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Abstract: The rising interest in slow-release fertilizers (SRFs) developments has been notable, 

particularly during the past two decades, due to the well-established environmental issue resulting from 

excessive fertilizer usage. Various types of self-releasing films (SRFs) have been created, encompassing 

physical/chemical reactions, incorporation into layered/porous materials, immobilization using 

hydrogels, and application of coatings and hydrogels. Numerous methodologies have been examined 

across various phases of development and from diverse perspectives. In the field of solid rocket fuels 

(SRFs), a range of approaches has been developed and implemented to assess the efficacy of their 

releasing capabilities. This concise overview examines the composition, modifications, and uses of 

biopolymer, organic, and inorganic substances SRFs designed for agricultural purposes. The review 

examined each material's distinctive structure and features, offering valuable insights into 

physicochemical and molecular arrangement. The review also offers the potential of formulations based 

on composite additive materials to increase crop yield, manage nutrition, and promote sustainable 

agricultural practices. 
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1. Introduction 

The global population is projected to reach 9.6 billion by 2050, leading to a significant 

surge in the need for food worldwide [1]. According to estimates, there is a projected need for 

a 70% increase in yearly grain output to meet the global population's food needs adequately. 

In recent decades, the widespread utilization of agrochemicals has significantly augmented 

agricultural production. However, this practice has also posed challenges to human and soil 

well-being, leading to food availability disruptions due to diminished agricultural output. 

Currently, fertilizer utilization significantly enhances around 50% of agricultural output [2]. 

However, it is important to note that augmenting the quantity of fertilizers applied does not 

consistently provide a proportional improvement in crop production and yield. Agricultural 

activities necessitate a substantial quantity of nutrients, such as calcium (Ca), iron (Fe), 

magnesium (Mg), zinc (Zn), potassium (K), nitrogen (N), and phosphorus (P) to enhance soil 
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fertility and boost production [3,4]. However, these activities also carry the risk of causing soil 

contamination. Despite the escalated utilization of fertilizers, there has been a notable 

escalation in the rate of nutrient depletion from the soil, leading to a net-negative equilibrium 

of soil nutrients estimated at around 10 million tons. 

Consequently, this has resulted in substantial economic detriment to farmers. The issue 

of nutrient shortage is a significant concern in modern times. The availability of nutrients in 

chemical fertilizers to plants is limited by their large particle size, resulting in reduced crop 

uptake.  

Moreover, many macronutrients exhibit insolubility in soil, leading to the runoff of 

unneeded components, exacerbating water or soil pollution. Overusing chemical fertilizers 

provides immediate advantages in terms of increased agricultural products, though it also has 

long-term negative effects on nature. In the majority of instances, chemical fertilizers are 

applied to plants using spraying or drizzling methods, often without due consideration for the 

nutritional requirements of the plant or the soil. The utilization of non-targeted methods in the 

use of traditional fertilizers results in a substantial reduction in the number of nutrients that 

successfully reach the plants, while a larger quantity is lost through leaching and accidental 

release from agricultural fields into water bodies and soil. The use of conventional fertilizers 

presents additional challenges [5]. These challenges encompass financial drawbacks and 

ecological consequences such as compromised microflora, disturbances in terrestrial food 

chains resulting in genetic alterations, modifications in ecosystem dynamics, and diminished 

nitrogen fixation. 

The utilization of composite materials has promise for a transformative impact on the 

agricultural industry, as it has the capacity to bring about significant changes in the food chain, 

enhance crop productivity, maintain ecological equilibrium, and promote environmental 

sustainability [6,7]. Due to their regular dimensions, solubility, mobility, and large surface area, 

the materials showed effective diffusion in plant cells and soil. Besides that, bacteria have 

demonstrated the capacity to readily translocate within plants, thereby facilitating the efficient 

release of nutrients [8].  

Several recent review articles have examined composite materials' utilization as 

fertilizer coating, as shown in Table 1. Those articles discuss various aspects, including the 

preparation of materials, linking structure between fertilizer materials, mechanism overview, 

and the composite material development of SRFs in agriculture. This mini-review provides an 

analysis of those coating methods with the classification of the performance attributes exhibited 

by zeolites when employed as vehicles for delivering nutrients. It aims to enhance 

comprehension of nano-zeolites, encompassing their synthesis methodologies, as well as the 

exploitation of their physicochemical properties, including size, porosity, and thermal stability, 

within the agricultural sector.  

Table 1. Some recent reviews about slow-release fertilizer. 

Review topic Year Reference 

Strach-based controlled/slow-release modified fertilizers (CRFs/SRFs):  

-Properties, structure, and grafting method of starch 

-Type of starch (cassava, maize, tapioca, corn, potato) 

-Biodegradation 

2023 [9] 

Cellulose nanofibril (CNF) as hydrogel incorporating slow-release fertilizer: 

- Cellulosa properties and limitations 

- Nanocellulose and CNF 

2023 [10] 

Biochar-based slow-release fertilizer: 

- History evolution and synthesis method of biochar 

- Mechanism of loading in nutrients 

2022 [11] 
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Review topic Year Reference 

Lignin-based slow-release fertilizer: 

- Lignin properties and characterization 

- Mechanism cross-linking fertilizer-lignin 

2022 [12] 

Zeolite as smart nutrient delivery-based slow-release fertilizer: 

- Nanofertilizer for modern agricultural practices 

- Zeolite type and synthesis 

2022 [13] 

Cellulose-based controlled-release fertilizer 

- Release rate by permeation, absorption, and chemical 

- Plant growth regulator 

2019 [14] 

Composite materials additive in slow-release fertilizer 
- Organic  

- Inorganic (zeolite, silica, char, clays) 

- Biopolymer (starch, lignin, cellulose) 

This review 

2. Slow-release fertilizer 

Conventional nitrogen fertilizers typically release excessive amounts of ammonium or 

nitrate ions that are readily available to plants shortly after they are applied to the soil. However, 

plants do not effectively utilize a substantial fraction of these ions. The surplus of ammonium 

can be easily vaporized, but nitrate is prone to leaching due to its high solubility and weak 

attraction to soil particles. Utilizing slow-release fertilizers (SRFs) has proven to be a viable 

strategy for mitigating nitrogen losses by extending the duration of nutrient release with the 

specific requirements of plants [15].  

Controlled-release fertilizers (CRF) and slow-release fertilizers (SRF) have been 

formulated to delay and regulate nutrient release, thereby prolonging their accessibility for crop 

growth cycles. Using these fertilizers minimizes nutrient losses and root damage compared to 

conventional methods, resulting in enhanced fertilizer efficiency. CRF can be employed when 

the elements that govern and control the speed, arrangement, and length of nutrient discharge 

are clearly defined and controllable throughout the production of CRF. In addition, SRF 

exhibits a slower nutrient release rate than traditional fertilizers. However, the level of precision 

in controlling the pattern, duration, and release rate is not as high [16]. According to the 

internationally recognized standard ISO18644, fertilizer is categorized as CRF based on three 

distinct criteria outlined in the standard. Initially, within the initial 24-hour period subsequent 

to its application, the fertilizer mustn't exceed the release of more than 15% of its nutrient 

content. The parameters mentioned above serve to guarantee that the fertilizer facilitates the 

slow and controlled release of nutrients over a specified timeframe. This controlled release 

mechanism is designed to enhance plant development to its maximum potential while limiting 

any potential losses or leaching of nutrients. 

Nowadays, polymer-coated fertilizers are extensively employed slow-release fertilizers 

(SRFs) due to their ability to predefine the release rate during the formulation process such as 

including polyester, epoxy, polyurethane (diisocyanate), and sulfur [17,18]. A protective 

coating is applied around the granule to act as an obstacle, effectively inhibiting direct physical 

interaction between the active ingredient (N fertilizer) and water. The process of water 

diffusion into the coated membrane facilitates the dissolution of nutrients, therefore enabling 

their gradual release from the membrane. Cured polyester resins have favorable attributes, 

including enhanced mechanical, chemical, and heat-resistant capabilities. An unsaturated 

polyester (UP) is a thermosetting polymer with remarkable attributes, including outstanding 

abrasion resistance, hydrophobicity, and mechanical properties. Different types of petroleum 

and bio-based polyester resins have been used to create solid-recovered fuel (SRF). A 
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waterborne polyester synthesis was carried out using a poly-condensation procedure that 

involved citric acid, glycerol, and dimer acid. The polyester coating demonstrated significant 

attributes, including high tensile strength, impact resistance, fracture strain resistance, thermal 

stability, and efficient control of urea release. Additionally, this process enhances the 

composite polymers' biodegradability while maintaining the polymer's advantageous features 

as a coating material [19].  

There exist four distinct types of CRF based on their structural characteristics. There 

are several methods for controlling the release of water-soluble fertilizers. One approach 

involves the use of physical barriers, such as the formation of a matrix or coating. Another 

method involves using low-solubility inorganic materials such as (NH4)3PO4. In addition, low-

solubility materials that can be biologically or chemically degraded, such as urea form, can be 

used. 

Moreover, materials that have a moderate level of solubility and breakdown at a slow 

rate in soil can also be employed. The second type of CRF technology involves utilizing 

modified inorganic materials, which often possess superabsorbent qualities. This emerging 

material technology is now under development [19]. 

Endophytic bacteria inhabit different plant tissues and perform diverse roles, such as 

nitrogen fixation, phosphorus solubilization, augmentation of host defense mechanisms, 

synthesis of plant growth-regulating compounds, and bioremediation [20]. Endophytic bacteria 

have been scientifically proven to significantly impact maintaining the microecological 

equilibrium inside the host, boosting its resistance and facilitating the healthy development of 

the host plant. Furthermore, endophytic bacteria enhance the process of Hg phytoremediation 

by regulating the accumulation and release of Hg. Metagenomic studies have demonstrated 

that the plant endo microbiome is influenced by various parameters, including soil type, organ 

type, phenological stage, plant species, and fertilization [21]. 

3. Biopolymer based slow-release fertilizer 

The application of thin polymeric films to coat fertilizers represents a straightforward 

yet efficient method for achieving controlled release of nutrients. The rate at which nutrients 

are released through a thin polymeric coating film is contingent upon various factors, including 

the composition of the coating components, the texture of the film, and its thickness. Besides 

petroleum-based synthetic materials, commonly used biopolymer coating in slow-release 

fertilizers such as chitosan [22,23], gum [24], artemia egg [25], lignin [26], and cellulose [27]. 

Hence, a sustainable solution would involve using biomaterials to produce solid recovered fuels 

(SRFs); commercial applications are predominantly derived from petroleum-based synthetic 

materials. Various bio-based coating materials, including cellulose, starch, chitosan, and fatty 

acids, have been employed in sustainable release formulations (SRFs). The utilization of wheat 

straw-derived slow-release fertilizers (SRFs) was observed to significantly impede the rate of 

nutrient release, with around 67.6% of nutrients being released over a period of 30 days. A 

starch-based superabsorbent was employed to prepare the SRFs. However, the release of the 

superabsorbent was quite quick, with 70% of the release occurring over a span of 4 days. 

Biomaterials typically exhibit hydrophilic properties, rendering them susceptible to 

disintegration when exposed to high levels of water content in soil. 

Consequently, this might lead to uncontrolled release of nutrients and subsequent loss 

thereof. Therefore, to preserve the coatings' integrity and prevent excessive dissolution, it is 

more suitable to utilize bio-materials having hydrophobic properties as coatings for SRFs. 
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Natural rubber (NR) is a hydrophobic biopolymer, commonly referred to as the Pará rubber 

tree, consisting of polyisoprene. It is commonly found in the form of latex, making it a 

convenient material for producing thin film coatings [27]. 

3.1. Lignin-based SRF. 

Lignin is the next most abundant biomaterial after cellulose, in terms of abundance. 

Lignin exhibits an amorphous nature and is somewhat hydrophobic, characterized by a 3D 

structure encompassing carboxyl, phenolic hydroxyl, aliphatic hydroxyl, and methoxy 

functional groups. Lignin as a coating material has been employed for SRFs due to its cost-

effectiveness and widespread availability [12]. Nevertheless, the presence of a particulate 

lignin structure and the absence of functional groups necessary for bonding result in the 

occurrence of film flaws in the coating of SRFs. The release of urea from lignin-SRFs was 

deemed suboptimal, as the total release of the fertilizer occurred within a 25-minute timeframe. 

Hence, certain changes are necessary to optimize the utilization of lignin as a covering for solid 

recovered fuels (SRFs). These modifications may include surface functionalization or the 

creation of composites by combining lignin with other chemicals. In order to mitigate the 

release of nitrogen from lignin-based solid recovered fuels (SRFs), acetic acid was added to 

acetylated sulfite lignin, obstructing the hydrophilic groups. A comparatively lower rate of 

nitrogen release was observed, resulting in a release of 45.3% within a period of seven days. A 

coating substance, disulfide on lignocellulosic (BCSPU), was developed to extend the duration 

of nitrogen release. The release percentage of Nitrogen from BCSPU was found to be 61.5% 

over a period of 63 days [28].  

Lu et al. [28] stated that physically hindered lignin-based slow-release fertilizer 

involves the utilization of a physical barrier and the adsorption of coated material to achieve a 

slow-release effect. Applying a physical coating serves the purpose of impeding the ingress of 

water into the central core of the fertilizer while concurrently hindering the outer dispersion of 

nutrients. The release of nutrients from physically hindered fertilizer occurs through either a 

rupture mechanism (Figure 1a) or a diffusion process (Figure 1b). In the process of rupture 

release, water infiltrates the coating, leading to the dissolution of nutrients.  

 
Figure 1. Slow-release fertilizer mechanism in nutrient release: (a) rupture; (b) diffusion; (c) chemical 

modification. Reproduced from ref. [12] with permission from Elsevier B.V. Copyright 2022. 

This subsequently creates a significant osmotic pressure gradient between the internal 

and external layers of the coating, ultimately resulting in the rupture of the coating and the 
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subsequent release of nutrients (as depicted in Figure 1a). The driving mechanism behind the 

diffusion release is attributed to the disparity in nutrient concentration between the interior and 

exterior of the coating (Figure 1b). 

Boonying et al. [26] synthesized a slow-release fertilizer (SRF) coating made from a 

composite of lignin and natural rubber (Li/NR) that has been modified with natural rubber-

graft-polyacrylamide (NR-g-PAM) was produced. Several coating films were produced using 

NR-based materials, including NR-g-PAM, Li/NR, and Li/NR modified with NR-g-PAM 

(Li/NR-g). The results showed that there was an increase in water absorption as the NR-g-PAM 

content in Li/NR increased. The release of nitrogen from urea precoated with ethyl cellulose, 

compared to a complete release in water within 1 hour, was significantly extended to over 700 

hours when coated with Li/NR-g on slow-release fertilizers (SRFs). When the NR-g-PAM 

content is below 25 phr, the transport of N through Li/NR-g coatings is mostly controlled by 

relaxation, resulting in a relatively sluggish release of N. When the NR-g-PAM concentration 

in Li/NR-g coatings was above 25 phr, the diffusion process became more prominent than 

relaxing, leading to a rise in the release of N. The Li/NR-g10 coated urea exhibited a 

significantly delayed release of nitrogen (N) in the soil, with just 60% of the total N being 

released after 112 days. The morphology of the samples is depicted in Figure 2. 

 
Figure 2. The polymeric-fertilizer photos, cross-sectional SEM images, and coating thickness of (a) ethyl 

cellulose coated urea; (b) NR-g-PAM coated urea; (c) Li/NR coated urea; (d) Li/NR-g10 coated urea. 

Reproduced from ref. [26] with permission from Elsevier B.V. Copyright 2023. 
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3.2. Starch-based SRF. 

Starch is a biopolymer composed of renewable natural polysaccharides. Its notable 

attributes include biodegradability, widespread availability, and environmentally beneficial 

characteristics [29]. The hydrophilic character, network structure, and capacity to establish 

strong hydrogen bonds with water molecules of the starch-based hydrogel may substantially 

enhance the soil's water-holding capacity. Consequently, the application of hydrogel fertilizers 

to soils would result in increased water retention. Plants predominantly comprise starch, which 

is a polymer composed of two distinct forms of glucans, namely amylose and amylopectin. The 

polymers under consideration are present in the form of granules with varying sizes, which can 

be classified into three categories based on their dimensions: A-type (big), B-type (medium), 

and C-type (small). These granules exhibit a wide range of shapes and dimensions. The 

organization of starch granules is characterized by the presence of concentric layers comprising 

both semi-crystalline and amorphous regions [9]. The presence of variations in the chemical 

composition, such as α-glucans, moisture, lipids, proteins, and phosphorylated residues, as well 

as structural differences, in starches derived from different sources and even within the same 

type of starch, have a direct correlation with the surface properties, hardness, and crystallinity 

of the granules. The presence of amylose has an effect on the arrangement of amylopectin 

molecules into crystalline structures and the arrangement of these structures within starch 

granules [30]. 

Furthermore, starches that possess a higher amylose content exhibit greater 

exothermicity and have the potential to produce a more enduring amylose-lipid complex [31]. 

This complex, in turn, influences thermal characteristics and the gel formation process. Figure 

3 represents the process of manufacturing starch-g-PAM SAPs and then loading urea. The soil's 

management of nutrient release rate is influenced by two primary factors: the network structure 

and strength of hydrogels. Hydrogels with non-uniform cross-linked network structures exhibit 

diminished mechanical properties, affecting solvents' infiltration and the kinetics of mass 

transfer within the network structure. Therefore, researchers have consistently pursued the 

development of hydrogels with spatially homogeneous architectures. The polymer chain's 

cluster size, distribution, and architecture have been identified as factors that govern the 

connection homogeneities.  

 
Figure 3. Schematic illustration of urea-sarch-g-PAM synthesis. Reproduced from ref. [5] with permission from 

Elsevier B.V. Copyright 2023. 
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Zafar et al. [32] employed a combination of starch and polyvinyl alcohol (PVA) with 

acrylic acid (AA), citric acid (CA), and maleic acid (MA) to coat urea prills. Various coating 

formulations were synthesized and subsequently utilized for treating urea prills. These 

formulations included urea coated with starch (10%) and polyvinyl alcohol (5%) in 

combination with acrylic acid at concentrations of 2%, 4%, and 6% (referred to as USP-A2, 

USP-A4, and USP-A6, respectively).  

 
Figure 4. The SEM analysis of (a) urea without coating; (b1) USP-A2; (b2) USP-A4; (b3) USP-A6; (c1) USP-

C2; (c2) USP-C4, and the release efficiency. Reproduced from ref. [32] with permission from Elsevier B.V. 

Copyright 2021. 

Additionally, citric acid was employed at concentrations of 2%, 4%, and 6% 

(designated as USP-C2, USP-C4, and USP-C6), and maleic acid at concentrations of 2%, 4%, 

and 6% (referred to as USP-M2, USP-M4, and USP-M6). Following the urea coating process 
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in a fluidized bed coater, the subsequent analysis involved characterizing both uncoated and 

coated urea samples. Out of all the urea-coated samples, USP-A2 and USP-C2 exhibited the 

greatest crushing strengths, measuring 12.08 and 13.67 N, respectively, as exhibited in Figure 

4. Additionally, USP-A2 demonstrated a nitrogen release efficiency of 70.10%, while USP-C2 

exhibited a nitrogen release efficiency of 50.74%. Applying coating to urea samples resulted 

in enhanced foliage production, chlorophyll content, N-uptake, and apparent nitrogen recovery 

(ANR) in spinach plants compared to those treated with uncoated urea and the control group. 

Nevertheless, the coated samples, specifically USP-A2 and USP-C2, exhibited favorable 

outcomes in terms of dry foliage output (2208 ± 92 and 2428 ± 83 kg/ha), chlorophyll content 

(34 ± 0.6 and 34 ± 0.4 mg/g), nitrogen uptake (88 ± 4 and 95 ± 6 kg/ha), and apparent nitrogen 

recovery (59 ± 4 and 67 ± 6%). Hence, the utilization of urea prills coated with a blend of 

biodegradable polymers presents a more favorable option for farmers seeking to optimize 

agronomic yields by regulating fertilizer nutrient release rates. 

3.3. Cellulose-based SRF. 

Cellulose, a natural polymer, can be transformed into a superabsorbent polymer by 

undergoing grafting modification on its main backbone [33]. The grafting polymerization 

process encompasses various approaches, including photo-grafting, irradiation, and chemical 

start. Cellulose can be extracted from waste or plant [34]. The rice straw comprises silica 

(70.8%), hemicellulose (33.8%), cellulose (36.5%), lignin (12.3%), ash (13.3%), and extractive 

compounds (3.8%). Cellulose nanofibril-coated fertilizers have both direct and indirect effects 

on plant development. Indirect methods (as seen in Figure 5) encompass three distinct actions: 

1) Adjusting the pH of the soil to approximately 7, facilitating plant access to nutrients; 2) 

Enhancing the abundance of microbial biomass, particularly nitrogen and carbon, to promote 

nutrient cycling and mitigate the adverse effects of agrochemicals and pollutants; 3) Enhancing 

nutrient availability in the soil by minimizing nutrient-soil interactions.  

 
Figure 5. (A) slow-release fertilizers mechanisms; (B) fertilizer of CNF/cellulose nanofibrill impact on the 

plant. Reproduced from ref. [10] with permission from Elsevier B.V. Copyright 2023. 
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Moreover, the presence of essential nutrients can be controlled by applying fertilizers. 

4) Improving the soil's capacity to retain water and moisture using cellulose nanofibrils as a 

highly efficient superabsorbent hydrogel [34]. 

4. Organic-Based Slow-Release Fertilizer 

Currently, slow-release fertilizers are primarily categorized into two types: inorganic-

coated fertilizers and organic-coated fertilizers [35,36]. The current polymer coating materials 

utilized in various industries have traditionally been derived from petrochemical sources, 

including polyurethane, epoxy resin, and polyethylene [37]. Shi et al. [38] aimed to create a 

solvent-free UV-curing roller coating process for producing bio-based superhydrophobic 

polymer coatings used in slow-release fertilizers. The acrylate epoxidized soybean oil 

monomer was subjected to UV irradiation in the presence of Mg(OH)2 modified with stearic 

acid and subsequently added with hydrophobic filler, i.e., paraffin wax depicted in Figure 6. 

The hydrophobic characteristics of the poly-epoxidized soybean oil acrylate (PESOA) coating 

were improved by modifying it with stearic acid@Mg(OH)2 and paraffin wax after being 

exposed to UV irradiation for 30-60 seconds. This was demonstrated by a contact angle 

measurement of 150.4° ± 1.25°. At a concentration of approximately 7%, the coating substance 

exhibited an initial release rate of only 1.625%. However, the duration of nitrogen release was 

considerably prolonged, reaching a high of 63 days. The utilization of UV-curing technique 

presents a novel and uncomplicated approach for the synthesis of economically viable slow-

release fertilizers derived from bio-based sources. 

 
Figure 6. (a) efficiency of PSF fertilizer; (b) Illustration of mechanism properties; c) Synthesis process. 

Reproduced from ref. [38] with permission from Elsevier B.V. Copyright 2022. 
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5. Inorganic based slow-release fertilizer 

Moreover, the application of fertilizers plays a vital role in the growth and development 

of crops. According to Chen et al. [39], inorganic fertilizer, which is rich in nutrients, can 

potentially increase agricultural productivity and boost overall crop quality. Maghsoodi et al. 

[40] explained that the gradual release of nitrogen from a combination of urea and inorganic 

material (hydrocar, zeolite, biocar, and hydroxyapatite) can be comprehended through diverse 

elucidations: 1) Urea leaching from the root zone is hindered by the infiltration of urea into 

pores. 2) The presence of urea in the soil leads to a decrease in its interaction with soil enzymes, 

causing a delay in the conversion of urea into NH4
+ ions. 3) NH4

+ ions are absorbed into the 

pores' exchange sites, hence impeding their transformation into nitrite and nitrate by nitrifying 

bacteria. In addition, the rate of urea release can be regulated by the size of the pore rock chips, 

with bigger sizes resulting in slower release. Alikhani et al. [41] also stated that carbon dots 

(CD) could be used to alter the Zn release and increase root-shoot biomass, fertile spikelet, and 

grain yield by 20, 44, 16, and 43%, respectively, compared to ZnSO4 treatment.  

5.1. Zeolite. 

Zeolites, which are porous aluminosilicates, exhibit high potential as viable candidates 

for employment in nutrient transportation [42]. Zeolites can be found in nature or produced 

through chemical synthesis [43]. The porosity level in zeolites can be adjusted at the nanoscale 

to meet specific application needs. Naturally occurring zeolites encompass a variety of species, 

such as sodalite (SOD), beta-structured (BEA), mordenite (MOR), clinoptilolite, and lind type 

A (LTA) [44–46] with variations in terms of their pore diameters, ion exchange characteristics, 

and bulk densities [47]. In contrast, synthetic zeolites are fabricated using several procedures 

such as hydrothermal, template-free, and template-assisted. Zeolites, as smart carriers in 

nanofertilizers (Figure 7), possess distinctive characteristics that facilitate the extended and 

regulated delivery of essential nutrients to the soil, including K, NH4+, and PO4
3-[48,49]. 

 
Figure 7. Zeolite as a carrier and slow-release fertilizer. Reproduced from ref. [13] with permission from the 

Multidisciplinary Digital Publishing Institute (MDPI). Copyright 2022. 

Sun et al. [50] employed a natural zeolite consisting of 15% geolyte and 85% 

clinoptilolite to mitigate the environmental hazard of heavy metals from organic fertilizer. 

Including 2.5% zeolite decreased the mobile Cu, Pb, and Cd portions, including the soluble, 

exchangeable, and carbonate-bound fractions. Adding zeolite to organic fertilizer ensured the 
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stabilization of heavy metals, resulting in an environmentally friendly way of utilizing organic 

matter in the soil.  

Maghsoodi et al. [40] explained urea exhibited materials (UH, UB, UZ, U-HAP)-

carriers interaction, hence regulating the release of urea and significantly decreasing the release 

of urea by factors of 4.5, 6.5, 9.0, and 11.5, respectively, compared to the urea-only treatment. 

After applying UH, UB, UZ, and U-HAP to the soil (Figure 8), the cumulative release was 

found that 89.9%, 76.5%, 75.0%, and 58.1% of the urea had been converted to NH4
+ after 20 

days indicated that the UB, UZ, and U-HAP exhibited a gradual release of urea, potentially 

leading to a decrease in nitrogen loss and an improvement in its use efficiency in calcareous 

paddy soils. 

 
Figure 8. The release behavior of urea with inorganic materials. Reproduced from ref. [40] with permission 

from Elsevier B.V. Copyright 2020. 

Khan et al. [51] also demonstrated that the positive impacts of the NZCF treatment on 

lettuce plants (Figure 9) can be attributed to the enhanced chemical, physical, and biological 

characteristics of the soil. Moreover, the treatment ensures a continuous supply of nutrients, as 

indicated by decreased soil pH, higher total dissolved solids (TDS), improved water retention, 

and increased availability of elements for absorption by plant roots. 

 
Figure 9. Lettuce plants images: (a) without fertilizer; (b) NPK as commercial fertilizer treatment; (c) NZCF 

treatment. Reproduced from ref. [51] with permission from Elsevier B.V. Copyright 2021. 

5.2. Biochar. 

Biochar is a solid substance derived from the thermochemical conversion of biomass 

inside an environment with limited oxygen availability [52]. Biochar exhibits many 
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characteristics, including carbon content ranging from 23.6% to 87.5%, pH levels ranging from 

5.2 to 10.3, cation exchange capacity of 10-69 mol/ kg-1, and surface area of 0-642 m2 g-1 [53]. 

Adding biochar to soil has numerous advantages, including the enhancement of the control of 

plant diseases, biological-physicochemical properties, the improvement of soil fertility and 

crop output, and the containment of organic/toxic metal pollutants. In addition, the application 

of biochar has the potential to enhance the availability of nutrients in the soil, raise the cation 

exchange capacity and water retention capacity of the soil, and improve the composition and 

activity of soil microbial communities [54]. BSRNFs or biochar-based slow-release nitrogen 

fertilizers release nutrients could be prepared by a ratio of 2:1 (carbon and Na-Alg and carbon) 

to achieve a span of 74 days and a cumulative nitrogen release of 65.91% [55]. Banik et al. 

[52] stated that more than 99% of the urea was released from the urea-uncoated within the same 

time period depicted in Figure 10. The release of urea from UAN fertilizers and S-coated urea 

during a 1-hour time interval was 82% and 73%, respectively. The probable cause for this 

observation is the decreased contact between urea and water within the SRF pellets. Following 

other studies that explained biochar-coated urea, the results also exhibited enhanced resistance 

to wear, moisture, and compression as the biochar-fertilizer ratio increased [56]. 

 
Figure 10. Comparison of urea dissolved between uncoated and biochar coated. Reproduced from ref. [52] with 

permission from John Wiley & Sons Inc. Copyright 2023. 

5.3. Silica. 

Porous materials such as silica have consistently demonstrated efficacy in a range of 

applications, particularly in the field of biology, where mesoporous silica in drug delivery has 

garnered significant attention [57]. The utilization of this substance as a reservoir for fertilizers 

has been constrained mostly to discrete particles that are regulated via diffusion. Bindra et al. 

[58] have prepared composite material consisting of urea-loaded fiber@SiO2 and exhibits a 

chlorophyll content increase of around 3 times and 1.25 times on day 10th for rice yield, in 

comparison to urea and urea-fiber treatments, respectively. The study observed the nitrogen 

concentrations in plant leaves during 10 days following the administration of urea in three 

different forms: (1) urea incorporated in the fiber, (2) urea incorporated in the composite, and 

(3) free urea application (Figure 11) in a sample of 23 various forms. This observation aligns 

with the fast liberation of nitrogen from the unprotected urea fertilizer.  

https://doi.org/10.33263/BRIAC145.112
https://biointerfaceresearch.com/


https://doi.org/10.33263/BRIAC145.112  

 https://biointerfaceresearch.com/ 14 of 20 

 

 
Figure 11. The efficiency study of fiber-SiO2 fertilizer (a-b) water absorption capacity; (c) chlorophyll content; 

(d) nitrogen content; (e,f) rice plants photos in day 1-5. Reproduced from ref. [58] with permission from 

American Chemical Society. Copyright 2022. 

5.4. Clays. 

The utilization of clay minerals such as smectite, saponite, glauconite, dolomite, 

montmorillonite, and bentonite as inorganic substances is of interest for this particular 

objective, owing to their chemical structure which imparts them with both expandable and 

changeable qualities [59–61]. Faishol et al. [62] synthesized a composite material by 

combining polymer-modified clay and alginate-saponite. The objective was to create a slow-

release fertilizer for urea by incorporating alginate into the structure of saponite (as shown in 

Figure 12) using a 1:1 ratio. The mixture was then subjected to reflux for 4 hours. The study 

examined the composite's swelling, diffusion, and network properties, which resulted in an 

increase in the rate of water sorption and urea adsorption.  
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Figure 12. Illustration of saponite in alginate-urea. Reproduced from ref. [62] with permission from Elsevier 

B.V. Copyright 2019. 

Wen et al. [63] used bentonite primarily comprised montmorillonite (MMT) to the 

fertilizers NaAlg-g-p(AA-co-AM)/urea. The data presented in Figure 13 for NaAlg-g-p(AA-

co-AM)/Bentonite/urea showed a release percentage of 60.3% on the third day, indicating a 

more efficient slow release property compared to NaAlg-g-p(AA-co-AM)/urea. Bentonite, a 

very porous structure and a convoluted pathway, impeded the diffusion of nutrients within the 

medium. The user's text is already academic.  

 
Figure 13. a-d) Na-Alg-urea SEM micrographs of NaAlg; e) fertilizer release. Reproduced from ref. [63] with 

permission from the Royal Society of Chemistry. Copyright 2016. 

Based on the responses surface methodology (RSM), Babadi et al. [64] covered urea 

with gypsum-dolomite. The analysis reveals that the ideal circumstances for the coating process 

are as follows: a sprayed water concentration of 1.50%, a spray flow rate of 53 g/min, a coating 

percentage of 25%, a pan rotating speed of 16 rpm, and a particle size of 2.80 mm. Figure 14 

was utilized to apply the response surface method in order to identify the optimal operating 

range that achieves an improved efficiency of 35%.  
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Figure 14. Response surface methodology of the efficiency with the effect of a) spray flow rate (g/min)-particle 

size (mm); b) spray flow rate (g/min)- coating percentage (%). Reproduced from ref. [64] with permission from 

the Multidisciplinary Digital Publishing Institute (MDPI). Copyright 2019. 

6. Conclusion and Future Applications 

Numerous studies have demonstrated the advantageous effects of composite material 

as a soil supplement. The distinctive characteristics of biochar offer an opportunity to enhance 

fertilizer efficiency by serving as a medium for nutrient loading. Conventional chemical 

fertilizers are associated with several limitations, including the quick leaching of nutrients, 

detrimental environmental degradation, and substantial economic costs. As a result, there has 

been a growing global interest in biochar-based slow-release fertilizers (SRFs). Presently, the 

predominant focus of scholarly investigations lies in the realm of synthesizing composite-based 

slow-release fertilizers (SRFs) that exhibit high efficacy. However, there exist issues pertaining 

to (i) more efficient SRFs synthesis, (ii) the long-term evaluation of practical implementation, 

and (iii) bioavailability and nutrient release assessment. However, existing research indicates 

that using composite-based soil remediation fertilizers (SRFs) is a feasible approach to 

enhancing sustainable agricultural practices. 

Funding 

This research was funded by IPB University with Penelitian Dosen Muda, grant number 

11432/IT3/PT.01.03/P/B/2023 under Novia Amalia Sholeha. 

Acknowledgments 

The authors acknowledge the analytical chemistry departments at IPB University for their 

administrative and technical assistance. 

Conflicts of Interest 

The authors declare no conflict of interest. 

References 

1. Ghumman, A.S.M.; Shamsuddin, R.; Nasef, M.M.; Maucieri, C.; Rehman, O.U.; Rosman, A.A.; Haziq, 

M.I.; Abbasi, A. Degradable Slow-Release Fertilizer Composite Prepared by Ex Situ Mixing of Inverse 

Vulcanized Copolymer with Urea. Agronomy 2022, 12, 65, https://doi.org/10.3390/agronomy12010065.  

2. Liu, Y.; Ma, C.; Li, G.; Jiang, Y.; Hou, P.; Xue, L.; Yang, L.; Ding, Y. Lower dose of controlled/slow release 

fertilizer with higher rice yield and N utilization in paddies: Evidence from a meta-analysis. F. Crop. Res. 

https://doi.org/10.33263/BRIAC145.112
https://biointerfaceresearch.com/
https://doi.org/10.3390/agronomy12010065


https://doi.org/10.33263/BRIAC145.112  

 https://biointerfaceresearch.com/ 17 of 20 

 

2023, 294, 108879, https://doi.org/10.1016/j.fcr.2023.108879.  

3. Bi, S.; Barinelli, V.; Sobkowicz, M.J. Degradable Controlled Release Fertilizer Composite Prepared via 

Extrusion: Fabrication, Characterization, and Release Mechanisms. Polymers 2020, 12, 301, 

https://doi.org/10.3390/polym12020301.  

4. Wang, X.; Xiang, Y.; Guo, J.; Tang, Z.; Zhao, S.; Wang, H.; Li, Z.; Zhang, F. Coupling effect analysis of 

drip irrigation and mixed slow-release nitrogen fertilizer on yield and physiological characteristics of winter 

wheat in Guanzhong area. F. Crop. Res. 2023, 302, 109103, https://doi.org/10.1016/j.fcr.2023.109103.  

5. Duan, Q.; Jiang, S.; Chen, F.; Li, Z.; Ma, L.; Song, Y.; Yu, X.; Chen, Y.; Liu, H.; Yu, L. Fabrication, 

evaluation methodologies and models of slow-release fertilizers: A review. Ind. Crop. Prod. 2023, 192, 

116075, https://doi.org/10.1016/j.indcrop.2022.116075.  

6. Adlim, M.; Ramayani, R.; Khaldun, I.; Muzdalifah, F.; Sufardi, S.; Rahmaddiansyah, R. FERTILIZING 

PROPERTIES OF UREA-MAGNESIUM SLOW- RELEASE FERTILIZER MADE OF RICE-HUSK-

ASH NATURAL-RUBBER CHITOSAN COMPOSITE. Rasayan J. Chem. 2021, 14, 1851–1859, 

https://doi.org/10.31788/RJC.2021.1436091.  

7. Evon, P.; Labonne, L.; Padoan, E.; Vaca-Garcia, C.; Montoneri, E.; Boero, V.; Negre, M. A New Composite 

Biomaterial Made from Sunflower Proteins, Urea, and Soluble Polymers Obtained from Industrial and 

Municipal Biowastes to Perform as Slow Release Fertiliser. Coatings 2021, 11, 43, 

https://doi.org/10.3390/coatings11010043.  

8. Chen, Y.; Tu, P.; Yang, Y.; Xue, X.; Feng, Z.; Dan, C.; Cheng, F.; Yang, Y.; Deng, L. Diversity of rice 

rhizosphere microorganisms under different fertilization modes of slow ‑ release fertilizer. Sci. Rep. 2022, 

12, 2694, https://doi.org/10.1038/s41598-022-06155-1.  

9. Salimi, M.; Channab, B.-e.; El Idrissi, A.; Zahouily, M.; Motamedi, E. A comprehensive review on starch: 

Structure, modification, and applications in slow/controlled-release fertilizers in agriculture. Carbohydr. 

Polym. 2023, 322, 121326, https://doi.org/10.1016/j.carbpol.2023.121326.  

10. Riseh, S.R.; Vatankhah, M.; Hassanisaadi, M.; Kennedy, J.F. Increasing the efficiency of agricultural 

fertilizers using cellulose nanofibrils: A review. Carbohydr. Polym. 2023, 321, 121313, 

https://doi.org/10.1016/j.carbpol.2023.121313.  

11. Wang, C.; Luo, D.; Zhang, X.; Huang, R.; Cao, Y.; Liu, G.; Zhang, Y.; Wang, H. Biochar-based slow-release 

of fertilizers for sustainable agriculture: A mini review. Environ. Sci. Ecotechnology 2022, 10, 100167, 

https://doi.org/10.1016/j.ese.2022.100167.  

12. Lu, J.; Cheng, M.; Zhao, C.; Li, B.; Peng, H.; Zhang, Y.; Shao, Q.; Hassan, M. Application of lignin in 

preparation of slow-release fertilizer: Current status and future perspectives. Ind. Crop. Prod. 2022, 176, 

114267, https://doi.org/10.1016/j.indcrop.2021.114267.  

13. Sharma, V.; Javed, B.; Byrne, H.; Curtin, J.; Tian, F. Zeolites as Carriers of Nano-Fertilizers: From 

Structures and Principles to Prospects and Challenges. Appl. Nano 2022, 3, 163–186, 

https://doi.org/10.3390/applnano3030013.  

14. Pang, L.; Gao, Z.; Feng, H.; Wang, S.; Wang, Q. Cellulose based materials for controlled release 

formulations of agrochemicals: A review of modifications and applications. J. Control. Release 2019, 316, 

105–115, https://doi.org/10.1016/j.jconrel.2019.11.004.  

15. Smolander, A.; Martikainen, P.J.; Henttonen, H.M. Half-a-century effects of a slow-release nitrogen 

fertilizer, ureaformaldehyde, on stand growth and soil processes in a Scots pine stand. For. Ecol. Manag. 

2022, 519, 120320, https://doi.org/10.1016/j.foreco.2022.120320.  

16. Giroto, A.S.; do Valle, S.F.; Guimarães, G.G.F.; Jablonowski, N.D.; Ribeiro, C.; Mattoso, L.H.C. Different 

Zn loading in Urea – Formaldehyde influences the N controlled release by structure modification. Sci. Rep. 

2021, 11, 7621, https://doi.org/10.1038/s41598-021-87112-2.  

17. Shan, P.; Liu, H.; Li, D.; Zhou, R.; Huang, S.; Cai, P.; Wang, Z.; Lu, Y.; Li, Z.; Li, Z. Thiol-ene Click 

Chemistry Using Triethylamine Gas as a Promoter to Make Coated Slow-release Fertilizer. Chem. Eng. J. 

Adv. 2021, 8, 100189, https://doi.org/10.1016/j.ceja.2021.100189.  

18. Abhiram, G.; Bishop, P.; Jeyakumar, P.; Grafton, M.; Davies, C.E.; McCurdy, M. Formulation and 

characterization of polyester-lignite composite coated slow-release fertilizers. J. Coatings Technol. Res. 

2023, 20, 307–320, https://doi.org/10.1007/s11998-022-00670-6.  

19. Guo, Y.; Zhang, M.; Liu, Z.; Tian, X.; Zhang, S.; Zhao, C.; Lu, H. Modeling and Optimizing the Synthesis 

of Urea-formaldehyde Fertilizers and Analyses of Factors Affecting these Processes. Sci. Rep. 2018, 8, 4504, 

https://doi.org/10.1038/s41598-018-22698-8.  

20. Yang, S.; Xiao, J.; Liang, T.; Tan, H. Response of bacterial compositions to the use of slow-release fertilizers 

https://doi.org/10.33263/BRIAC145.112
https://biointerfaceresearch.com/
https://doi.org/10.1016/j.fcr.2023.108879
https://doi.org/10.3390/polym12020301
https://doi.org/10.1016/j.fcr.2023.109103
https://doi.org/10.1016/j.indcrop.2022.116075
https://doi.org/10.31788/RJC.2021.1436091
https://doi.org/10.3390/coatings11010043
https://doi.org/10.1038/s41598-022-06155-1
https://doi.org/10.1016/j.carbpol.2023.121326
https://doi.org/10.1016/j.carbpol.2023.121313
https://doi.org/10.1016/j.ese.2022.100167
https://doi.org/10.1016/j.indcrop.2021.114267
https://doi.org/10.3390/applnano3030013
https://doi.org/10.1016/j.jconrel.2019.11.004
https://doi.org/10.1016/j.foreco.2022.120320
https://doi.org/10.1038/s41598-021-87112-2
https://doi.org/10.1016/j.ceja.2021.100189
https://doi.org/10.1007/s11998-022-00670-6
https://doi.org/10.1038/s41598-018-22698-8


https://doi.org/10.33263/BRIAC145.112  

 https://biointerfaceresearch.com/ 18 of 20 

 

with long-acting agents and synergists. Appl. Soil Ecol. 2023, 182, 104699, 

https://doi.org/10.1016/j.apsoil.2022.104699.  

21. Xiao, J.; Chen, S.; Liang, T.; Yang, S.; Tan, H. Response of endophytic bacteria in sugarcane roots to 

different slow-release fertilizers with dicyandiamide (DCD) and humic acid (HA) applications. Environ. 

Technol. Innov. 2023, 32, 103244, https://doi.org/10.1016/j.eti.2023.103244.  

22. Yuan, W.; Li, S.; Guan, H.; Zhang, S.; Zhang, Y.; Zhang, M.; Yu, Y.; Chen, X. Preparation and Properties 

of a Novel Biodegradable Composite Hydrogel Derived from Gelatin/Chitosan and Polylactic Acid as Slow-

Release N Fertilizer. Polymers 2023, 15, 997, https://doi.org/10.3390/polym15040997.  

23. Kondal, R.; Kalia, A.; Krejcar, O.; Kuca, K.; Sharma, S.P.; Luthra, K.; Dheri, G.S.; Vikal, Y.; Taggar, M.S.; 

Abd-Elsalam, K.A.; Gomes, C.L. Chitosan-Urea Nanocomposite for Improved Fertilizer Applications: The 

Effect on the Soil Enzymatic Activities and Microflora Dynamics in N Cycle of Potatoes (Solanum 

tuberosum L.). Polymers 2021, 13, 2887, https://doi.org/10.3390/polym13172887.  

24. Sharma, A.; Kumar, S.; Singh, R. Formulation of Zinc oxide/Gum acacia nanocomposite as a novel slow-

release fertilizer for enhancing Zn uptake and growth performance of Spinacia oleracea L. Plant Physiol. 

Biochem. 2023, 201, 107884, https://doi.org/10.1016/j.plaphy.2023.107884.  

25. Wang, S.; Lv, X.; Fu, M.; Wang, Z.; Zhang, D.; Sun, Q. Risk assessment of Artemia egg shell-Mg-P 

composites as a slow-release phosphorus fertilizer during its formation and application in typical heavy 

metals contaminated environment. J. Environ. Manag. 2023, 329, 117092, 

https://doi.org/10.1016/j.jenvman.2022.117092.  

26. Boonying, P.; Boonpavanitchakul, K.; Amnuaypanich, S.; Kangwansupamonkon, W. Natural rubber-lignin 

composites modified with natural rubber-graft-polyacrylamide as an effective coating for slow-release 

fertilizers. Ind. Crop. Prod. 2023, 191, 116018, https://doi.org/10.1016/j.indcrop.2022.116018.  

27. Dos Santos Pereira, T.; Fernandes, L.S.; Souza, C.F.; Faez, R. Biodegradable Enhanced Efficiency Fertilizer 

Based on Biopolymers/Zeolites Films’ Assembly. ACS Agric. Sci. Technol. 2021, 1, 131–142, 

https://doi.org/10.1021/acsagscitech.0c00002.  

28. Majeed, Z.; Mansor, N.; Man, Z.; Wahid, S.A. Lignin reinforcement of urea-crosslinked starch films for 

reduction of starch biodegradability to improve slow nitrogen release properties under natural aerobic soil 

condition. E-Polymers 2016, 16, 159–170, https://doi.org/10.1515/epoly-2015-0231.  

29. Gungula, D.T.; Andrew, F.P.; Joseph, J.; Kareem, S.A.; Barminas, J.T.; Adebayo, E.F.; Saddiq, A.M.; Tame, 

V.T.; Dere, I.; Ahinda, W.J.; Ator, R. Formulation and characterization of water retention and slow-release 

urea fertilizer based on Borassus aethiopum starch and Maesopsis eminii hydrogels. Results Mater. 2021, 

12, 100223, https://doi.org/10.1016/j.rinma.2021.100223.  

30. Zhao, S.-p.; Deng, K.-m.; Zhu, Y.-m.; Jiang, T.; Wu, P.; Feng, K.; Li, L.-j. Optimization of slow-release 

fertilizer application improves lotus rhizome quality by affecting the physicochemical properties of starch. 

J. Integr. Agric. 2023, 22, 1045–1057, https://doi.org/10.1016/j.jia.2023.01.005.  

31. Chen, F.; Miao, C.; Duan, Q.; Jiang, S.; Liu, H.; Ma, L.; Li, Z.; Bao, X.; Lan, B.; Chen, L.; Yu, L. Developing 

slow release fertilizer through in-situ radiation-synthesis of urea-embedded starch-based hydrogels. Ind. 

Crop. Prod. 2023, 191, 115971, https://doi.org/10.1016/j.indcrop.2022.115971.  

32. Zafar, N.; Niazi, M.B.K.; Sher, F.; Khalid, U.; Jahan, Z.; Shah, G.A.; Zia, M. Starch and polyvinyl alcohol 

encapsulated biodegradable nanocomposites for environment friendly slow release of urea fertilizer. Chem. 

Eng. J. Adv. 2021, 7, 100123, https://doi.org/10.1016/j.ceja.2021.100123.  

33. Masruchin, N.; Park, B.-D.; Causin, V. CHARACTERIZATION OF CELLULOSE NANOFIBRILS-

PNIPAAm COMPOSITE HYDROGELS AT DIFFERENT CARBOXYL CONTENTS. Cellulose Chem. 

Technol. 2017, 51, 497–506. 

34. Yusnaidar; Wirjosentono, B.; Thamrin; Eddiyanto. Synthesized Superabsorbent Based on Cellulose from 

Rice Straw for Controlled-Release of Urea. Orient. J. Chem. 2017, 33, 1905, 

https://doi.org/10.13005/ojc/330436.  

35. Kang, Y.-G.; Lee, J.-H.; Chun, J.-H.; Yun, Y.-U.; Atef Hatamleh, A.; Al-Dosary, M.A.; Al-Wasel, Y.A.; 

Lee, K.-S.; Oh, T.-K. Influence of individual and co-application of organic and inorganic fertilizer on NH3 

volatilization and soil quality. J. King Saud Univ. - Sci. 2022, 34, 102068, 

https://doi.org/10.1016/j.jksus.2022.102068.  

36. Jin, X.; Cai, J.; Yang, S.; Li, S.; Shao, X.; Fu, C.; Li, C.; Deng, Y.; Huang, J.; Ruan, Y.; Li, C. Partial 

substitution of chemical fertilizer with organic fertilizer and slow-release fertilizer benefits soil microbial 

diversity and pineapple fruit yield in the tropics. Appl. Soil Ecol. 2023, 189, 104974, 

https://doi.org/10.1016/j.apsoil.2023.104974.  

https://doi.org/10.33263/BRIAC145.112
https://biointerfaceresearch.com/
https://doi.org/10.1016/j.apsoil.2022.104699
https://doi.org/10.1016/j.eti.2023.103244
https://doi.org/10.3390/polym15040997
https://doi.org/10.3390/polym13172887
https://doi.org/10.1016/j.plaphy.2023.107884
https://doi.org/10.1016/j.jenvman.2022.117092
https://doi.org/10.1016/j.indcrop.2022.116018
https://doi.org/10.1021/acsagscitech.0c00002
https://doi.org/10.1515/epoly-2015-0231
https://doi.org/10.1016/j.rinma.2021.100223
https://doi.org/10.1016/j.jia.2023.01.005
https://doi.org/10.1016/j.indcrop.2022.115971
https://doi.org/10.1016/j.ceja.2021.100123
https://doi.org/10.13005/ojc/330436
https://doi.org/10.1016/j.jksus.2022.102068
https://doi.org/10.1016/j.apsoil.2023.104974


https://doi.org/10.33263/BRIAC145.112  

 https://biointerfaceresearch.com/ 19 of 20 

 

37. Soti, P.; Fleurissaint, A.; Reed, S.; Jayachandran, K. Effects of Control Release Fertilizers on Nutrient 

Leaching, Palm Growth and Production Cost. Agriculture 2015, 5, 1135–1145, 

https://doi.org/10.3390/agriculture5041135.  

38. Shi, H.; Liang, D.; Deng, H.; Xie, F.; Chen, Z.; Chen, Y.; Lu, Q.; Liu, X.; Zhang, C. Bio-based 

superhydrophobic polymer coatings for slow-release fertilizers via a UV-curing encapsulation method. Ind. 

Crop. Prod. 2022, 188, 115580, https://doi.org/10.1016/j.indcrop.2022.115580.  

39. Chen, R.; Chang, H.; Wang, Z.; Lin, H. Determining organic-inorganic fertilizer application threshold to 

maximize the yield and quality of drip-irrigated grapes in an extremely arid area of Xinjiang, China. Agric. 

Water Manag. 2023, 276, 108070, https://doi.org/10.1016/j.agwat.2022.108070.  

40. Maghsoodi, M.R.; Najafi, N.; Reyhanitabar, A.; Oustan, S. Hydroxyapatite nanorods, hydrochar, biochar, 

and zeolite for controlled - release urea fertilizers. Geoderma 2020, 379, 114644, 

https://doi.org/10.1016/j.geoderma.2020.114644.  

41. Alikhani, M.; Mirbolook, A.; Sadeghi, J.; Lakzian, A. Effect of a new slow-release zinc fertilizer based on 

carbon dots on the zinc concentration, growth indices, and yield in wheat (Triticum aestivum). Plant Physiol. 

Biochem. 2023, 200, 107783, https://doi.org/10.1016/j.plaphy.2023.107783.  

42. Cataldo, E.; Salvi, L.; Paoli, F.; Fucile, M.; Masciandaro, G.; Manzi, D.; Masini, C.M.; Mattii, G.B. 

Application of Zeolites in Agriculture and Other Potential Uses: A Review. Agronomy 2021, 11, 1547, 

https://doi.org/10.3390/agronomy11081547.  

43. Ulfa, M.; Masykur, A.; Nofitasari, A.F.; Sholeha, N.A.; Suprapto, S.; Bahruji, H.; Prasetyoko, D. Controlling 

the Size and Porosity of Sodalite Nanoparticles from Indonesian Kaolin for Pb2+ Removal. Materials 2022, 

15, 2745, https://doi.org/10.3390/ma15082745.  

44. Jarosz, R.; Szerement, J.; Gondek, K.; Mierzwa-Hersztek, M. The use of zeolites as an addition to fertilisers 

– A review. Catena 2022, 213, 106125, https://doi.org/10.1016/j.catena.2022.106125.  

45. Mihok, F.; Macko, J.; Oriňak, A.; Oriňaková, R.; Kovaľ, K.; Sisáková, K.; Petruš, O.; Kostecká, Z. 

Controlled nitrogen release fertilizer based on zeolite clinoptilolite: Study of preparation process and release 

properties using molecular dynamics. Curr. Res. Green Suistain. Chem. 2020, 3, 100030, 

https://doi.org/10.1016/j.crgsc.2020.100030.  

46. Hermassi, M.; Valderrama, C.; Font, O.; Moreno, N.; Querol, X.; Batis, N.H.; Cortina, J.L. Phosphate 

recovery from aqueous solution by K-zeolite synthesized from fly ash for subsequent valorisation as slow 

release fertilizer. Sci. Total Environ. 2020, 731, 139002, https://doi.org/10.1016/j.scitotenv.2020.139002.  

47. Bonetti, B.; Waldow, E.C.; Trapp, G.; Hammercshmitt, M.E.; Ferrarini, S.F.; Pires, M.J.R.; Estevam, S.T.; 

Aquino, T.F.D. Production of zeolitic materials in pilot scale based on coal ash for phosphate and potassium 

adsorption in order to obtain fertilizer. Environ. Sci. Pollut. Res. 2021, 28, 2638–2654, 

https://doi.org/10.1007/s11356-020-11447-y.  

48. Lateef, A.; Nazir, R.; Jamil, N.; Alam, S.; Shah, R.; Khan, M.N.; Saleem, M. Synthesis and characterization 

of zeolite based nanoecomposite: An environment friendly slow release fertilizer. Microporous Mesoporous 

Mater. 2016, 232, 174–183, https://doi.org/10.1016/j.micromeso.2016.06.020.  

49. Dubey, A.; Mailapalli, D.R. Zeolite coated urea fertilizer using different binders: Fabrication, material 

properties and nitrogen release studies. Environ. Technol. Innov. 2019, 16, 100452, 

https://doi.org/10.1016/j.eti.2019.100452.  

50. Sun, L.; Li, S.; Gong, P.; Song, K.; Zhang, H.; Sun, Y.; Qin, Q.; Zhou, B.; Xue, Y. Stabilization of Zinc in 

Agricultural Soil Originated from Commercial Organic Fertilizer by Natural Zeolite. Int. J. Environ. Res. 

Public Health 2022, 19, 1210, https://doi.org/10.3390/ijerph19031210.  

51. Khan, M.Z.H.; Islam, M.R.; Nahar, N.; Al-Mamun, M.R.; Khan, M.A.S.; Matin, M.A. Synthesis and 

characterization of nanozeolite based composite fertilizer for sustainable release and use efficiency of 

nutrients. Heliyon 2021, 7, e06091, https://doi.org/10.1016/j.heliyon.2021.e06091.  

52. Banik, C.; Bakshi, S.; Laird, D.A.; Smith, R.G.; Brown, R.C. Impact of biochar-based slow-release N-

fertilizers on maize growth and nitrogen recovery efficiency. J. Environ. Qual. 2023, 52, 630–640, 

https://doi.org/10.1002/jeq2.20468.  

53. Zhang, Y.; Pei, J.; Zheng, S.; Li, Y.; Lv, N.; Ma, L. Enhanced dewaterability of sludge by Fe(II) -sludge 

biochar activate persulfate. Environ. Technol. 2024, 45, 854-866, 

https://doi.org/10.1080/09593330.2022.2129457.  

54. Bhatt, N.; Buddhi, D.; Suthar, S. Synthesizing biochar-based slow-releasing fertilizers using vermicompost 

leachate, cow dung, and plant weed biomass. J. Environ. Manag. 2023, 326, 116782, 

https://doi.org/10.1016/j.jenvman.2022.116782.  

https://doi.org/10.33263/BRIAC145.112
https://biointerfaceresearch.com/
https://doi.org/10.3390/agriculture5041135
https://doi.org/10.1016/j.indcrop.2022.115580
https://doi.org/10.1016/j.agwat.2022.108070
https://doi.org/10.1016/j.geoderma.2020.114644
https://doi.org/10.1016/j.plaphy.2023.107783
https://doi.org/10.3390/agronomy11081547
https://doi.org/10.3390/ma15082745
https://doi.org/10.1016/j.catena.2022.106125
https://doi.org/10.1016/j.crgsc.2020.100030
https://doi.org/10.1016/j.scitotenv.2020.139002
https://doi.org/10.1007/s11356-020-11447-y
https://doi.org/10.1016/j.micromeso.2016.06.020
https://doi.org/10.1016/j.eti.2019.100452
https://doi.org/10.3390/ijerph19031210
https://doi.org/10.1016/j.heliyon.2021.e06091
https://doi.org/10.1002/jeq2.20468
https://doi.org/10.1080/09593330.2022.2129457
https://doi.org/10.1016/j.jenvman.2022.116782


https://doi.org/10.33263/BRIAC145.112  

 https://biointerfaceresearch.com/ 20 of 20 

 

55. Zhang, H.-w.; Xing, L.-b.; Liang, H.-x.; Liu, S.-z.; Ding, W.; Zhang, J.-g.; Xu, C.-y. Preparation and 

characterization of biochar-based slow-release nitrogen fertilizer and its effect on maize growth. Ind. Crop. 

Prod. 2023, 203, 117227, https://doi.org/10.1016/j.indcrop.2023.117227.  

56. Zhao, C.; Xu, J.; Bi, H.; Shang, Y.; Shao, Q. A slow-release fertilizer ofurea prepared via biochar-coating 

with nano-SiO2-starch-polyvinyl alcohol: Formulation and release simulation. Environ. Technol. Innov. 

2023, 32, 103264, https://doi.org/10.1016/j.eti.2023.103264.  

57. Safitri, W.N.; Habiddin, H.; Ulfa, M.; Trisunaryanti, W.; Bahruji, H.; Holilah, H.; Rohmah, A.A.; Sholeha, 

N.A.; Jalil, A.A.; Santoso, E.; Prasetyoko, D. Dual template using P123-gelatin for synthesized large 

mesoporous silica for enhanced adsorption of dyes. South African J. Chem. Eng. 2023, 43, 312–326, 

https://doi.org/10.1016/j.sajce.2022.11.011.  

58. Bindra, P.; Nagargade, M.; Sahu, B.K.; Shukla, S.K.; Pathak, A.D.; Kaur, K.; Kumar, P.; Kataria, S.; 

Shanmugam, V. Porous Silica Biofiber: A Reusable, Sustainable Fertilizer Reservoir. ACS Omega 2022, 7, 

4832−4839, https://doi.org/10.1021/acsomega.1c05245.  

59. Mbanaso, F.U.; Theophilus, S.C.; Sam-Ateki, M.A.; Nnadi, E.O.; Umoren, U.A.; Umeokafor, N. 

Investigation of impact of slow-release fertilizer and struvite on biodegradation rate of diesel-contaminated 

soils. Curr. Res. Environ. Sustain. 2023, 5, 100209, https://doi.org/10.1016/j.crsust.2023.100209.  

60. Yang, G.; Zhao, H.; Liu, Y.; Li, Z.; Gao, F.; Zhang, Q.; Zou, P.; Liu, Z.; Zhang, M. Slow release fertilizers 

based on polyphosphate/montmorillonite nanocomposites for improving crop yield. Arab. J. Chem. 2023, 

16, 104871, https://doi.org/10.1016/j.arabjc.2023.104871.  

61. Rudmin, M.; Abdullayev, E.; Ruban, A.; Buyakov, A.; Soktoev, B. Mechanochemical Preparation of Slow 

Release Fertilizer Based on Glauconite–Urea Complexes. Minerals 2019, 9, 507, 

https://doi.org/10.3390/min9090507.  

62. Faishol, W.; Rubiyanto, D.; Chuenchom, L.; Fatimah, I. ALGINATE-MODIFIED SAPONITE AND 

STUDY FOR UREASLOW RELEASED FERTILIZER APPLICATION. Rasayan J. Chem. 2019, 12, 

1792–1802, http://dx.doi.org/10.31788/RJC.2019.1245386.  

63. Wen, P.; Wu, Z.; He, Y.; Ye, B.-C.; Han, Y.; Guan, X.; Wang, J. Microwave-assisted one-step synthesis and 

characterization of a slow release nitrogen fertilizer with inorganic and organic composites. RSC Adv. 2016, 

6, 37337–37346, https://doi.org/10.1039/c5ra27828g.  

64. Babadi, F.E.; Yunus, R.; Abbasi, A.; Soltani, S.M. Response Surface Method in the Optimization of a Rotary 

Pan-Equipped Process for Increased Efficiency of Slow-Release Coated Urea. Processes 2019, 7, 125, 

https://doi.org/10.3390/pr7030125.  

https://doi.org/10.33263/BRIAC145.112
https://biointerfaceresearch.com/
https://doi.org/10.1016/j.indcrop.2023.117227
https://doi.org/10.1016/j.eti.2023.103264
https://doi.org/10.1016/j.sajce.2022.11.011
https://doi.org/10.1021/acsomega.1c05245
https://doi.org/10.1016/j.crsust.2023.100209
https://doi.org/10.1016/j.arabjc.2023.104871
https://doi.org/10.3390/min9090507
http://dx.doi.org/10.31788/RJC.2019.1245386
https://doi.org/10.1039/c5ra27828g
https://doi.org/10.3390/pr7030125

