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Abstract: Rising world population is expected to increase the demand for nitrogen fertilizers to
improve crop yield and ensure food security. With existing challenges on low nutrient use efficiency
(NUE) of urea and its environmental concerns, controlled release fertilizers (CRFs) have become a
potential solution by formulating them to synchronize nutrient release according to the requirement
of plants. However, the most significant challenge that persists is the “tailing” effect, which reduces
the economic benefits in terms of maximum fertilizer utilization. High materials cost is also a
significant obstacle restraining the widespread application of CRF in agriculture. The first part of
this review covers issues related to the application of conventional fertilizer and CRFs in general.
In the subsequent sections, different raw materials utilized to form CRFs, focusing on inorganic
and organic materials and synthetic and natural polymers alongside their physical and chemical
preparation methods, are compared. Important factors affecting rate of release, mechanism of release
and mathematical modelling approaches to predict nutrient release are also discussed. This review
aims to provide a better overview of the developments regarding CRFs in the past ten years, and
trends are identified and analyzed to provide an insight for future works in the field of agriculture.

Keywords: controlled release fertilizer; coating materials; release; mechanism; nutrients

1. Introduction

The world population is forecasted to increase by one third or 2.3 billion in 2050,
despite the slower growth rate compared to the last four decades [1,2]. As the population
keeps blooming, food demand is also expected to rise. Fertilizers provide nutrients to
plants and are often credited for the improvement in crop yield, which results in expo-
nentially increased fertilizer use worldwide. Among the three macronutrients required
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(Nitrogen/Phosphorus/Potassium), nitrogen (N) is the most crucial and essential to plant
growth, and urea is the most commonly used nitrogen-based fertilizer due to its high
N content (46 wt.%) and its low cost [3–5]. However, it is prone to being lost due to
poor absorbance by crops, contributing to economic decline and severe environmental
concerns such as nitrate leaching, groundwater contamination, soil acidification, heavy
metal contamination and eutrophication of freshwater bodies [6–8]. On the other hand, the
periodic dosing of fertilizer also results in concentration fluctuations between ineffective
and toxicity levels, which may affect the growth of certain agricultural species [9].

There has also been increasing interest in applying biocontrol agents such as Strep-
tomyces bacteria [10] and phenazine-1-carboxylic acid (PCA) found in commercialized
biopesticide formulations [11]. It was reported that Streptomyces could produce various
bioactive compounds [12–14] and inhibit various phytopathogenic fungi [10], while active
components such as PCA exhibited strong redox, conferring resistance oxidative stress in
plant cells [11]. However, the successful application of these biocontrol agents remains a
challenge due to wide variations in environmental conditions. Therefore, researchers are
still actively looking for a better solution to improve the utilization efficiency of fertilizers
and reduce adverse environmental impacts associated with their use.

Controlled release fertilizers (CRFs) have been extensively studied to provide a safer,
more economical, and efficient way of administering nutrients as they are made available
to the target at the desired rate or concentration level, hence sustaining the nutrients in the
soil for a longer period [7,15,16]. This helps to improve nutrient use efficiency (NUE) by
less frequent dosing and reduced environmental hazards by diminishing nutrient removal
rate from the soil by rain or irrigation [17].

Commercial CRFs using polymer coatings are mostly made of thermoplastic resin
such as polyolefin, polyvinylidene chloride and copolymers which cannot degrade easily
in soil and can accumulate overtime. According to the International Fertilizer Association
(IFA) [18], on the agreement of the new European Union (EU) Fertilizer Regulation, the EU
is also working on biodegradability criteria for polymer coatings in CRFs. Therefore, the
research focus has been shifted to the development of CRFs from environmentally friendly
and safer materials that can provide better performance on controlling release rate.

Therefore, this work aims to review the types of coating materials, preparation meth-
ods and release patterns of CRFs, discuss empirical and mechanistic approaches in mod-
elling nutrient release and identify the future direction associated with the development
and utilization of CRFs, through recent studies.

2. Limitations of Conventional Fertilizers

Direct administration of chemical fertilizers to plants was shown to have low utiliza-
tion efficiency as only 30–35% of the nutrients are absorbed [3,4,19,20]. Urea, the most
commonly used N-fertilizer, was reported to have NUE levels of only 50%, where 2–20% is
lost through volatilization, 15–25% reacts with organic compounds in the soil and 2–10% is
lost through leaching into water systems, leading to pressing environmental concerns [4,6].
Figure 1 shows a simplified nitrogen cycle in the soil and how naturally occurring nitrogen
in the soil and fertilizer change from one form to another. Nitrogen in urea is converted
by urease enzymes in the soil to ammonium through mineralization, then converted to
nitrite and nitrate ions via the nitrification process. When the soil cannot retain the urea
due to excessive water from irrigation or heavy rainfall, nitrate ions will leach to ground
and surface water bodies. Consequently, high concentrations of nitrate ions in plants and
drinking water could pose high risks to human health [6,8]. Besides water pollution, nitro-
gen is also lost through volatilization as N2 and N2O, through complete and incomplete
denitrification processes, respectively [21]. Ammonium could also be lost as NH3 through
volatilization. Nitrogen-based fertilizers have also been reported to be the source of N2O,
which is the primary substance for worldwide ozone depletion in the 21st century [6,22].
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Figure 1. Nitrogen cycle in soil. Adapted from [23].

3. Controlled Release Fertilizer (CRF)

Slow release fertilizer (SRF) and controlled release fertilizer (CRF) are often used inter-
changeably. SRF is known as “low solubility compounds with a complex/high molecular
weight chemical structure that release nutrients through either microbial or chemically
decomposable compound” [24], where CRF can be defined as “products containing sources
of water-soluble nutrients, the release of which in the soil is controlled by a coating ap-
plied to the fertilizer” [25]. SRFs are generally classified into condensation products of
urea-aldehydes, fertilizers with a physical barrier (coated or incorporated into matrix) and
super granules. CRF is a subset of SRF which falls under the category of fertilizer with a
physical barrier. The simplified classification of CRFs is presented in Figure 2.

Figure 2. Simplified classification of controlled release fertilizers (CRFs).

Although the required nutrient release rate by CRF varies for each plant depending on
the metabolic requirements of the crop for a specified period, the European Standardization
Committee (CEN) Task Force has made some recommendations on the criteria of CRF
such that the rate of nutrient release must be slower than conventional fertilizer, not more
than 15% of the nutrients are released within 24 h, not more than 75% of the nutrients are
released within 28 days and at least 75% of the nutrients are released within the stated
release time [23].

Some other factors that are required from a CRF include cost-effectiveness, being
environmentally friendly and sustainability.

3.1. Advantages of CRF

The application of CRF can help to improve NUE and reduce nutrient loss, primarily
through nitrate leaching and the volatilization of ammonia and nitrous oxides, which
contribute to minimizing environmental pollution. It is also possible to decrease the
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fertilizer application rate by 20 to 30% of the recommended value to achieve the same
yield [7,23]. This can provide economic advantages in terms of saving labor, time, and
energy. In addition, when CRF releases nutrients at a desirable rate (preferably in a
sigmoidal pattern), it contributes to agronomic safety by reducing the toxicity imposed to
plants, especially seedlings [26,27]. This is because the conventional practice of chemical
fertilizer application tends to result in the high local concentration of ions, which induces
osmotic stress and causes damage to plants [26,27].

3.2. Disadvantages of CRF

There are still no standardized methods to determine the nutrient release rate from
CRF in a reliable way. There is also a lack of correlation between data obtained from
laboratory studies and the actual nutrient release rate in practical applications that can
be made available to consumers [23]. In addition, CRFs have not always been compared
to the best fertilizer management practices when reporting about their advantages [28].
Using a CRF such as Sulfur Coated Urea (SCU) in large quantities can increase soil acidity,
while polymer-coated CRFs using synthetic materials may be difficult to degrade, which
contributes to other forms of pollution. During the application of CRF, nutrients may
continue to be released even in the absence of plants due to the tailing effect. The tailing
effect occurs after 80–85% of the nutrients are released and the remaining nutrients are
released in a prolonged manner [26]. Furthermore, the cost for manufacturing CRF today
is still much higher compared to conventional chemical fertilizers, which restricts its
widespread use in agriculture [23].

4. Coating Materials

Coating materials are typically made up of two categories, namely inorganic materials
and organic polymers [23]. Inorganic materials include sulfur, bentonite, and phospho-
gypsum while organic polymers can be either synthetic polymers, such as polyurethane,
polyethylene, alkyd resin, etc., or natural polymers such as starch, chitosan, cellulose, and
others [23]. Additionally, recent studies show that organic materials such as biochar, rosin
and polyphenol are being utilized [29–31]. Different combinations of these materials were
explored to examine the effect on the release rate of urea and to determine their possibility
as coating materials for CRFs. This section categorizes the materials into four groups,
namely inorganic material-based, synthetic polymer-based, natural polymer-based and
other organic materials.

4.1. Inorganic Material-Based Coatings

Most of the inorganic based coating materials are made from sulfur and minerals.
Sulfur based coating CRF, SCU, was one of the earliest developed by Tennessee Valley
Authority (TVA) in 1961. However, as the coating is typically damaged with imperfections,
nutrient release cannot synchronize with plant requirements and results in immediate
release when it comes into contact with water, termed as the “burst effect” [23]. Hybrid
coatings of polymer and low cost sulfur (about 38.5–42% N, 11–15% S and less than 2% poly-
mer sealant) were developed to overcome this problem, but despite some improvements,
the “burst” and “lock-off” characteristics still persist [23].

Other low-cost sulfur based materials such as gypsum and phosphogypsum were
also reported in recent studies. They are advantageous over sulfur as they are slightly
soluble in water, do not alter soil pH and can provide sulfate ions readily to plants [32].
Ibrahim et al. [33] varied gypsum and sulfur proportions as coating material and reported
that an equal ratio of gypsum and sulfur results in the best efficiency and lowest urea release.
Babadi et al. [34] also presented similar results with gypsum/ground magnesium lime
coating. Efficiency was shown to improve by adding hydrophobic sealant such as paraffin
and polyol. A urea release study from both studies showed similar urea concentrations of
2.15 mol/L and 2.5 mol/L, respectively, after 5 h. Despite having slower release properties
than conventional urea, it is still faster compared to SCU. Phosphogypsum/paraffin CRF
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synthesized by Yu and Li [35] showed superior controlled release properties of urea
compared to previous studies and satisfies the controlled release criteria by the European
Standardization Committee (CEN) Task Force. This was due to the addition of emulsifier,
Span™ 80, which enhances the adhesion of the brittle paraffin coating. Its release rate also
slows down significantly as the particle size and thickness of paraffin coating increase.

Minerals such as hydroxyapatite, bentonite, zeolite and attapulgite were also explored
as they can act as soil conditioners and improve the physical and chemical properties of the
soil as well as ion-exchange properties that favor plant growth [36]. Kottegoda et al. [37]
used nanotechnology to develop urea-hydroxyapatite (HA) nanohybrid CRF. Release
studies in water showed that the Urea-HA nanohybrid CRF released urea slowly for up to a
week. This was attributed to the moderately strong bond between the amine group of urea
and carbonyl group of hydroxyapatites. It was also proven in field applications to be able
to save up to 50% of urea consumption. Elhassani et al. [38] developed urea-impregnated
hydroxyapatite encapsulated with lignocellulosic biomass, which further retards the initial
release rate and sustains the release for up to 55 days to release 75% of the nutrients,
compared to 3 days for an unmodified formulation, due to its hydrophobic nature.

Dubey and Mailapalli [39] formulated zeolite coated urea fertilizer using different
binders (corn and potato starch, bentonite, white cement, acrylic polymer). The acrylic
polymer was shown to be the most effective binder as it forms a stable CRF with high crush-
ing strength and slowly releases 54% of N after 8 h in water. Pereira et al. [40] prepared
CRFs using bentonite nanocomposite modified with various concentrations of hydrophilic
(polyacrylamide) or hydrophobic (polycaprolactone) polymer. Polyacrylamide hydrogel
was more effective as it has good interaction with bentonite/urea nanocomposite, which
competes with water and slows down urea release. Moreover, bentonite is electrically
balanced by cations which allows NH4

+ ions to be adsorbed to the matrix. The slowest
cumulative release is 8% in 8 h [40]. This was superior compared to the urea, bentonite and
organic polymer composite prepared by Xiaoyu et al. [3], where the slowest cumulative re-
lease is 45% in 8 h. Hermida and Agustian [21] formulated CRF by incorporating bentonite
using starch and hydroxypropyl methylcellulose (HPMC) binders. CRF with HPMC binder
has faster release due to its hydrophilicity, while the one with starch content released
25% urea in 8 h. This study suggested that these minerals and binders form physical
attraction through Van der Waals forces, hydrogen bonds and electrostatic attractions be-
tween molecules, which aids in slowing down the release. Attapulgite modified with ethyl
cellulose (EC) and carboxymethyl cellulose and hydroxymethyl cellulose (CMC/HEC)
hydrogel was prepared by Ni et al. [41], and similar to bentonite, was able to retard release
due to its adsorption capability. However, the release was much slower compared to
previous studies (15% in 3 days) due to an optimum EC and CMC/HEC hydrogel ratio
and optimum crosslinker content. Table 1 summarizes the inorganic materials used to
formulate CRFs and the duration required to release 75% of their nutrient content.

Table 1. Sulfur and mineral-based CRFs.

Sulfur-Based

Material Modifier Research Findings Release Duration a References

Gypsum Sulfur/paraffin; ground
magnesium lime//polyol

Addition of hydrophobic sealant
slows down release but still faster
than commercial CRF.

NA [33,34]

Phospho-gypsum Paraffin wax/Span™ 80
Addition of emulsifier significantly
reduces the release rate due to
enhanced paraffin adhesion.

10 days [35]

Mineral-based

Hydroxyapatite (HA) Lignocellulosic biomass

Urea adsorption due to chemical bond
with HA results in slow release. It can
be further enhanced with the addition
of hydrophobic filler.

5 min–3 days [37,38]
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Table 1. Cont.

Zeolite
Corn and potato starch,
bentonite, white cement,
acrylic polymer

Suitable binder type can slow down
the release rate.

8 h (>8 h for acrylic
polymer) b [39]

Bentonite

Starch, hydroxypropyl
methylcellulose (HPMC);
hydrophilic polymer
(polyacrylamide);
hydrophobic polymer
(polycaprolactone)

Nanocomposite provides a superior
controlled release. The urea release
rate is affected by binder type and
slowed down due to adsorption by
bentonite.

2 days [3,21,40]

Attapulgite (APT)

Ethyl cellulose (EC) and
sodium carboxymethyl
cellulose/hydroxyethyl
cellulose hydrogel

Urea release slowed down due to
adsorption by APT. Optimum.
Carboxymethyl cellulose and
hydroxymethyl cellulose (CMC/HEC)
and crosslinker content are also
important factors.

5 days [41]

a Time required to reach 75% release; b Release experiment only conducted until 40% release.

4.2. Synthetic Polymer-Based Coatings

Following sulfur and other inorganic materials, polymer coating materials become
more favorable as they are insensitive to environmental factors and can be altered for the
controlled release of fertilizers. Release patterns from polymeric coatings depend on their
thickness and soil temperature, which will affect diffusion [42]. The use of single or blended
polymeric materials was developed to solve the problem of quick and instantaneous
nitrogen release.

Yang et al. [43] prepared polystyrene with wax and polyurethane (PU) additive for
coating urea. An experiment shows that PU is more effective in reducing release rate with
the same coating percentage, as wax cannot prevent water from penetrating the coating
at early stages of release. Increasing tablet size also reduces the rate and coating material
required, hence lowering its production cost. Li et al. [44] developed coated urea using
pure PU and mesoporous silica filler with different morphologies (fibrous, nanorod and
spherical). Different morphologies significantly influence the pore structures, such that
they may agglomerate or cause defects which affect the release rate. Rod-like morphology
was found to be the most effective as it forms an interpenetrating network between PU
and mesoporous silica and is able to release 80% of its content over a period of 80 days.
Dai et al. [45] synthesized coated urea fertilizer with different levels of hydrophobicity
by copolymerizing PU and hydroxypropyl-terminated polydimethylsiloxane (HP-PDMS).
Implementing inner hydrophilic and outer hydrophobic gradient layers increases the
diffusion resistance of urea and allows its release over more than 60 days. Gradient
hydrophobic coating layers also reduce the coating thickness required to achieve the same
release rate by uniform coating, which significantly reduces cost.

A new class of polymer, polyether sulfone, was also used together with Fe2O3
nanofiller as a CRF [46]. The addition of Fe2O3 nanoparticles (NPs) thickens the coat-
ing layer, which slows down the release of nutrients. In addition, Fe2O3 NPs allow the
capsules to be recovered using magnetic power and reused, although the release rate
tends to increase after 2–3 cycles due to the accumulation of content from the previous
application. Due to rising environmental concerns, biodegradable synthetic polymers as
coating materials were actively explored. Synthetic biodegradable aliphatic polyesters are
hydrophilic and susceptible to hydrolytic degradation. This was confirmed by Ye et al. [47]
and Bi et al. [48] by using different kinds of aliphatic polyesters as the coating material.
These studies reported that increasing the size of coated fertilizer while using smaller
crystals of urea dispersed in the matrix slows down degradation and the release rate.
Degradation up to 82% after 3 months was reported by Ye et al. [47]. Li et al. [49] also for-
mulated bio-based epoxy coatings by using different liquified bagasse (LB) to bisphenol-A
diglycidyl ether (BDE) ratios, which significantly affect the material property and release
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characteristics. Increasing BDE to an optimum amount increases the compactness and
hydrophobicity, which retards the release rate.

Furthermore, hydrogel is receiving much attention due to its ability to absorb a large
amount of water to reduce irrigation frequency and improve water retention in soil. Urea
release using polyvinyl alcohol-based hydrogel was synthesized by Sarkar and Sen [50]. It
can swell up to 250% and release only 15–20% urea on the first day. It was also reported
that this CRF could adsorb Fe (III) ions due to its affinity to urea and reduce its toxic effects
to plants. Chen et al. [51] formulated PVA/biochar CRF since the results of hydrophilic
PVA alone on release rate was limited. Biochar is used as a support material to enhance
mechanical strength and improve biodegradability as it can adsorb microorganisms. Rice
biochar was shown to be the most effective comparative to biochar from other botanic
origins as it has less hydrophilic OH- groups. Urea was encapsulated more compactly
and densely and released 60% of nutrients in 22 days. Table 2 summarizes the synthetic
polymers used to formulate CRFs in recent years and the duration required to release 75%
of their nutrient content.

Table 2. Synthetic polymer-based CRFs.

Synthetic Polymer-Based

Material Modifier Research Findings Release Duration a References

Poly-
styrene Wax; Polyurethane

Wax is brittle and cannot prevent
water penetration into the coating.
Increasing size slows down release
and reduces coating material required.

70 days [43]

Poly-
urethane (PU)

Mesoporous silica;
Hydroxypropyl-
terminated
Polydimethylsiloxane
(HP-PDMS)

Filler morphology affects the release
rate. Implementation of hydrophobic
gradient layer increases urea diffusion
resistance.

55–70 days [44,45]

Polyether sulfone Fe2O3 nanoparticles (NPs)

A new class of CRF. Fe2O3 NP
increases coating thickness and
reduces release rate. It also allows the
carrier to be recovered and recycled.

NA [46]

Biodegradable Synthetic Polymer-based

Aliphatic Polyester -
The increasing size of CRF but using
smaller urea crystals slows down
degradability and release rate.

1 day [47,48]

Bio-based Epoxy

Different ratio of liquified
bagasse (LB) to
bisphenol-A diglycidyl
ether (BDE)

Optimum BDE amount increases
compactness and hydrophobicity and
retards release rate.

10–30 days [49]

Polyvinyl Alcohol PEG and Na2SO4; biochar

High water swelling rate and only
15–20% release on the first day.
Improves water retention in soil and
can adsorb Fe(III) ions which reduces
toxicity to plants. Biochar improves
mechanical strength, degradability
and slows down release rate.

>30 days b [50,51]

a Time required to reach 75% release; b Release experiment only conducted until 40% release.

4.3. Natural Polymer-Based Coatings

Although synthetic polymers can be tuned and modified to obtain desirable properties
of CRFs, non-biodegradable polymers have a major negative impact on the environment.
After releasing their nutrient contents, the remaining polymer materials will remain and
accumulate up to 50 kg/ha per year in the soil, causing white pollution [52]. This drives
the research interest to natural polymers that are biodegradable and non-toxic to the envi-
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ronment. Natural polymers are commonly used with other materials to form composites,
as natural polymers alone do not have adequate mechanical integrity and other properties
ideal for a CRF.

Several papers have studied oil-based polymer coating material. For instance,
Yang et al. [53] prepared a double-layer polymer coated urea (DPCU) CRF using corn
stover-based polyurethane as the inner layer and superabsorbent from chicken feather
meal as the outer layer. They reported that hydrogel does not have any effect on the
diffusion of urea as it only improves water retention in soil. The release rate was thus
controlled by the coating thickness of the inner layer. The DPCU showed great controlled
release properties as 75% of the nutrient content was released in 35 days. Bortoletto-
Santos et al. [54] studied soybean and castor oil-based polyurethane coatings. They
reported that castor oil-based PU provides better adherence to urea surface, which
results in prolonged release times. The 7.5% soybean and 5% castor-based coating
PU released urea in 40 days, showing that the same performance can be achieved
using lower coating thickness and castor-oil based PU. Modified alkyd resin prepared
with castor oil or rubber oil blended with starch was prepared by Uzoh et al. [55],
agreeing that castor oil can provide superior controlled release properties with lower
cost. Bortoletto-Santos et al. [56] further studied that castor-oil based PU also reduces
N2O emissions without impacting the yield of maize grain. However, this study was
specific to sandy soil and the results might differ in different soil types. These results also
agree with the study conducted by Liu et al. [57]. However, this research incorporated
nano-fumed silica (thickening agent), which was found to reduce porosity and pore size
while slowing down release rates. Dong Feng et al. [58] prepared soybean oil-based
PU coated urea. The team reported that the isocyanate index used in this study affects
the morphology, crosslinking density, water absorption and the release rate. Higher
isocyanate index results in higher cross-linking degree and lower water absorption,
which decreases concentration gradient and slows down the release. The degradation
rate ranges from 10.23% to 29.63% after 180 days, which increases with increasing
vegetable oil-based polyol content. Elastic biobased PU coating by modification of
acrylonitrile prepared by Liu et al. [59] showed enhanced swelling capacity and a slow
nutrient release of up to 80 days, as compared to 50 days by normal biobased PU.

Liu et al. [60] synthesized polysulfone using SO2 and eugenol as a coating material
and showed a superior nutrient release of 70% in 30 days. Increasing molecular weight
(Mw) of the polymer decreases the rate of degradation as the intrusion of moisture is
prevented. Yang et al. [61] developed hydrophilic coating using latex, but in contrast to
Yang et al. [53], it was reported that swelling degree is the main factor affecting the release
rate. Urea content strongly affects the swelling degree as it forms H-bonds easily with
water and hinders the H-bond formation with polymer chains, which inhibits the diffusion
of the water molecule. Riyajan et al. [62] prepared coating materials using natural rubber
grafted with cassava starch (NR-g-ST), which is robust, rigid, and hard to swell. Increasing
starch content reduces the hydrophobicity of natural rubber (NR) and improves swelling.
NR-g-ST forms a dense structure which reduces diffusion rate through swollen beads (21%
in 24 h). Cui et al. [63] agree that NR plays a vital role to retard the release rate due to its
hydrophobic nature. They prepared a double-coated CRF by entrapping urea in attapulgite
matrix, coated with NR as the inner layer and NR-g-polyacrylamide (NR-g-PAA) as the
outer layer to enhance hydrophilicity. This multicoated hydrogel provides great controlled
release through delayed swollen beads of the hydrogel (44.37% in 30 days).

Starch is the most researched natural polymer for coating material due to its availability
and low cost. Rychter et al. [64] prepared a starch based CRF with urea acting as the
plasticizer. It was shown that plasticizer reduces moisture content, which affects the
mechanical properties and crystallinity of the matrix. Higher urea content slows down the
release, but it was reported that it was not satisfactory (75% nutrient release in 12 h) and
further modification must be made to increase hydrophobicity for long term applications.
This agrees with the work by Niu and Li [65], who used starch grafted with vinyl acetate
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which increases the hydrophobicity. This reduces swelling abilities, increases encapsulation
efficiency and decreases nutrient cumulative release to 50% in 30 h, which is slower than
the previous study. Giroto et al. [66] developed a starch/melamine/urea CRF and reported
that higher melamine content slows down the release due to interaction between the amine
group of urea with melamine and starch (40% in 120 h). Versino, et al. [4] reported similar
trends as the team developed starch-based coating material with urea as the plasticizer, but
with bagasse as a reinforcing agent. This improves the mechanical properties and, coherent
with previous studies, increasing urea content and reinforcing agent promotes interactions
which retard release. This composite provides better slow release compared to previous
studies by releasing 95% of urea in 15 days.

Many starch-based hydrogel CRFs were developed in recent years due to the ben-
efits associated with water retention, as mentioned previously. Jin et al. [67] devel-
oped starch/poly(acrylic acid-co-acrylamide) superabsorbent (SAAmF), which is partially
degradable. Increasing the starch to poly(acrylic acid-co-acrylamide) ratio decreases water
absorbency because the aperture in the 3D network reduces. This results in a slower release
of 55% in 30 days. This was agreed by Xiao et al. [68] and Wen et al. [69] with similar
cumulative release. However, in a study by Wen et al. [69], bentonite was incorporated in
the hydrogel, which improves adsorption and complicates the path of nutrients, which
contributes to slower release. Salimi et al. [70] synthesized starch hydrogel reinforced with
natural char nanoparticles (NCNP). The release rate was reduced with increasing NCNPs
because of favorable interactions between interfacial polymer and fillers. It was reported
that 70% of the nutrient was released in 21 days. Qiao et al. [71] prepared a double-coated
CRF with EC as inner coating and starch-based superabsorbent as an outer coating material.
Using potato starch had the most significant impact on reducing grid size and increasing
fractal gel size, which contributed to increased water absorption with slower absorbing
rate. Hence, starch from different botanical origins greatly affects the morphology. To-
gether with hydrophobic EC, the formulation improved release rate, although it did not
fulfill the European Committee for Standardization (CEN EN 13266). Patil et al. [72] also
performed similar work using cellulose nanofibrils (CNF) from waste sugarcane bagasse
as filler. Although the reported release rate was not satisfactory, characterization showed
that this formulation had 3.5 times lower surface area compared to neat urea and had a
higher overall release of the active compound. This creates a great potential for making
cost-effective CRF as the content is utilized to its fullest. All works with starch-based
hydrogels show superior water holding capacity and retention in the soil compared to
those without hydrogel CRF.

Cellulose and lignin are attractive raw materials for coating as they are the most
abundant natural resources with low cost. Xie et al. [73] developed a novel macromolecular
fertilizer poly(dimethylurea phosphate) (PDPU) which has a lower solubility than urea.
It was proven that PDPU alone acts as a physical barrier and slows down the release.
However, using wheat straw superabsorbent coating further enhances the performance
as it can slowly swell to become a hydrogel and slowly release 67.6% of the nutrients in
30 days. Li et al. [74] also performed similar works but the release was reported to be 85% in
8 days, which was likely to be caused by fast urea dissolution compared to PDPU. Bortolin
et al. [75] developed hydrogel composed of polyacrylamide (PAAm), methyl cellulose (MC)
and montmorillonite (MMT) NPs. MMT decreases water absorption and, agreeing with
the previous studies, it favors adsorption in the nanocomposite, which increases loading.
Moreover, hydrolysis treatment of the hydrogel decreases pore size with increasing clay
content and increases the amount of urea desorbed in a longer period, maximizing its
utilization. Work by Wen et al. [76] also shows that incorporating bentonite increases
porosity and compactness, which creates a tortuous path and retards diffusion (60% release
in 30 days). Olad et al. [77] formulated a carboxymethyl cellulose-based nanocomposite
with silica NPs, which increases water absorption and reduces the cost of formulation.
A total of 56.4% of the fertilizer was released in 30 days. Mulder et al. [78] worked with
different commercial lignins as the coating material. Soda flax lignin (Bioplast) with the
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addition of hydrophobic alkenyl succinic anhydride (ASA) and crosslinkers shows the
greatest potential for slow release due to its water repelling properties, although the release
rate is still too high for industrial applications.

Alginate is a natural and biodegradable polymer extracted from marine algae, reported
by various studies to be the most non-toxic, which readily forms beads by crosslinking in
the presence of divalent cations, such as CaCl2 [79]. Rigid shells are then formed where
the substances are trapped in the core. Wang et al. [15] developed a double-coated CRF
with the inner layer coated with sodium alginate (NaAlg)/κ-carrageenan (κC) and the
outer layer coated with κC grafted with celite superabsorbent (κC-g-PAA/celite). This
formulation achieved 343% of the swelling and a slow release of 90% in 25 days through
optimum content of crosslinker, κC and celite, which affects the morphology. Rashidzadeh
and Olad [80] also formulated alginate-based superabsorbent incorporated with MMT
to form a nanocomposite. This creates a highly porous structure, which increases water
absorption. The formation of a tortuous structure retards diffusion and induces a slow
release of 68.34% of nutrients in 30 days. The incorporation of biogenic silica in the alginate
matrix by De Matos et al. [81] also reported similar effects and had a cumulative release
of 85% in 60 days. The incorporation of CNF into alginate matrix was also investigated;
however, it agrees with the previous findings from Patil et al. [72] that it has no effect on
release properties, but serves as a potential raw material for more sustainable preparation.

Chitosan is a polysaccharide derived from the exoskeleton of crustaceans and cell
walls of fungi, which exhibits antifungal and antiviral properties in plants [20]. Several
works using chitosan have been carried out. Araújo et al. [82] formulated chitosan-based
coating material using humic substances (peat, humic acid, humin). It was reported that,
depending on the type of humic substances and the pH of the aqueous medium, it will
affect the release rate differently due to the functional group and possible interactions of
each compound with urea. Work by Huey et al. [83] involved the use of allicin, which is
a urease inhibitor in chitosan/starch composite. It was reported that allicin lowers the
hydrolysis rate of urea and postpones the availability of nutrients to plants. Adlim et al. [84]
developed urea-magnesium-natural rubber composite coated with chitosan. They reported
that magnesium interacts with urea to become solid and become trapped in the rubber
matrix, holding urea release. However, it was mentioned that chitosan does not provide
any significant effect on the release. Iftime et al. [20] formulated chitosan hydrogel with
salicylaldehyde, which can act as a soil conditioner due to larger water holding capacity in
soil and a reduced water evaporation rate. Urea is anchored by H-bonds into the chitosan
hydrogel mostly as submicrometric crystals. So, larger urea crystals will be less anchored
into the matrix and result in faster release. Table 3 summarizes the natural polymers used
to formulate CRFs and the duration required to release 75% of their nutrient content.

Table 3. Natural polymer based CRFs.

Natural Polymer-Based

Material Modifier Research Findings Release Duration a References

Biobased
Polyurethane (PU)

Isocyanate, acrylonitrile
modification,
superabsorbent from
chicken feather meal; nano
fumed silica

Double layer polymer coating
significantly retards the release rate.
Castor oil-based PU has better
adherence as the coating material.
Nano fumed silica reduces porosity
and pore size. Isocyanate affects the
structure of PU which affects the
release rate.

14–77 days [53,54,56–59]

Bio-based modified
alkyd resin Cassava Starch Using castor oil reduces coating

requirement compared to rubber oil. NA [55]

Polysulfone (SO2
and eugenol based) -

Increasing Mw of polymer reduces the
rate of degradation, slowing down the
release.

3–30 days [60]
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Table 3. Cont.

Natural Polymer-Based

Material Modifier Research Findings Release Duration a References

Latex - Urea content affects swelling degree
which greatly affects the release rate. 30 days [61]

Natural rubber
Cassava starch;
attapulgite/NR and
NR-g-Polyacrylic acid

Hydrophobic NR can retard release
rate with enhanced hydrophilicity
through grafting. Multicoated CRF
with NR and hydrogel shows great
controlled release.

>24 h b [62,63]

Starch

bentonite; cellulose
nanofibril from bagasse;
natural char NP; bagasse,
melamine,
polyvinylacetate; EC

Urea can act as a plasticizer.
Modification of starch to increase
hydrophobicity and the use of
reinforcing agent can improve
controlled release. Starch-based
hydrogel shows excellent water
holding capacity and retention in soil.
Using an appropriate filler creates
interactions which slow down
the release.

6–30 days [4,64–72]

Cellulose Silica NP, bentonite,
montmorillonite (MMT)

Incorporation of filler into
cellulose-based coating material
promotes tortuous path and
compactness which slows
down diffusion.

6 days–30 days;
>30 days (w/MMT)c [73–77]

Lignin Alkenyl succinic anhydride
Water-repelling properties shows
great potential to retard
nutrient release

10–30 min [75]

Alginate
K-Carrageenan/celite
superabsorbent; MMT;
biogenic silica

Incorporation of filler increases
porosity which improves water
absorption and slows down
the release.

18–50 days;
>60 days (w/MMT) [15,80,81]

Chitosan

Humic substances;
starch+allicin;
salicylaldehyde;
magnesium+natural
rubber

Smaller urea crystals can be better
encapsulated in the matrix for slow
release. Chitosan does not provide
strong effects but incorporation with
other materials may promote
interactions that retard release.

7–13 days [20,82–84]

a Time required to reach 75% release; b Release experiment only conducted until 30% release; c Release experiment only conducted until
60.8% release.

4.4. Other Organic Material Coatings

Several other organic materials that were not under the category of polymers were
discussed. Their application may also promote chemical and biological properties of the
soil and ion exchange [85].

Wen et al. [86] prepared a CRF with biochar/super absorbent polymer grafted with
bentonite to increase its water retention properties. Biochar was reported to have a strong
sorption capability, which makes suitable for CRF application. A slow release of 70% of
the content in more than a month was reported. Similar theory and cumulative release
were reported by Shi et al. [31]. It was also reported that the proper mineral binder
could enhance N retention through surface adsorption and organic/mineral interaction.
Mumtaz et al. [29] prepared a coated CRF using rosin adduct with maleic anhydride, and it
was reported to be an effective barrier to slow down urea release (45% in 14 days). This can
be due to the covalent bonds between the carbon in maleic anhydride and nitrogen in urea.
It was also shown to work effectively under different soil textures. Table 4 summarizes the
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organic materials used to formulate CRFs in recent studies and the duration required to
release 75% of their nutrient content.

Table 4. CRFs coating from other organic materials.

Other Organic Materials

Material Modifier Research Findings Release Duration a References

Biochar Bentonite, sepiolite Good urea sorption capability by biochar and
mineral binder to slow down the release. 30 days [31,86]

Rosin Adduct Maleic anhydride
The effective barrier for urea release due to the
covalent bond between maleic anhydride and urea.
Works effectively under different soil texture.

4 days b [29]

a Time required to reach 75% release; b Time required to release 45% and reached plateau.

According to the criteria of CRF as recommended by the European Standardization
Committee (CEN) Task Force, no more than 75% of the nutrients should be released within
28 days [23]. Based on the summary of the time frame of release in Table 1, sulfur, mineral
and inorganic-based CRFs did not fulfill the criteria as the nutrients were quickly released
in a matter of minutes, hours or a few days. This was due to the brittle nature of the main
materials, which makes the coating susceptible to cracks. However, the use of certain fillers
which have hydrophobic properties (Span™ 80) and good adsorption capability (bentonite,
sepiolite) helped to prolong the release rate.

On the other hand, for synthetic and natural based polymer CRFs, the formulations
that fulfilled the release criteria are those that had certain degrees of hydrophobicity such
as polyurethane, natural rubber, or the presence of hydrophobic gradients in the coating.
Hydrophobic fillers (polyurethane) and fillers with good adsorption capability (bentonite,
montmorillonite, natural char, biochar) play major roles in determining the release rates of
fertilizer. The ideal properties of the CRF must be sufficiently hydrophilic and hydrophobic,
and the nutrients must be able to adsorb well on the CRF matrix for optimum performance.

5. Coating Techniques

The coating methods of controlled release fertilizers can be divided into physical
or chemical processes. Physical methods such as spray coating using a rotary drum,
pan coater and fluidized bed technologies are well known, well developed and have
been implemented commercially even until today. These spray coating techniques are a
continuous process with low operating costs. They are also easily scalable, which makes
them attractive for industrial-scale processes. However, several drawbacks come with
these techniques.

Sprayed coatings form more porous membranes than casted ones, which makes their
structure difficult to predict unless they undergo experimentation [87]. Coating using
a rotary drum requires a large volume of raw materials, as a lot of it will be wasted to
achieve uniform coating [88]. This increases the cost of raw materials. This method was
reported in various studies that use polyurethane, epoxy, and gypsum as the coating
materials [33,49,51,53,58–60]. The rotary drum is usually pre heated to around 70 ± 2 ◦C
for 5 to 10 min before placing the urea prills. The coating is carried out using side spray
nozzles at 0.7 MPa and the drum is rotated at 45◦ and spun at 60 rpm. The process of
preheating, coating, cooling, and collection can take up to 1 to 3 h.

On the other hand, in pan coating, a coating solution is sprayed to urea granules
under air high temperature for drying purposes [88]. This often results in poor coating
quality (defective porous layer) due to poor maintenance of the humidity level during
production [89]. It was also reported that coating uniformity using this method is affected
by particle size distribution, binder properties, the number of coating materials and drying
temperature [27]. This method is reported in various studies that use clay minerals and
natural as well as synthetic polymers [15,35,39,54,56,63,71,78]. Granules with the desired
size range are obtained under water atomization and coating solution is sprayed while the
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pan is tilted to 45◦ and rotating at 16 to 30 rpm. Dubey and Mailapalli [39] reported that at
least 20 min was required to achieve uniform coating thickness. Then, coated granules are
dried using hot air of 130 to 140 ◦C to remove excess water.

Fluidized bed spray technology yields more uniform coatings by using melt or liquid
coating materials. Moreover, it also allows a wider selection of coating materials, either
non-solvent mediated, solvent-mediated, hydrophilic or hydrophobic [90]. The process is
controlled by adjusting many variables, such as spraying rate, coating cycle and tempera-
ture [30]. However, some drawbacks include expensive equipment, long residence time,
being prone to filter blockage, higher chances of solvent explosion and poor performance
with granules of a larger size as they affect trajectory [91]. This method is reported in
various studies that use synthetic and natural polymers [30,43,45,61]. The fluidization bed
is pre-heated with fluidization gas to 45–50 ◦C for 5 min. In a study by Dai et al. [45], the air
was compressed to 80 ◦C. The coating solution was pumped into the nozzle and atomized
at a set pressure and set flow rate depending on the process. Yang et al. [43] used a pressure
of 0.3 MPa while Wang et al. [30] used pressures between 1.8 and 2 MPa. The granules
were then dried at 54 to 60 ◦C in the fluidized bed.

However, these spray coating techniques often require the use of organic solvents
to dissolve the resin and control coating evaporation rates and viscosity, which affects
coating adhesion and durability [92]. The evaporation of organic solvent poses a hazard to
human health and the environment [93]. Thus, environmentally benign techniques such as
melting and extrusion using single or twin-screw extruders were developed to overcome
this problem. This method is also facile, cheap and does not involve high pressures [48].
However, hot melts are involved in the process and the equipment is expensive [94].
Several works using starch, polyesters and clay minerals use this method to prepare
CRF [3,21,38,40,48,64,66,68]. Torque and temperature must be monitored closely when
performing melting and extrusion techniques. Rychter et al. [64] reported CRF preparation
using a single screw extruder provided with six different heating zones, where the screw
rotation was operated at 50–60 rpm and with torque and melt pressure of 80–100 Nm and
25–30 Ba, respectively.

Chemical processes are often used to prepare hydrogel CRFs using superabsorbent
polymers. The preparation method includes solution polymerization, inverse suspension
polymerization and polymerization by irradiation. Monomers, initiators and crosslinkers
are the most important factors in hydrogel preparation as the concentration affects hy-
drogel properties [95]. Solution polymerization, also known as a cross-linking reaction,
is carried out by mixing the monomer and initiator, which must be soluble in the chosen
solvent. The solvent used reduces the viscosity of the reaction which eases the operation.
However, it is hard to recover the solvent since monomer and initiator are mixed with
multifunctional crosslinking agents and the slower rate of reaction results in lower encap-
sulation efficiency. Inverse suspension polymerization uses hydrophilic monomers and
initiators dispersed homogeneously in hydrocarbon phase (water in oil) and needs to be
constantly agitated since it is thermodynamically unstable [95]. Since the resulting reaction
is insoluble in the solvent, the solvent can be recovered, which can save costs, and it has
a higher rate of reaction which may improve encapsulation efficiency. However, there
may be possible contamination within the suspension, which requires further purification
processes downstream.

These methods are used to produce hydrogel CRFs using natural polysaccharides
including starch [67,72], alginate [80] and gelatin [96], or synthetic hydrophilic polymers
such as polyvinylpyrrolidone [77] grafted with acrylic acid and acrylamide monomer.
N,N-methylene biacrylamide (MBA) as cross-linker and ammonium persulfate (APS) as
initiator are also the most commonly used. Most of the formulations are soluble in water,
making the process environmentally benign. However, some formulations require the
use of organic solvents such as isopropanol, N,N-dimethylformamide (DMF) and 2,2-
dimethoxypropane (DMP). De Matos et al. [81] prepared a sodium alginate-based hydrogel
CRF by cross-linking with CaCl2.
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Another method of polymerization is by irradiation, which results in the formation
of macroradicals. When these macroradicals are recombined on different chains, it results
in covalent bonds and cross-linked structures [95]. Cotton stalk, corn cobs and biochar
based semi-interpenetrating networks (IPN) were synthesized using microwave irradiation
at 320 W for 4.5 min as a greener pathway of chemical synthesis due to simplicity, high
efficiency, and low energy consumption [69,76,86]. However, this method is yet to be
widely implemented in the preparation of CRFs. The coating techniques are summarized
in Table 5.

Table 5. Summary of coating techniques.

Coating Techniques Advantages Disadvantages

Physical Method

Rotary Drum • Can be a continuous process, low operating
cost, easily scaled

• Requires a large number of materials to
achieve a uniform coating

Pan Coating • Can be a continuous process, low operating
cost, easily scaled

• High air temperature for drying
• Poor maintenance of humidity level results in a
defective structure

Fluidized Bed

• Can be a continuous process, low operating
cost, easily scaled
• Can achieve a more uniform coating
• A more extensive selection of materials

• Expensive equipment
• Long residence time
• Prone to filter blocking
• Higher chance of solvent explosion
• Lower performance with larger granule size

Melting and Extrusion • Solvent-free
• Simple and cheap

• Hot melts are involved
• Expensive equipment

Chemical Method

Solution Polymerization/
crosslinking

• Solvent reduces viscosity which makes it
easier to process.
• Crosslinking density can be controlled by
varying monomer, initiator and cross-linking
agent content

• Lower rate of reaction results in possible loss
of compound
• Difficult to recover solvent from its final form.

Inverse Suspension
Polymerization

• Crosslinking density can be controlled by
varying monomer, initiator and cross-linking
agent content
• Higher efficiency due to high reaction rate
• The solvent can be recovered which reduces
the cost

• Prone to contamination by the suspension
•Must perform separation to purify polymer

Microwave Irradiation • Simple and low energy consumption • Not widely implemented in CRF preparation

6. Important Factors Affecting CRFs

As discussed previously in the materials section, the release rate of CRFs is generally
affected by the size, coating thickness and uniformity, the selection of materials as well as
the selection of binder and filler for the formulation. For hydrogels, the temperature, pH,
and ionic strength of the environment also affect the nutrient release rate.

6.1. Temperature

An increase in temperature reduces the duration of lag period and increases the linear
rate of release [97]. Emami et al. [46] explained that as the temperature in the environment
(soil) increases, the solubility of nutrients within the polymer and diffusion rate also
increase, as diffusion coefficient is a function of temperature. In addition, pore size also
increases with increasing temperature due to higher swelling, which results in higher
release rates. It was also mentioned that as temperature increases by 15 ◦C, the release
rate doubles. Bi et al. [48] reported that more rapid diffusion occurs at a temperature of
37 ◦C compared to 25 ◦C. They highlighted that the difference in temperature affects the
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degradation behavior in enzymatic environments. Similar findings were also reported by
Uzoh et al. [55]. The temperature dependence of the linear release rate is represented by
Equation (1):

Rlin = C0
sat × P0

s exp
(
−

EAps + EAc

RT

)
(1)

where Rlin is the linear release rate, C0
sat is the reference standard values of solubility

(g cm−3), P0
s is the reference standard values of permeability (cm2 d−1), EAc is the acti-

vation energy associated with the solubilization of the fertilizer (kJ mol−1), EAps is the
activation energy of its permeation through the membrane (kJ mol−1), R is the universal
gas constant (kJ mol−1K−1) and T is the temperature (K). The overall activation energy
of the release, EAps = EAps + EAc, is an important parameter which demonstrates the
sensitivity of nutrient release rate to temperature, and can be calculated by plotting Rlin
against 1/RT [97]. The parameters of the CRF can be modified to alter the EArel.

6.2. pH

The acidic or alkaline nature of the release medium has a significant effect on the
interactions of chemical species in the granule and the diffusion coefficient of the ions [98].
Rashidzadeh and Olad [80], Emami et al. [46], Wen et al. [69], Uzoh et al. [55] and Salimi
et al. [70] reported that at an acidic environment (pH 2–5), there is a high concentration
of H+ ions. This causes most of the carboxylate anions (COO−) to be protonated and pre-
vents anion-anion electrostatic repulsion in the network, decreasing the swelling capacity.
Similarly, at an alkaline environment (>pH 9), the presence of Na+ ions in the solution
shields the COO− anion and prevents anion-anion electrostatic repulsion. Between pH 5–9,
or in a more neutral condition, the swelling capacity was expected to be the highest as
the COOH groups are converted to COO− ions, which maximizes electrostatic repulsion.
Olad et al. [77] added that hydrogels are smart materials and respond well to pH as this
work shows on-off swelling behaviors between pH 8 and pH 2, where slower release is
observed in lower pHs with decreased swelling. The general behavior of hydrogel in
different pHs is shown in Figure 3.

Figure 3. Schematic of the behavior of hydrogel in different pH. Reprinted with permission from [80].
Copyright 2014 Elsevier.

6.3. Ionic Strength

From the studies mentioned in the previous section, swelling capacity in a salt
solution (containing NaCl, KCl, CaCl2, FeCl3) was also shown to be significantly lower
compared to distilled water. This is attributed to the difference in osmotic pressure,
which decreases due to the charge screening effect of the cations which shields the COO−

anions and reduces the repulsive force. The swelling capacity decreases in the order of
Na+ > K+ > Ca2+ > Fe3+ [69,70,80]. With increasing charge (multivalent cations), it will
form complexes with the carboxylate groups, which results in cross-linking points. This
avoids the expansion of the hydrogel network, reducing swelling and the release rate.
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6.4. Granule Radius and Coating Thickness

Shaviv et al. [99] presented a mathematical model to predict the three different stages of
release. It was reported that the product of the radius and coating thickness is proportional
to the lag period, while it is inversely proportional to the release rate in the linear and
decay phase. The study suggested that by either increasing the radius or coating thickness,
the lag period can be prolonged, and the release rate can be slowed down in both the linear
and decay phases. Increasing the radius of the CRF is generally preferred in the interest of
economic feasibility. However, there is an always an optimum granule size required for the
proper distribution of nutrients in the root zone.

7. Mechanism of Release

The release of nutrients from CRF generally takes place in three different stages: lag
period, constant release and decay period [27,99]. In the first stage, water in soil, mostly
in the form of vapor, wets the cracks present on the coating and penetrates to the core,
where a small fraction of the urea fertilizer is dissolved. The vapor pressure gradient is
the driving force and no fertilizer is released at this stage. In the case of hydrogel CRFs,
they will absorb the water and swell. The lag may be due to the time needed to fill the
internal voids with the critical water volume or to establish a steady state between the
flux of water entering and flux of solute leaving [99]. In the second stage, as water keeps
penetrating in, more solid fertilizer is dissolved and the osmotic pressure in the core
builds up and the critical water volume of saturated solution accumulates, which allows
the fertilizer to be slowly released through the cracks in polymer coating or the swollen
hydrogel network. Since the concentration of the solution inside the granule remains
saturated, the diffusion to the soil is constant [99,100]. If the pressure exceeds a prescribed
threshold value, it results in the rupture of coating material and immediate burst release
of the fertilizer content. In the decay stage, most of the fertilizer has been dissolved and
released, which reduces the concentration gradient and the driving force and thus release
rate. The mechanism described above is illustrated in Figure 4. It can also be described by
a sigmoidal (S-shaped) release profile, as shown in Figure 5. This indicates that the release
process is complex and non-linear. The sigmoidal release profile is what researchers aim to
achieve through the formulations, as it shows controlled release characteristics matching
the nutrient requirements of plants [99].

Figure 4. Mechanism of controlled release. (a) CRF granule. (b) A lag period where water penetrates
through the coating to the core. (c) The buildup of internal pressure results in constant release to the
environment. (d) Decay stage where concentration gradient and release rate decrease.
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Figure 5. Sigmoidal release pattern (green) and failure release pattern (blue). Adapted from [23].

8. Predicting Nutrient Release of CRFs with Modelling

The release rate from CRFs is controlled by diffusion, swelling, erosion or a combina-
tion of these. Typically, when hydrophilic materials are involved, the release easily occurs
through diffusion, whereas in hydrophobic materials, the release is associated with the
swelling or erosion of the matrix [101]. Therefore, is it important to select the appropriate
modelling approach for each formulation to obtain realistic theorical assumptions and
understand the mass transport mechanisms involved to be able to come up with optimal
CRF designs [100]. The modelling approaches could be categorized into mechanistic and
empirical forms.

8.1. Mechanistic Approaches

The early mathematical model was developed by Jarrell and Boersma [102] for sulfur
coated urea (SCU) by assuming that it occurs in a 1-D system, ignoring the effect of
radius, and the model did not account for the lag period which was observed in many
coated CRFs. Due to these limitations, they further proposed an expression for diffusion
coefficient (D) which takes into account the dependence of release on temperature, In
contrast, Glasser et al. [103] proposed a time-dependent expression for D which considers
the lag period that cannot be predicted using Fick’s law.

Mathematical models for polymer-coated CRFs were first developed by Lu and
Lee [104] for urea release in latex coated urea by applying Fick’s Law in spherical co-
ordinates. They divided the process of release mechanism into two phases, namely linear
and decay, but did not consider the lag period. They further proposed a model by taking
into account population effects of granules based on pseudo steady-state mass balance
equations of Fick’s law, and neglected the first stage of release and determined D by trial
and error [105].

However, all these models were developed on the assumption that nutrient release
is based on simple solute diffusion [106]. Shaviv et al. [99] used a mathematical model
to predict the release in three different stages from a single granule by considering the
measurable geometrical and chemo physical properties, such as granule radius, coating
thickness, water and solute permeability, saturation concentration of fertilizer and its
density. The equations for the fraction of release in three different stages are presented as
follows (2):

g(r, l, t) =


0, t < t′

3PsCsat
rl (t− t′), t′ ≤ t < t∗(

1− Csat
Ps

)
exp
[
− 3Ps

rl (t− t∗)
]
, t ≥ t∗

(2)

where g is the fraction released, r is radius, l is coating thickness (cm), t is time (day), t′ is
time at the end of lag period (day), t* is duration of the linear release period (day), Ps is the
solute permeability (cm2 d−1), and Csat is the saturation concentration (g cm−3).
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Shen et al. [107] also predicted nutrient release from polymer coated urea (PCU) by
considering the irreversible thermodynamics theory, where nutrient release is a function
of the swollen radius of granules. The model was shown to be acceptable for the release
profile of a single granule with a r2 = 0.864. However, the model was poor for the release
profile from a population of granules under static conditions due to the reduction in driving
force, requiring further research. This could be explained by the fact that when a population
of granules was considered, large variations in the properties are expected due to coating
defects, which in turn make the release characteristics significantly different from a single
granule [108]. It was found that in the presence of coating defects, the solute permeability
is inversely dependent on the coating thickness, Ps = Ps/l. This resulted in non-linearity
of the release pattern and equations (2) were then modified as follows (3) [108]:

g(r, l, t) =


0, t < t′

3PsCsat
rl2 (t− t′), t′ ≤ t < t∗(

1− Csat
Ps

)
exp
[
− 3Ps

rl2 (t− t∗)
]
, t ≥ t∗

(3)

The finite element method (FEM) has been used to study the release of nutrients from
CRFs since 2003 [99]. As urea release is a complex process, Trinh et al. [106] further studied
the constant release stage of urea in water by using mass transport equations in a porous
medium (4). The flux of urea from the interface to the liquid was assumed to be controlled
by the diffusion of urea in liquid as the pellet is motionless, which simplifies the equation
to (5):

De

[
∂2C
∂r2 +

2
r

∂C
∂r

]
= ξ

∂C
∂t

(4)

where De is effective diffusivity (cm2 s−1) and ξ represents porosity, C is the concentration
(g cm−3), r is the radius of coated urea (cm) and t is time (day).

Durea =
(

1.380 − 0.0782C + 0.00464C2
)

10−5 cm2/s (5)

where Durea is the diffusivity of urea in liquid (cm2 s−1) and C is the concentration (g cm−3).
However, these models only cater to the first and second release stages without

considering the decay release stage. Trinh et al. [109] further developed this work by
applying multidiffusion mechanisms to obtain a sigmoidal release profile which includes
the third stage of release (6):

CDR(R0, t) =
mcore(t)

Vcore
at t ≥ t1 (6)

where CDR(R0, t) is the decay concentration at the surface of urea core after the end of
constant release at any time (g cm−3), mcore is mass of urea core (g) and Vcore is the volume
of urea core (cm3).

The simulation results were validated by comparing them with the release test results
of agrium, which corresponded well with each other with a standard error of estimate of
0.03. Both of the release profiles are shown in Figure 6. This model can be used to predict
the release of a wide range of PCUs in water. As the nutrient release profile of PCU in field
conditions is more relevant and can be used to support existing research, Trinh et al. [110]
expanded the model to account for the effect of coating imperfections and different soil
charactertistics using (7). Assumptions of no soil water movement, constant temperature
during release and no loss of N to the environment were also made. Figure 7 shows the
geometry and mesh generation of a urea granule and its environment in 2-D coordinates.

ξ
∂Ci

∂t
+ Ci

∂ξ

∂t
+ ∇(Ciu) = ∇·(θτF,iDF,i∇Ci) (7)
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where ξ is porosity, Ci is the concentration of species in liquid (g cm−3), u is the velocity
of soil water movement (ms−1), θ is the water volume fraction, τF,i is the dimensionless
tortuosity factor, DF,i is the diffusion coefficient of i residues in pure water at infinite
dilution (cm2 day−1) and t is time (day).

Figure 6. Release profile of Agrium. Reprinted with permission from [109]. Copyright 2015 Elsevier.

Figure 7. Geometry and Mesh Generation of urea core and its environment. Reprinted with permis-
sion from [110]. Copyright 2015 American Chemical Society.

8.2. Empirical and Semi-Empirical Approaches

Mechanistic models are mostly developed based on the assumption that nutrient
release is mainly governed by diffusion, which may not be the case for all CRFs. For
this reason, empirical and semi-empirical models are often used to aid researchers to
obtain an idea of the relationship between variables that represents a particular system to
understand the governing mechanism. The Generalized Neural Network Model (GRNN)
is an empirical model used to predict the nitrate release profile [111]. The Higuchi model
and the Ritger–Peppas and Korsmeyer–Peppas models (Power Law) are also common
empirical and semi-empirical models, respectively.

8.2.1. General Neural Network Model (GRNN)

Du et al. [111] used the GRNN network empirical model to predict the nitrate release
pattern from polymer coated fertilizer (PCF). GRNN is a radial basis neural network that
can approximate any arbitrary function between input and output vectors, drawing the
function estimate directly from the training data. This model was validated as the results
are close to the results obtained experimentally. It was also reported that GRNN was
a simpler and more accurate approach to predict the nutrient release as compared to
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the theoretical model. Furthermore, it can be used to design the PCF by optimizing the
parameters to obtain the desired release rate.

8.2.2. Higuchi Model

This empirical model is used to describe the release of soluble or less soluble nutrients
from a matrix system. Some assumptions need to be made when using the Higuchi model
(8): the initial concentration of nutrients in a matrix must be higher than their solubility,
diffusion occurs in one direction (edge effects are negligible), negligible swelling, nutrient
particles are much smaller than the thickness of the coating, constant diffusivity, and, lastly,
perfect sink condition is achieved in the release environment. Higuchi models are used to
develop a variety of other mathematical models, including Peppas models [101]:

Q =

√
2C0ξ

Dt
τπ

= KH
√

t (8)

where Q is the cumulative amount of fertilizer released at time t per unit area (g cm−2), C0
is the concentration of diffusing liquid contained in a porous matrix (g cm−3), ξ is porosity,
D is the diffusion coefficient in the matrix medium (cm2 day−1), τ is the capillary tortuosity
factor, t is time (day) and KH is the release constant of Higuchi.

8.2.3. Ritger–Peppas and Korsmeyer–Peppas Models (Power Law)

This semi-empirical model specifically describes the release of materials from the
polymeric matrix using an exponential relationship between the release and time described
by (9) [101]. This model would be useful when the release mechanism is not known or
when more than one mechanism is involved.

f1 =
Mi

M∞
= Ktn (9)

where f1 is the fraction of nutrient released, Mi is nutrient released over time t (g), M∞ is
the total amount of nutrient (g), K is the release velocity constant, t is time (day) and n is
the exponent of release.

The release mechanism could be classified into a Fickian model (Case I) or Non-Fickian
models (Case II, Anomalous Case and Super Case II) depending on the value of n that
suits the release profile [101]. When n = 0.5, the model is Fickian (Case I) and the release
is governed by diffusion, which is much greater than polymeric chain relaxation. When
n = 1, the model is non-Fickian (Case II) and approaches zero-order kinetics, where the
release is governed by swelling or relaxation of polymeric chains. When 0.5 < n < 1, the
model is non-Fickian (Anomalous Case) and the release rate is governed by both diffusion
and swelling, while n > 1 represents an extreme case (Super Case II model) where polymer
chains break during the sorption process.

The modification of materials to increase hydrophobicity and increase coating thick-
ness results in zero order or sigmoidal release profiles which follow non-Fickian models
(Anomalous Case), which are more desirable [21,54,59]. Using a smart hydrogel CRF that
induces change of properties with pH also affects nutrient release, whereas the use of
chitosan with peat and humin results in an anomalous or super case II model depending
on the pH medium [82].

9. Commercial Uses

There are many patents located by Scopus that were filed on the invention of con-
trolled release fertilizer (CRF). They mainly focused on creating better formulations to im-
prove physical properties and increase the utilization rate of fertilizer nutrients. Recent
patents showed that the majority of the inventions employed biodegradable coating ma-
terials such as polylactic acid (PLA), okara (soy pulp), linseed, polyurea and corn starch
hydrogel [112–116], while some involved the use of polyurethane and resin [117,118]. Fillers
ranging from silicate, gypsum, corn starch, microcrystalline cellulose, bentonite, and other
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bio-based additives are often incorporated in the formulations. These CRFs can be produced
using different encapsulation techniques such as spray coating, drum coating and fluidized
bed. The reported applications of CRF focus mainly on plant growth promotion of field crops
such as wheat, rice, corn and cotton, and vegetables such as choy sum as well as ornamental
plants. CRFs possess slow nutrient release patterns that match the needs of these crops. The
patent findings demonstrate the commercial potential of CRFs as an alternative to existing
agricultural fertilizers.

10. Conclusions and Future Outlook

There is a growing number of researchers utilizing natural polymers for the formula-
tion of CRFs. Binders and fillers play a vital and important role in the release pattern as
they can form compact structures, altering the properties of pore size and interacting with
urea, which favors adsorption. The properties of the materials that make CRFs sufficiently
hydrophobic are essential for achieving controlled release without immediate disruption of
the coating wall. CRFs can be prepared using physical and chemical methods. Methods of
polymerization by microwave irradiation are proven to reduce energy consumption. The
temperature, pH, and ionic strength of the environment significantly govern the nutrient
release behavior. Mechanistic, empirical, and semi-empirical approaches have been widely
used for modelling nutrient release from CRFs. Nevertheless, it should be mentioned
that CRF is a broad field of study that is constantly changing and evolving, with multiple
aspects yet to be examined and reviewed. Thus, the focus of future works can be narrowed
down to focus on the utilization and formulation of low-cost biodegradable materials as a
blend or with suitable binders that favor adsorption and provide sufficient hydrophobicity.
Field testing under different environmental conditions is needed to validate the results and
to study the tailing effect of release towards the end-of-life of CRFs. The formulation of
procedures and methods for upscaling should also be developed with the goal of bring
CRFs to a point of practical and commercial application.
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