for 6 weeks, respectively. After treating
with the same weight of fertilizers; UB and W-IPN-CUB,
the change of corn and basil height were affected obviously.
During 1-3 weeks, both corn and basil plants added with
UB and W-IPN-CUB showed a steadily growth rate with no
significant difference but changed considerably when com-
pared to control plants. After that, the height of corn added
W-IPN-CUB was slightly higher than that of corn added
UB (P <0.05) and the highest of corn height added UB and
W-IPN-CUB at 6 weeks was 42 and 60 cm, respectively,
while the highest of basil height with same condition was
21 and 24 cm, respectively. The small value of P<0.05 in
statistical analysis suggested that corn and basil height with
W-IPN-CUB have developed further due to the slow release
of urea nutrient, minimum nutrient losses to environment
and not a chance [43, 44]. Thus the height of corn and basil
with added W-IPN-CUB was increased continuously.

The development of corn and basil trees added with differ-
ent types of urea bead was presented in Fig. 9. The corn and
basil height increased from the beginning of the experiment
and the leaves of corn and basil changed from light green to
dark green after addition urea bead. This indicates that nitro-
gen nutrient from urea fertilizer accelerated the growth of
plant in the first planting by accelerating the growth up of
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40 1 were larger than those of corn and basil added with native UB.
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Fig.8 The effect of control urea release on the increased height of a
corn and b basil trees
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on corn and basil plantation was significantly higher than
using native UB. These results demonstrated that the bio-
degradable IPN NR/St hydrogel could be used as coat-
ing membrane in slow-release fertilizer application for
improving the effectiveness of fertilizer and reducing envi-
ronmental pollution and could be a promising material in
agriculture and horticulture applications.
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Fig.9 Images of corn trees a before and b after addition of fertilizers (UB and W-IPN-CUB) for 6 weeks and ¢ the product of ears of corn;
images of basil trees (d) and e after addition of fertilizers (UB and W-IPN-CUB) for 6 weeks and f the product of basil leaves
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