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A B S T R A C T   

This review describes the latest achievements in the development of encapsulated controlled- 
release fertilizers, which encompasses sustainability issues in agriculture. The research com-
munity’s interest in this particular area of science has doubled over the last couple of years due to 
the yearly increasing complexity of the food and supply situation, as well as maintaining the 
development of modern society in the era of population outbreak. This review covers demand in 
timely systematization and comprehensive analysis of emerging research in so-called “smart 
fertilizers” that release mineral components in accordance with the needs for nutrients classified 
into controlled- and slow-release fertilizers (CRFs and SRFs). Along with the thoroughly selected 
fundamental studies published in this area, the review specially focuses on the materials-based 
classification, emphasizing the importance of the host matrix in the time-controlled release of 
dopant. This substantially differentiates our review and renders scientific novelty and relevancy 
to it. The review is divided into sections, dealing with the types of slow- and controlled-release 
fertilizers each, and supplemented with the critical view on their usage. All data regarding 
encapsulated fertilizers in this review are systematized for the convenience of the readership 
when becoming familiarized with the latest achievements in this area. Perspectives and potential 
pathways are also described to recommend and guide researchers working on the related aca-
demic fields.   

1. Introduction 

Global growth of the human population increases the demand for high-quality alimentary products. To maintain the high pro-
ductivity of agriculture and stimulate the sustainable development of crops, many fertilizers are used. However, their efficiency re-
mains at quite a low level. The role of any agricultural fertilizer is to supply plants with the essential macro- and micronutrients needed 
for their growth and development. However, in most cases, for crops, it is too hard to sufficiently assimilate nutrients from fertilizer 
due to high nutrient losses in the soil, water and air, which also leads to environmental problems. According to some estimates, only 
30–55 % of nutrients are fixed by crops, while the others are lost resulting from leaching, draining, and volatility [1–3]. These 
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considerable losses of fertilizers both lead to significant wastes of resources and increases in farming costs, and contribute to severe 
environmental pollution, such as eutrophication, as well as to global warming [4]. 

It is vital to note that mineral fertilizers not only provide nutrients to crops and help growth, but also play an important role in 
regulating pH and soil fertility [5,5]. Improving the efficiency of plant nutrition can be achieved through the production and appli-
cation of “smart fertilizers” that release mineral components over a longer period, thereby saving human and natural resources [6,7]. 
On the other hand, smart fertilizers improve nutrient utilization efficiency (NUE) not only by controlling the release of minerals but 
also by reducing their removal from the soil by natural conditions, which also reduces environmental risks. These two approaches 
allow reducing the recommended amount of fertilizer by 20–30 %, saving the same yield results [8–13]. Controlled- and slow-release 
fertilizers (CRFs and SRFs) stand as the main classes of materials in this field. Slow-release fertilizers are represented mainly by 
compounds with low solubility and a complex/high molecular weight chemical structure that release nutrients through it’s degra-
dation period. The term “controlled-release fertilizers” refers more to compounds of the encapsulated type, where the control of the 
release of water-soluble nutrients provides the surface of such micro- or nano-containers [14]. 

However, the following problems occur in the practice of manufacturing fertilizers. First, the coefficient of using nutrients from 
fertilizers is low in the contemporary agriculture, which leads to accumulating wastes and considerably contaminating the non-point 
sources [15]. Therefore, to efficiently increase the coefficient of using fertilizers (such as N or P), various fertilizers were developed 
with a low-release coating [7,16]. It should be noted that for CRFs and SRFs, coating materials are basically made of petrochemical 
products that represent non-renewable resources and have a high value. It essentially limits a large-scaled advancement of CRFs 
[17–19]. Accumulating metals in soil become an issue, as well. Some metals, such as Zn, Fe, and Cu, can be a source of microelements 
for agricultural crops. However, their accumulation in soil cannot be efficiently fixed by crops, while their excess affects the entire soil 
ecology and potentially contaminates water via drainages [20]. Moreover, the main soil heavy-metal remediation methods include 
coating the surfaces, leaching operations, electroextraction, hardening, vitrification, and phytoremediation [21]. These techniques 
require much manpower and many resources and become a considerable economic burden in agricultural practice [22]. Therefore, 
there is currently an acute need for stable and cost-effective functional materials for creating “smart fertilizers” [23]. 

This review provides details on CRFs and SRFs, their types, advantages and disadvantages, and a special section deals with studies 
that have been made in the area of encapsulated fertilizers as of today. 

Acronyms and abbreviations 

CRF – controlled-release fertilizer 
SRF – slow-release fertilizer 
NUE – nutrient utilization efficiency 
AAPFCO – Association of American Plant Food Control Officials 
PVDC – polyvinylidene chloride 
NPK fertilizers – complex nitrogen-phosphorus-potassium (NPK) fertilizers contain the key nutrients for plants, with some 

macro- and microelements added 
BCRF – bio-based controlled-release fertilizer 
DCRF – multifunctional bio-based bilayer CRF 
PESOA – poly-epoxidized soybean oil acrylate 
PSM – PESOA modified with stearic acid @ Mg (OH)2 
PSMP – PESOA modified with stearic acid @ Mg (OH)2 immobilized by paraffin 
PSF – slow-release PESOA 
PSF-SM – PSM cured by UV radiation 
PSF-SMP – paraffin-wax PSM cured by UV radiation 
SHT – superhydrophobic halloysite nanotube 
HNT – halloysite nanotube 
SHPU – modifications of castor-oil polyurethane, or superhydrophobic polyurethane 
PUC – polyurethane coating 
SHPUC – superhydrophobic polyurethane-coated (fertilizer) 
PHU – polyhydrophobic urethane, a nanocomposite film made from unprocessed CNTs and polyurethane was also made 

using the same process 
PHU 1, 2, 3 or SHPU 1, 2, 3 – numbers in abbreviations indicate the percentage of superhydrophobic coating as related to 

polyurethane in percents 
PHUС – PHU coating 
PMDI – polymeric methylene diphenyl diisocyanate 
Nano-CB – nanocarbon black 
CSNP – chitosan nanoparticle  
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2. Slow- and controlled-release fertilizers 

The Association of American Plant Food Control Officials (AAPFCO) defines slow-release fertilizers as materials with a high mo-
lecular weight, a complex structure, and a low water-soluble content. Chemical-controlled-release fertilizers (CRFs) are materials 
where mineral components are released through a polymeric layer or membrane [5]. 

There are mandatory criteria by which a slow-release fertilizer can be considered as such. The requirements state that at 25 ◦C the 
release of nutrients must be lower than 15 % in 24 h and no more than 75 % in 28 days, at least about 75 % must go into the fertilizer in 
the specified time (Fig. 1a). It is worth noting that there are currently different types of slow-release and controlled-release fertilizers, 
which can be classified as supergranules, slow release fertilizers, controlled release fertilizers [24]. 

2.1. Condensation products of urea and urea-Aldehydes (slow-release fertilizers) 

Urea-formaldehyde (UF), isobutyraldehyde urea (IBDU), croton-aldehyde urea (CDU) are most often used as nitrogen-containing 
fertilizer compounds in the spheres of professional grass plots, seeding nurseries, greenhouses, lawns, and for garden and landscape 
design, 

Let us consider one of the types of presented fertilizers, namely urea-formaldehyde, as an example. It should be noted that the 
introduction of nitrogen from UF-fertilizer is a specific multi-step process, which consists of 2 main parts: dissolution, when capsulated 
or leaved on the surface urea dissolves at the process of moisture, and decomposition, when the decomposing polymer releases the 
remaining amount of nitrogen. This is correlating with the stages of fertilizers release.  

1. Slow release of one part of the nitrogen;  
2. More gradual nitrogen release over several (3–4) months. 

However, not only the type of product, but also temperature, moisture, and soil organism activity have their influence on the nature 
of nitrogen release. Due to the low concentration in the soil, UF-fertilizer does not allow the plant to wilt quickly and does not interfere 

Fig. 1. Description of the fertilizer release criteria for SRF over 1 day, 28 days and longer period (a); materials used as coatings in controlled-release 
fertilizer production (b). 
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with crop growth. In general, urea-formaldehyde products can show great results in process of slow nitrogen release if there is good 
compatibility of the fertilizer with the crops, as well as a warm climate, because their effectiveness increases at higher temperatures. 

It is worth noting that UF fertilizers are more common in the slow-release fertilizer market, other products are less relevant due to 
the fact that they are not widely used and are not economically viable [24]. 

2.2. Coated or encapsulated fertilizers (controlled-release fertilizers) 

In the case of CRFs the main role in the control of slow nutrient release plays encapsulating/covering material standing as a physical 
barrier. Most often such a protective membrane (insoluble in water) is obtained by granulation, instillation or crystallization, which 
prevents water penetration and regulates the rate of dissolution and release of nutrients. 

There are a variety of forms of slow release/controlled release fertilizer (Fig. 1b) [24,25]. 
Let us take a closer look at some of the examples mentioned above. 

2.3. Inorganic mineral fertilizers 

Inorganic minerals, such as sulfur, zeolite, gypsum, dolomite, diatomite, and bentonite, are often used as coating materials within 
controlled-release fertilizers [25]. Pure sulfur is the most conventional coating material used in synthesizing controlled-release fer-
tilizers, because a sulfur-coated fertilizer can reduce the solubility degree of a normal fertilizer. Being the most available coating for 
fertilizer granules, sulfur can also cause negative effects associated with its reduction to the sulfide form, in which sulfur binds with 
heavy metals [26], reducing the amount of available microelements and seed survival in general, or sulfur oxidation to the sulfate 
form, in which it can cause soil acidification [27]. These processes occur mainly due to the activity of bacteria, and their study over 
time will make it possible to avoid negative consequences and benefit from greater digestibility of sulfur when used in elemental form 
[28]. as demonstrated by the group of Rousk J, who in their study showed the possibility of conversion up to 90 % when maintaining 
pH at 6.0–6.5 [29]. 

In one of studies, the quality of sulfur-coated urea was determined by the urea dissolution rate and analyzed using electronic 
microscopy. Elemental sulfur was liquidized and dispersed in particles. Experiments were planned to check how the flow rate of sulfur 
and atomizing air, as well as the temperature of the air used in atomizing layer, affect the surface quality of coated particles. Supply air 
temperature and the atomizing air flow rate affected the coating quality considerably [30]. 

Sulfur coating could prolongate the release of nutrients. However, it cracked easily because it was very breakable. To overcome this 
limitation and improve the coating quality, a sealer and a sulfur modification were used. In the study, organic resin dicyclopentadiene 
(DCPD) was used to modify the sulfide coating [31]. 

One of studies reported that combining sulfur with gypsum, starch, or bentonite used as coating material reduces the urea release 
rate. It turned out that the sulfur-/gypsum-coated urea release rate was lower than that of the sulfur-/bentonite- or sulfur-/starch- 
coated urea. Sulfur-gypsum coating appears to be more uniform over the urea granules and had minimum number of pores. In this form 
urea had better resistance to water. Moreover, sulfur-/gypsum-coated urea also showed good water retention property, which makes 
this coating even more promising relative to comparable analogues [30,32]. 

2.4. Polymer-based fertilizers 

To overcome the disadvantages of using inorganic mineral basis, a polymer is used instead of sulfur coating, since it is impregnable 
against microorganisms. Polymers that are commonly used as protective membranes include polyurethane [33], polysulfone, poly-
acrylonitrile, cellulose acetate [34,35], polyolefin [36], and polyvinylchloride [37]. The use of biodegradable polymers is considered 
more promising when creating encapsulated fertilizers, due to the absence of their accumulation in the soil and gradual conversion into 
nutrients [38]. However, the decisive factor in determining the possibility of using a particular polymer is its biocompatibility and low 
toxicity to environment. In this connection, fertilizers based on polysulfones, polyacrylonitriles, etc., exhibiting high resistance to 
decomposition, are mentioned as potential encapsulating agents [39–41]. However, it is also worth considering the cost of the 
polymers used, since the possibility of recycling and reuse requires additional ones, as a rule, they are not provided or require 
additional modifications of the shell [42,43]. 

The use of encapsulated fertilizers in small amounts does not lead to any significant changes in the soil, however, in some cases, 
with the constant use of encapsulated fertilizers, the content of undecomposed polymer capsules in the soil can reach 10 %, as 
demonstrated in rice fields in Japan [44]. Such amounts of residual microplastic can significantly affect the soil’s ability to retain 
moisture, microelements and bacteria, which significantly affects the amount of moisture consumed and the quality of the resulting 
crop [45,46]. 

Three types of coated NPK-fertilizers were developed using polyacrylonitrile, polysulfone, and cellulose acetate. It is found that 
increasing the coating thickness and polymer concentration reduces the coating porosity. A higher porosity was observed in cellulose 
acetate as compared to polysulfone and polyacrylonitrile. NPK release rate from a polysulfone-coated fertilizer was the lowest, while 
that from a fertilizer coated with cellulose acetate was the highest after 5 h of dissolution. Low NPK release rate from polysulfone and 
polyacrylonitrile is explained by their low porosity and high hydrophobic properties [34]. 

A.P. Dovzhenko et al.                                                                                                                                                                                                 



Heliyon 10 (2024) e34895

5

2.5. Superabsorbent hydrogel-based fertilizer 

Superabsorbent hydrogel represents a three-dimensional matrix formed by a cross-linked hydrophilic polymer. This coating can 
also be used as a carrier/matrix. There are several types of hydrogel-based fertilizers: synthetic fertilizer, a combination of synthetic 
and natural and a pure natural hydrogel-based fertilizer. Synthetic hydrogel is usually made based on acrylic acid and acrylamide. A 
prime example of this approach is provided by the group of Klinpituksa P., who obtained slow nitrogen release material based on 
polyacrylamide and urea [47]. It is found that urea is released in distilled water gradually, for up to 40 days [30,48]. 

2.6. Supergranules and others  

• As a rule, fertilizers from this group do not contain special substances in their contents, and provide unusual properties with the 
help of appropriate regulation of the granules size and density. They have a relatively small surface-to-volume ratio, which reduces 
the speed of nutrient release and helps to stay on the surface of the soil for a long time. The simplest example of supergranules are 
urea granules with a size of about 10 mm or more. The scientific group of M. I. Khalil compared the effectiveness of using 1–2 mm 
urea granules with 10 mm super granules. They demonstrated a significant increase in fertilizer consumption by spring wheat when 
using super granules (up to 78 %) relative to conventional granules (56.6 %), however, only when they were placed at a depth of 
5–7 cm. They attribute this effect to the slower dissolution of super granules and the plant’s consumption of fertilizer during later 
stages of growth [49]. Depending on the culture of plants, such fertilizers can contain different proportion of microelements. In 
Western Europe, such UF-based supergranules, briquets, pellets, or sticks are preferred to fertilize trees and shrubs, as well as some 
vegetables, while in tropical regions such fertilizers are preferred to cultivate lowland rice [24]. 

2.7. Examples of slow- and controlled-release fertilizers 

This section gives the examples of slow- and controlled-release fertilizers with several types of nutrients (macro- and microele-
ments) and various efficient prolonging shells obtained using different synthesis methods. 

A recent example of a slow-release fertilizer is presented by nitrogen rich granules coated with poly (3-hydroxy-butirate) (Fig. 2). 
There nitrogen fertilizer (calcium-ammonium nitrate) have been granulated with the selected fillers, such as poly (3-hydroxy-butirate), 
struvite, or dry biomass. The poly (3-hydroxy-butirate) solution in dioxolane was applied onto the granules, which formed a high- 
quality and thin polymer coating [14]. 

The main feature of this coating is ability for biodegradation, which allows them to gradually release nitrogen and stay in stable 
form in the soil. Analysis of coated granules in water and soil mediate demonstrated their great stability even upon 76 days in water, 
when only 20 % of ammonium nitrate were released. The efficiency of this system has also been checked in the process of maize 

Fig. 2. Illustrative scheme of forming and analyzing the encapsulated fertilizer based on calcium ammonium nitrate. Reproduced from Ref. [14].  
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development with Mitscherlich pots. Experiments show that the way of feeding maize with this granule fertilizer provided an 
appropriate amount of nutrients for the culture in accordance with its needs and the absence of any adverse effects upon the corn 
growth from coating - poly (3-hydroxy-butirate) [14]. 

There are scientific studies aimed at using ethyl cellulose in agricultural chemistry. The purpose of the next study was to obtain 
fertilizers with prolonging properties by the method of dipping of granules of multi-component NPK-fertilizer into biopolymer material 
- ethyl cellulose (EC). 

Studies were conducted over 28 days for all materials coated with ethyl cellulose, with mass ratios of polymer to fertilizer ranging 
from 0.16 to 0.285 (Fig. 3). After conducting a hip of similar experiments, it was concluded, that the mass ratio of biopolymer to 
fertilizer must be at least 0.21 for phosphomineral release to be less than 75 % within 28 days. The graph clearly shows the time 
dependence of nutrients released in percent, showing phosphate release with different ratios of ethylcellulose to fertilizer (Fig. 3A), as 
well as the effect of fertilizer on polymer coating (Fig. 3B). As would be expected, the phospho-fertilizer that did not contain an 
ethylcellulose as a coating layer was dissolved completely in water in about 1 h [5]. 

Using an ethylcellulose membrane to produce a proliferating fertilizer can significantly improve crop growth and quality, due to the 
slow release of beneficial minerals. 

As is well-known, nitrogen is an essential microelement in plants functioning. Selenium, one of important microelements 
considered a leader among anticancer agents, is liable to easily washing from the plant surfaces, leaching, and deficit in soil. Like 
selenium, copper is a microelement playing a significant role in human life and having antifungal properties (Fig. 4А) [50]. 

Since the above matters are of invaluable importance for plants and people, a group of researchers prepared a biobased multi-
purpose two-layer controlled-release fertilizer. Urea was used as the source of nitrogen and represented the fertilizer core; biobased 
polyurethane was used as internal coating, and sodium alginate and copper ions formed a hydrogel as an external coating. Besides, to 
modify the sodium alginate hydrogel, the nanoparticles of mesoporous silicon dioxide were used, loaded with sodium selenate 
(Fig. 4B). This encapsulation of fertilizers made it possible to increase the duration of nitrogen and selenium release approximately 40 
times to 42 days and 40 h, respectively, which made it possible to increase fruit yield by 69.9 % relative to the experiment using non- 
encapsulated fertilizers. This development allows controlling the release of nitrogen, selenium, and copper, which in turn increases the 

Fig. 3. Releasing phosphates from ethyl cellulose-coated materials having different ethyl cellulose-to-fertilizer mass ratios (A) and releasing 
phosphates from the uncoated materials of the NPK fertilizer (B). Reproduced from Ref. [5]. Copyright (2023) with permission from Sciendo. 
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favorable development of crops [50]. 
Changes in releasing N, Se, and Cu from DCRF are shown in Fig. 5. Cumulative rates of nitrogen release from urea, BCRF, and DCRF 

are shown in Fig. 5A. Nitrogen life time in urea and BCRF was 1 day and 30 days, respectively. Selenium and copper represented lower 
rate of release from the capsules and less than 80 and 60 % of these elements were released within 30 days (Fig. 5B and C). Duration of 
releasing nutrients from DCRF reached 42 days, while sodium alginate hydrogel slowed the nitrogen release [50]. 

Fig. 6 clearly shows the effect of using DCRF as fertilizer on cherry radish seedlings (sample S2). Through controlled release, the 
crop was supplied with nutrients throughout the growth period, contributing to quality yields. 

Typical raw materials of biomass, such as vegetable oil, cellulose, castor oil and starch [51], lignin and hydroxyapatite [52], 
graphene oxide and chitosan [33], etc., are widely used in developing biobased polymeric coatings due to their high yields and easy 
transformations. The authors of this paper managed to obtain a slow-release fertilizer, the polymeric coating of which was the soya oil 

Fig. 4. Illustrative scheme of using DCRF in environment (A); obtaining DCRF (B) Reproduced from Ref. [50]. Copyright (2023) with permission 
from Elsevier. 

Fig. 5. Cumulative rate of releasing nutrients: N (A), Se (B), and Cu (C). Reproduced from Ref. [50]. Copyright (2023) with permission 
from Elsevier. 
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monomer epoxidized by acrylate cured by UV radiation using Mg(OH)2 modified by stearic acid followed by immobilizing paraffin as 
hydrophobic fillers (Fig. 7). 

A systemic analysis was performed on the microstructure, thermal stability, and hydrophobic properties of the surface of the 
composite coatings obtained and the releasing properties of the coating fertilizers, as well as their impact upon the actual growth of 
maize [53]. 

The findings have shown that after UV exposure for 30–60 s poly-epoxidized soybean oil acrylate (PESOA) coating modified with 
stearic acid @ Mg(OH) paraffin has demonstrated a good hydrophobic ability (Fig. 8B). Great results have been reached with the 
coating content near 7 %. In these conditions, the start release speed was up to 1.625 %, while the duration of nitrogen release reached 
63 days (Fig. 8A). This UV-curing method ensures a new and simple strategy for preparing cost-efficient biobased slow-release fer-
tilizers [53]. 

Controlled-release fertilizers were developed, with a hydrophobic coating from superhydrophobic halloysite nanotubes and 
polyurethane based on castor oil (Fig. 9). Action duration of the slow-release nitrogen fertilizers obtained exceeded two months [54]. 

Superhydrophobic halloysite nanotubes (SHNs) were made by hydrolytic condensation of siloxane on the surface of halloysite 
nanotubes to increase the hydrophobic surface of the coating material equipped with bio-based castor oil. SHNs were used to modify 
superhydrophobic polyurethane (SHPU) for increasing the nano-sized surface roughness and reducing the surface energy. By doping 
halloysite nanotubes (HNTs) and polysiloxane-modified HNTs into the polyurethane coating, the researchers were able to increase the 
water contact angle from 84.79◦ to 101.27◦ and to 137.91◦, respectively. Thus, the nanotubes blocked the micropores formed on the 

Fig. 6. Digital photos of cherry radish (A) and fruit parts. Reproduced from Ref. [50]. Copyright (2023) with permission from Elsevier.  

Fig. 7. Process of preparing PSF, PSF-SM, and PSF–SMP. Reproduced from Ref. [53]. Copyright (2023) with permission from Elsevier.  
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fertilizer coating, thereby preventing water from entering the cavity with the nutrients (Fig. 10A–H) [54]. 
It was studied how polyurethane-coated urea based on the modified castor oil HNTs and SHTs upon the characteristics of nitrogen 

release and lifetime. 
Contents of the added nanotubes considerably affected the characteristics of the PHUC and SHPUC nitrogen release (Fig. 11A–C). 

With increasing the contents of the HNTs and SHTs, the nitrogen release percentage decreased from 21 % down to 3 % per day and up 
to 49days and longevity of nitrogen release increased up to 49days for 80 % nitrogen release. As compared to PUC, PHUC and SHPUC 
showed a slower nitrogen release. This finding suggested that urea was contained in the HNT body and absorbed on the HNT surface, 
and adding HNTs could prevent from releasing nitrogen [54]. 

This method of hydrophobically modified coating materials can become a new idea to develop highly efficient and environmentally 
friendly fertilizers controlled-release biobased fertilizers and sustainable development of agriculture [54]. 

Nano-carbon black (Nano-CB), an affordable and green nanomaterial having law surface energy, is a potential substance that 
provides superhydrophobic qualities to polymers without any complicated modification [55,56]. In this study, superhydrophobic 
nanocomposites polyurethane/black based on castor oil were developed using one-stage synthetic strategy to synthesize CRFs with the 
low coating contents by the three-layer coating method with a rotating drum. 

Biobased polyurethane was obtained by the polyaddition of castor oil, vegetable oil containing hydroxyl groups to manufacture 
polyurethane directly without any modifications, and PMDI. Then polyurethane nanocomposites were obtained by including nano- 
carbon black into the polymer matrix (Fig. 12). It was analyzed how the nano-CB contents affect the characteristics of poly-
urethane nanocomposites. PU composites having different nano-CB contents were used to encapsulate the urea granules by the three- 

Fig. 8. (a) Performance curve of slow release: PSF-SMP 3 %, PSF-SMP 5 %, and PSF-SMP 7 %, (b) Controlled-release mechanism scheme for PSF- 
SMP. Reproduced from Ref. [53]. Copyright (2023) with permission from Elsevier. 

Fig. 9. Scheme of obtaining a controlled-release fertilizer. Reproduced from Ref. [54]. Copyright (2023) with permission from Elsevier.  
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Fig. 10. Water contact angle of PU (A), PHU1 (B), PHU2 (C), PHU (D), SHPU1 (E), SHPU2 (F), SHPU (G), and polysiloxane-modified HNTs (H). 
Reproduced from Ref. [54]. Copyright (2023) with permission from Elsevier. 

Fig. 11. Curves of cumulative nitrogen release of PUC, PHUC, and SHPUC for (A) 3 %, (B) 5 %, and (C) 7 % of coating consumption. Reproduced 
from Ref. [54]. Copyright (2023) with permission from Elsevier. 
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Fig. 12. Process of preparing a fertilizer coated by superhydrophobic polyurethane. Reproduced from Ref. [4]. Copyright (2023) with permission 
from Elsevier. 

Fig. 13. (А) Cumulative release of nano-CB PCU nitrogen in the innermost, middle, and outermost layer. (B) Scheme of adding nano-CB at various 
places. (C) and (D) Cumulative nitrogen release from PCU with different nano-CB loads and coating contents, respectively. Reproduced from 
Ref. [4]. Copyright (2023) with permission from Elsevier. 
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layer coating method with a rotating drum for the controlled-release fertilizers. It was investigated how the nano-CB contents affect the 
surface morphology and release characteristics of coated fertilizers [4]. 

To evaluate the effect of nano-CB layer location on the controlled nutrient yield properties of coated fertilizer, the polyurethane 
composite layer was coated in the innermost or outermost layer, while other layers were coated with pure polyurethane to synthesize 
CRFs with the coating content of 2 % [4]. The results of the kinetic analysis of urea release from the capsules demonstrate a significant 
increase in the wettability of the surface granules during the distribution of nano-CB on the coating surface, which leads to an ac-
celeration of the release of fertilizer (Fig. 13A), in this connection, further work was carried out on the distribution of the modifying 
agent in the inner layer of polyurethane capsules. 

Samples were called PU-CB-x, where PU is for polyurethane and x is for the content of nano-CB. While regulating the content of 
nano-CB, four types of PU-CB were obtained. With an increase in the content of nano-CB in the polymer capsule, its hydrophobicity and 
roughness increased. The heterogeneity of the surface contributes to the formation of air pockets, which leads to a high contact angle 
and low adhesion. However, with an increase in the nano-CB load to 20 %, the contact angle of the coating decreased slightly due to a 
decrease in surface roughness. The degree of hydrophobicity of composite encapsulated fertilizers and their roughness do not fully 
correlate with the dynamics of nitrogen fertilizer yield (Fig. 13B–D). The effect of increased nitrogen release kinetics with an increase 
in the content of nano-CB content was interpreted by partial degradation of the capsule shell during modification and a decrease in the 
resistance of the material to internal and external osmotic pressure, which leads to an acceleration of its destruction process. 

In this study, an original concept was proposed to manufacture dual-purpose and ecofriendly SRFs with the adjustable function of 
releasing fertilizers and a strong adsorption ability of microelements in soil [23]. 

In fact, membrane materials contained biobased liquefied polyurethane and uniform, organophilic, and stratified lignin-clay 
nanohybrids that had ensured tortuous hydrophobic paths to reduce the release of hydrophilic nutrients (N) (Fig. 14). Meanwhile, 
these nanobiocomposite membranes showed a large specific surface and a unique nanolayer structure for the efficiency metal 
adsorption in soil, which helped ensure the restoration of the contaminated soil and the necessary microelements for the growth of 
plants. It is worth noting that these inexpensive and biodegradable nanocomposite membranes not only function as a CRF, increasing 
the efficiency of fertilizer use, but also have a beneficial effect on the soil, regulating its performance and saturation of essential 
micronutrients that enhance the fruitful development of crops. A close look was taken at the mechanism to regulate nutrients with 
these newly synthesized CRFs and the mechanism of absorbing metals with membrane materials in a soil medium. 

The findings show that the BCU coating has the highest water-absorption rate in all solutions, followed by LBCU1, LBCU2, and 
LBCU3, respectively. It is worth noting that the LBCU3 sample with an overwhelming number of nanoproducts had only about 7 % of 
the water-absorption rate, which suggests the hydrophobic behavior of nanocomposite coating membranes. Various salt conditions did 
not affect its water-absorbing ability [23]. Data on water absorption correlate well with data on the release of nitrogen fertilizers in 
water and soil. For LBCU3, despite the higher surface roughness, the rate of nitrogen release is lower due to higher hydrophobicity. 
(Fig. 15). 

Fig. 16A and B shows the biomass yield of cherry radish consisting of fresh aerial and foot end. As compared to the check (CK) 
without any fertilizers, the yield of all variants, including urea-only fertilizer and LBCU, increased considerably on various lignin-clay 
nanohybrids, while the yields of fresh CRF biomass, including the upper and lower layers, were higher on addition of the lignin-clay 
(LBCU) nanohybrids than with U and BСU. With LBCU3, the fresh biomass yield was the highest, which can be explained through the 
fact that LBCU3 had the largest core urea release due to blocking the hydrophobic nanohybrid and the highest absorption of nutritive 
microelements in soils, which expedites the growth of plants [23]. 

It is expected that this affordable, biodegradable, multifunctional nanocomposite lignin-based membrane will solve the issues 
related to the low utilization coefficients of fertilizers and to contaminating the delayed runoff with fertilizers and metals, which 
ensures a technical and theoretical support for the industrial application of coated CRFs [23]. 

In the experiment chitosan nanoparticles (CSNPs) showed ability to catch crude lipase and alkane hydroxylase enzymes from 
bacteria Alcanivorax borkumensis by ionotropic gelation. Enzymes in immobilized form prolonged their time of living, retaining up to 
70 % of the initial activity after 5 days. 

It is worth noting that the study used two solvents, namely double-distilled water (DDW) and phosphate buffer sodium (PBS), 
simulating the pH that can correspond to the real environmental conditions. DDW gave the best result in both samples; the alkane 
hydroxylase-saturated CSNPs (Fig. 17A) did not start releasing until 24 h later, and most (74.3 %) were released after 17 days (~400 
h), while the lipase-loaded CSNPs (Fig. 17B) had a complete controllable yield of 79.3 % after the same 17 days [57]. 

Some researchers tried various binders to regulate the releases of macro- and microelements [7,58]. Bentonite clay, gypsum, 
gelatin, polyol, sulfur, starch, Zn nano particles, ZnO were previously coated using neem oil, paraffin wax, palm oil, and polyol as a 
binder of an urea fertilizer [7,58–60]. ZnO NP surface coating on urea was studied recently, using vegetable oil. Notwithstanding that 
some researchers used bentonite as a binder, no one used is as a source of nutrients [61,62]. In this study, nano bentonite was used as 
the source of Zn. The focus was on developing a macro- and microelement fertilizer from zinc-coated slow-release urea. For this 
purpose, ZnO NPs (21–41 nm) and zinc-enriched nano bentonite (6–50 nm) were applied to urea using stearic acid, paraffin oil, and 
paraffin wax as a binder [63]. 

The findings have shown that urea coated with nano bentonite (ZU1 and ZU3) released considerably less Zn as compared to urea 
coated with ZnO NPs (ZU2 and ZU4) (Fig. 18A). This difference in the Zn release is probably related to the low amounts of coated zinc 
(1 %) in form of zinc-enriched nano bentonite, as compared to the ZnO NPs (2 %). The highest release of Zn from ZU1 and ZU2 was 
recorded after 15 days, while zinc release from ZU3 and ZU4 continued even on the 30th day (Fig. 18A). This may be associated with a 
higher stability of paraffin oil and paraffin wax using in coating ZU3 and ZU4 [63]. 

Nitrogen release analysis has proven the slower N release from coated urea granules, as compared to uncoated urea (Fig. 18B). It 
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was noted that urea granule coatings in ZU3 and ZU4 considerably decreases the N release, as compared to ZU1 and ZU2 [63]. 
To better visualize the above literature data, there is a table presented that contains the most important characteristics of 

encapsulated fertilizers (Table 1). 
Thus, literature data suggest a variety of possibilities to create pluripotential controlled-release fertilizers of various compositions. 

3. Conclusions and prospectives 

Concluding this review, it would be worth to note the most important prospects for the development of “smart” fertilizers in 
agriculture, to highlight their main advantages, as well as to indicate the disadvantages. 

Fig. 14. Scheme of obtaining lignin-clay plus bio-polyurethane-coated urea. Reproduced from Ref. [23]. Copyright (2023) with permission 
from Elsevier. 

Fig. 15. Release characteristics of non-modified BCU and lignin-modified LBCU. Three type of LBCU: LBCU1, LBCU2, and LBCU 3 with 10, 20, and 
30 % of lignin-clay, respectively. Reproduced from Ref. [23]. Copyright (2023) with permission from Elsevier. 
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3.1. A number of pros of SRFs and CRFs  

1. With the metered technology of nutrient inputs of fertilizers with slow and controlled release, you can avoid high concentrations of 
ions (or elements) in the soil, which can “poison” the crop.  

2. Due to the action of SRFs and CRFs, it is possible to carry out planned plant fertilization less often, thereby reducing the amount of 
arable work, saving time and energy. 

3. Due to the slow release of nutrients, plants get sufficient and timely nutrition, and therefore a better development of the above-
ground as well as root biomass can be observed [14].  

4. SRFs and CRFs can be used both outdoors and in greenhouses. In closed greenhouses they also provide plants with all the necessary 
useful substances in a single application. 

Fig. 16. In the photo: Oilseed radish (Raphanus sativus L. var. radculus pers) (A) and (B). Reproduced from Ref. [23]. Copyright (2023) with 
permission from Elsevier. 

Fig. 17. Release profile of alkane hydroxylase (A) and lipase (B) from CSNPs loaded with enzymes in two different solutions: Double-distilled water 
and phosphate-buffered saline. Reproduced from Ref. [57]. Copyright (2023) with permission from Elsevier. 
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5. There is a significant reduction in the loss of nutrients in the form in which they are needed by the plant. That is, due to the slow 
release, there is no modification of a useful element in the soil (nitrate needed by plants does not have time to change into 
ammonia).  

6. Due to the fact that the nutrients remain in the required modification, no dangerous gases containing nitrogen (e.g. ammonia or 
laughing gas) are released. Thus, SRFs and CRFs keep the environment clean [64].  

7. Considering the environmental aspect, it is worth noting that the action of controlled-release fertilizers prevents the natural 
problems that could occur with conventional fertilizers, namely water pollution, biomaterial burning, eutrophication, greenhouse 
effect, energy costs [24]. 

3.2. Cons of SRFs and CRFs  

1. The release rate of some forms of the presented fertilizers due to the nature of the coating material or the variety of the nutrient 
itself may not always be effective. In one case the useful element may be released too quickly, in another very slowly or not 
completely.  

2. As for fertilizers containing sulfur in the coating material, the improperly designed shape of the membrane, can lead to turf damage 
or poor yields, since the sulfur film is often very fragile, causing pores and cracks, and can also be destroyed by exposure to soil 
bacteria [30].  

3. When developing a controlled-release fertilizer, it is worth considering how the nutrient and the protective coating correlate (can 
work in tandem), since the two components may have acidic properties, which can ultimately lower the soil pH several times and 
have a detrimental effect on the crop.  

4. It is worth paying more attention to the elaboration of the prolongation layer of fertilizer, as most often it is synthesized from 
polymers that may not decompose well or not decompose at all, thus creating an environmental problem. Preference should be 
given to a coating based on biological materials or biowaste.  

5. SRFs and CRFs are a fairly new solution in the agricultural industry, which requires regular and careful elaboration, which in turn 
leads to increased cost of encapsulated fertilizers [24].  

6. The release rate of nutrients from such fertilizers is sharply dependent on the ambient temperature, moisture, in some cases soil 
acidity. This is why at the beginning and at the end of the season, in the spring and autumn, when the temperature in the fields are 
low, the release of nutrients can occur slower [65]. As a result of which the nutrition for crops may be insufficient. In contrast, at 
elevated temperatures or high humidity, the release of nutrients is accelerated, which can cause a root burn [66]. 

Up to date, high cost is the main limiting factor for the development of coated fertilizers in agriculture, which is the reason the 
reason for infrequent use worldwide (the market share of CRFs is less than 1 %). However, CRFs can be used in high value-added areas 
of agriculture to enhance soil properties and increase soil productivity. This trend may be especially pronounced in that countries 
where agricultural products are expensive. For example, in Europe controlled release fertilizers account for a much larger share of the 
market. It is mentioned that eight to ten percent out of the total mass of fertilizers used [66]. Another illustrative example, almost 70 % 
of coated fertilizers are used in rice cultivation is registered in Japan. In general, this share will grow due to advancements in 
fabrication methods, application strategies, and improvement of their properties. As a result, CRFs will provide a revolutionary 
breakthrough in agriculture in the nearest future. 

Prolonged-acting fertilizers carry enormous potential for use in agriculture. They have a number of advantages over traditional 

Fig. 18. Characteristics of releasing Zn from Zn-rich nanobentonite coated with urea, and ZnO NPs coated by urea (A); nature of nitrogen releasing 
from zinc-rich nanobentonite, and urea coated with ZnO NPs (B). Reproduced from Ref. [63]. Copyright (2023) with permission from Elsevier. 
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Table 1 
– Characteristics of encapsulated fertilizers.  

Fertilizer Coating (shell) Active coating content in 
% 

Release time in 
days 

Release % Release rate in 
% 

Source 

Ammonium nitrate poly (β-hydroxy butyrate) 50 76 20 %  [14] 
NKP Ethyl cellulose 0.16:0.29 1 ~15 %  [5] 
Urea Bio-based polyurethane coating with the alginate hydrogel mesh  42 nitrogen ~72  [50] 

40 selenium ~81 
2 copper ~65 

Urea Mg(OH) modified with stearic acid followed by immobilizing with paraffin as hydrophobic 
fillers 

3 63 100  [53] 
5 63 98  
7 63 80 1.625 

Urea Superhydrophobic halloysite nanotubes and castor-oil-based polyurethane 7 % 78 100 %  [54] 
Urea Polyurethane composites based on castor oil and nanocarbon black 10 30 83 0.32 [4] 

15 25 85 2.03 
20 18 95 2.26 

Urea Bio-polyurethane-coated lignin-clay 10 35 82.5 4.7 [23] 
20 35 82 4.1 
30 35 81 3.6 

Alkane 
hydroxylase 

Chitosan nanoparticles  8 80.3  [57] 

Lipase 8 88.1 
Urea Zinc-rich bentonite + vegetable oil 1 10 90  [63] 

ZnO NPs + vegetable oil 2 5 102  
Zinc-rich bentonite + Stearic acid + Ca (OH)2+ Paraffin oil + Paraffin wax 1 15 88  
ZnO NPs + stearic acid + Ca(OH)2+ Paraffin oil + paraffin wax 2 15 78   
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fertilizers, the use of which most often leads to environmental problems, poor yields, inefficient energy and labor costs. With the proper 
development of slow release/controlled release fertilizers, labor in the agribusiness can be greatly alleviated and what is more 
important, a quality of the crop can be significantly raised, which in the end will reduce the world hunger on the planet to a minimum. 
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