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A b s t r a c t. The improper adjustment of the release charac-
teristics of commonly used mineral fertilizers to the nutritional 
requirements of plants results in the loss of a significant part of 
them by infiltration into the soil profile or in the form of green-
house gas emissions into the atmosphere. Legal regulations 
including the national emission ceilings directive, require the 
Member States of European Union to limit ammonia emissions 
from agriculture. In order to minimize the losses of valuable 
nutrients and to reduce greenhouse gas emissions it is necessary 
to find new solutions and technologies in agriculture. Specialists 
emphasize the beneficial effects of localized fertilization meth-
ods and the use of the slow-release/controlled-release fertilizers. 
Field studies conducted on newly obtained fertilizers prove their 
beneficial effect on the quality and quantity of the crop but cur-
rently the products offered on the market are too expensive to use 
in large acreage crops. This article presents an overview of some 
particular economic, legal and practical aspects of slow-release 
fertilizer production and use. Additionally, the results of field tests 
indicating their beneficial effect on plant yield,  the plant response 
to stressful conditions and methods for environmental protection 
are also presented.

K e y w o r d s: slow-release and controlled-release fertilizers, 
national emission ceilings directive, greenhouse gas emissions, 
NH3 emisions

INTRODUCTION

Nutrient losses from mineral fertilizers have persist-
ed at a high level for several years (Barrows and Kilmer, 
1963; Sharpley et al., 2001; De Jong et al., 2009; Dutta 

et al., 2016). This adverse phenomenon not only has eco-
nomic implications, i.e. the loss of the main components 
of costly fertilizers which enhance plant development 
(Vatn et al., 2006), but also environmental consequences, 
i.e. the penetration of the components into deeper layers 
of soil (Drury et al., 2014) and the contamination of soil 
and groundwaters (Bertol et al., 2017). Some of the com-
ponents are emitted into the atmosphere,  in large part as 
greenhouse gases, thus contributing to progressive climate 
change (Parton et al., 2001; Uzoma et al., 2015; Congreves 
et al., 2016a; Rochette et al., 2018). The problem of irre-
trievable nutrient loss has been arousing increasing interest 
in recent times due to ongoing attempts at the reduction 
of environmental pollution (He et al., 2018; Holly et al., 
2018). These considerations have resulted in the introduc-
tion of legal regulations at national and European levels, 
for instance, in the Act introducing changes to the National 
Emission Ceilings of 2016 for atmospheric pollutants 
(NEC Directive, 2016). Greenhouse gases include carbon 
dioxide, nitrous oxide and indirectly ammonia, which are 
released as a consequence of the application of fertilizers 
to soil. Apparently, the new emission limits may result in 
reduced levels of application or even in a complete ban on 
the use of urea-based fertilizers. An exception to this law, 
however, is the use of slow-release urea (Al-Zahrani  et al., 
1999; Beig et al., 2020).
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Each manufacturer of slow- or controlled-release fertil-
izers is required to conduct a series of tests to characterize 
the properties of the substance added to new products, 
demonstrate the untypical mode of release of these com-
ponents, and prove the absence of harmful effects of the 
materials on the environment (Ibrahim et al., 2014; Babadi 
et al., 2015). The solutions used to date do not meet all 
of the requirements introduced by the new law. The 
materials are often non-biodegradable and their residues 
decompose in the soil for several years or even decades 
(Boyandin et al., 2016; Tan et al., 2017). Hence, there is 
a clear tendency to return to materials of natural origin and 
their modified particles, which may become the only legal 
method of urea application from the point of view of the 
new requirements (Calabi-Floody et al., 20018). In addi-
tion to typical laboratory tests, manufacturers are expected 
to carry out experimental field tests on the application of 
newly developed fertilizers. Multiyear field experiments 
are conducted on soils with strictly specified acidity, mois-
ture, and other parameters that may affect the quantity and 
quality of crops (Perez and Francois, 2016; Zhang et al., 
2016). Additionally, such factors as different plant spe-
cies and varieties as well as different climatic zones are 
frequently analysed in such experiments (Ransom et al., 
2020). The characteristics of the yields are influenced by 
the mode of fertilizer application (Wilson et al., 2009; Nash 
et al., 2012). The validity of introducing new trends based 
on localized fertilization in agriculture is worth emphasiz-
ing at this point.

This study is a concise compendium of the available 
data concerning changes in the law and economic envi-
ronment as well as the methods that are currently used or 
being developed for the modification of mineral fertilizers 
contributing to the slow release of nutrients. The review 
presents examples of materials and the results of field tests 
of slow-release/controlled-release fertilizers (SRF/CRF). 
The study emphasizes the interesting relationship between 
legal changes and trends in the development of new prod-
ucts in agriculture. Furthermore, it presents the ongoing 
successive progress being made in the work on slow- and 
controlled-release fertilizers over the last twenty years.

LEGAL AND ECONOMIC ASPECTS

Plant nutrient requirements are fulfilled by the appli-
cation of nutrient fertilization. One of the most important 
plant nutrients is nitrogen. Three forms of N are used for 
fertilization: nitrate, ammonium, and amide nitrogen; how-
ever, only the nitrate ion is readily available for plants 
(Masclaux-Daubresse et al., 2010). The other two ions 
have to undergo characteristic transformations in soil in 
order to be absorbed by plants. The efficiency of fertiliza-
tion is relatively low and often maladapted to the nutritional 
needs of plants (Hirel et al., 2007). Simultaneously, fertili-
zation exerts a negative impact on the environment. The 

transformation of nitrogen forms in soil is accompanied by 
greenhouse gas emissions and ion leaching with ground-
water (Matson et al., 1998). Ultimately, the utilization of 
nitrogen originating from mineral fertilizers is in the range 
of 50-70% (Korzeniowska, 2009). As demonstrated by the 
official European Emissions Inventory (EMEP) and the 
analysis of the Department of the Environment, Food, and 
Rural Affairs (Defra), ammonia emissions from ammoni-
um nitrate reach 10-13% and almost up to 60% in the case 
of urea (Fertilizers Europe, 2019). The urea ammonium 
nitrate solution is characterized by an intermediate level 
of emission somewhere between the two aforementioned 
fertilizers (Dampney et al., 2004; Chadwick et al., 2005; 
EMEP 2007). The average levels of emission from mineral 
fertilizers are presented in Table 1.

Ammonia volatilization constitutes a considerable en- 
vironmental burden (Congreves et al., 2016b; Sun et al., 
2018). Therefore, the European Parliament and the Council 
of the European Union have resolved to prevent and 
reduce greenhouse gas emissions. In 2016, a Directive 
was introduced to reduce the emissions of some types of 
atmospheric pollutants. It also changes the emission ceil-
ings for ammonia. The new Directive obliges all European 
Union countries to reduce ammonia emissions by 1% each 
year between 2020 and 2029 and to reach a 17% reduc-
tion in emissions by 2030 (NEC Directive, 2016; Suresh 
et al., 2018). The implementation of this directive will 
have reduced ammonia emissions by almost 30% by 2030. 
The options suggested for the reduction of nitrogen losses 
include:
 – the replacement of urea with ammonium nitrate fertilizers,
 – the application of slow- or controlled-nutrient-release 
fertilizers.

The reduction of ammonia emissions through the total 
elimination of prilled/granulated urea and water solutions 
of urea and ammonium nitrate in Poland was expected to 
reach 55.5% by 2020 and a further 47% by 2030 in compa- 
rison with the NH3 emissions from 2005 (Report by Grupa 
Azoty Puławy S.A., 2018). The lower rate of decrease in the 
percentage value of the reduction in the years 2021-2030, 
outlined in the report, stems from the estimated increase 

Ta b l e  1. Nitrogen losses by ammonia emissions from typi-
cal fertilizers: ammonium nitrate (AN), urea-ammonium nitrate 
solution (UAN) and urea for two chosen agricultural ecosystems 
(based on Fertilizers Europe, 2019)

Fertilizer
type

Volatilization losses (% N)

Arable land Grassland
(%)

AN 0.6 1.6
UAN 6 12
Urea 11.5 23
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in nitrogen fertilizer consumption. This demonstrates the 
possibility of meeting the requirements as implemented by 
the NEC Directive. It is noteworthy that in this scenario, 
the production of ammonium nitrate based fertilizers would 
have to be increased over a short period of time, while the 
domestic production of urea would be drastically limited 
or cease. This kind of solution would be economically 
unreasonable  from the perspective of potential benefits 
and losses for Polish agriculture. Another scenario for ful-
filling these requirements which was established by the 
European Parliament and the Council is to use some techni-
cal measures which are applicable in the case of urea-based 
fertilizers that are capable of reducing ammonia emissions 
by 50% at least. This would result in a reduction of emis-
sions by 28.8% by 2030 and ensure compliance with the 
novel emissions regulations. Currently, the methods used 
for such a high level of emission limitation in the context 
of economic profitability have as yet not been identified 
or fully explored. Nevertheless, a combination of current 
methods may yield the expected results, methods such 
as: urease inhibitor application, polymer coating applica-
tion, larger fertilizer granules etc. (Report by Grupa Azoty 
Puławy 2018 – unpublished data).

Slow or controlled-release fertilizers have been designed 
to ensure that the delayed nutrient release is synchronized 
in time with the nutritional requirements of plants (Drury 
et al., 2017). This in turn should result in an improvement 
of the efficiency of the utilization of fertilizer components 
and an increase in yields (Shaviv and Mikkelsen, 2005; 
Trenkel, 2010). A comparison between plant nutrient sup-
ply by conventional and slow/controlled-release fertilizers 
is shown in Fig. 1. Figure 1a shows the highest concentra-
tion of nutrients in the soil within a short time after the 
application of a conventional mineral fertilizer, i.e. when 
the lowest plant nutrient demand is noted. After that, the 
nutrient concentration declines, whereas the plant nutrient 
demand increases. During the application of SRF/CRF fer-
tilizers, the rate of nutrient release is more suitable to meet 
the nutritional requirements of the plant (Fig. 1b).

The reduction of emissions associated with the use of 
mineral fertilizers is accompanied by an increase in the uti-
lization of nutrients by plants which can be achieved in two 
ways. One approach is based on the application of urease 
or nitrification inhibitors, which slow down the transforma-
tion of nitrogen compounds in the soil (Drury et al., 2017; 
Rop et al., 2018). The other method involves the use of 
a coating material, which is designed to be a physical bar-
rier for nutrient transport (Guo et al., 2005; Ransom et al., 
2020).

The effectiveness of inhibition for many soil enzymes 
mainly depends on the physicochemical properties of the 
soil and/or on the local climatic conditions (Masclaux-
Daubresse et al., 2010; Nash et al., 2012). Chemical 
compounds that are widely known as urease inhibitors 
and nitrification inhibitors are able to limit nitrogen losses, 
including the gaseous forms such as: ammonia and nitrous 
oxide (Calabi-Floody et al., 2018). These types of com-
pounds must also meet plenty of  requirements, i.e. with 
reference to non-toxicity, the low concentration required 
to act in an effective way, favourable stability versus time 
characteristics and a high degree of compatibility with urea-
based fertilizers (solid and liquid) (Fu et al., 2018). Another 
very important factor for urease and nitrification inhibitors 
is their degradability in the soil without any significant 
accumulation effect in the soil and/or in the roots of the 
plant (Jahns et al., 1999; Boyandin et al., 2016). Regulation 
(EC) No 2003/2003 directly defines the authorized sub-
stances that are permitted to act as urease and nitrification 
inhibitors, while Regulation (EC) No 2019/1009 no longer 
defines inhibitors in detail. Regulation (EC) No. 2019/1009 
is a novel guideline for EU fertilizers, which only intro-
duces the general specification of urease and nitrification 
inhibitors, particularly those including the limitation level 
of the oxidation rate for ammonia/ammonium ions and 
also the limitation level of the urea hydrolysis rate with an 
inhibitor concentration of up to 2 wt. % in fertilizer.

The use of urease inhibitors in agriculture is only pos-
sible when the substances are authorized for use by the 
applicable law. Regulation (EC) 2003/2003 of the European 

a b

Fig. 1. Visualization of the differences between the nutritional requirements of plants (1) and supplementation of nutrients (2) depend-
ing on the type of fertilizer: a) conventional fertilizers, b) slow/controlled-release fertilizers.
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Parliament and Council contains a list of inhibitors that 
can be added to urea and other fertilizers as well as the 
amendments introduced in 2014. The EC has approved the 
following substances:
 – N-(n-butyl-)thiophosphoric triamide (NBPT),
 – N-(2-nitrophenyl)phosphoric acid triamide (2-NPT),
 – reaction mixture of N-butyl-thiophosphoric triamide 
(NBPT) and N-propyl-thiophosphoric triamide (NPPT) 
(in a ratio of 3: 1) (Regulation EC 2003/2003).

The chemical structures of the inhibitors are shown in 
Fig. 2. All of them are thiophosphoric triamide structures 
with different substituents on one of the amide nitrogens. 
The groups may be aliphatic (n-butyl, n-propyl in NBPT 
and NPPT) or aromatic (2-nitrophenyl in 2-NPT). Because 
of the fact that these compounds are  structural analogues 
of urea, they have an effect on urease activity in the soil.

The third of the substances listed by the EU Parliament 
and Council is a mixture marketed as a commercial product 
called LIMUS. As specified by the manufacturer, it of- 
fers an effective way to reduce emissions by delaying the 
hydrolysis of urea and its conversion to ammonium car-
bonates through the inhibition of urease activity. Emissions 
from fertilizers can be reduced by the LIMUS product by up 
to 90% (Li et al., 2016). Nevertheless, investigations have 
suggested that the effectiveness of the application of this 
inhibitor varies depending on environmental conditions, pri- 
marily the type of soil treated (Bastos and Ferguson, 2015). 

Another method used for the limitation of ammonia 
and GHG emissions involves the use of materials that form 
a physical barrier to nutrients. These include suspensions of 
active fertilizers in a hydrophobic material which hinders 

the solubility of the fertilizer or fertilizers coated with poly-
meric materials. As demonstrated by the current level of 
knowledge, urea can be coated with organic polymers (e.g. 
resins – Osmocote) and inorganic materials such as sulfur 
(Faber, 2016; Grönlund, 2007; Lubkowski and Grzmil, 
2007; Majeed et al., 2014.).

Despite their continuous development, slow-release 
fertilizer technologies still have few supporters in Europe, 
primarily due to the high prices of the SRF/CRF fertilizers. 
The prices of sulfur-coated fertilizers can be even 2-fold 
higher, while polymer-coated fertilizers can be up to 3 
times more expensive than conventional agents (Carson 
and Ozores-Hampton, 2014). Hence, SRF/CRF fertilizers 
are used mainly in gardening and for the fertilization of 
lawns and ornamental plants. The data in Table 2 comes 
from three separate sources (Carson and Ozores-Hampton, 
2014; Suresh et al., 2018 and the author’s own compilation 
of the data from the FOB Chinese ports database, 2020). It 
may be observed from Table 2 that the prices of SRF/CRF 
fertilizers have decreased in the last few years, which may 
be connected to the increasing popularity of these products. 
Table 2 also shows that the average prices in China are 
considerably lower than those in other markets. Currently, 
the major production and sales markets are those of China 
and the USA, where 94% of the world’s production is pur-
chased. China is the largest producer of CRF and SRF, also, 
it is the most dynamically developing market. Since 2012, 
China’s production capacity has grown by an average of 9% 
per year and reached 5.95 mln t in 2017 (vs. the forecasted 
3.5 mln t) (Suresh et al., 2018). The same authors noted 
that the global consumption of slow-release fertilizers is set 
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Fig. 2. Chemical structures of urease inhibitors: 1 – NBPT, 2 – 2-NPT, 3 – NPPT.

Ta b l e  2.  Price list of different types of fertilizers

Fertilizer
Price ($ t-1)

20141 20172 20203,*

Soluble urea 380 – 560 178 – 326 260 – 270 

Controlled-release urea (sulfur coated) 775 – 875 327 – 950 300 – 450

Controlled-release urea (polymer/sulfur coated) 500 – 1 000 528 – 1 130 300 – 520

Controlled-release urea (polymer) 700 – 1 500 905 – 2 940 350 – 600

Based on 1. Carson and Ozores-Hampton (2014), 2. Suresh (2018), and 3. authors’ own compilation of the data from the FOB Chinese 
ports database, 2020. *Data considering only the Chinese market.
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to increase annually by 5.5% in 2017-2022. The majority 
of slow-release fertilizers applied in agriculture are coated 
fertilizers (approx. 75%), mainly polymer-coated products. 
Argium, Everris, Aglukon, Haifa, and Chisso are the main 
producers (Carson and Ozores-Hampton, 2014).

Table 3 presents examples of products manufactured 
with the granule coating process together with their N-P-K 
composition. It includes both pure urea and conventional 
NPK fertilizers with different compositions as well as sul-
fur or magnesium oxide additions. They differ in the ratio 
of their components, release time, and coating composi-
tion. There are fertilizers with polymer (e.g. polyurethane), 
mixed sulfur-polymer, and resin coatings (Carson and 
Ozores-Hampton, 2014; Suresh et al., 2018). 

In Europe, the CRF production capacity is approximately 
50 t per year of sulfur-coated urea, 352 t of polymer-coat-
ed urea, and 136 t of CRCU (Controlled-Release Coated 
Urea). The main producers are Sulfur Hellas in Greece, 
Haifa and ICL in Israel, and Everris/ICL in the Netherlands 
(Suresh et al., 2018).

TECHNOLOGY OF THE PRODUCTION OF COATED 
SLOW-RELEASE FERTILIZERS

The fertilizer coating process delays nutrient release 
through a physical barrier. The coating is an outer layer 
in direct contact with the environment and is poorly solu-
ble in soil conditions. The inner core of fertilizer granules 
consists of easily soluble nutrients. Nutrient release is 

Ta b l e  3. Examples of products and producers of SRF/CRF (PC – polymer coated, RC – resin coated, S/PC – sulfur/polymer coated) 

Trade name
(Manufacturer)

Formulation 
N-P-K Coating description

ESN 
(Agrium, Inc.) 44-0-0 PC urea: Flexible micro-thin polymer coating

Polyon
(Agrium, Inc.)

20-6-13 or
41-0-0 PC: Ultra-thin ployurethane coating that uses patented “Reactive Layers Coating”

Duration
(Agrium, Inc.)

44-0-0 or
9-6-13 PC: Micro-thin polymer membrane

Nutricote
(Chisso-Asahi  
Fertilizer Co.)

28-0-0 RC: Resin coating with a special chemical release agent

Meister
(Chisso-Asahi  
Fertilizer Co.)

21-7-4 or
19-5-14

Resin-coated: Granular urea coated with a polymer composition of natural 
products, resin, and additives

Osmocote
(Everris, Inc.)

8-16-12  or
16-9-12 or
17-11-10

+2MgO+TE

RC: Alkyd-resin coating made in a batch process from

Poly-S
(Everris, Inc.) 37-0-0 S/PC urea: Urea coated first with sulfur and then with polymer

Agrocote
(Everris, Inc.)

39-0-+11% S or
0-0-42+14% S

S/PC and RC: Either 100% N or K fully coated with polymer/sulfur and resin 
coatings

Multicote
(Haifa Group)

34-0-7  or
22-8-13 or
34-0-7  or

34-0-7

RC: Water-soluble nutrients encapsulated in a polymeric shell

Florikote
(J.R. Simplot)

12-0-40 or
19-6-13 or

40-0-0

PC: Dual-layer technology coats the fertilizer with a smooth exterior coating 
with no breaks
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determined by the following factors: temperature, moisture, 
pH, the presence of salt in the soil and the composition and 
mechanical strength of the coating (Carson and Ozores-
Hampton, 2014). Another important factor is the size of the 
granules, which determines the specific surface area to vol-
ume ratio. For instance, 1 kg of a coarse and fine-grained 
fertilizer will exhibit differences in the nitrogen release 
rate. With its lower specific surface area to volume ratio, 
a large granule will release nitrogen more slowly (Carson 
and Ozores-Hampton, 2014). 

Liu et al. (2008) and Shaviv and Mikkelsen (2005) 
conducted research concerning the mechanism of action of 
coated fertilizers. They suggest that nutrient release should 
be based on a multi-stage diffusion model (Fig. 3). After the 
application of fertilizer, moisture penetrates the granules 
through the coating pores or micropores (Fig. 3a), next, 
the pressure inside the granules increases gradually and the 

nutrients in the core are dissolved (Fig. 3b). The subsequent 
stage consists of nutrient release (Fig. 3c), which may pro-
ceed in two ways:

1. Stepwise “catastrophic” release – the coating bursts 
due to the internal pressure and the entire content of the 
granule enters the soil.

2. Gradual release – the pressure inside the granule does 
not exceed the coating strength and the elevated pressure 
causes nutrient release via diffusion (Shaviv et al., 2001; 
Azeem et al., 2014). 

The stepwise release is characteristic for non-elastic 
fragile coatings, whereas the gradual release is typical of 
polymeric coatings made from e.g. polyurethane, alkyd res-
ins, or polyolefins (Korzeniowska, 2009). The third phase 
of the diffusion model is the slow decay of release. The 
decreasing pressure inside the granule slows down nutrient 
release until the nutrients are depleted and release ceases to 
occur. Examples of the studies concerning the most promi-
sing coating materials are presented in Fig. 4.

 

Coating materials 

Sulfur 

Liu et al., 2006 

Detrick, 1997 

Detrick and Hargrove, 2002 

Choi and Meisen, 1997 

Liu et al., 2008 

Naz, 2016 

Blaylock, 2010 

Synthetic polymers  Starch  Ethylcellulose 

Rosa and Rocha, 2010 

Alemzadeh and Vossoughi , 
2002

Suresh et al., 2018

Yang et al., 2012

Naz, 2016 

Trenkel, 2010

Naz and Sulaiman, 2014 

Singh and Nath, 2012 

Wang et al., 2014 

Azeem et al., 2016

Han et al., 2009 

Suherman and Anggoro, 
2011

Sadłowski et al., 2015 

Szymański et al., 2015

Myasoedova, 1999

Grönlund, 2007

Perez‐Garcia et al., 2007 

Fig. 4. Examples of the studies concerning some coating materials.

Fig. 3. Diffusion mechanism of controlled release.

a b c
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The simplest method for the application of the coating 
material on fertilizer granules is the non-pressure pan-coat-
ing process. The process parameters depends on chemical 
factors, i.e. the chemical composition of the granulated 
material, material factors, e.g. grain structure, grain sur-
face, wettability, hygroscopicity, plasticity, equipment 
factors, e.g. the diameter of the granulator plate, frequen-
cy of plate rotation, angle of plate tilt, type of granulation 
liquid, and process factors, e.g. the rate of the granulation 
liquid flow, the temperature of the liquid or the residence 
time of the material in the granulator (Kołaczkowski et 
al., 2003). The solid fertilizer encounters the coating solu-
tion on the rotating plate. A spherical granule is formed 
as a result of this contact and material dumping. Granules 
with a predetermined diameter, depending on the process 
parameters, leave the device. In turn, spray drying is a ma- 
terial encapsulation method. The encapsulating material is 
dispersed in a solvent with surfactants or another disper-
sion-supporting agent. Next, the core material is added into 
the mixture and the solution becomes homogenized there-
by producing an emulsion (the core phase is the dispersed 
phase). Spraying is performed by means of a spray disk in 
the spray dryer chamber, where the solvent evaporates and 
the coating solidifies (Janiszewska and Witrowa-Rajchert, 
2006). Another method is the fluidized bed coating process 
(Fig. 5). Fluidization ensures a high level of control and 
flexibility in running the process. It consists of the forma-
tion of a fluidized bed from the coating material, which is 
sprayed in a supporting air stream (Roy et al., 2014). After 
the addition of the fertilizer, the substance coats the gran-
ule, thereby creating a new material characterized by slow 
nutrient release.

The first attempts at coating were made with the use of 
sulfur (Fig. 6). Sulfur was used as a middle layer between 
a sealant sublayer of petrochemical waste (e.g. car oils or 
paraffin) and a polymer layer which improved the mechan-
ical parameters and was applied using a rotating plate (Liu 
et al., 2006). Subsequently, there were attempts at the appli-
cation of polymer coatings after the sulfur was preheated 
in a fluidized bed as well as in a polymer-sulfur-polymer 
combination. Such fertilizers exhibited a 38% solubility 
(7-day test) (Detrick, 1997; Detrick and Hargrove, 2002). 
In order to apply the sulfur as an independent layer, a coat-
ing of liquid sulfur in a fluidized bed was tested (Choi and 
Meisen, 1997). The fertilizer obtained with this approach 
exhibited 32.8% solubility in a 7-day solubility test. The 
possibility of using sulfur in combination with polymeric 
compounds depends on the form of the element. Crystalline 
sulfur (α-S) is unsuitable, as its presence causes cracks 
and fissures to form in the coating. By contrast, β-S is an 
amorphous form of sulfur that easily binds to polymers. 
However, β-S may be transformed to α-S at a relatively low 
temperature, i.e. even at approximately 60oC. 

In order to limit the adverse transformations, various 
additives were introduced. One of them was DCPD (dicy-
clopentadiene) (Liu et al., 2008). A 7-day solubility test 
showed a DCPD-induced reduction in the solubility of 
coated urea from 83 to 54%. However, the sulfur-coated 
fertilizers did not meet the controlled release standards. The 
material turned out to be sensitive to temperature, light, 
mechanical pressure, and soil properties. Additionally, 
the level of water penetration was relatively high, which 
indicated the poor sealing properties of the sulfur coatings. 
However, the sulfur coatings exhibited biodegradabili-
ty and had relatively low production costs. As shown by 
various studies, the nutrient release was slowed down, but 
in an uncontrolled and largely unpredictable manner (Naz, 
2016). The nutrient release from polymer-sulfur-coated 
fertilizers proved to be more predictable. These fertilizers 
were less sensitive to temperature, water penetration into 
their core was impeded, and the release was slower and also 
predictable. Unfortunately, the hybrid material solutions 
were substantially more expensive and, at the same time, ex- 
hibited sensitivity to soil properties (Blaylock et al., 2010).

The use of polymer-based coating materials may yield 
thinner layers with very favourable mechanical properties. 
Given the diffusive mechanism of nutrient release, an im- 
portant aspect of the coating materials was the possibility 

Fig. 5. Scheme of a fluidized bed coater.

Fig. 6. Composition of sulfur-coated urea.

sulfur
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of nutrient solution penetration. The permeability of bio-
polymers justified the choice of these coating materials. 
With their more predictable physicochemical traits, sta-
ble properties, and ability to be designed during synthesis, 
synthetic polymers have become highly popular. The per-
meability of polymeric materials can be controlled by the 
optimization of their composition. This also contributes to 
the improved predictability of nitrogen release than is the 
case with inorganic compounds (Shaviv and Mikkelsen, 
2005). The first method for the application of polymer coat-
ings consisted of polymer dispersion in organic solvents. 
The use of volatile organic compounds increased the costs 
and posed an environmental threat. Therefore, research 
concerning water dispersions was instigated. One of them 
was the aqueous dispersion of a 2-methylpropenoic acid 
copolymer with the addition of talc, magnesium, triethyl 
citrate, polyethylene glycol, and titanium dioxide. In such 
conditions, the ammonia losses were reduced by 3-57% 
(Rosa and Rocha, 2010). Polyurethanes were also tested in 
previous studies by Ge et al. (1998). The process involved 
the application of isocyanate, polyol, and wax onto fertiliz-
er granules. The reaction induced the formation of coatings 
and delayed nitrogen release by 40-50 days. Additionally, 
there were attempts at coating urea with poly(vinyl alcohol) 
(Alemzadeh et al., 2002), which proved to be too expen-
sive for high-scale applications despite its high degree of 
biodegradation. In order to produce low-cost materials, the 
use of recycled polymers was proposed (Yang et al., 2012). 
The use of waste polystyrene in a mixture with wax and 
a polyurethane sealant even resulted in a 7-fold reduction 
in costs relative to polymer-coated fertilizers with a similar 
N release rate (Faber, 2016). The mixture was applied to 
urea in a Wurster fluidized bed. Three main types of nat-
ural polymers were tested to assess their potential to be 
used as coating materials: cationic (e.g. chitosan), neutral 
(hydroxymethylpropyl cellulose), and anionic (sodium poly- 
alginates) polymers (Jintakanon et al., 2008). It is worth 
emphasizing that starch derivatives may be applied using 
this process due to their non-toxicity, complete biodegrad-
ability, and water storage capacity (Majeed et al., 2014).

Starch may be regarded as a semi-permeable or imper- 
meable membrane with fine pores that provides tempo-
rary isolation of urea granules from the soil environment 
(Naz, 2016). The migration of nitrogen in such a materi-
al is influenced by the physicochemical properties of the 
coating rather than the soil properties. The rate of nutri-
ent release from starch-coated fertilizers should be under 
greater control than is the case with simple sulfur coatings. 
Unfortunately, starch is a fragile material due to the high 
level of interchain interactions which limits the mobility of 
entire polymer segments (Trenkel et al., 2010). The inter-
chain distance can be increased and the strong interactions 
between them can be disrupted by using plasticizers. In this 
way, the elasticity of the coating can be increased by the 
addition of urea or borates (Singh and Nath, 2012; Naz, 

2016). Urea may be applied at a dose of 5-20% of starch 
dry matter. Hydrogen bonds are produced upon the addition 
of ca. 10% urea. Larger amounts promote the absorption of 
moisture by free molecules, which results in a plasticizing 
effect (Wang et al., 2014). Excessive amounts of plasticiz-
er leads to the transformation of the coating material into 
a paste or gel, which may barely adhere to the surface of 
the fertilizer granules. Therefore, an optimized amount 
of urea should be used in the case of the application of 
a starch-based coating material. Apart from urea, boron 
ions obtained in situ via the dissociation of di-sodium tetra-
borate were added to the starch-based materials (Naz and 
Sulaiman, 2014). In this case, the urea particles functioned 
as a plasticizer, while the boron ions were reactive particles 
responsible for crosslinking. The sodium ions remaining in 
solution counterbalanced the negative charge of the mixture.

In another experiment, polyvinyl alcohol (PVOH) and 
citric acid or formaldehyde were added to the starch as 
a crosslinking agent to improve its mechanical properties 
(Azeem et al., 2016; Han et al., 2009). The parameters of 
the coating depended not only on the composition of the 
coating mixture, but also on the process parameters (in 
the fluidized bed), i.e. the temperature and pressure of the 
auxiliary gas, the rate and temperature of the spray, and 
the coating time. Coatings made from a mixture of starch, 
acrylic acid, and polyethylene glycol were also applied in 
a fluidized bed (Suherman and Anggoro, 2011). Analyses 
of the surface of coated urea granules have demonstrated 
differences in the morphological structure between thin coat- 
ing layers and thicker coatings. The former are more compact 
and do not exhibit disturbances in the crystalline struc- 
ture. As indicated in many studies, there is a directly pro-
portional relationship between the time of nutrient release 
and the thickness of the coating, the parameters of which 
differ depending on the material used (Azeem et al., 2016). 

Cellulose is another biodegradable natural-origin poly-
mer. It is a polysaccharide from the polyacetals group with 
structural units linked via glycosidic bonds. Cellulose is 
a linear polymer consisting of glucopyranose residues 
linked via 1,4-β-glycosidic bonds.

Cellulose is practically insoluble in aqueous and organic 
solvents, therefore, its alcohol groups have to be esterified 
for the chemical modification of its properties. The potential 
of using an ester terminated with ethyl groups as a fertilizer 
coating has been assessed (Sadłowski et al., 2015). Ethyl 
cellulose is produced in a reaction of alkaline cellulose with 
ethyl chloride and then impregnated with an aqueous sodi-
um hydroxide solution. This reduces the molecular mass 
of the polymer and disrupts the crystalline structure, which 
results in an easier and more homogenous alkalization of 
the cellulose (Szymański et al., 2015). Ethyl cellulose may 
be applied to urea from alcoholic solutions or organic sol-
vents. It exhibits a favourable degree of miscibility with 
oils and waxes and can be plasticized (Myasoedova, 1999). 
In the process of spraying ethyl cellulose onto granules, 
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special attention should be paid to the possibility of the 
formation of explosive mixtures with alcohol vapours. It 
should therefore be applied in an open rotary drum granu-
lator thereby minimizing the amount of dispersed solvent. 
After the coating process is complete, the granules should 
be dried. The low efficiency of the drying process and con-
tact between the granules may cause disturbances in the 
coating continuity. Therefore, anhydrous solvents or flu-
idized bed processes are recommended (Grönlund, 2007). 
The delay of emissions depends on the thickness of the 
coating, the type of additional substances (e.g. plasticizers), 
and the size of the granules. The relationship between the 
release of nitrogen (nitrate ions) over time and the coating 
thickness was also demonstrated by (Perez-Garcia et al., 
2007). This work includes graphs with a presentation of the 
effect of ethyl cellulose content on the release of the active 
ingredient from the uncoated form (NH4NO3) and coated 
ammonium nitrate. As the coating on the granule becomes 
thicker the slower release of fertilizers ingredients is noted.

LABORATORY TESTS AND FIELD INVESTIGATIONS 
OF SLOW-RELEASE FERTILIZERS

The slow release of active ingredients is tested in pre-
liminary laboratory tests followed by field tests. One of the 
simplest laboratory methods consists of weighing the fertil-
izer granules before and after the procedure. This is applied 
to the investigations of the coating process, where a specif-
ic amount of the fertilizer is weighed before and after the 
coating process. This allows for the calculation of the ratio 
of the mass of the applied coating to the total mass of the 
fertilizer. Additionally, in order to determine the diameter 
of the modified fertilizer granules, a specified number of 
randomly selected granules can be measured with a digital 
calliper (uncoated form of fertilizers and coated samples) 
(Naz and Sulaiman, 2014; Naz, 2016). Laboratory tests are 
based on an analysis of the nutrient release rate in aque-
ous solutions. The level and duration of the release of 
a substance can be determined using conductometric and 
colorimetric methods. The former approach is characterized 
by a low degree of complexity and the possibility of deter-
mining the amount of all fertilizer components released 
into the solution and changing its conductivity. The analy- 
ses may be carried out in both static and dynamic condi- 
tions. Intensive mixing contributes to a several-fold in- 
crease in the fertilizer dissolution rate. It is noteworthy 
that the conditions of the application of fertilizers to the 
soil are more similar to those used in static tests. A sim-
ilar effect on nutrient release is exerted by temperature 
– an increase in the solution temperature is accompanied 
by more rapid nutrient release. The nutrient content may 
also be determined by capillary electrophoresis. Samples 
for this analysis are prepared through the dissolution of 
a specified mass of coated granules in an appropriate solvent 
and the extraction of the mixture. Undissolved fertilizer 
granules should be filtered out prior to the analysis. The 

content of nitrogen components may be determined with an 
ultraviolet (UV) detector (Perez-Garcia et al., 2007). The 
most common method, however, is the determination of the 
water-dissolved total nitrogen using the distillation or for-
malin methods. The outer and inner structure of the coating 
was examined with the use of stereoscopic microscopes, 
scanning electron microscopes (SEM), and X-ray diffrac-
tion (XRD). It is important to note that, if necessary, the 
crystallographic structure of the coating may be determined 
using a diffractometer. Infrared (IR) and nuclear magnetic 
resonance (NMR) tests are performed to evaluate the struc-
ture and to determine the reaction of coating components 
and changes in the structure depending on the amount of 
additives (Han et al., 2009; Perez et al., 2016). The wide 
range of methods used facilitates the performance of com-
plementary analyses corresponding to the needs and focus 
of the relevant investigations.

The behaviour of a slow-release product should also 
be analysed in the target environment. Therefore, nutrient 
release is analysed after the application of fertilizer to the 
soil with specific parameters, e.g. pH and moisture, with 
the maintenance of an appropriate temperature during the 
experiment. Such a fertilizer is then analysed based on the 
difference in the nitrogen content of the granules before 
and after application to the soil (Perez-Garcia et al., 2007). 
At the same time, it is possible to study gas emissions 
from the soil in special laboratory measurement cham-
bers in a system equipped with an external analyser of the 
air composition. Similar analyses are carried out in field 
experiments, but the chambers are substantially larger and 
the analysers have a higher degree of efficiency, especially 
those with a limited range of operation. The use of a cham-
ber with a very small volume leads, for these analysers, to 
the upper limit of the measuring range being reached too 
rapidly, which has a negative impact on the effectiveness 
of the measurement. The main aim of the field studies is to 
determine the yield and, especially in the case of slow-re-
lease fertilizers, to examine the ratio of lost and absorbed 
nutrients introduced into the environment with fertilizers. 
The cultivation yield size depends primarily on the abili-
ty of plants to uptake nutrients, which is associated with 
the fertilizer dose, fertilization regime, weather conditions, 
and the form in which the nutrient was applied. In 2014-
2016, the effects on the yield and selected quality traits of 
potato tubers which were exerted by a nitrogen fertilizer 
was investigated at the Plant Breeding and Acclimatization 
Institute, Jadwisin Branch (Trawczyński, 2017). The exper-
iment had a 2-factorial design. The primary factor was the 
type of fertilizer (1. Control object (no fertilizer), 2. Slow-
release fertilizer (29% N), 3. Urea – 46% N, 4. Ammonium 
nitrate – 34% N, 5. Nitrochalk – 27% N) and the second-
ary factor was the fertilization regime (1. Before planting, 
2. Split dose – 50% before planting + 50% before plant 
emergence). 
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The investigations of potato tubers were conducted 
in sandy loess soil (granulometric composition of loamy 
sand). The soil was acidic and had a high content of avail-
able phosphorus and moderate levels of potassium and 
magnesium. Nitrogen fertilization was applied at a dose 
of 100 kg N ha-1. During harvest, the total yield, the per-
centage proportion of deformed tubers, and the content of 
starch and nitrates (V) were determined. The change in the 
yield induced by the application of a slow-release fertil-
izer was clearly favourable compared to the quick-release 
fertilizers, i.e. ammonium nitrate and nitrochalk. However, 
compared to the slow-release fertilizer, this difference was 
not as significant, i.e. 4%. In the case of the secondary fac-
tor, higher yields were achieved after the application of one 
dose before planting the tubers. In addition to the beneficial 
effect on yield, the slow-release fertilizer exerted a positive 
effect on the tuber size and reduced the nitrate content in 
the plants (Trawczyński, 2017). Furthermore, it was proven 
that the application of a 110 kg N ha-1 dose of the slow-re-
lease fertilizer produced the same effect as 260 kg N ha-1 of 
the conventional mineral fertilizer (Shoji et al., 2001).

Another example of field research is the experiment 
concerning the cultivation of spring wheat and barley, 
which was carried out in Alberta and Saskatchewan in 
western Canada in 1998-2000 (Haderlein et al., 2001). The 
experimental factors included both conventional and con-
trolled-release urea. Localized fertilization was applied, 
i.e. fertilizer granules were placed at a distance of 30 mm 
from the seeds or 30 mm under the plants. In order to assess 
the possibility of reducing this amount, the fertilizer was 
applied in doses of 25, 50, 75, and 100 kg N ha-1. A refer-
ence plot (0 kg N ha-1) was also established. The soil had 
a neutral to acid pH. The slow-release fertilizer applied had 
been previously tested in laboratory analyses. It released 
all of its nitrogen after 40-50 days of granule immersion 
in water. The experiment conducted by Haderlein demon-
strates that the application of the Commodities Research 
Unit (CRU) fertilizer under the plant may be an alterna-
tive to the conventional placement of urea beside seeds. 
The absence of significant differences in efficiency may be 
determined by certain specific aspects of the experimen-
tal area. Soil moisture is a determinant of nitrogen losses 
through leaching and the emission of gases. The soils in 
Alberta and Saskatchewan have a low moisture content 
and winters are characterized by relatively low air tem-
peratures. No conditions promoting nitrogen losses were 
observed during the experimental period. However, dis-
tinct changes were noted in the nitrogen content of the 
grain. It turned out that the grains of plants supplemented 
with the slow-release fertilizer had a higher level of nitro-
gen (protein). This implies a higher intensity of nitrogen 
absorption by the plants in the latter stages of plant devel-
opment. Hence, it may be concluded that the nutrient losses 
associated with leaching and emission are lower, as a large 
part of the applied nitrogen is absorbed by the fertilized 

plant. This brings greater financial benefits for the farm-
er, despite the comparable yields. An example of other 
benefits may be that the different nitrogen contents in the 
grain depend on the applied dose of conventional urea and 
slow-release fertilizer. Because of the lower N losses by 
leaching and denitrification, the application of slow/control 
release fertilizers at the same rate as pure urea guarantees 
a higher protein content in the plant (Haderlein et al., 2001). 

The next example is a field experiment with winter 
wheat and barley conducted in Alberta Province in 2002-
2005. The experiment included three factors: fertilizer 
application mode (seed-placed, side-banded), fertilizer type 
(conventional urea, 20-day CRU, 40-day CRU) and nitro-
gen dose (0, 30, 60, 90 kg N ha-1) (McKenzie et al., 2007).

The investigations have shown the possibility of sup-
plementing higher doses of nitrogen with slow-release 
fertilizers even in adverse weather conditions (drought). 
CRU application did not reduce the number of germinat-
ing plants even at a dose of 120 kg N ha-1. The efficiency 
and effectiveness of nutrient utilization were inferior, com-
pared to the conventional mineral fertilizer. Even worse, 
the coatings were damaged during transport and during the 
application of the fertilizer (McKenzie et al., 2007). These 
problems emphasize the importance of considering many 
additional aspects (such as adjusting the mechanical prop-
erties of the fertilizer with regard to the adverse effects of 
its transport and storage in the future) even at the stage of 
designing and obtaining the fertilizer.

SUMMARY

This review indicates the increasingly important role of 
SRF/CRF fertilizers  in agricultural production and their 
positive role in environmental challenges connected with 
climate change and the increasing global population. The 
presented economic and legal aspects of SRF/CRF fertil-
izer production confirm the necessity of developing new 
technologies for their production and distribution while 
taking into account sustainable agricultural production. The 
enhanced effectiveness of the use of nutritional components 
compared to conventional fertilizers has been confirmed.

There are two main methods for the production of SRF/
CRF fertilizers. One of them involves the use of substances 
that slow down the transformation of nitrogen forms in the 
soil, i.e. urease/nitrification inhibitors. The other approach 
relies on the creation of a physical barrier for nutrients by 
coating fertilizers with organic (polymers, copolymers) or 
inorganic substances, e.g. sulfur. Coatings are most often 
formed in an immersion process, by mechanical granu-
lation, in drum coaters, or in a fluidized bed apparatus to 
coat fertilizer granules with a plastic protective material. 
However, the traits of the product have to be characterized 
in various ways and with the help of many laboratory tests. 
The demonstration of delayed nutrient release necessitates 
structural tests of the coating surface as well as analysis 
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of the composition of the coating material (SEM, XRD, 
IR, NMR). One important aspect is the characterization of 
nutrient release and, more particularly, the time of release 
of most of the nutrients contained within the fertilizer. Such 
a declaration should be provided by each manufacturer on 
the label of the product, if it is intended to serve as a slow 
or controlled-release fertilizer.

Field experiments that were conducted using newly 
obtained fertilizers demonstrate their beneficial effect on 
the quality and quantity of the yield. Cereals fertilized with 
SRF/CRF have a higher protein content, while tuber plants 
exhibit a lower level of harmful nitrates and a larger tuber 
size. It is noteworthy that the advisability of the applica-
tion of a specific slow-release product depends on soil 
properties such as pH and moisture. Investigations of the 
applicability of the product should be carried out on target 
soils or at least in similar climatic zones.

The SRF/CRF products currently available on the 
market typically do not meet the requirements for the bio-
degradation of the coating material within 24 months after 
the application of the fertilizer. Moreover, their price pre-
vents their use in large-scale cultivation. This product gap 
can be filled by cheaper slow-release products. The grow-
ing interest in slow-release fertilizers reflects the impact 
of the legal changes concerning the development of new 
products and solutions in the agricultural sector. Due to 
the regulations imposed on the sale of mineral fertilizers 
in Europe, European manufacturers and importers will be 
forced to adjust their products to comply with the current 
legal requirements for slow-release fertilizers.

Conflict of interest: The authors declare no conflict of 
interest.

REFERENCES

Al-Zahrani S.M., 1999. Controlled-release of fertilizers: Modelling 
and simulation. Int. J. Eng. Sci., 37, 1299-1307. https://doi.
org/10.1016/s0020-7225(98)00120-7

Alemzadeh I. and Vossoughi M., 2002. Controlled release of 
paraquat from polyvinyl alcohol hydrogel. Chem. Eng. 
Proc.: Process Intensification, 41, 707-710.
https://doi.org/10.1016/s0255-2701(01)00190-8

Azeem B., KuShaari K., Man Z.B., Basit A., and Thanh T.H., 
2014. Review on materials and methods to produce con-
trolled release coated urea fertilizer. J. Controlled Release, 
181, 11-21. https://doi.org/10.1016/j.jconrel.2014.02.020

Azeem B., KuShaari K., and Man Z.B., 2016. Effects of coating 
thickness on release characteristics of controlled release 
urea produced in fluidized bed using waterborne starch 
biopolymer as coating material. Procedia Eng., 148, 282-
289. https://doi.org/10.1016/j.proeng.2016.06.615

Babadi F.E., Yunus R., Rashid S.A., and Salleh M.A.M., and 
Ali S., 2015. New coating formulation for the slow release 
of urea using a mixture of gypsum and dolomitic limestone. 
Particuology, 23, 62-67.
https://doi.org/10.1016/j.partic.2014.12.011

Barrows S.G. and Kilmer V.J., 1963. Plant nutrient losses from 
soils by water erosion. Advance in Agronomy, 15, 303-316. 
https://doi.org/10.1016/s0065-2113(08)60401-0

Bastos L.M. and Ferguson R.B., 2015. Urease inhibitors effect 
on ammonia volatilization and corn grain yield. Lincoln: 
University of Nebraska. 

Beig B., Niazi M.B.K., Jahan Z., Hussain A., Zia M.H., and 
Mehran M.T., 2020. Coating materials for slow release of 
nitrogen from urea fertilizer: A review. J. Plant Nutr., 43, 
1510-1533. https://doi.org/10.1080/01904167.2020.1744647

Bertol I., Luciano R.V., Bertol C., and Bagio B., 2017. Nutrient 
and organic carbon losses, enrichment rate, and cost of 
water erosion. Ecosyst Sustain Agric., 2, 1-15. https://doi.
org/10.1590/18069657rbcs20160150

Blaylock A., 2010. Enhanced Efficiency Fertilizers, Colorado 
State University Soil Fertility Lecture, Agrium Advanced 
Technologies, Loveland, CO. http://soilcrop.colostate.edu/
westfall/documents/Dr%20Blaylock_CSUsoil-fertility-
lecture_10-20-10.pdf

Boyandin A.N., Zhila N.O., Kiselev E.G., and Volova T.G., 2016. 
Constructing slow-release formulations of metribuzin 
based on degradable Poly(3-hydroxybutyrate). J. Agric. 
Food Chem., 64, 5625-5632. https://doi.org/10.1021/acs.
jafc.5b05896

Calabi-Floody M., Medina J., Rumpel C., Condron L.M., 
Hernandez M., Dumont M., and de la Luz Mora M., 
2018. Chapter three – smart fertilizers as a strategy for sus-
tainable agriculture. Advances in Agronomy, Academic 
Press, 147, 119-157.
https://doi.org/10.1016/bs.agron.2017.10.003

Carson L. and Ozores-Hampton M., 2014. Description of 
Enhanced-Efficiency Fertilizers for Use in Vegetable 
Production, HS1247. Horticultural Sciences Department, 
UF/IFAS Extension. https://edis.ifas.ufl.edu/hs1247

Chadwick D., Misselbrook T., Gilhespy S., Williams J., Bhogal 
A., Sagoo L., Nicholson F., Webb J., Anthony S., and 
Chambers B., 2005. Component report for Defra project 
NT2605/WP1b. Ammonia Emissions and crop N use effi-
ciency, Defra, UK. 

Choi M. and Meisen A., 1997. Sulfur coating of urea in shallow 
spouted beds. Chem. Eng. Sci., 52, 1073-1086. https://doi.
org/10.1016/s0009-2509(96)00377-6

Congreves K.A., Dutta B., Grant B.B., and Smith W.N., 
Desjardins R.L., and Wagner-Riddle C., 2016a. How 
does climate variability influence nitrogen loss in temperate 
agroecosystems under contrasting management systems? 
Agric. Ecosyst. Environ., 227, 33-41.
https://doi.org/10.1016/j.agee.2016.04.025

Congreves K.A., Grant B.B., Dutta B., Smith W.N., Chantigny 
M.H., Rochette P., and Desjardins R.L., 2016b. Predicting 
ammonia volatilization from swine slurry application using 
DNDC: Model development. Agric. Ecosyst. Environ., 219, 
179-189. https://doi.org/10.1016/j.agee.2015.10.028

Dampney P.M.R., Chadwick D., Smith K., and Bhogal A., 
2004. Report for DEFRA project NT2603. The behaviour 
of some different fertiliser-N materials, Defra, UK. 

De Jong R., Drury C.F., Yang J.Y., and Campbell C.A., 2009. 
Risk of water contamination by nitrogen in Canada as esti-
mated by the IROWC-N model. J. Environ. Manag., 90, 
3169-3181. https://doi.org/10.1016/j.jenvman.2009.05.034



M. WESOŁOWSKA et al.22

Detrick J.H., 1997. Process for producing improved sulfur-coat-
ed urea slow release fertilizers. US Patent, US5599374.

Detrick J.H. and Hargrove G.L., 2002. Polymer-sulfur-polymer 
coated fertilizers. US Patent, US6338746. 

Drury C.F., Tan C.S., Welacky T.W., Reynolds W.D., Zhang 
T.Q., Oloya T.O. et al., 2014. Reducing nitrate loss in tile 
drainage water with cover crops and water-table manage-
ment systems. J. Environ. Qual., 43, 587-598. doi: 10.2134/ 
jeq2012.0495

Drury C.F., Yang X.M., Reynolds W.D., Calder W., Oloya 
T.O., and Woodley A.L., 2017. Combining urease and 
nitrification inhibitors with incorporation reduces ammonia 
volatilization, nitrous oxide emissions and increases corn 
yields. J. Environ. Qual., 46, 939-949.
https://doi.org/10.2134/jeq2017.03.0106

Dutta B., Congreves K.A., Smith W.N., Grant B.B., Rochette 
P., Chantigny M.H., and Desjardins R.L., 2016. 
Application of DNDC to estimate ammonia loss from sur-
face and incorporated urea fertilizer in temperate agro- 
ecosystems. Nutr. Cycling Agroecosyst., 106, 275-292. doi: 
10.1007/s10705-016-9804-zEMEP/CORINAIR Technical 
Report No. 16/2007. European Enviroment Agency, 
Denmark. https://doi.org/10.1007/s10705-016-9804-z

Faber A., 2016. Materials and methods used to encapsulate urea 
(in Polish). Grupa’s Azoty internal report, 68/2016.

Fertilizers Europe, 2019. Towards smart agriculture, Brussels, 
Belgium. https://www.fertilizerseurope.com/wp-content/
uploads/019/08/Nitrate_Smart_Agriculture_FINAL _ver-
sion.pdf 

Fu J., Wang C., Chen X., Huang Z., and Chen D., 2018. 
Classification research and types of slow controlled release 
fertilizers (SRFs) used – a review. Communications in Soil 
Science and Plant Analysis, 49, 2219-2230. https://doi.org/
10.1080/00103624.2018.1499757

Ge J., Yu H., Zhong W., Li W., and Yu T., 1998. Study on the 
utilization of biodegradable polyutherane material from the 
bark of Acacia mearnsii (I). Coating material of controlled 
slow-release fertilizer. J.Funct. Polym., 11, 478-482. 

Grönlund A., 2007. Controlled Release of Nitrogen Fertilizers. 
Department of Chemical Engineering, LTH, Lund 
University. 

Grupa Azoty Puławy S.A., 2018. Assessment of the possibilities 
and effects of using selected scenarios of mineral fertiliza-
tion in Poland for the fertilizer industry (in Polish). Grupa’s 
Azoty internal reports.

Guo M., Liu M., Hu Z., Zhan F., and Wu L., 2005. Preparation 
and properties of a slow release NP compound fertilizer 
with superabsorbent and moisture preservation. J. Appl. 
Polym. Sci., 96, 2132-2138.
https://doi.org/10.1002/app.21140

Haderlein L., Jensen T.L., Dowbenko R.E., and Blaylock A.D., 
2001. Controlled release urea as a nitrogen source for 
spring wheat in Western Canada: yield, grain N content, and 
N use efficiency. The Scientific World, 1, 114-121. https://
doi.org/10.1100/tsw.2001.309

Han X., Chen S., and Hu X., 2009. Controlled-release fertilizer 
encapsuled by starch/polyvinyl alcohol coating. Third 
Membrane Science and Technology Conf. Visegrad 
Countries (PERMEA), Siofok, Hungary. doi: 10.1016/j.
desal.2008.01.047 

He W., Yang J., Drury C., Smith W., Grant B., He P., et al., 2018. 
Estimating the impacts of climate change on crop yields 
and N2O emissions for conventional and no-tillage in south-
western Ontario, Canada. Agric. Syst., 159, 187-198. 
https://doi.org/10.1016/j.agsy.2017.01.025

Holly M.A., Kleinman P.J., Bryant R.B., Bjorneberg D.L., 
Rotz C.A., Baker J.M., et al., 2018. Identifying challenges 
and opportunities for improved nutrient management 
through the USDA’s Dairy Agroecosystem Working Group. 
J. Dairy Sci., 101, 6632-6641.
https://doi.org/10.3168/jds.2017-13819

Ibrahim K.R.M., Babadi F.E., and Yunus R., 2014. Comparative 
performance of different urea coating materials for slow 
release. Particuology, 17, 165-172. https://doi.org/10.1016/j.
partic.2014.03.009

Jahns T., Schepp R., Siersdorfer C., and Kaltwasser H., 1999. 
Biodegradation of slow-release fertilizers (Methyleneureas) 
in soil. J. Polymers Environ., 7, 75-82.
https://doi.org/10.1023/a:1021856200578

Janiszewska E. and Witrowa-Rajchert D., 2006. Microencap-
sulation of aromas (in Polish). Przemysł Spożywczy, 5, 
40-45. 

Jintakanon N., Opaprakasit P., Petchsuk A., and Opaprakasit 
M., 2008. Controlled-release materials for fertilizer based 
on lactic acid polymers. Adv. Mater. Res., 55, 905-908. 
https://doi.org/10.4028/www.scientific.net/amr.55-57.905

Kołaczkowski A. and Sorich B., 2003. Fertilizer granulation – 
theory and practice (in Polish). Przem. Chem., 82, 
1212-1213.

Korzeniowska J., 2009. Advances in research on controlled-
action fertilizers (in Polish). Studia I raporty IUNG – PIB, 
Zeszyt 18. 

Li Q., Yang A., Wang Z., Roelcke M., Chen X., Zhang F., Pasda 
G., Zerulla W., Wissemeier A.H., and Liu X., 2016. Effect 
of a new urease inhibitor on ammonia volatilization and 
nitrogen utilization in wheat in north and northwest China. 
Field Crops Res., 175, 96-105. https://doi.org/10.1016/j.
fcr.2015.02.005

Liu M., Liang R., Zhan F., Liu Z., and Niu A., 2006. Preparation 
of superabsorbent slow release nitrogen fertilizer by inverse 
suspension polymerization. Polym. Int., 56, 729-737.
https://doi.org/10.1002/pi.2196

Liu Y.H., Wang T.J., Qin L., and Jin Y., 2008. Urea particle 
coating for controlled release by using DCPD modified sul-
fur. Powder Technol., 183, 88-93. https://doi.org/10.1016/j.
powtec.2007.11.022

Lubkowski K. and Grzmil B., 2007. Controlled release fertiliz-
ers. Polish J. Chemical Technol., 9, 81-84.
https://doi.org/10.2478/v10026-007-0096-6

Majeed Z., Ramli N.K., Mansor N., and Man Z., 2014. A com-
prehensive review on biodegradable polymers and their 
blends used in controlled-release fertilizer processes. Rev. 
Chem. Eng., 31, 69-95.
https://doi.org/10.1515/revce-2014-0021

Masclaux-Daubresse C., Daniel-Vedele F., Dechorgnat J., 
Chardon F., Gaufichon L., and Suzuki A., 2010. Nitrogen 
uptake, assimilation and remobilization in plants: Challen- 
ges for sustainable and productive agriculture. Annals of 
Botany, 105, 1141-57. https://doi.org/10.1093/aob/mcq028



NEW SLOW-RELEASE FERTILIZERS – ECONOMIC, LEGAL AND PRACTICAL ASPECTS 23

McKenzieR.H., Bremer E., Middleton A.B., Pfiffner P.G., and 
Dowbenko R.E., 2007. Controlled-release urea for winter 
wheat in southern Alberta. Can. J. Soil. Sci., 87, 85-91. 
https://doi.org/10.4141/s06-055

Myasoedova V., 1999. Physical Chemistry of Non-Aqueous 
Solutions of Cellulose and its Derivatives. Wiley Series in 
Solution Chemistry, 5, 54. 

National Emissions Ceilings (NEC) Directive (2016/2284/EU) 
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=urise
rv%3AOJ.L_.2016.344.01.0001.01.ENG

Nash P.R., Nelson K.A., Motavalli P.P., and Meinhardt C.G., 
2012. Effects of polymer-coated urea application ratios and 
dates on wheat and subsequent double-crop soybean. 
Agron. J., 104, 1074-1084.
https://doi.org/10.2134/agronj2011.0235

Naz M.Y. and Sulaiman S.A., 2014. Testing of starch-based car-
bohydrate polymer coatings for enhanced urea performance. 
J. Coat. Technol. Res., 11, 747-756. https://doi.org/10.1007/
s11998-014-9590-y

Naz M.Y., 2016. Slow release coating remedy for nitrogen loss 
from conventional urea: a review. J. Controlled Release, 
225, 109-120. 
https://doi.org/10.1016/j.jconrel.2016.01.037

Parton W.J., Holland E.A., Del Grosso S.J., Hartman M.D., 
Martin R.E., Mosier A.R., et al., 2001. Generalized model 
for NOx and N2O emissions from soils. J. Geophys. Res., 
106, 17403-17419. https://doi.org/10.1029/2001jd900101

Perez-Garcia S., Fernandez-Perez M., Villafranca-Sanchez, 
M., Gonzalez-Pradas E., and Flores-Cespedes F., 2007. 
Controlled Release of ammonium nitrate from ethylcellu-
lose coated formulations. Ind. Eng. Chem. Res., 46, 3304. 
https://doi.org/10.1021/ie061530s

Perez J.J. and Francois N.J., 2016. Chitosan-starch beads pre-
pared by ionotropic gelation as potential matrices for 
controlled release of fertilizers. Carbohydrate Polymers, 
148, 134-142. 
https://doi.org/10.1016/j.carbpol.2016.04.054

Ransom C.J., Jolley V. D., Blair T.A., Sutton L.E., and Hopkins 
B.G., 2020. Nitrogen release rates from slow- and con-
trolled-release fertilizers influenced by placement and 
temperature. PLOS ONE, https://doi.org/10.1371/journal.
pone.0234544

Regulation (EC) No 2003/2003 of the European Parliament and of 
the Council of 13 October 2003 relating to fertilisers (Text 
with EEA relevance).
http://data.europa.eu/eli/reg/2003/2003/oj 

Regulation (EU) 2019/1009 of the European Parliament and of 
the Council of 5 June 2019 laying down rules on the making 
available on the market of EU fertilising products and 
amending Regulations (EC) No 1069/2009 and (EC) No 
1107/2009 and repealing Regulation (EC) No 2003/2003, 
http://data.europa.eu/eli/reg/2019/1009/oj, https://doi.
org/10.4324/9780203628812-16

Rochette P., Liang C., Pelster D., Bergeron O., Lemke R., 
Kroebel R., et al., 2018. Soil nitrous oxide emissions from 
agricultural soils in Canada: Exploring relationships with 
soil, crop and climatic variables. Agric. Ecosyst. Environ., 
254, 69-81. https://doi.org/10.1016/j.agee.2017.10.021

Rop K., Karuku G.N., Mbui D., Michira I., and Njomo N., 
2018. Formulation of slow release NPK fertilizer (cellu-

lose-graft-poly(acrylamide)/nano-hydroxyapatite/soluble 
fertilizer) composite and evaluating its N mineralization 
potential. Annals of Agricultural Sci., 63, 163-172. https://
doi.org/10.1016/j.aoas.2018.11.001

Rosa G.S. and Rocha S.C.S., 2010. Effect of proces conditions 
on particle growth for spouted bed coating of urea. Chem. 
Eng. Process, Process Intensif., 49, 836-842. https://doi.
org/10.1016/j.cep.2010.06.005

Roy A., Singh S.K., Bajpai J., and Bajpai A.K., 2014. Controlled 
pesticide release from biodegradable polymers. Cent. Eur. 
J. Chem., 12, 453-469.
https://doi.org/10.2478/s11532-013-0405-2

Sadłowski M., Lubkowski K., Smorowska A., Przywecka K., 
and Scopchanova S., 2015. Ethylcellulose as a coating 
material in controlled-release fertilizer, conference materi-
als: 42nd Int. Conf. Slovak Society of Chemical Engineering 
at: Tatranské Matliare, Slovakia. https://doi.org/10.2478/
pjct-2019-0010

Singh A.V. and Nath L.K., 2012. Synthesis and evaluation of 
physicochemical properties of cross-linked sago starch. Int. 
I. Biol. Macromol., 50, 14-18. https://doi.org/10.1016/j.
ijbiomac.2011.09.003

Sharpley A.N., McDowell R.W., and Kleinman P.J.A., 2001. 
Phosphorus loss from land to water: integrating agricultural 
and environmental management. Plant Soil, 237, 287-307. 
doi: 10.1023/A:1013335814593 

Shaviv A. and Mikkelsen R.L., 2005. Controlled release fertiliz-
ers. IFA Int. Workshop on Enhanced-Efficiency Fertilizers, 
Frankfurt, Int. Fertilizer Industry Association, Paris, France. 

Shaviv A. and Mikkelsen R.L., 2001. Advances in controlled-
release fertilizers. Adv. Agron., 71, 1-49. doi: 10.1016/
S0065-2113(01)71011-5 

Shoji S., Jorge A., Mosier A., and Miura Y., 2001. Use of con-
trolled-release fertilizers and nitrification inhibitors to 
increase nitrogen use efficiency and to conserve air and 
water quality. Commun. Soil Sci. Plant Anal., 32, 1051-
1070. https://doi.org/10.1081/css-100104103

Suherman and Anggoro D.D., 2011. Producing slow release 
urea by coating with starch/acrylic acid in fluid bed spray-
ing. Int. J. Eng. Tech., 11, 62-66. 

Sun L., Wu Z., Ma Y., Liu Y., and Xiong Z., 2018. Ammonia 
volatilization and atmospheric N deposition following 
straw and urea application from a rice-wheat rotation in 
southeastern China. Atmospheric Environ., 181, 97-105. 
https://doi.org/10.1016/j.atmosenv.2018.02.050

Suresh B., He H., Gubler R., and Yamaguchi Y., 2018. 
Controlled- and slow-release fertilizers. Chemical 
Economics Handbook, IHS Markit. https://ihsmarkit.com/
products/controlled-and-slow-release-chemical-econom-
ics-handbook.html 

Szymański Ł., Grabowska B., Kaczmarska K., and Kurleto 
Ż., 2015. Cellulose and its derivatives – applications in 
industry. Archives of foundry Eng., 15, 129-132. 

Tan B., Bi S., Emery K., and Sobkowicz M.J., 2017. Bio-based 
poly (butylene succinate-co-hexamethylene succinate) 
copolyesters with tunable thermal and mechanical proper-
ties. Eur. Polym. J., 86, 162-172. https://doi.org/10.1016/j.
eurpolymj.2016.11.017

http://data.europa.eu/eli/reg/2019/1009/oj


M. WESOŁOWSKA et al.24

Trawczyński C., 2017. The influence of slow-release nitrogen 
fertilizer on the yield and quality tubers potato. Fragm. 
Agron., 34, 94-102. 

Trenkel M.E., 2010. Slow- and controlled-release and stabilized 
fertilizers: an option for enhancing nutrient use efficiency in 
agriculture. IFA, Int. Fertilizer Industry Association, Paris, 
France. https://www.fertilizer.org/images/Library_Down 
loads/2010_Trenkel_slow%20release%20book.pdf

Uzoma K.C., Smith W.N., Grant B., Desjardins R.L., Gao X., 
Hanisb K., et al., 2015. Assessing the effects of agricultural 
management on nitrous oxide emissions using flux meas-
urements and the CAN-DNDC model. Agric. Ecosyst. 
Environ., 206, 71-83.
https://doi.org/10.1016/j.agee.2015.03.014

Vatn A., Bakken L.R., Bleken M., Baadshaug O.H., Fykse H., 
Haugen L.E., Lundekvam H., Morken J., Romstad E., 
Rørstad P.K., Skjelvag A.O., and Sogn T., 2006. A meth-
odology for integrated economic and envirsonmental 
analysis of pollution from agriculture. Agric. Syst., 88, 270-
293. https://doi.org/10.1016/j.agsy.2005.04.002s

Wang J-I., Cheng F., and Zhu P.-X., 2014. Structure and proper-
ties of urea-plasticized starch films with different urea 
contents. Carboydr. Polym., 101, 1109-1115.
https://doi.org/10.1016/j.carbpol.2013.10.050

Wilson M.L., Rosen C.J., and Moncrief J.F., 2009. A compari-
son of techniques for determining nitrogen release from 
polymer-coated urea in the field. Hort. Sci., 44, 492-494. 
https://doi.org/10.21273/hortsci.44.2.492

Yang Y.-C., Zhang M., Li Y., Fan X.-H., and Geng Y-Q., 2012. 
Improving the quality of polymer-coated urea with recycled 
plastic, proper additives, and large tablets. J. Agric. Food 
Chem., 60, 11229-11237. https://doi.org/10.1021/jf302813g

Zhang S., Yang Y., Gao B., Wan Y., Li Y.C., and Zhao C., 2016. 
Bio-based interpenetrating network polymer composites 
from locust sawdust as coating material for environmen- 
tally friendly controlled-release urea fertilizers. J. Agric. 
Food Chem., 64, 5692-5700. https://doi.org/10.1021/acs.
jafc.6b01688


	_GoBack
	_Hlk57204005
	_Hlk57208896
	_Hlk57392459
	_Hlk57061065
	_Hlk57207312
	_Hlk57207441
	_Hlk57207482
	_Hlk57207639
	_Hlk57207517
	_Hlk57097478
	_Hlk57100543
	_Hlk57207857
	_Hlk57207990
	_Hlk57208076
	_Hlk57096729
	_Hlk1810812
	_Hlk56793041

