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Properties of Slow Release Fertilizer Composites Made
from Electron Beam-irradiated Poly(Butylene Succinate)
Compounded with Oil Palm Biomass and Fertilizer
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Electron beam irradiation at certain absorption doses can affect the chain
scission and crosslinking of poly(butylene succinate) (PBS) molecules, as
well as their thermal properties. In this study, slow release fertilizer
composites were produced by compounding neat PBS with NPK fertilizer
and oil palm empty fruit bunch using a twin-screw extrusion method. It was
found that granular PBS irradiated with up to 50 kGy remarkably improved
the bonding and dispersion of the PBS matrix. The subsequent experiment
also showed that the biodegradation of slow release fertilizer composites
in soil could be improved via electron beam irradiation.
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INTRODUCTION

The world has seen an increased awareness regarding public health, natural
resource sustainability, and environmental protection. Every industry is working towards
prioritizing these aspects. In agriculture, scientists are trying to produce more
environmentally friendly fertilizers that can reduce nutrient loss in leaching or run-off,
while at the same time increasing the yield. Even though soil fertilization and the
production of slow release fertilizers (SRFs) has been increasing, the nutrient use efficiency
(NUE) is still relatively low. The assimilation of nitrogen and potassium by crops in the
first year of using of a SRF is estimated to be approximately 50% to 60%, and the
percentage of phosphorus assimilation is in the range 10% to 25%. The coming years will
probably see a reduction of 1% to 2% in the assimilation of these nutrients per year (Trenkel
2010). Such a low efficiency in nutrient assimilation affects the environment and may
jeopardize the well-being of humans and animals (Newbould 1989). Additionally, a low
NUE adversely affects the economic aspect of agriculture through material losses, wasted
labor, and energy losses (Cruse et al. 2010). To counter the problem, application of
polymer-coated controlled-release-fertilizers (PC-CRFs) is on the rise nowadays.
According to Majeed et al. (2015), polymer-coated controlled-release-fertilizers (PC-
CRFs) are the type of organic and inorganic encapsulated fertilizers coated with various
types of polymeric materials that provide a better means of targeted delivery of controlled-
fertilizer supply for the agricultural crops.
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Natural fibers are renewable, as well as environmentally friendly, and therefore the
demand for them has increased in recent years. They also have a promising use as
reinforcements in polymer composites (Jawaid et al. 2011). Oil palm empty fruit bunch is
one of these natural fibers. These fibers are considered waste from the palm oil industry
(Li and Sun 2010). Some studies have used them as reinforcement materials for polymer
matrices (Bledzki and Gassan 1999; Rozman et al. 2000; Alam et al. 2011). However,
because of their limitations, such as a low thermal stability, poor polymer—matrix
compatibility, and high moisture affinity, the process must be optimized to improve the
adhesion of the fiber matrix and increase the quality of the composites.

Poly(butylene succinate) (PBS) is a type of aliphatic thermoplastic polyester. It is
a well-known biodegradable polymer that having superior materials properties compared
to that of the prevalently used polyethylene (PE) which produced large amount of
greenhouse gases during decomposing (Henke et al. 2017; Hong et al. 2017). It has good
mechanical properties, a low processing temperature, and most importantly, is
biodegradable (Liu et al. 2009). The synthesis of PBS involves a reaction between aliphatic
succinic acid and glycol 1,4-butanediol (Kim et al. 2005). Its degradation may occur via
hydrolysis because of the breaking down of polymer structures metabolized by
microorganisms or biological enzymes, which forms water and carbon monoxide (Wang
etal. 2009; Ahmad Thirmizir et al. 2011a). This degradation process can happen in various
environments, including in seawater, moist soil, or even compost (Kim et al. 2006).
Because of this property, PBS can potentially be used to manufacture disposable plates and
cups, packaging films, and landfill covers, as well as in other similar applications.
Regardless of its useful properties, its high cost makes it less favorable in the industry.
Therefore, by incorporating relatively low-cost natural fibers into PBS composites, such as
oil palm empty fruit bunch (EFB), it is hoped that the price can be reduced (Ahmad
Thirmizir et al. 2011b).

Although PBS possess many advantageous characteristics, a main drawback that
limits the application and processing of PBS is its low thermal resistance. In addition, weak
adhesion between EFB fiber and NPK fertilizer is also a main problem in the production
of bioplastic composites. Saffian et al. (2017) produced bioplastic fertilizer (BpF)
composites made of poly(butylene succinate) blended with oil palm biomass and fertilizer
and revealed that complete debonding from the PBS matrix happened as a result of weak
adhesion between EFB fiber and NPK fertilizer. However, it can be improved by using
ionizing radiation such as electron radiation beam to crosslinking new composition (Kim
et al. 2015). Electron beam irradiation (EBI) is an environmental friendly treatment that
aims to enhance the properties of polymer materials such as fibres, films, and composites
(Then et al. 2014). Gamma rays can affect the chain scission and crosslinking of
poly(butylene succinate) (PBS) (Suhartini et al. 2003). Electron beam irradiation of a
polymer can cause competitive occurrences of chain scission and crosslinking of the
polymer molecules. The degree of such an effect depends on the polymer type and electron
beam energy (Loo et al. 2005; Quynh et al. 2007). Then et al. (2015) produced
biocomposite with alkali treated oil palm mesocarp fiber and PBS and reported that the
mechanical and physical properties of the resultant biocomposite is superior that of the
untreated oil palm mesocarp fiber.

Promising progress has been achieved in recent years in understanding the
mechanisms of polymer-coated SRFs and quantifying the nutrients that are released
(Shaviv 2001; Shaviv et al. 2003a). Most of the slow release agents that are currently sold
in the market are made of non-biodegradable polymer emulsions or spraying, but
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compounding techniques are seldom applied (Shaviv et al. 2003b). In this work, tests were
done to assess the effects of electron beam irradiation on the properties of slow release
fertilizer composites made from EFB, irradiated PBS, EFB, and NPK fertilizer
compounded via an extrusion method to produce SRF composites. The degradation data of
the SRF composites after a soil burial test, including the melting point index, thermal
properties, and degradation, was analyzed using an analysis of variance (ANOVA)
performed by SAS software 9.4 (Kuala Lumpur, Malaysia).

EXPERIMENTAL

Materials

The PBS polymer used in this study was acquired from Innovative Pultrusion Sdn.
Bhd. (Senawang, Malaysia). The EFB was obtained from Poly Composite Sdn. Bhd. (Teluk
Intan, Malaysia), while the commercial slow-release NPK fertilizers were acquired from
Diversatech Fertilizer Sdn. Bhd (Bangi, Malaysia).

Preparation of Electron Beam Irradiation

Prior to the irradiation procedure, all of the granulated PBS samples were put in
polyethylene bags, pressed, and vacuum-sealed to remove the air. The bags were put on a
moving conveyor belt at a speed of 0.3 m/min to 1.2 m/min. The PBS samples were
irradiated at dosages of 0 kGy, 10 kGy, 20 kGy, 30 kGy, 40 kGy, and 50 kGy via electron
beam (EB) irradiation using an EB machine (EPS Model-3000kV, Nissin High Voltage
Co. Ltd., Kyoto, Japan). The dose rate, beam current, and acceleration energy were 10
kGy/pass, 2 mA, and 2 MeV, respectively.

Sample Preparation of the SRF Composites

Compounding of the materials was done using a twin-screw extruder. Irradiated
and non-irradiated PBS were used in the extrusion process for the preparation of SRF
composites. In this study, irradiated PBS (50 kGy dose), EFB fibers, and NPK fertilizer
were used to produce SRF composites.

Table 1. Formulation of the Irradiated Bioplastic Fertilizer Composites

Composite PBS((%' )atnx EFI?(yI;)lber NPK Fertiliser (%)
NPK 0 0 100
PBS/NPK 40 0 60
PBS-EB/NPK 40 0 60
PBS/EFB/NPK 30 10 60
PBS-EB/EFB/NPK 30 10 60

Note: EB - electron beam-irradiated

Table 1 shows the formulations of the irradiated SRF composites. A drying oven at
a temperature of 103 °C + 2 °C was used to dry all of the materials overnight. The extruder
screw was set at a constant speed of 50 rpm, while the screw rotating speed was maintained
at 80 rpm. The temperature of the reverse barrel was 130 °C, while the temperatures used
in the hopper for molding were 110 °C and 130 °C. The process was completed in
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approximately 15 min and the PBS, fertilizer granules, and EFB fibers were compounded
homogeneously.

Melt Flow Index

A melt flow index (MFI) instrument (Toyoseiki Co., Tokyo, Japan) was used to
measure the melt index of the irradiated and non-irradiated PBS composites. At 190 °C,
the MFI of the samples was measured for a mass of 2.16 kg. Six replicates of each sample
were obtained, and the unit of measurement was grams per 10 min. The extrusion and
cutting began after the polymers were kept in the barrel for 7 min. An applied weight of
2.16 kg was used for extrusion from the MFI die.

Thermogravimetric Analysis

The thermal properties analysis was done using a thermogravimetric analyzer
(TGA; Q500 TA Instruments, New Castle, DE, USA). The amount of sample used in each
analysis was 10 mg. The temperature range was 35 °C to 600 °C with a heating rate of 10
°C/min. The nitrogen flow rate was 20 mL/min. The weight reduction was plotted against
the temperature.

Scanning Electron Microscopy

The sample surface analysis was conducted using scanning electron microscopy
(SEM) (SEM-3400N, Hitachi, Japan) with a cathode acceleration voltage of 15 kV. The
gold coating of the samples was done using an Emitech K550X coater (Kent, UK) (600 s
and 35 mA) at a pressure of 0.2 bar.

Biodegradation of the SRF Composites in the Soil Burial Test

A simple soil burial test was used to test the biodegradability of the SRF
composites. To simulate a natural soil environment, natural soil that did not contain any
enzyme activity or composting materials was obtained. Samples were buried in polybags
containing natural soil for a total of 24 weeks. The samples were recovered and analyzed
every 4 weeks. To obtain a constant dry weight, the moisture was removed from the
samples using a vacuum oven at 80 °C. The biodegradability of each sample was measured
based on its weight loss after the soil burial test using Eq. 1,

Weight loss (%) = (Wo-W1) / Wo x 100 (1)
where W is the weight before the test (g) and W1 is the weight after the test (g).

Leaching of Nitrogen Using Soil Column Method

Topsoil from surface to 15 cm depth was collected from University Agriculture
Park, Universiti Putra Malaysia. The collected topsoil was tested for physical and chemical
properties in Soil Department of Faculty of Agriculture, UPM. The results indicated that
the topsoil had a density of 1.031 g/cm?®, with the chemical composition content of N =
0.14%, P = 6.15%, K = 46.17%. Mg = 43.20%, C = 1.63%, and S = 0.02%. The soil
columns made of acrylic material with a 30 mm internal diameter were prepared. Each
column was filled with 3 kg air-dried soil, occupying a height of about 400 mm. The SRF
composites were inserted to a depth of 100 mm of the soil columns. After the soil in
columns was saturated with water, they were kept in a controlled temperature room at 30
+ 1°C. The soil in columns was rinsed with 100 mL of distilled water in 4, 8, 12, 16, 20,
and 24 weeks, and the leachates from column were collected. 10 mL of collected leachate
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was analyzed for nitrogen at Soil Department of Faculty of Agriculture using TruMac CNS,
Version 1.1x, LECO, USA.

RESULTS AND DISCUSSION

Melt Flow Index

The MFI values of the PBS after being irradiated from 0 kGy to 50 kGy are shown
in Fig. 1. The results show that the MFI of the PBS irradiated samples increased from 8.40
MVR at 0 kGy to 16.0 MVR at 50 kGy. The results agreed with Kim et al. (2015) who
reported that irradiation at 50 kGy resulted in the most enhancement in thermal and
mechanical properties of PBS. Therefore, the PBS in this study was irradiated PBS with
50 kGy dose.

18.00 -
16.00 -
14.00 -
12.00 -
10.00 -

MVR

8.00
6.00 -
4.00 4
2.00 -

0.00

0 10 20 30 40 50
Dose (KGy)

Fig. 1. MFI of the irradiated PBS

Although EB irradiation can result in cross-linking (i.e. an increase in the molecular
weight) and scission (i.e. a reduction in the molecular weight) at the same time, the
dominant process determines the end result of the irradiation process. It was observed that
the MFI of the PBS increased after the irradiation treatment because of an increase in the
occurrence of molecular scission as the dosage increased. A lower molecular weight caused
easier material flow and produced an increase in the melting rate of the PBS biopolymer.
The melt flow properties of materials can be influenced by increasing the radiation dose.
Degradation can be achieved by several means, such as chain scission, oxidative
degradation, depolymerisation, and trans-esterification. Thermal degradation can be
further influenced by residual catalysts, reactive end groups, and unreacted starting
monomers, as well as impurities (Carrasco et al. 2010).

Thermogravimetric Analysis
Table 2 shows the initial and final weights of the pure PBS, irradiated PBS, EFB,
and SRF composites. The weight loss versus temperature curve is shown in Fig. 2. The

Saffian et al. (2018). “Slow-release fertilizer,” BioResources 13(4), 8677-8689. 8681



PEER-REVIEWED ARTICLE b | oresources.com

degradation temperature range of the composites was 244.0 °C to 412.6 °C. The lower
degradation temperature range of the composites (EFB, PBS/NPK, PBS-EB/NPK,
PBS/EFB/NPK, PBS-EB/EFB/NPK) compared with that of the PBS and PBS-EB was
attributable to the low degradation temperatures for the other components in the
composites. The EFB fiber degraded within the temperature range of 250 °C to 350°C and
the fertilizer degraded within the temperature range of 50 °C to 375°C (Saffian et al. 2016).

Table 2. Peak Temperature and Percentage Weight Loss of the Pure PBS,
Irradiated PBS, PBS/NPK, and PBS/EFB/NPK Composites

i 0,

Composite Tiot (°C) TroT (°C) R(gf'ggg IO(C/;)

PBS 338.56 411.02 1.68
PBS-EB 342.76 398.10 -

EFB 251.18 342.82 23.11
PBS/NPK 279.95 412.62 26.37
PBS-EB/NPK 271.48 366.24 30.32
PBS/EFB/NPK 282.62 407.83 29.92
PBS-EB/EFB/NPK 243.96 361.71 3411

Tior: initial decomposition temperature; Trot: final decomposition temperature
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Fig. 2. TGA thermograms showing the thermal properties of pure PBS, EFB, PBS-EB, PBS/NPK,
PBS/EFB/NPK, PBS-EB/NPK and PBS-EB/EFB/NPK composites

The thermal stabilities of the irradiated and non-irradiated PBS were comparable,
and were 342.8 and 338.6 °C, respectively. However, the irradiated PBS had a lower
capability to protect the NPK fertilizer compared with the non-irradiated PBS. The initial
decomposition temperature of the PBS-EB/NPK composite was lower compared with the
PBS/NPK composite, and were 271.5 °C and 278.0 °C, respectively. Similarly, the final
decomposition temperature of the PBS-EB/NPK composite was lower compared with the
PBS/NPK composite, and were 366.2 and 412.6 °C, respectively. Likewise, the thermal
stability of the PBS-EB/EFB/NPK composite was reduced by 38.7 °C for the initial
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degradation temperature and by 46.1 °C for the final degradation temperature, when
compared with those of the PBS/EFB/NPK composite. Therefore, it was concluded that
the irradiation of PBS at 50 kGy reduced the thermal stability of the SRF composites.

Scanning Electron Microscopy

A SEM analysis was performed on the surfaces of the PBS irradiated composites
for direct observation of the surface structure of the SRF composite. The SEM micrographs
of the surface of the non-irradiated and irradiated PBS composites are shown in Figs. 3a
and 3b, respectively. The smooth surface of the irradiated PBS composites indicated that
the components were well dispersed within the composites. Additionally, the SEM
micrographs of the fractured PBS presented in Figs. 3c and 3d show visible gaps at the
interface between the PBS, EFB fibers, and NPK fertilizers. Poor interfacial adhesion
resulted from the incompatibility between the hydrophilic EFB fiber and hydrophobic PBS.

Fig. 3. SEM micrographs of the irradiated PBS, EFB, and NPK composites: a) PBS/NPK, (b)
PBS-EB/NPK, (c) PBS/EFB/NPK, and (d) PBS-EB/EFB/NPK

It was noted that, for the non-irradiated PBS, the surface of the EFB fiber was
relatively clean without PBS adhered to the fracture of the composite, which indicated that
their interphase bonding was relatively poor. Reduced gaps between the irradiated PBS,
EFB fibers, and NPK fertilizers can be seen in Fig. 3d, which shows that the incorporation
of irradiated PBS resulted in better adhesion with the EFB fibers and NPK fertilizer. Based
on the cracks on the fibrous end, the interphase bonding was stronger. This was evident
from the observation that the fiber was not pulled out during fracture, but instead underwent
breakage. The irradiated PBS can be seen adhering to the surface of the EFB fibers with a
layer of the matrix materials covering the fibers. These observations showed that the
interfacial strength of the PBS composites had been improved through the chain scission
and crosslinking processes caused by irradiation.

Biodegradation of the SRF Composites in the Soil Burial Test

A simple soil burial test was used to test the biodegradability of the SRF
composites. Samples were buried in natural soil for a total of 24 weeks. Five replicate
samples were recovered and analyzed every 4 weeks. The data are presented in Fig. 4 and
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Table 3. Figure 4 shows that within a period of 12 weeks, the degradation of the PBS-
EB/NPK and PBS-EB/EFB/NPK composites was faster than that of the other SRF
composite samples. The PBS-EB/NPK composite experienced a weight loss of 65.5%,
while the PBS-EB/EFB/NPK composite had a weight loss of 75.5%.

Table 3. Weight Loss of the Bioplastic Fertilizer Composites during the Soil
Burial Test

Composite Week
0 4 8 12 16 20 22
% 0,
asnpk | o | 2895% | 39200 | 430% | 5783060 | 56.999n | SO
(3.99%) | (12.82%) | (g 3305) | (351%) | B79%) | (g 4000
% 0,
PBS-EBINPK | o | 45-77%° | 52.74% 95:69% | 58 929t | 63.2206m | 6°-52%
0, 0, 0 0
(6.10%) | (4.59%) (2.25%) (5.22%) | (2.14%) (2.72%)
0,
PBS/EFBINP | . | 38.30%° | 58.66%¢ | 50.31% | 59.59%¢ | 64.37%" 72.68%
0, 0, 0 0 0
K (3.71%) | (1.09%) | (221%) | (0.48%) | (1.88%) | (5 ga00)
0 0,
PBS- o | 55.2a%¢ | 56.27% 6057% | o5 o106c | 684300 | >-04%
0, 0, o 0
o (1.37%) | (2.08%) | (5 6g6) | (2-77%0) | (063%) | 5 620

Mean of the weight loss of the composites with the same letter is not significantly different at P <
0.05; Standard deviation is given in parentheses; Five replicates were made for each sample

90 +
80 -

Weight loss (%)
= N W b OO O N
o O O O O O o

o

0 4 8 12 16 20 24

Weeks
—o—PBS/NPK —i—PBS-EB/NPK

PBS/EFB/NPK ——PBS-EB/EFB/NPK

Fig. 4. Mean of the standard deviation and weight loss of the PBS/NPK, PBS-EB/NPK,
PBS/NPK/EFB, and PBS-EB/EFB/NPK composites from the soil burial test

The findings were in agreement with Benyathiar et al. (2016), who reported that
the poly(lactic) acid (PLA) irradiated with electron beam had an increased biodegradation
rate compared to that the non-radiated commercial PLA film. Nugroho et al. (2001)
suggested that chain-scission reaction is the dominant reaction when the polymers are
exposed to radiation in the presence of air. Excitement followed by scission of weaker
bonds in the polymer’s macromolecules occurred as the energy absorbed by the exposed
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plastic materials. As a result, the molecular weight of the samples decreased and led to
higher biodegradation rate (Hamilton et al. 1996). Although some crosslinking reaction
might occur due to the irradiation, subsequently leading to a lower degradation rate. The
reaction will eventually dominate by chain scission after some period of time, eventually
increasing the biodegradation rate.

In comparison, composites that contain EFB, which are PBS-EB/EFB/NPK and
PBS-EB/EFB/NPK, exhibited higher biodegradation rate. These composites absorbed
more water from the surroundings because of the hydrophilicity of the fiber, as well as the
holes and cracked lines in the SRF composites, which are shown in Fig. 3. The EFB fibers
swelled and degraded further after 16 weeks in the soil, which increased the weight loss of
the PBS-EB/NPK and PBS-EB/NPK/EFB composites, and slowly released the fertilizer.
Microorganisms are said to be the main cause for the degradation of cellulose and
lignocellulosic components (Ishiaku et al. 2002). The fiber itself possessed a high degree
of degradability because of its cellulosic and lignocellulosic components. Therefore, the
fiber content determined the overall biodegradability of the SRF composites in the soil
environment. The presence of water assisted hydrolysis at the ester linkages, and allowed
bacteria and fungi in the soil to degrade the PBS (Kim and Rhee 2003). The hydrolytic
depolymerization of the cellulose materials via microorganisms was also involved in the
degradation of the EFB fibers to monomeric glucose units.

Leaching of Nitrogen

Figure 5 shows the mean cumulative of N releases from SRF composites. The
curves show that the release pattern was slow and steady but gradually increased with the
passage of time. Release of N in all types of SRF composites approached equilibrium after
12 weeks, and it continued to be released in small amounts. A different release pattern was
observed for all types of SRF composite, with the irradiated samples showing higher
release rates compared to that of the non-irradiated samples. The pattern of release was
correlated well to the biodegradability of the SRF composites, as shown in Fig. 4, where
the irradiated samples degrade and release N faster than that of the non-irradiated samples.
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Fig. 5. The leaching of nitrogen from PBS/NPK, PBS-EB/NPK, PBS/NPK/EFB, and PBS-
EB/EFB/NPK composites from the soil burial test
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Different nutrient release patterns can be applied for different applications
depending on the nutrient demands of the cultivated crops. Crops that require a persistent
level of nutrients over a long period of time can be fertilized with fertilizer with slower
release pattern that can reside a relatively longer time in soil. Meanwhile, short duration
plants can benefit from a fertilizer that shows high N release at an early stage (Abdul Khalid
et al. 2015).

CONCLUSIONS

1. A new approach to produce slow-release fertilizers (SRFs) was conducted using
irradiated poly(butylene succinate) (PBS) via an extrusion method. The SRF
composites with non-irradiated PBS were observed to have weak adhesion and poor
stress transfer, which led to the complete debonding of the empty fruit bunch (EFB)
fibers and nitrogen-phosphorus-potassium (NPK) fertilizers from the PBS matrix.

2. After an irradiation treatment of 50 kGy on the PBS, the bonding improved. After 12
weeks, the PBS-EB/NPK and PBS-EB/EFB/NPK composites degraded more, which
was determined based on the weight loss, as well as the observed cracked lines and
holes on their surfaces. The highest total weight loss in the biodegradation test was
reached at the end of the test period (24 weeks).

3. Generally, EFB fibers are hydrophilic in nature, while the matrix polymer is
hydrophobic. The mixture of these two materials causes weak adhesion and poor fiber
wetting, which leads to faster biodegradation. The irradiation of PBS prior to mixing
improved the adhesion and increased the biodegradation rate compared with the non-
irradiated SRF composites.
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