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INTRODUCTION 
Ammonium nitrate (AN) is used in agriculture as a source of nitrogen for crop 

production. Advantages of this fertilizer are a high nitrogen content (~35%)  and a 
relatively simple manufacturing technology. Disadvantages of AN are caking of  
fertilizer particles/ granules due to the high hygroscopicity of the salt and transitions 
between the α-rhombic (ANIII) and the β-rhombic (ANIV) modifications of its solid 
phase at close to the ambient temperature during storage, and acidification of the 
fertilized soil due to the high solubility of the salt. Also AN is a strong oxidizer, 
which can spontaneously decompose in the absence of a heat sink and ventilation 
during storage and transport, and in the presence of organic substances, which can 
lead to an explosion. For this reason, fertilizers containing a high percentage of AN 
are classified as dangerous in many national and international regulations. 
Restrictions on the use of pure AN as a fertilizer are imposed in a number of 
countries. The problem of obtaining AN and the products based on it with increased 
thermal stability is very relevant in the world today.  

One possible way to increase the thermal stability of AN is to reduce the total 
nitrogen content of the fertilizer by introducing an inert additive, internal or external. 
This can be done by prilling of premixed melted AN and the additive or by covering 
AN prills with a powdered substance in a drum or disk granulator. The latter method 
allows wide variation of the content of the nitrogen in the fertilizer. Also, covering 
of the fertilizer granules should strengthen these.   

As excessive nitrogen fertilization causes soil mineralization and acidification, 
and also over 40% of Estonian soils are acidic [1] and require continuous liming for 
preservation of their cultivation value, it is reasonable to use limestone (L) and/ or 
dolomite (D), deposits of which are abundant in Estonia, as well as in many other 
countries, as a modification additive to AN. 

In this thesis, the possibility of obtaining an eco-friendly and thermally stable 
AN and L/ D based fertilizer is considered. The work begins with a theoretical 
justification of the compatibility of these materials and ends with the development 
of the technology for producing the developed fertilizer granules. 
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1. LITERATURE REVIEW 

1.1. Ammonium nitrate (AN) 

Ammonium nitrate (AN) is a compound with the chemical formula NH4NO3 and 
is a white crystalline solid at room temperature and standard pressure. It is produced 
by the neutralization of nitric acid with ammonia, as shown in reaction (1) [2, 3, 4]: 

ሺ݃ሻ	ଷܪܰ ൅	ܱܰܪଷ	ሺ݈ሻ → ;ሺ݈ሻ	ସܱܰଷܪܰ	 	ܪ∆		 ൌ 	െ	146	݇ܬ	ି݈݋݉ଵ	  (1) 

1.1.1. Problems related to soil fertilization with AN 

Nitrogen fertilizers are absolute leaders in the use of the mineral fertilizers in 
agriculture all over the world, and the consumption in 2011 was on the level of 108 
million tons [5]. Nitrogen (N) plays the main role in the metabolic and genetic 
processes of plants and is therefore required in greater amounts than any other 
mineral nutrient [6, 7, 8, 9]. Consumption of AN in the agricultural sector is second 
only to the consumption of urea.  

The main problem with soil fertilization with AN is its high solubility in water 
(118 g AN/ 100 g H2O at 0 ºC [10]). As shown in  [6, 7, 11, 12, 13, 14], only 20-
70% of the applied N, depending on the N fertilizing rates and time, crop type, 
climate conditions, tillage practices, etc., are taken up by the plant. A high level of 
applied N fertilizers leads to massive losses of nitrogen through the various 
mechanisms, including leaching, volatilization of ammonia (NH3), denitrification 
leading to gaseous emissions of nitrogen dioxide (N2O), nitric oxide (NO), and 
dinitrogen (N2), and fixation in soil organic matter [6, 7, 15]. Excessive use of N 
fertilizers in crop production can cause degradation of water quality. The 
agricultural sector is the largest contributor to the non-point source nitrate (NO3

-) 
pollution of surface and ground waters [12, 16]. N fertilization has been shown to 
have a significant decreasing effect on soil pH and on the concentration of 
microelements in soil and in crops [17]. Long-term N additions also have an impact 
on the composition and function of the soil microbial community by decreasing 
active fungal biomass and fungal/bacterial ratios [18, 19].  

The demand for nitrogen fertilizers is forecast to grow annually [20]; therefore 
redoubling of the above-mentioned negative effects is inevitable in the coming 
years.  

1.1.2. Crystal structures and transitions of solid phase modifications of AN 

AN has seven temperature-dependent solid state phases at normal pressure [21, 
22, 23, 24, 25, 26, 27, 28, 29]. The cubic (ANI), tetragonal (ANII), α-rhombic (ANIII), 
β-rhombic (ANIV) and tetragonal (ANV) forms of AN are stable in the temperature 
ranges from 125.2 to 169 ºC, 84.2 to 125.2 ºC, 32.3 to 84.2 ºC, −16.8 to 32.3 ºC and  
−103 to −16.8 ºC, respectively. The crystal structure of the sixth and seventh solid 
states of AN (ANVI is stable at −170 to −103 ºC) is unknown. 

Problems of granulated AN fertilizer storage are associated with the solid phase 
transition ANIV↔ANIII [30, 31], which occurs at close to ambient temperature 
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(32°C–55°C), because it involves significant reorganization in the AN crystalline 
lattice and density (ρ(ANIV) = 1.72 g cm-3 to ρ(ANIII)  = 1.66 g cm-3, Fig. 1) and a 
drastic change of crystal volume (∼3.84%). Repeated cycling between these phases 
leads to cracking and caking of AN granules [32, 31], and to subsequent decreases 
in the thermal stability of AN, because of better access to the oxygen from the air 
[21, 28]. From the technological point of view, avoiding the ANIV↔ANIII transition 
in the manufacturing, storing and handling of AN has a great importance 
considering the practical applications. There is a preference for the metastable 
transition ANIV↔ANII, that can occur at 50 °C [28, 29]. The transition temperatures 
of AN depend on several factors as well as on their interrelationships [33, 34, 35, 
36, 37, 38, 39]. Repeated heating–cooling cycles cause significant unpredictable 
changes to the transition paths [24, 28, 35, 36]. 

 

 
Figure 1.  Density of AN as a function of temperature [40] 

 

 1.1.3. Thermal decomposition of AN 

AN melts at 169.6 ºC and immediately begins to decompose. The path of 
thermolysis of AN depends on various factors such as the size of the substance 
particles and the purity of the substance, rate of heating, and the presence of foreign 
substances [21, 22, 24, 23, 25, 26, 27, 28, 29, 33]. During the thermal decomposition 
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of AN, four chemical species (NH3, HNO3, N2O and H2O) are formed in the gas 
phase, as shown in reactions (2) and (3). In an open system, the decomposition 
process of AN is endothermic. These gases may further react with one another to 
form water, N2, and NO in a closed system, and the complete decomposition process 
is an exothermic process [41]. 

It is generally accepted that the thermolysis of AN is initiated by the vaporization 
of melted AN accompanied by an endothermic proton transfer reaction, leading to 
the formation of ammonia and nitric acid, as shown in reaction (2) [37, 38, 39]: 

ଷሺ݃ሻܪܰ		→←ሺ݈ሻ	ସܱܰଷܪܰ ൅ ܪ∆			,ଷሺ݃ሻܱܰܪ ൌ   ଵ   (2)ି݈݋݉	ܬ݇	176

Reaction  (2) is reversible; AN can be detected in a gas phase or in the form of 
crystals on a cold surface [42]. 

Simultaneously with reaction (2) in the temperature range from 200 to 300 ºC, 
irreversible decomposition of AN to water and nitrous oxide occurs (R. 3) [21]: 

ସܱܰଷሺ݈ሻܪܰ → 	 ଶܱܰሺ݃ሻ 	൅ ,ଶܱሺ݃ሻܪ2 ܪ∆ ൌ 	െ59	݇ܬ	ି݈݋݉ଵ (3) 

Transition pathways from reaction (2) to (3) follow an ionic mechanism (R. 4 – 
10 [43]) and the rate-determining factor of this process is the formation rate of 
nitronium ions (ܱܰଶ

ା) [44, 45], which depends on the rate of HNO3 decomposition, 
and on the features of the secondary reactions with the participation of NH3 and 
HNO3. 

 

ܱܰଶ ൅ 	ܪܱ
• 	←→

ିܪܱ ൅ ܱܰଶ
ା

↑↓
ଷܱܰܪ

	 ܱܰଶ
ା ൅ ܱܰଷ

ି

	 ↑↓
	ଶܱܪ			 ൅←

→
ଶܱܰହ 	ܱܰଶ ൅	ܱܰଷ

•	,←
→

(4) 

ଷܪܰ ൅ 	ܪܱ
• → ଶܪܰ ൅ 	,	ଶܱܪ

•      (5) 

ଷܪܰ ൅ ܱܰଶ → ଶܪܰ ൅ 	,	ଶܱܰܪ
•      (6) 

ଷܪܰ ൅ ܱܰଷ
• → ଶܪܰ ൅ 	,	ଷܱܰܪ

•      (7) 

ଶܪܰ ൅ ܱܰଶ → ଶܱܰଶܪܰ → ଶܱܰ ൅ 	,	ଶܱܪ
•     (8) 

ଷܪܰ ൅ ሺܱܰଶሻା → ሾܰܪଷܱܰଶሿା → ଶܱܰଶܪܰ ൅  ,   (9)	ାܪ

ሺܰܪସሻା ൅ ଷܱܰܪ → ଶܱܪ ൅ ሺܰܪଷሻାܱܰଶ → ଷܱାܪ ൅	 ଶܱܰ	.  (10) 

 

Acidic species, such as ammonium ion, hydronium ion or nitric acid, increase 
the rate of AN decomposition dramatically (R. 4). Above 290 ºC, a free radical 
decomposition mechanism dominates and homolysis of nitric acid forming N2O and 
hydroxyl radical (ܱܪ•) is the rate-controlling step (R. 5, 8) [44, 45].  

The kinetics of the thermolysis of AN has also been extensively studied, using a 
variety of techniques under different experimental conditions [46, 47, 48, 49]. It is 
generally accepted that the overall decomposition reaction of AN is described by 
the first order reaction kinetics. Activation energies ranging widely from 83.8 to 
206.9 kJ mol-1 are suggested in the literature. 
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1.1.4. Stabilization of AN with additives 

While designing granules of AN-containing fertilizers, it is necessary to take into 
account the strong oxidation properties, risks of an explosion, ANIII↔ANIV phase 
transition  at a close to ambient temperature, high hygroscopicity, and low 
mechanical resistance of pure granules. 

1.1.4.1. Additives for reducing the hygroscopicity of AN 

AN is a highly hygroscopic salt (the critical relative humidity (CRH) of pure AN 
is 62.7% at 25 °C [50]), and its hygroscopicity increases with temperature, as the 
CRH of pure AN decreases from 75.8% at 10 °C to 48.4% with increase of the 
ambient temperature to 50 °C [50]. The salt moistens and deliquesces in summer 
storage conditions of 25–40 ºC and 40–90% of relative humidity (RH) [51]. This 
tends to cause the fertilizer to consolidate into hard masses or cakes, which are 
unusable for mechanical distribution devices.  

Slackening of the atmospheric water vapor absorption can be achieved by using 
internal additives or by covering the granules of AN with hydrophobic materials 
[52, 53, 54]. 

External additives include finely divided powders such as talc, kaolin, L and D, 
which cover the AN granules uniformly, reducing the incidence and extent of the 
coalescence of the fertilizer granules. Another external group of additives is 
surfactants, which form a hydrophobic film around the fertilizer granules. For 
example, AN may be provided with a thin surface covering of a sulfonated aromatic 
dye. Paraffin wax, polyolefin wax and mineral oils also tend to form a hydrophobic 
film [51, 55, 56]. 

Mixes of AN with ܰܽା, ܲ ସܱ
ଷି and ݃ܯଶା ions in the form of salts are less 

hygroscopic than pure AN [55]. Combinations of AN with CO(NH2)2, Ca(NO3)2, 
NaNO3, NH4Cl, NH4H2PO4 are more hygroscopic [50]. The value of the CRH is 
independent of the weight ratio of solid components in equilibrium with the 
saturated solution of a multicomponent fertilizer [50, 52]. But the presence in the 
mixture of small amounts of highly soluble components that form an eutectic can 
alter the CRH appreciably when slight variations occur in moisture content or 
temperature [50, 52].  The CRH of AN – L/ D mixture is not influenced by CaCO3 
due to the insolubility of the latter in water, but as Latham and Geissler [52] showed,  
the CRH of AN – L mixture decreases with increase of the concentration of 
Ca(NO3)2.   

1.1.4.2. Phase stabilizing additives 

Laboratory studies of the ANIV↔ANIII and ANIV↔ANII phase transitions have 
indicated that the transition path and temperature depend strongly on the thermal 
history [57, 58, 59], moisture content [60, 61], method of crystallization [31, 36, 57, 
62], grain size [57] and presence of impurities [21, 63, 64, 65].  

The inclusion of some impurities such as K+ ions (in the form of salts) [66] or 
some metal oxides (CuO, ZnO and Al2O3 [25, 32]) in AN particles can lead to 
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suppression of ANIV↔ANIII transition or to an increase of the temperature of this  
transition.  

1.1.4.3. Additives for decreasing the explosive potential of AN 

Pure AN is stable and relatively safe at ambient temperature and pressure. 
However, it is a strong oxidizer and supports and accelerates combustion, providing 
oxygen in the process. Contact of AN with combustible materials, or the presence 
of such impurities (even in fairly low percentages),  and the presence of a source of  
heat lead to the hazard of an auto-ignition and explosion. 

Several catastrophic explosions (attributed to both careless handling and 
criminal intent or terrorist bombings) that have led to a serious loss of life have 
raised widespread calls for AN to be banned in Europe [3]. On September 21, 2001, 
an explosion of 390–450 tons of substandard AN in Toulouse, France produced a 
seismic wave of 3.4 on the Richter scale and cost over 30 lives [3]. Most recently, 
on April 17, 2013, a fire at a fertilizer storage and distribution facility in West, 
Texas, resulted in the detonation of AN fertilizer stored at the facility, killing 15 
people [67]. Several countries (e.g. Germany and the Republic of Ireland) have 
already banned the use of AN outright and stipulate the addition of other chemicals 
to try to reduce its explosive potential [21, 23, 68].  

As a fertilizer, AN is often mixed with a number of additives. A low temperature, 
ionic decomposition pathway for AN suggests acidic additives to destabilize and 
basic ones to stabilize the thermal decomposition [21, 23, 45].  

The following impurities destabilize AN and are therefore incompatible with it: 
chlorates, hypochlorites, chlorides, permanganates, sulfur and several finely divided 
metal powders, such as zinc (Zn), cadmium (Cd), copper (Cu), magnesium (Mg), 
and lead (Pb), organic substances, such as oils, fats and waxes, hay and straw, paper 
and finely divided wood material [3, 21, 23, 29, 68]. 

 In [21] sodium (Na+), potassium (K+), ammonium (NH4
+), magnesium (Mg2+) 

and calcium (Ca2+) sulfates (SO4
2-), phosphates (PO4

3-) and carbonates (CO3
2-), plus 

some high N-content organic compounds such as carbamide (H2NCONH2) were 
studied as possible additives to enhance AN’s thermal stability. Most of these 
additives shifted the maximum decomposition exotherm of the AN towards higher 
temperatures. The best stabilizing effect on AN was obtained with carbonate 
additives and of these CaCO3 stabilized AN better than Na2CO3, K2CO3 or MgCO3. 

1.2. Limestones (L) and dolomites (D) 

The best natural sources of CaCO3 and MgCO3 are L and D. 
Calcite and aragonite, which are different crystal forms of CaCO3, are the main 
minerals of L. Dolomite is composed of  CaMg(CO3)2. Both are quite soft rocks, 
with a hardness of 3.5–4. 

L and D, formed in different geological epochs, are found on almost all 
continents except Australia. The seam thickness varies from a few centimeters to 
hundreds of meters. Estonia is also rich in L and D resources, with over 660 million 
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m3 of active and passive L deposits, and about 280 million m3 of active and  passive 
D deposits [69]. These resources vary, depending on the deposit, in their content of 
the main components – calcite and dolomite, and also in the content of mineral 
impurities.  

Due to their wide distribution, ease of processing and chemical properties, L and 
D are mined and used in larger amounts than other minerals, second only to sand 
and gravel deposits. In the agricultural sector, mixes of L and D powder are usually 
applied to raise the soil pH to the ideal range for crop production, create an 
environment for healthy functioning of microbes, and increase the levels of Ca2+ 
and Mg2+ in the soil. 

1.3. Granulation 

Solid mineral fertilizers can be powdered, granular or prilled. Compared to 
powder, granular and prilled fertilizer has better flowability and it is non-caking. 

Prilling is a method of producing spherical particles from molten solids, strong 
solutions or slurries. Liquid drops cool and solidify as they fall through a rising 
ambient air stream. There is no agglomeration, so the size distribution of the drops 
determines that of the product. The process is widely used in the fertilizer industry 
for making AN, Ca(NO3)2, urea and compound NPK fertilizers. 

Granulation is the set of physical and physico-chemical processes of converting 
small particles into larger agglomerates or granules of a certain spectrum of size, 
form and structure [70]. Granulation methods can be divided into two subcategories: 
dry granulation and wet granulation. Dry granulation relies on  the physical forces 
of pressure and compaction to produce granules [71], whereas wet granulation 
makes use of a liquid binder to bind the particles together.  

In wet granulation, the agglomeration is initiated by the wetting action of the 
binder, which acts as a bonding agent and leads to the formation of physical-
mechanical boundaries between particles. Coalescence of the particles results in the 
growth of granules. This process is also called layering in the case where small 
particles coalesce with much larger particles [72].  The compacting of a structure of 
a granule in time occurs under the influence of the forces of interaction between 
particles and in their movement in a dense tumbling layer [70].  

The forces acting on the particles in the growth and formation of granules are 
[70, 73, 74, 75]: 

 Capillary and surface tension forces at the interface between the solid 
and liquid phases;  

 Adhesion forces arising from surface tension forces at the liquid/ air 
interface and hydrostatic suction pressure in the liquid bridge;  

 Attractive forces between the solid particles (van der Waals, magnetic 
and electrostatic forces);  
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 Bonding forces, caused by the formation of solid bridges formed 
through chemical reactions, crystallization, binder solidification and 
sintering during drying;  

 Forces due to mechanical interlocking between solid particles.  

The intensity of the compaction of the granule structure can be defined as the 
sum of all kinds of bonds between particles. 

The relative importance of these bonding forces in determining the strength of a 
granule will vary from case to case. In some types of granules, some of these forces 
will not exist. For the layering process, the tension strength of the bonds in a granule 
is caused by the action of capillary adsorption cohesive forces and tension in the 
film contacts [70]. This fact can be explained by the existence of liquid binder and 
the formation of crystal bridges. 

The main stages of granule formation through wet granulation are [75, 76, 77, 
78, 79, 80, 81, 82]:  

 Nucleation, where the liquid binder disperses as a film on the particle 
surfaces and nuclei are formed as a result of successful collision and bridging 
of the wetted fine particles;  

 Consolidation and growth, where collisions between two granules, granules 
and feed powder, or a granule and the equipment lead to granule compaction 
and growth, through the coalescence or layering mechanism. The layering 
of powder particles onto a sphere-shaped granule is similar to the process of 
snowball formation, i.e. rolling about a larger particle in a slightly wetted 
mass; 

 Breakage, where granules break due to impact, wear or compaction in the 
granulator. 

During granulation, the domination of the stages changes until equilibrium 
between them is reached. In the case of the granules covering, the homogeneity of 
the covered granule size can be obtained by suppression of  the nucleation stage, 
and by the elimination of the granule growth by coalescence.  

The amount of liquid added needs to be very well controlled in the wet 
granulation process as over-wetting will cause over-granulation, producing large 
and hard granules that are not compressible, whilst under-wetting will lead to soft 
and fragile granules.  

The wet granulation process can be performed in many types of equipment, such 
as a high shear mixer, fluidised bed and rotating drum and disks. Enlargement of 
the granule size through the layering of fine particles can be conducted  in tumbling 
granulators, such as a disk or a drum.  

Particles are set in motion by the tumbling actions caused by the balance between 
gravity and the centrifugal forces in both kinds of granulator [83]. In contrast to a 
drum granulator, the use of a disk granulator allows the granulation process to be 
observed visually.  
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A typical disk granulator consists of an inclined rotating disk with a rim to hold 
the tumbling granules. Powder is continuously fed to the disk and wetted by the 
continuously sprayed binder liquid. A covering of feed powder builds up on the disk 
to form the false base on which the mass rolls. The thickness of this layer is 
controlled by a scraper. Disk granulators are extensively used in fertilizer 
granulation, because the construction and size (up to a few meters in diameter) of 
the device is suitable for continuous granulation and very high throughputs (up to 
tens of tons per hour). In contrast to the drum granulator, there is a size classification 
at the output, therefore recycling of undersize and crushed oversize granules is at a 
minimum level. 

A key operating parameter for the disk granulator is the critical speed (speed at 
which a granule is just held stationary on the rim of the disk by centripetal force 
alone) [83], which can be calculated by Eq. 11:  

݊௖௥ ൌ ට௚ୱ୧୬ఊ

ଶ	గమ ௗ
 , (11) 

where g is free-fall acceleration, γ is the inclination angle of the disk to the horizontal 
plane and d is the disk inner diameter.  

Optimum operating conditions for granulation of any powder depend on the 
physical and chemical properties of the material, liquid and solid phases feeding 
intensities, etc. 

1.4. Summary of the literature review 

The main problems related to the use of AN fertilizer are its thermal instability, 
tendency to caking and the negative impact on the environment. 

Considering the positive influence of reactive-grade Ca- and Mg-carbonates on 
the thermal characteristics of AN, natural L and D would be suitable minerals for 
mixing with AN in order to get eco-friendly and thermally stable AN-based fertilizer 
with good storage properties. 

Covering of AN prills on the disk granulator is the most convenient for the 
production of AN – L/ D based fertilizer granules, because this method allows a 
very high throughput capacity and convenient control of the process. 
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2. OBJECTIVES OF THE THESIS 
Considering the results  of the literature review, the objectives of the current 

study have been formulated as follows: 

 To justify the compatibility of AN and L/ D of the main Estonian 
deposits, and to clarify the effect of L/ D additive on the thermal stability 
of AN. 

 To develop the basics of the process and recommendations for control 
of the main technological parameters for the production of AN – L/ D 
based fertilizer granules at a pilot scale installation. 

In order to achieve these tasks, the following steps will be taken. 

 Thermodynamic analysis of the different reactions between AN and Ca and 
Mg carbonates will be carried out to elucidate the influence of the main 
components of L/ D on the thermal decomposition of AN and to elucidate 
the influence of some micronutrient additives (Cu, B and Mn-containing 
substances can be added to the granules to enrich the fertilizer with 
microelements that are in deficit in Estonian soils [84]) on the reactions 
between AN(s) and CaCO3(s) or AN(s) and CaMg(CO3)2(s). 

 Thermal analysis of the systems of AN and  L/ D, in which the latter is 
applied as both an internal and an external additive to AN, will be performed 
to clarify the influence of the additives on the temperatures and the pathway 
of the  phase changes, as well as the mechanism and kinetics of the 
decomposition of AN. Also,  the influence of some additives on the thermal 
characteristics of the blends of AN with L/ D will be analyzed. 

 Developed granules of the fertilizer will be tested for their suitability for use 
in soil fertilization.  

 The AN prills covering process in the disk granulator will be investigated in 
order to develop recommendations for the design of the production process 
of AN – L/ D based fertilizer granules. 
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3. MATERIALS AND METHODS 

3.1. Thermodynamic calculations 

Thermodynamic analysis of different reactions between AN and CaCO3, MgCO3 
and CaMg(CO3)2, with or without the presence of CuSO4(s), H3BO3(s) and 
MnO2(s), was carried out to elucidate the influence of the main components of L/ D 
on the thermal decomposition of AN (Paper I). The temperature dependency of 
Gibbs free energy changes ∆்ܩ and the equilibrium composition of the reaction 
products were calculated for a set of reactions (Paper I:Table 1) in the temperature 
range of 273–2073 K. Calculations were based on the initial amount of 2 moles of 
AN. Initial amounts of CaCO3/ CaMg(CO3)2 varied from 0.2 to 2.1 mol. The initial 
amounts of CuSO4(s), H3BO3(s) and MnO2(s) were 0.01, 0.05 and 0.5 mol. 
Thermodynamic analysis was performed using the HSC Chemistry for Windows 
software package [85]. 

3.2. Thermal analysis 

Thermal analysis of the samples consisting of AN and  L/ D (from different 
Estonian deposits) was performed to clarify the influence of the additives on the 
temperatures and the pathway of the phase changes, as well as the mechanism and 
kinetics of decomposition of AN (Paper II, III). The chemical composition of the L 
and D samples is presented in Table 1. 

 
Table 1. Chemical composition and specific surface area (SSA) of the L and D samples 

Sample Chemical composition [mass %] SSA, 
m2 g-1 CaO MgO CO2 I. R. Al2O3 Fe2O3 Ssulphate 

Karinu (L) 52.92 2.76 38.98 0.80 1.72 0.08 0.04 0.74 
Võhmuta (L) 53.17 1.50 39.87 1.33 1.81 0.04 0.06 1.56 
Vasalemma 
(L) 

54.22 1.14 40.45 0.75 1.50 0.09 0.09 0.89 

Kurevere (D) 29.04 24.40 41.87 3.17 0.64 0.21 0.09 1.70 
Anelema (D) 28.85 26.63 40.81 5.83 0.84 0.14 0.10 2.44 

 

In order to obtain the influence of L/ D as an internal additive on the thermal 
behavior of AN (Paper II), samples of blends of ground AN prills with 5, 10 and 20 
mass% of L/ D powder were prepared. Blends of AN, L/ D and CuO/ H3BO3/ MnO2 
with the mol ratio of the components AN:CaCO3/ CaMg(CO3)2:CuO/ H3BO3/ MnO2 
of 2:1:0.05 and 2:1:0.5 were prepared to obtain the effects of CuO, H3BO3 and 
MnO2 (purified reagents) on  the thermal behavior of AN blends with L/ D.  

In order to obtain the influence of L/ D as an external additive on the thermal 
behavior of AN (Paper III), samples of AN prills covered with the L/ D powder 
were prepared (Figs. 2, 3). The mole ratio of components AN:CaCO3/ CaMg(CO3)2 
in covered granule was 2:1. 
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Figure 2. AN prills covered with L (light) 
and D (dark)  powder 

 

 
Figure 3. SEM pictures of the cross-
sections of AN prills covered with L 
powder 

 

The thermal behavior of the prepared samples was studied using Setaram Labsys 
2000 equipment (capable of simultaneously recording mass loss (TG), differential 
mass loss (DTG) and a differential thermal analysis curve (DTA)) coupled to an 
Interspec 2020 Fourier Transform Infrared Spectrometer (FTIR) by a transfer line 
for identification of  the compounds emitted during thermal treatment of the 
samples. 

Experiments were carried out under dynamic heating conditions from 30 ºC to 
900 ºC at heating rates of 2, 5, 10, or 20 ºC min-1 in a stream of synthetic air (80% 
of Ar and 20% of O2) with  a flow rate of 120 mL min-1.  

FTIR measurements were recorded in the 4000–600 cm-1 region with a 
resolution of 4 cm-1 and the average of four scans was registered. To identify 
gaseous compounds, the Bio-Rad (Sadtler) KnowItAll search program and Gases & 
Vapours Database (code GS) and The Aldrich Library of FTIR Spectra were used. 

Calculations of the kinetic parameters (activation energy E(α) and pre-
exponential factor A(α)) of the decomposition of the samples (Paper II, III) were 
based on the differential isoconversional method of Friedman [86]. After baseline 
correction and normalization, the TG signals obtained by different heating rates 
were processed with the AKTS Advanced Thermokinetics software [87].  

3.3. Granulation 

Investigation of AN prills covering with L/ D powder was carried out in a lab-
scale disk granulator (Paper IV). It was equipped with a scraper bar and a pin (Fig. 
4) for removing excessive build-up on the disk walls and for providing better mixing 
of the tumbling mass. The diameter of the disk was 0.5 meters and the rim height 
was 0.1 m.  

To observe the effect of the variables of the granulation process (time, binder to 
powder and powder to seeds mass ratios) and equipment (rotation speed and angle 
of inclination of the disk) on the layering effectiveness and on the quality of the 
produced granules, a set of experiments designed to study one factor at a time were 
carried out (for details see Paper IV, Materials and Methods Section).  
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Figure 4. Photo of the disk granulator 

 

For greater clarity, the close-cut fraction (2.00–2.24 mm) of AN prills was used 
in the experiments. L and D samples were ground to a particle size <160 µm (SSA 
= 1.93 m2 g-1). To prevent dissolution of AN prills during the granulation process,  
a saturated solution of AN (47.3 wt%, density = 1.086 g cm3) was used as a binder 
liquid.  

Sieve analysis of the dried (3 hours in an oven at 60 ºC) granulate of each set of 
experiments was performed. The weight mean diameter (d୵) of the 2.0–5.0 mm 
fraction in each sample was calculated as follows: 

d୵ ൌ ෍൤
w୧ ൈ d୧
w୲

൨

୩ିଵ

୧ୀଵ

,                     (12) 

where k is the number of sieves with the aperture size between 5.0 and 2.0 mm, wi 
is the mass of granules remaining on each sieve, wt is the total mass of the dried 
granulate, and di is the mean diameter of the collecting sieve and the one above. 

The effectiveness of powdered material consumption was calculated as follows:  

   ɳ ൌ 	 ቀ1 െ
୵భ

୔
ቁ ൈ 100,                         (13) 

where w1 is the mass of particles smaller than 1.0 mm and P is the mass of powder 
feed.  

At least 30 granules in the size range of 3.0–4.0 mm from each set of experiments 
were tested for crush strength by applying slowly increasing pressure (0.10 mm s-1) 
on the individual granule placed on a scale. The average strength and the coefficient 
of its variation, i.e. the ratio of standard deviation and mean value, were calculated. 

To investigate the resistance of the granules produced to daily temperature 
fluctuations, hermetically packed granules were placed in a climate chamber, where 
the temperature was changed every 2 hours from 15 C to 35 C and vice versa. The 
change in the granules crush strength was checked at stated time intervals. 

 

Scraper bar 

pin 
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3.4. Agrochemical tests 

Outdoor pot-experiments were performed to test the suitability of the produced 
granules (AN prills covered with L/ D) for use in soil fertilization. The impact of 
the fertilizer on soil acidity and on the yield of rye-grass was investigated. 

Pots were filled with field-moist soil and the seeds of one-year rye-grass 
‘Barspectria’ were planted in the soil. When the plants were three weeks old, 
nitrogen fertilizer was added as a surface fertilizer. Three types of fertilizer were 
used in this test: pure AN (34%N), AN covered with L powder (20%N), and AN 
covered with D powder (20%N). The norm 80 kgN ha-1 of fertilizer was added onto 
the first and second meadow.  

To determine the influence of the first fertilizing on each sample, one was left 
without refertilization. In order to determine the effect of the second fertilization, 
the crops were collected from all three samples. Because of the small amount of 
rainfall and high temperature in 2010, the plants were additionally watered from 
under the pot during the period from the end of June until the middle of August, in 
order to prevent the plants withering.  

Crops were collected once every three weeks and dried inside the thermostat. 
After the crops were collected, the pHKCl of the soil was measured in the Agricultural 
Research Centre of Estonia. 
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4. RESULTS AND DISCUSSION 

4.1. Reactions between AN and CaCO3/ CaMg(CO3)2 

4.1.1. Equilibrium in the multi-component system based on AN and CaCO3 

Considering the thermodynamic calculations (Paper I), in the equilibrium 
system based on AN and CaCO3 the most probable Ca-containing compounds are 
CaO(s), CaO2(s), Ca(OH)2(s), and Ca(NO3)2(s), while N-containing gases are NO, 
NO2, N2O and N2, and C-containing gas is CO2 (Fig. 5a). At constant temperature 
and while keeping the amount of AN at the level of 2 moles, the equilibrium amount 
of gaseous compounds does not depend on the amounts of CaCO3/ CaMg(CO3)2, 
which varied from 0.2 to 2.1 mol. The content of NO2(g) and N2O(g) differs by 6–
7% compared to their content in the equilibrium system based only on AN; thereby, 
the NO(g) content does not differ at all (Paper I: Table 2). 

Comparison of the temperature dependence of Gibbs free energy changes ∆்ܩ 
calculated for a set of reactions (Paper I: Table 1: R. 1-25) in the temperature range 
of 273–2073 K shows that reactions between AN and CaCO3 with the simultaneous 
formation of NO(g) and N2(g) are more probable than those where only NO(g) is 
formed. The formation of NO2(g) or N2O(g) becomes more probable at a higher 
content of the simultaneous formation of N2(g) in the system. Most of these 
reactions are already probable at room temperature or over 373–473 K (Fig. 6).  

For example, if simultaneous formation of NO(g) and N2(g) is assumed (Paper 
I: Table 1: R. 5, 7, 9), the formation of Ca(OH)2(s), CaO(s) and CaO2(s) is already 
probable at room temperature, but if only the formation of NO(g) is assumed (Paper 
I: Table 1: R. 4, 6, 8), the Ca(OH)2(s) and CaO(s) formation becomes probable at 
temperatures over 600–620 K and CaO2(s) over 850 K. The formation of N2O(g) 
(with or without N2(g)) and the solid phases like Ca(OH)2, CaO and CaO2 is already 
probable at room temperature and is definitely more probable than the explosive 
decomposition of AN. The formation of Ca(NO3)2(s) together with NO(g)/ NO2(g)/ 
N2O(g) and N2(g) (Paper I: Table 1: R. 3, 11, 19) is probable at temperatures over 
1000 K, but with N2(g) alone (Paper I: Table 1: R. 2), over 473 K (Fig. 6).   

4.1.2. Equilibrium in the multi-component system based on AN and 
CaMg(CO3)2  

In comparison to equilibrium systems based on AN and CaCO3, in equilibrium 
systems based on AN and CaMg(CO3)2 there are also Mg-containing compounds, 
such as MgO(s), MgO2(s), Mg(OH)2(s), and Mg(NO3)2(s) (Fig. 5b). The reaction 
between AN and CaMg(CO3)2 with formation of Ca(OH)2(s) and Mg(OH)2(s) 
(Paper I: Table 1: R. 64) and with simultaneous formation of NO(g),  becomes 
probable at T > 590 K;  with simultaneous formation of NO2(g) and N2(g) (Paper I: 
Table 1: R. 82) it becomes probable at temperatures over 373 K; and with 
simultaneous formation of N2O(g) (with or without N2(g)) (Paper I: Table 1: R. 99, 
100) it is also probable at room temperature, in the same way as the respective 
reactions between AN and CaCO3. 
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Figure 5. Temperature dependencies of equilibrium amounts of compounds in the 

system (a) 2NH4NO3 – CaCO3 and (b) 2NH4NO3 – 0.5CaMg(CO3)2 
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Figure 6. Temperature dependence of Gibbs free energy changes ΔGT in the 
2NH4NO3 – CaCO3 system with the formation of (a) NO (Paper I: Table 1: R. 2–9), (b) 
NO2 (Paper I: Table 1: R. 10–17), and (c) N2O (Paper I: Table 1: R. 1, 18–25) 
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The formation of CaO(s)/ CaO2(s) and MgO(s)/ MgO2(s) with simultaneous 
formation of NO(g) (Paper I: Table 1: R. 65, 66) or with simultaneous formation of 
NO2(g) and N2(g) (Paper I: Table 1: R. 83, 84) or with formation of N2O(g) (Paper 
I: Table 1: R. 101, 104) or N2O(g) and N2(g) (Paper I: Table 1: R. 102, 103) 
becomes probable at temperatures that are 20–50 K lower compared with the 
respective reactions between AN and CaCO3.  

The formation of Ca(NO3)2 (s) and Mg(NO3)2(s) with simultaneous formation of 
some or a combination of NO(g)/  NO2(g)/ N2O(g)/ N2(g) (Paper I: Table 1: R. 63, 
67, 80, 81, 97, 99) is probable at temperatures that are 30–60 K higher than in  the 
case of the respective reactions between AN and CaCO3 (Paper I: Fig. 4). 

4.1.3. Impact of CuSO4, H3BO4 and MnO2 on the reactions between AN and 
CaCO3 or CaMg(CO3)2 

The influence of CuSO4(s), H3BO3(s) and MnO2(s) additives in the initial 
amount ≤ 0.05 mol/ 2 mol of AN on the reactions between AN(s) and CaCO3(s) or 
AN(s) and CaMg(CO3)2(s) is very slight. In the amounts ≥ 0.5 mol/ 2 mol of AN, 
these additives have a significant effect on the above-mentioned reactions. In the 
studied systems with CuSO4(s) additive, the compounds that are most likely to form 
are SO2(s) and CuO(s). In the case of the studied systems with H3BO3(s) or MnO2(s) 
additives – HBO(g) or MnO(s) are most probable, respectively (Paper I: Table 3, 
Fig. 2). 

CuSO4(s) additive in an amount of 0.5 mol in the 2AN + CaCO3 and 2AN + 
0.5CaMg(CO3)2 systems shifted the probability of the formation of NO(g), 
Ca(NO3)2(s) and Mg(NO3)2(s) (Paper I: Table 1: R. 26, 68) 70–80 K towards higher 
temperatures (Paper I: Table 1: R. 3, 63), but the formation of Ca(OH)2(s) and 
Mg(OH)2(s), CaO2(s) and MgO2(s), CaO(s) and MgO(s) and NO(g) (Paper I: Table 
1: R. 27–29, 69–71) shifted 20–50 K towards lower temperatures (Table 2). 

The temperature of the probable NO2(g) formation is increased, depending on 
the solid compound formed, by 40–100 K towards higher temperatures (Table 2, 
Paper I: Table 1: R. 30–33, R 85–88). 

Formation of N2O(g) together with Ca(OH)2(s) and Mg(OH)2(s), CaO2(s) and 
MgO2(s), and CaO(s) and MgO(s) (Paper I: Table 1: R. 35–37; 106–108) is 
probable at room temperature. However, these reactions are less probable (∆GT 
values are higher) compared to those in the system without the CuSO4 additive 
(Table 2, Paper I: Table 1: R. 21, 22, 25; 99, 101, 104). The temperature at which 
the reactions of the formation of Ca- and Mg-nitrates in the additive-containing 
system become probable is moved in the 2AN–0.5CaMg(CO3)2 system by 130 K 
(Paper I: Table 1: R. 98, 105) and in the 2AN–CaCO3 system by 170 K (R. 19, 34) 
towards lower temperatures–respectively, to 1050 K and 1000 K (Table 2). 

H3BO3(s) additive in an amount of 0.5 mol in the 2AN–CaCO3 and 2AN–
0.5CaMg(CO3)2 systems practically does not influence the temperature 
dependencies of ∆GT of the reactions between AN and CaCO3(s) or CaMg(CO3)2(s) 
with the formation of solid Ca- and Mg-nitrates and NO(g) (Table 2, Paper I: Table 
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1: R. 3, 38, 63; 72), but in the cases of formation of Ca(OH)2(s) and Mg(OH)2(s), 
CaO2(s) and MgO2(s), and CaO(s) and MgO(s) (Paper I: Table 1: R. 4, 6, 8, 40–42, 
64-66, 73–75), the temperatures at which these reactions become probable decrease 
by 170–260 K (Table 2). 

 

Table 2. The influence of CuSO4, H3BO3 and MnO2 additive on the change in 
temperature ( ± ΔT, K) at which reactions in the 2AN–CaCO3 and 2AN–0.5CaMg(CO3)2 
system become thermodynamically probable 

System N-containing gaseous compound 

Solid compound NO NO2 N2O 

2AN + CaCO3 + 0.5CuSO4 

Ca(NO)3 +80 +80 -170 

Ca(OH)2 -30 +90 At room temperature, 
but less probable than 
without the additive 

CaO2 -50 +50 

CaO -30 +50 

2AN + 0.5CaMg(CO3)2 + 0.5CuSO4 

Ca(NO)3, Mg(NO)3 +70 +90 -130 

Ca(OH)2, Mg(OH)2 -20 +100 At room temperature, 
but less probable than 
without the additive 

CaO2, MgO2 -40 +70 

CaO, MgO -30 +40 

2AN + CaCO3 + 0.5H3BO3 

Ca(NO)3 +10 -30 -470 

Ca(OH)2 -190 +30 At room temperature, 
but less probable than 
without the additive 

CaO2 -260 -20 

CaO -180 -20 

2AN + 0.5CaMg(CO3)2 + 0.5H3BO3 

Ca(NO)3, Mg(NO)3 0 -30 -460 

Ca(OH)2, Mg(OH)2 -180 +20 At room temperature, 
but less probable than 
without the additive 

CaO2, MgO2 -210 0 

CaO, MgO -170 -20 

2AN + CaCO3 + 0.5MnO2 

Ca(NO)3 +80 +320 -200 

Ca(OH)2 -70 +70 At room temperature, 
but less probable than 
without the additive 

CaO2 -70 +50 

CaO -60 +40 

2AN + 0.5CaMg(CO3)2 + 0.5MnO2 

Ca(NO)3, Mg(NO)3 +70 +70 -160 

Ca(OH)2, Mg(OH)2 -70 +40 At room temperature, 
but less probable than 
without the additive 

CaO2, MgO2 -60 +60 

CaO, MgO -70 +50 
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The formation temperatures of NO2(g) are decreased by 20–30 K (Paper I: Table 
1: R. 11, 14, 16, 43, 45–46, 80, 83-84, 89, 91, 92) except for the reactions with Ca- 
and Mg-hydroxides formation (Paper I: Table 1: R. 12, 40, 82, 90), in which case 
these are shifted 20–30 K towards higher temperatures (Table 2). 

The N2O(g), and Ca(NO3)2(s), and Mg(NO3)2(s) formation in the presence of 
H3BO3(s) can take place at 700 K (Paper I: Table 1: R. 47) instead of 1170 K (Paper 
I: Table 1: R. 19)  in the 2AN–CaCO3 system and at 750 K (Paper I: Table 1: R. 
109) instead of 1210 K (Paper I: Table 1: R. 98) in the 2AN–0.5CaMg(CO3)2 
system (Table 2). The formation of the other solid phases studied can occur at room 
temperature (Paper I: Table 1: R. 48–50; 110–112), but these reactions are less 
probable compared to those in the system without the boron additive (Table 2, Paper 
I: Table 1: R. 21–22, 25;  99, 101, 104). 

MnO2(s) additive in an amount of 0.5 mol in the 2AN–CaCO3 and 2AN–
0.5CaMg(CO3)2 systems moves the temperatures of NO(g) formation together with 
Ca(NO3)2(s) and Mg(NO3)2(s) 70–80 K in the direction of higher temperatures 
(Paper I: Table 1: R. 3, 51, 63; 76) and with Ca(OH)2(s) and Mg(OH)2(s); CaO2(s) 
and MgO2(s); CaO(s) and MgO(s) 60–70 K towards lower temperatures (Paper I: 
Table 1: R. 52–54;  77–79) compared to the temperatures without manganese 
dioxide additive in the system (Table 2, Paper I: Table 1: R. 4, 6, 8; 64–66). 

The temperature of the probable formation of NO2(g) simultaneously with 
Ca(NO3)2(s) and Mg(NO3)2(s) as the solid products is increased by up to 320 K and 
70 K, respectively, (Paper I: Table 1: R. 11, 55, 80, 93) and with the formation of 
the other solid phases under consideration by 40–70 K towards higher temperatures 
(Table 2, Paper I: Table 1: R. 12, 14, 16, 56–58, 82–84, 94–96).  

In the presence of the additive, the temperature of the probable formation of 
N2O(g) and Ca- and Mg-nitrates(s) is shifted by 160 K in the 2AN–0.5CaMg(CO3)2 
system (Paper I: Table 1: R. 98, 113) and by 200 K in the 2AN–CaCO3 system 
(Paper I: Table 1: R. 19, 59) in the direction of lower temperatures–from 1170 to 
970 K and from 1210 to 1050 K, respectively (Table 2). Ca(OH)2(s) and 
Mg(OH)2(s); CaO2(s) and MgO2(s); CaO(s) and MgO(s) can form at room 
temperature (Paper I: Table 1: R. 60–62, 114–116), but these reactions are also less 
probable compared to those in the system without MnO2 additive (Table 2, Paper 
I: Table 1: R. 21–22, 25; 99, 101, 104).  

4.1.4. Summary of the thermodynamic analysis 

 The main compounds that form in the reactions between AN and CaCO3/ 
CaMg(CO3)2 are Ca(NO3)2(s)/ Mg(NO3)2(s), Ca(OH)2(s)/ Mg(OH)2(s), CaO2(s)/ 
MgO2(s), CaO(s)/ MgO(s), NO(g), N2O(g), NO2(g), N2(g), CO2(g), H2O(g)  and 
H2(g).  In the case of the existence in these systems of CuSO4(s), H3BO3(s) or 
MnO2(s), in addition to the above listed compounds, the formation of SO2(g), 
CuO(s), HBO(g) or MnO(s), respectively, is also highly probable. 

 The reactions between AN and CaCO3(s)/ CaMg(CO3)2(s) with the formation of 
NO(g), NO2(g) or N2O(g) with the simultaneous formation of N2(g) are more 
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probable than those without N2(g) formation and most of these reactions are 
probable at room temperature or in the temperature region of AN decomposition.  

 CaMg(CO3)2(s) is more reactive towards AN compared to CaCO3, and the 
temperatures at which reactions between AN and CaMg(CO3)2(s) become 
probable are lower by 20–50 K compared with reactions between AN and 
CaCO3(s). 

 CuSO4(s), H3BO3(s) or MnO2(s) additives in the amount ≤ 0.05 mol in the 2AN 
+ CaCO3 and 2AN + 0.5CaMg(CO3)2 systems do not influence the temperature 
dependencies of ∆GT of the reactions between AN and CaCO3(s) or 
CaMg(CO3)2(s). In amounts ≥ 0.5 mol, these additives change the equilibrium 
and the mechanisms of the reactions between components in the AN – Ca-, Mg-
carbonates system, and shift significantly the temperatures at which these 
reactions are probable.  
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4.2. Thermal behavior of AN + L/ D systems  

4.2.1. Thermal behavior of ground and prilled AN 

4.2.1.1. Temperatures of transitions of solid phase modifications of AN 

On the DTA curves of the thermal treatment of ground or prilled AN, four 
endotherms (accompanied with no mass loss on the TG curve) between 30 and 180 
ºC corresponding to the ANIV↔ANIII↔ANII↔ANI↔ANmelt solid phase 
modifications transitions can be observed (Figure 7, Table 3, Paper III: Fig. 2a).  

 
Figure 7. Thermal analysis curves of ground AN at a heating rate of 20 °C min-1 

 

Thermal treatments of AN samples at different heating rates showed that prilled 
AN is more resistant than ground AN to temperature fluctuations. The increase of 
the heating rate of ground samples from 2 to 20 ºC min-1 has very slight effects (1–
4 ºC) on the temperatures of the transitions of the solid phases modifications of AN, 
but in the case of the thermal treatment of prilled samples this effect is significant 
(16–19 ºC), with only the melting point as an exception (Table 3, Paper III: Fig. 
2a). At heating rates above 10 ºC min-1, the ANIV↔ANIII transition in prilled 
samples occurs at about 10 ºC higher temperatures than the temperature of the same 
transition of ground samples.  
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Table 3. Temperatures of endoeffects minimums and exoeffects maximums on DTA 
curves corresponding to the principal transitions of ANIV↔ANIII↔ANII↔ANI↔ANmelt and 
to the decomposition of AN 

A
N

 s
am

pl
e 

H
ea

tin
g 

ra
te

 
[°

C
/m

in
] 

ANIV ↔ 
ANIII 
[°C] 

ANIII ↔ 
ANII 
[°C] 

ANII ↔ 
ANI  
[°C] 

ANI ↔ 
ANmelt 
[°C] 

AN 
decompo-
sition [°C] 

AN 
decompo-
sition [°C] 

Endo-
effect 

Endo-
effect 

Endo-
effect 

Endo-
effect 

Exo- 
effect 

Endo- 
effect 

Ground 2 53.7 90.4 126.1 165.2 239.6 - 

Ground 5 53.6 88.1 126.6 165.9 258.8 - 

Ground 10 53.0 86.5 127.1 166.8 262.9 - 

Ground 20 52.2 86.4 127.1 167.2 282.9 - 

Prilled 2 52.1 90.8 131.4 167.8 226.1 280.1 

Prilled 5 55.9 93.5 136.3 168.2 235.4 298.7 

Prilled 10 62.7 99.1 140.8 168.4 245.3 308.5 

Prilled 20 70.6 106.6 150.3 169.9 257.8 324.3 

 

4.2.1.2. Decomposition of AN 

With the thermal treatment of the samples, the decomposition (the thermoeffects 
on DTA curves are accompanied by almost 100% mass loss on TG curves) of AN 
follows after its melting. For both kinds of samples the temperatures of the 
exotherms maximums, corresponding to the exothermic decomposition of AN, are 
influenced significantly by the heating rate – the higher the heating rate, the higher 
the temperatures of the extremums of the DTA curves in the decomposition region 
(Table 3, Paper II: Fig. 2a, Paper III: Fig. 2a). Compared to the ground sample, the 
maximum of the exotherm of the DTA curve of the prilled sample is at 14–24 ºC 
lower temperatures and the peak of this exotherm is much smaller.  But this 
exotherm of decomposition is followed by a massive endoeffect with a minimum 
between 280 and 324 ºC (Table 3, Paper III: Fig. 2a). Besides, the endoeffect also 
has two shoulders between 259–290 ºC and 273–307 ºC, indicating the complicated 
multi-step character of the decomposition pathway of prilled AN. 

FTIR spectra of gaseous compounds that evolved with the thermal treatment of 
AN prills showed peaks characteristic of NH3 (967 and 932 cm-1), N2O (2235 and 
2215 cm-1), NO2 (1630 and 1595 cm-1) and H2O (bands in the broad ranges 3900–
3500 and 1900–1300 cm-1), having the maximum intensity at 250, 280, 300 and  
300 ºC, respectively (Figs. 8, 9).  

The peaks characteristic of NO2 and NH3 were 1.5–2 times more intensive than 
those obtained with thermal treatment of previously ground AN prills. This is in 
good correlation with the results obtained by Brower et al. [44] and Oxley et al. [45]  
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Figure 8. FTIR spectra of gaseous compounds evolved with thermal treatment of neat 

AN prill at a heating rate of 10 °C min-1 

 
Figure 9. Absorbance profiles of gaseous compounds evolved with thermal treatment of 

neat AN prill  at a heating rate of 10 °C min-1 
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– the decomposition of AN, after dissociation into NH3 and HNO3 in the first step, 
can follow different pathways with the formation of N2O at lower temperatures 
(<280 ºC) and NO2 at higher temperatures. AN prills follow preferentially a high-
temperature route of AN decomposition. So, the decomposition pathway of AN with 
thermal treatment can be presented by the following simplified reactions: 

 

ସܱܰଷܪܰ 	→ ଷܪܰ	 ൅	ܱܰܪଷ      (14) 

ସܱܰଷܪܰ 	→ 	 ଶܱܰ ൅  ଶܱ      (15)ܪ2	

ଷܱܰܪ2 	→ ଶܱܪ	 ൅ 	2ܱܰଶ ൅ 0.5ܱଶ     (16) 

 

The reaction rates and the kinetic parameters A(α) and E(α) for the 
decomposition of ground and prilled neat AN are presented in Figures 10 and 11, 
respectively. 

 
Figure 10. Reaction rate dα/dt (DTG, normalized signals) for the decomposition of 

neat ground AN (a) and for neat AN prills (b) as a function of temperature for different 
heating rates (The values of the heating rate in °C min-1 are marked on the curves) 
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Figure 11. Activation energy E and pre-exponential factor A determined by Friedman 

analysis as a function of the reaction progress for the decomposition of (a) neat ground AN 
and (b) neat AN prills 

 

Activation energy E(α) in the range of a conversion (decomposition) degree of 
-for ground neat AN varies between 92.4 and 106.8 kJ mole-1 (pre 0.9 > ߙ > 0.1
exponential factor A(α)  – from 4.41×106 to 2.94×108 s-1) (Fig. 11a), this being 0.9–
12.9 kJ mole-1 higher than that calculated in [88] by DSC signals (E(α) = 92.7 ± 1.2 
kJ mole-1, sample mass ~1 mg) using the isoconversional method for non-isothermal 
gasification of AN. The E(α) of the decomposition of AN prill varies from 66.7 to 
142.7 kJ mole-1 (A(α) – from 4.0×103 to 1.2×1011 s-1) (Fig. 11b), indicating the more 
complicated character of the decomposition of AN in prills than in powdered form.  

 

4.2.2. The effect of L/ D on the thermal behavior of AN 

4.2.2.1. L/ D powder as an internal additive 

 With thermal treatment of the blends of AN with L/ D powder, the 
temperatures of the minimums of the endotherms on DTA curves, 
corresponding to the temperatures of the 
ANIV↔ANIII↔ANII↔ANI↔ANmelt phase changes, do not differ from the 
corresponding temperatures for the neat ground AN samples. 

 But, with thermal treatment of the blends (even if the amount of L/  D 
additives is 5 mass%), an endotherm is observed on the DTA curves in the 
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temperature interval of 180–280 ºC, characterizing the interaction of the AN 
with CaCO3 and CaMg(CO3)2 from natural L and D, leading to the formation 
of Ca(NO3)2 and Mg(NO3)2 (Fig. 12).  

 This endoeffect is followed, as a rule, by a more or less intensive exoeffect, 
which characterizes the decomposition of residual AN (Fig. 12).  

 The decomposition exotherm of the AN is shifted towards higher 
temperatures and the intensities of the exotherms in this case are much 
smaller than with neat AN (Paper II: Fig. 2). At a heating rate of 2 ºC min-

1, it is especially weak or indeed absent.  

 The endotherms in the temperature range of 350–600 ºC characterize the 
decomposition of the previously formed Mg(NO3)2 and Ca(NO3)2, and the 
endotherms between 600 and 700 ºC – the decomposition of residual 
carbonates.  

 
Figure 12. Thermal analysis curves of AN blend with Vasalemma limestone (20 

mass%) at a heating rate of (a) 2 °C min-1 and (b) 20 °C min-1 

 

4.2.2.2. L/ D powder as external additive 

The thermograms of AN prills covered with L/  D powder show quite similar 
pathways of interactions compared to the thermal behavior of AN blends with L/ D 
additives (Fig. 13, Table 4):  

-90

-80

-70

-60

-50

-40

-30

-20

-10

0

10

0 100 200 300 400 500 600 700

Temperature/°C


m

/ %
; 

   
   

   
   

   
   

   
 D

T
G

/ %
/°

C
; 

   
   

  D
T

A
/ 

V
   

   
   

   
 E

xo

TG

DTA

DTG
254°

226°158.7°

126.8°

89.1°
55.0°

525°

6

258.2°

523°

513°

459°

a

626°

-90

-70

-50

-30

-10

10

30

50

70

90

110

130

150

170

190

210

230

250

0 200 400 600

Temperature/°C


m

/ %
; 

 D
T

G
/ %

/°
C

; 
   

   
   

   
   

   
   

   
   

   
   

   
  D

T
A

/ 
V

   
   

   
   

 E
xo

295.8°

596°

520°
283°

TG

DTA
233°

162.1°
125.5°

50.2°

84.2°
DTG

577°

b



   

38 

 
Figure 13. DTA curves of AN prills covered with Anelema dolomite and Võhmuta 

limestone powder at a heating rate of 10 °C min-1 

 

Table 4. Mass losses of samples (AN prills covered with L/ D, the mole ratio of 
AN:CaCO3/ CaMg(CO3)2 is 2:1) at thermal treatment (2 and 20 °C min-1, 30 °C - 900 °C) 

Sample 
T1 
[oC] 

Δm1 
[%] 

T2 
[oC] 

Δm2 
[%] 

T3 

[oC] 
Δm3 
[%] 

T4 

[oC] 
Δm4 
[%] 

AN+Karinu (L) 
2 °C min-1 266.7 -55.0   560.3 -86.0 742.0 -88.1 
AN+Karinu (L) 
20 °C min-1 325.8 -61.9     565.1 -68.6 753.0 -89.4 
AN+Võhmuta (L) 
2 °C min-1 280.3 -42.9   528.6 -77.2 731.0 -81.3 
AN+Võhmuta (L) 
20 °C min-1 308.3 -56.0     544.4 -64.3 754.6 -86.9 
AN+Vasalema (L) 
2 °C min-1 287.0 -59.0   556.2 -88.4 753.5 -89.3 
AN+Vasalema (L) 
20 °C min-1 331.3 -59.9     566.8 -66.7 761.2 -88.0 
AN+Kurevere (D) 
2 °C min-1 292.1 -66.5 407.4 -69.7 540.2 -84.0 752.4 -90.0 
AN+Kurevere (D) 
20 °C min-1 314.2 -77.0 440.3 -80.8 545.1 -85.4 809.4 -93.6 
AN+Anelema (D) 
2 °C min-1 277.7 -65.6 394.2 -68.4 525.9 -79.4 752.0 -88.1 
AN+Anelema (D) 
20 °C min-1 308.7 -74.1 436.9 -77.5 544.9 -82.8 797.7 -90.2 
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 An endothermic peak in the temperature region of 190–340 ºC characterizes 
the interactions between AN and Ca- and Mg-carbonates with the formation 
of Ca- and Mg-nitrates; 

 The subsequent exothermic peak characterizes the decomposition of residual 
AN;  

 Endothermic peaks in the temperature region of 350–650 ºC  characterize 
the decomposition of previously formed Mg(NO3)2 and Ca(NO3)2 [89, 90]; 

 Endothermic peaks on the DTA curves with minimums at 700 and 800 ºC 
correspond to the decomposition of MgCO3 and CaCO3.  

 

FTIR spectra of gaseous compounds that evolved with the thermal treatment of 
AN prills covered with L/ D powder showed peaks characteristic of NH3, N2O, NO2, 
NO, CO2 and H2O. The temperatures of the maximum emission of these gases 
depend on whether the sample contains L or D (Fig. 14, Table 4). 

 

 
 

Figure 14. Absorbance profiles of gaseous compounds evolved with thermal treatment 
of AN prills covered with (a) L and (b) D powder at a heating rate of 10 °C min-1 

 

The decomposition pathway of the thermally treated sample composed of AN 
and L can be represented by R. 17–19: 

 The formation of Ca(NO3)2 at 200–300 ºC:  

ba 
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ସܱܰଷܪܰ	2 ൅ ଷܱܥܽܥ → ሺܱܰଷሻଶܽܥ	 ൅ ଷܪܰ	2 ൅ ଶܱܥ	 ൅  ଶܱ; (17)ܪ

 The decomposition of Ca(NO3)2 at 400–600 ºC: 

ሺܱܰଷሻଶܽܥ → 	ܱܽܥ ൅ ܱܰଶ ൅ ܱܰ ൅	ܱଶ;    (18) 

 The decomposition of residual CaCO3 at 600–800 ºC: 

ଷܱܥܽܥ → 	ܱܽܥ ൅  ଶ.      (19)ܱܥ

The decomposition pathway of the thermally treated sample composed from AN 
and D can be represented by R. 20–26: 

 The formation of Ca(NO3)2 and Mg(NO3)2 at  200–300 ºC: 

ସܱܰଷܪܰ	2 ൅ ଷܱܥܽܥ → ሺܱܰଷሻଶܽܥ	 ൅ ଷܪܰ	2 ൅ ଶܱܥ	 ൅  ଶܱ (20)ܪ

ସܱܰଷܪܰ	2 ൅ ଷܱܥ݃ܯ → ሺܱܰଷሻଶ݃ܯ	 ൅ ଷܪܰ	2 ൅ ଶܱܥ	 ൅ 	ଶܱ (21)ܪ

 The interaction of formed Mg(NO3)2 with CaCO3 at 300–400 ºC: 

ሺܱܰଷሻଶ݃ܯ ൅ ଷܱܥܽܥ → ሺܱܰଷሻଶܽܥ	 ൅ ܱ݃ܯ ൅  ଶ   (22)ܱܥ	

 The decomposition of Ca(NO3)2 and Mg(NO3)2 at 400–600 ºC:  

ሺܱܰଷሻଶ݃ܯ → 	ܱ݃ܯ ൅ ܱܰଶ ൅ ܱܰ ൅	ܱଶ   (23) 

ሺܱܰଷሻଶܽܥ → 	ܱܽܥ ൅ ܱܰଶ ൅ ܱܰ ൅	ܱଶ    (24) 

 The decomposition of residual MgCO3 and CaCO3 at 600–800 ºC: 

ଷܱܥ݃ܯ ∙ ଷܱܥܽܥ → 	ܱ݃ܯ ൅ ଷܱܥܽܥ ൅  ଶ   (25)ܱܥ

ଷܱܥܽܥ → 	ܱܽܥ ൅  ଶ      (26)ܱܥ

 

Interactions between AN and Ca- and Mg-carbonates follow a complex reaction 
mechanism, including steps with both lower and higher activation energies, 
compared to the decomposition of neat AN.  

 Step I – interactions between AN and carbonates with the formation of Ca- 
and Mg-nitrates and decomposition of unreacted AN, occurring in the low 
temperature region (depending on the heating rate between 150 and 350 ºC).  

 Step II – decomposition of nitrates formed in step I. In the case of mixes of 
AN with D, step II is divided into step IIA (reactions occurring with 
Mg(NO3)2 in the temperature region of 310–450 ºC) and step IIB 
(decomposition of Ca(NO3)2 in the temperature region of 420–620 ºC).  

 

For AN blends with L/ D, as well as for AN prills covered with L/ D powder, 
the values of E(α) in step I varied much more than for neat AN (Paper II: Table 2; 
Paper III: Table 2).  

 For example, the E(α) of step I for AN blended with Vasalemma L varied 
from 74.7 to 148.8 kJ mole-1 (ܣ in between 4.4×104 and 2.6×1012 s-1) (Fig. 
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15), for AN prills covered with Vasalemma L – from 85.5 to 119.2 kJ mole-

  .(in between 2.4×108 and 8.0×108 s-1 ܣ) 1

 The E(α) of step I for AN blended with Kurevere D varied from 30.2 to 125.5 
kJ mole-1 (ܣ in between 5.5×109 and 9.7×109 s-1) and for AN prills covered 
with Kurevere D – from 111.3 to 154.8 kJ mole-1 (A in between 2.0×108 and 
2.9×1012 s-1). 

 

 
Figure 15. (a) Reaction rate dα/dt (DTG, normalized signals)  as a function of 

temperature for different heating rates, and (b) activation energy E and pre-exponential 
factor A determined by Friedman analysis as a function of the reaction progress for step I 
of decomposition of AN blended with Vasalemma L 

 

4.2.3. Effect of H3BO3, CuO and MnO2 on the thermal behavior of blends of 
AN and L/ D 

Since the efficiency of N uptake by plants decreases with even a relatively short-
term deficit of Mn, Cu and B in the soil [91, 92], these microelements could be 
added to the fertilizer in micro amounts.  

H3BO3, CuO  and MnO2 in amounts of 0.05 mol in the 2AN + CaCO3 and 2AN 
+ 0.5CaMg(CO3)2 systems do not show a destabilizing effect on blends of AN with 
L/ D (Table 5).  

 

a
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Table 5. Temperatures of the endoeffects minimums on DTA curves corresponding to 
the principal transitions of ANIV ↔ANIII ↔ANII ↔ANI  and exoeffect maximum/ endoeffect 
minimum corresponding to the decomposition of residual AN in blends of AN + L/ D + 
CuO/ H3BO3/ MnO2 in mol ratio 2:1:0.05 (heating rate 10 °C min-1, 30 °C – 900 °C) 

Compounds ANIV ↔ ANIII/ 

ANIV ↔ ANII 
phase change [°C] 

ANIII ↔ ANII 
phase change [°C] 

ANII ↔ ANI 
phase change 
[°C] 

ANI ↔ ANmelt 
phase change 
[°C] 

Endotherm 
minimum [°C] 

AN 53.0 86.5 127.1 166.8 262.9 

(exotherm 
maximum) 

AN +  Karinu (L) 57.2 90.2 131.0 166.9 242.4 

AN +  L + H3BO3 55.6 90.9 128.6 167.3 242.1 

AN + L + CuO 54.9 91.2 128.0 157.94 247.8 

AN + L + MnO2 57.6 94.3 131.8 166.7 205.1 

AN + Anelema (D) 55.4 91.9 128.4 166.8 289.0 

AN + D  + H3BO3 58.5 93.2 116.3 163.9 278.3 

AN + D  + CuO 56.6 90.0 127.7 166.0 282.0 

AN + D  + MnO2 56.5 90.0 128.4 166.3 259.7 

 

4.2.4. Summary of the thermal analysis 

 The L/ D addition to AN in amounts ≤20 mass% has no systematic influence on 
the temperatures of the transitions of the solid phase modification 
ANIV↔ANIII↔ANII↔ANI. 

 With thermal treatment, AN prills covered with L/ D powder predominantly 
follow the same complicated but safe behavior as AN blends with L/ D. 
Interactions between AN and Ca- and Mg-carbonates with the formation of Ca- 
and Mg-nitrates prevent the exothermic explosive decomposition of AN. 
Variation of the value of the activation energy during progress of the reaction 
shows the complex character of the decomposition of the samples. 

 H3BO3, CuO and MnO2 additives in amounts of 0.05 mol in the 2AN + CaCO3 
and 2AN + 0.5CaMg(CO3)2 systems showed no destabilizing effect on the 
blends of AN and L/ D. 

 The results of the experiments carried out confirm the suitability of L and D for 
use as an additive in the production of AN-based fertilizer.  
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4.3. Covering of AN prill with L/ D powder in the disk granulator 

4.3.1. Granules growth 

Nitrogen content (N%) of the fertilizer granules can be controlled through the 
mean granule diameter (dm) (Fig. 16, Eq. 27).  The P/S ratio has the main effect on 
the mean size of the produced granules, but it can also be corrected through the 
correct selection of the size range of the product granules.  

 

 
Figure 16.  Nitrogen content of the fertilizer versus the mean granule size (granule core 

is 2.00 – 2.24 mm AN prill) 

 

ܰ% ൌ 131.86݁ି଴.଺଺଻ௗ೘, ܴଶ ൌ 0.9684          (27) 

 

The mixture of AN prills and L powder in the granulator is not subjected to 
heating, so the risk of ammonia loss and the formation of highly hygroscopic 
calcium nitrate during the granulation process via interaction of AN with CaCO3 is 
eliminated.  

Granulate particles can be divided into four groups according to their nature: non 
layered powder (0–1.0 mm); fragments of broken seeds and their nuclei (1.0–2.0 
mm); AN prills fully or partly covered with L powder (2.0–5.0 mm); oversize 
particles – agglomerates of several granules (> 5.0 mm).  

The fractions of  0–1.0 mm and 1.0–2.0 mm contain 2.648% and 19.43% 
nitrogen, respectively. The formation of the 1.0–2.0 mm fraction leads to a serious 
loss of nitrogen and should therefore be suppressed. On the other hand, considering 
the high content of nitrogen in the fraction of broken seeds and nuclei (1–2 mm) 
allows this fraction to be used as a conventional fertilizer.  

In the initiation stage of granulation, the tumbling of seeds leads to their attrition 
and breakage, as they are rather fragile particles (mean crush strength (CS) is 3.0 N 
per AN prill). The increase of the ratios of P/S and B/P during granulation leads to 
suppression of the breakage phenomenon. Granule growth occurs through the 
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layering and consolidation mechanisms until oversaturation of the granules is 
reached, which leads to over-wetting of the tumbling mass. 

4.3.1.1. Optimum granulation duration 

The optimum granulation time regarding granule growth through the powder 
layering is 4 min. The yield of covered granules is upwards of 80% and does not 
change with increase in the granulation duration beyond 4 min, as well as the mean 
granule size (Paper IV: Fig. 4). This is consistent with the results obtained by other 
researchers [93, 94] in the sense that the optimum granulation time is quite short, at 
just a few minutes.  

4.3.1.2. Optimum inclination angle and rotation speed of the disk 

Fig. 6 in Paper IV shows the effect  of the inclination angle of the disk on the 
cumulative size distribution of the granulate particles. Breakage of the seeds and 
granules is not affected by the disk’s angle of inclination. But the effectiveness of 
the powder layering increases from 67% to 77% with the increase of the disk angle 
of inclination from 30 to 45. Usually granulators are operated at up to a 55  disk 
inclination, because of construction limits.   

Fig. 5 in Paper IV shows the effect of the disk’s rotation speed on the cumulative 
size distribution of the granulate particles.  The optimum rotation speed for the disk 
with ݀ = 0.5 m is 23 rpm. The optimum rotation speed for the disk with any other 
diameter can be calculated through ncr (Eq. 11) specifically for it keeping constant  
n/ncr = 0.46 (Table 6). 

 

Table 6. Optimum rotation speeds for disks with different diameters 

Inner diameter 
of disk, m 

Angle of disk 
inclination,  

ncr,  rpm  

(Eq. 11) 

n/ncr Optimum n, rpm 

0.5 45 50.28 0.46 23 

1.0 45 35.55 0.46 16 

2.0 45 25.14 0.46 12 

3.0 45 20.52 0.46 9 

4.0 45 17.78 0.46 8 

 

4.3.1.3. Effect of P/S and B/P ratios 

Breakage of granules and seeds can be suppressed only by increasing the rate of 
binder liquid delivery (Fig. 17). The optimum B/P ratio is 15–20% considering the 
layering effectiveness. A greater quantity of powder and binder liquid in the 
granulation process improves the powder particle packing (Fig. 18). The most 
obvious effect of B/P on the layering of powder can be seen with granules in the 
size range of 2.0–2.5 mm. A characteristic feature of such granules prepared with a 
low amount of binder is the irregular covering layer (Fig. 19). Independently of the 
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P/S and B/P ratios used, granules produced in the size range of 2.5–5.0 mm have a 
well-formed covering layer (Fig. 3).  

 
a b

 
Figure  17.  Differential size distribution of granulate obtained at (a) P/S=0.5 and (b) 

P/S=2.0 at different B/P ratios 

 

 

Figure  18.  Effectiveness of powder consumption 

 

  

Figure 19. SEM images of cross-sections of granules in the size range of 2.0–2.5 mm 
produced with (a)B/P = 11% and P/S = 0.5  and (b) B/P = 18% and P/S = 2.0 

 

a  b
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4.3.2. Granules strength 

4.3.2.1. Effect of granulation time 

The effect of granulation time on the mean strength of the covering layer of the 
granules produced is shown in Fig. 20. The most durable layer was obtained in 3–4 
minutes of granulation. A further increase in the granulation time reduces the 
strength of the covering layer. This fact confirms that the process of the powder 
particle layering and the process of destruction of the top layer reach equilibrium in 
the 4th minute. An increase in the quantity of defects in the top layer of granules 
leads to a decrease in its strength. When the amount of binder liquid is sufficient for 
maximum granule saturation (B/P = 20%), the decrease in strength is less obvious, 
but the coefficient of variation of strength (the ratio of standard deviation to mean 
crush strength) decreases from 0.23 to 0.16 with an increase in granulation time 
from 4 to 16 min. This indicates that by increasing the residence time of granules in 
the tumbling layer, a narrower strength distribution of the granules covering layer 
can be obtained. 

 

 

Figure 20.  Effect of granulation time on the strength of granule covering layer 

 

4.3.2.2. Effect of inclination angle and rotation speed of disk 

The crush strength of the covering layer increases with the increase of the disk 
rotation speed to the critical speed ratio (n/ncr) from 0.38 to 0.46 rpm (Eq. 11, Paper 
IV: Table 2). As shown in [95], the probability of a successful coalescence and 
densification rate of particles increases with an increase in the collision velocity of 
the particles. The greater consolidation leads to lower porosity and hence higher 
strength [94]. This correlation between the mean crush strength of the covering layer 
and the porosity of covered AN prills is well seen in Fig. 21. The results of the 
granule strength at higher ratios of the rotation speed to the critical speed (from 0.46 
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to 0.56) suggest that the maximum strength of the covering layer for the B/P ratio 
used has been achieved.  

 

 
Figure 21.  Trend of granule strength versus porosity 

 

4.3.2.3. Effect of P/S and B/P ratios 

It is shown in [96] that the parameter with the greatest influence on the 
granulation mechanism and on the properties of granules is liquid saturation. 
Granulation with high liquid to solid phase ratios and therefore high fractional 
saturation produces granules with more binder liquid in the bonds between particles. 
These lead to the formation of large and strong crystal bridges and therefore serve 
to decrease porosity and increase the strength of the granules. The results show that 
the strength of the covering layer of the granules is independent of the P/S ratio, but 
it increases from 4.3 to 9.9 N with increase of the B/P ratio from 11% to 20% (Fig. 
22). A further increase of this parameter leads to over-wetting of the tumbling mass. 
The maximum strength of granules is achieved with this. 

 

 

Figure 22.  Effect of B/P and P/S on the strength of the granules covering layer 
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4.3.3. Resistance of the covered granules to temperature fluctuations 

The durability under compression of AN prills decreased twofold after heating 
to 35 °C degrees (from 3.0 N to 1.5 N) and become friable with repeated heating 
until the prills were scattered after 8 cycles. The durability of the AN prills covered 
with L or D powder, under the influence of  the temperature fluctuations (36 cycles), 
did not change, and remained at the level of  9–10 N. Thus covered prills showed 
good resistance to temperature fluctuations (15–35 °C), conducted in a climate 
chamber, which suggests that the strength of covered granules is less influenced by 
the density fluctuations of its core, caused by the ANIV↔ANIII transition of the 
solid-phase modifications. 

4.3.4. Summary of the covering process  

The prospects for the strengthening of AN prills by forming a covering layer on 
their surface have been proven. The maximum obtained crush strength of covered 
granules exceeded the strength of the pure AN prills just over three times, and is 
almost 10 N per granule. Covered granules showed good resistance to ambient 
temperature fluctuations, and the strength of the covered granules was not 
influenced by density fluctuations of its core, i.e. AN prill. 

4.3.5. Recommendations for design of the covering process  

Recommendations for the covering of AN prills on the disk granulalator are as 
follows: 

 Four minutes is sufficient residence time for granules in the tumbling layer for 
granule growth through the layering of powder particles and for obtaining the 
maximum strength of covered granules.  

 The inclination angle of the disk should be 45°.  

 The optimal rotation speed of the disk can be calculated through the critical 
rotation speed, as shown in Section 4.3.1.2. The optimal ratio of the disk rotation 
speed to the critical rotation speed is 0.46 (for a disk angle of inclination of 45°). 

 The B/P ratio should be 18–20% to obtain high yields of strong covered granules. 
The tumbling mass reaches saturation with a B/P ratio higher than 20%, and 
further binder addition leads to over-wetting of the tumbling mass.  

 When the B/P is at the recommended level, the effectiveness of the powder 
layering practically does not depend on the P/S ratio, and can be selected 
according to the desired nitrogen content of the covered granules. The P/S ratio 
has the greatest effect on the mean size of the fertilizer granules produced, but it 
can also be corrected through correct selection of the size range of the granules 
produced. 

 The correlation between the granules’ diameter and nitrogen content is as 
follows: N% = 131.86EXP(-0.667dm). 

 



   

49 

4.4. Agrochemical testing of the designed fertilizer granules 

Intensive usage of grassland requires fertilization with nitrogen several times 
during the vegetative period, which in turn has a considerable acidifying impact on 
the soil. The availability of nutrients for plants deteriorates if the soil pH is less than 
6. Improving the availability of nutrients is important not only from an economic 
point of view, but also for preservation of the environment. 

The tests conducted showed that L and D as a covering material do not affect the 
digestibility of AN by plants. Variations in the yield of the rye-grass obtained after 
the first and second fertilization with different kinds of granules did not exceed a 
statistical test error limit (PD 95%) (Fig. 23). Measurements of the percentage of 
chlorophyll in the grass with the N-tester did not show any difference between the 
samples. 

 

 
Figure 23.  Effect of fertilization (80 kg N ·ha-1) on hay yield 

 

 
Figure 24.  Effect of fertilization (80 kg N ·ha-1) on soil pH 
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At the same time, tests showed that the L/ D contained in the designed granules 
neutralizes the excessive AN introduced into the soil (Fig. 24). The soil pH was the 
lowest after the second fertilization with pure AN (acidification of the soil occurred) 
and the highest after the second fertilization with AN prills covered with L. The 
neutralizing effect of D powder is somewhat lower. But the soil pH was left at the 
optimal level for plant growth after fertilization with granules containing L as well 
as D.   

Summarizing the data above, we can say that  

 The L/ D covering does not affect the solubility of the fertilizer. Granules of both 
fertilizers completely dissolve in soil solution. 

 The L/ D covering does not affect the digestibility of AN by plants. The covering 
of AN prills with L/ D powder had no significant effect on the one-year rye-grass 
yield.  

 The presence of L/ D in AN-based fertilizer granules prevents the degradation 
of the soil. Calcium-enriched nitrogen fertilizer is needed, especially during 
intensive use of grassland and fertilization of non-carbonate soils.  

 Since the research was relatively short-term, potentially greater changes did not 
have time to occur. 
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5. CONCLUSIONS 
On the basis of the fulfilled investigation and the development of AN-based 

fertilizer with advanced properties, the following main conclusions can be outlined: 

 AN in the form of prills is more thermally stable than AN in the ground form. 

 L/ D has no systematic influence on the pathways and on the temperatures of 
transitions of the solid phase modification ANIV↔ANIII↔ANII. L/ D does not 
promote ANIV↔ANII transition and does not inhibit ANIV↔ANIII transition. 

 However, AN prill covered with L/ D powder is three times more durable and is 
many times more resistant to daily temperature fluctuations compared with the 
neat AN prill. 

 Data obtained from the thermodynamic analysis of different reactions between 
AN and Ca- and Mg-carbonates with and without the presence of Cu, B and Mn-
containing substances was confirmed by the data obtained in thermal analysis of 
the systems of AN + L/ D with and without the presence of Cu, B and Mn-
containing substances.  

 CaCO3/ MgCO3 contained in L/ D has a stabilizing effect on AN. Interactions 
between AN and Ca- and Mg-carbonates with the formation of Ca- and Mg-
nitrates prevent the exothermic explosive decomposition of AN. 

 H3BO3, CuO  and MnO2 in amounts of  ≤ 0.05 mol have no destabilizing effect 
on the systems containing 2 mol of AN and 1 mol of Ca- and Mg-carbonate, i.e., 
they have no destabilizing effect on the fertilizer granules developed. 

 L/ D covering does not constrain the dissolution of AN contained in the fertilizer 
granules. 

 In contrast to fertilization of soil with pure AN, which leads to soil acidification, 
fertilization of soil with AN – L/ D based granules allows to keep the acidity of 
the soil at the  optimal level.  

 The suitability of some Estonian L and D for use as an additive in the production 
of secure and eco-friendly AN-based fertilizer is justified in this thesis. 

 The production process of the developed AN – L/ D granules in the disk 
granulator should be carried out at the optimal ratio of the disk rotation speed to 
the critical rotation speed, and at a binder to powder ratio close to the saturation 
level (20% of the binder to powder ratio). The residence time of granules in the 
tumbling layer should be quite short – 4 minutes. The mixture of AN prills and 
L/ D powder in the granulator is not subjected to heating, so the risk of highly 
hygroscopic Ca- and Mg-nitrates forming during the production process of the 
fertilizer granules is eliminated. 
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ABSTRACT 
The aims of the AN fertilizer modifications are to decrease the acidifying effect 

of the fertilizer on the soil, increase the thermal stability of the fertilizer and 
strengthen the fertilizer granules. 

The current thesis reports the results of a multi-faceted study on the suitability 
of natural lime-containing minerals as a modifying additive for the production of 
secure and eco-friendly AN-based fertilizer. The AN – L/ D fertilizer granules 
developed do not acidify the soil, are resistant to ambient temperature fluctuations 
and are thermally stable. The production technology of granules in a disk granulator 
is quite simple. Recommendations for the choice of process parameters are proposed 
in this thesis. 

Improvement of the thermal stability of AN fertilizer was achieved through the 
reduction of the nitrogen content of fertilizer by introducing the inert additive to the 
content of its granules. Investigations of the mechanism and kinetics of thermolysis 
of AN – L/ D based fertilizer showed that interactions between AN and Ca- and 
Mg-carbonates (contained in L/ D) with the formation of Ca- and Mg-nitrates 
prevent the exothermic explosive decomposition of AN. Also, micronutrients 
required for normal growth of plants can be added to the fertilizer granules without 
the risk of thermal destabilization of the fertilizer.  

The covering layer made from L/ D powder strengthens the fertilizer granule and 
makes it resistant to ambient temperature fluctuations, which are responsible for 
fluctuations of density of the core of the granule (AN prill).  

Thanks to the neutralizing action of L/ D on the soil, fertilization of the soil with 
the granules developed does not lead to soil acidification, despite the fact that the L/ 
D covering does not retard the dissolution of AN contained in the granule core. 

The proposed technology of covering AN prills with powdered L/ D allows a 
wide variation of the content of nitrogen in fertilizer and allows a very high 
throughput capacity and convenient control of the process. 
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KOKKUVÕTE 

Ammooniumnitraat (AN), mida iseloomustab kõrge lämmastiku sisaldus 
(~35%) ning suhteliselt lihtne tootmistehnoloogia, on tänapäeva põllumajanduses 
üks enim kasutatavaid lämmastikväetisi maailmas. Samas on tema puudusteks 
kasutamisega kaasnev muldade mineraliseerumine ja hapestumine, tema termiline 
labiilsus ning väetisgraanulite nõrk mehhaaniline tugevus ja nende paatumine 
ladustamisel. 
   Käesolevas doktoritöös esitatakse AN modifitseerimisega seotud uuringute 
tulemused, mille raames  selgitati looduslike lubjakivide  ja dolomiitide sobilikkus 
– nii lisandina segus AN-ga kui ka AN idugraanulite kattematerjalina – turvalise 
ja keskkonnasõbraliku AN-baasväetise saamiseks. Saadud lubimaterjalidega 
modifitseeritud AN graanulid on termiliselt märksa stabiilsemad, on vastupidavad 
– ei paatu ega purune – ümbritseva keskkonna temperatuurikõikumistele ning 
välistavad muldade hapendumise. Ühtlasi on käesolevas töös esitatud soovitused 
granuleerimisprotsessi parameetrite osas.   

AN-baasväetise termilise stabiilsuse paranemine on saavutatud väetisele 
lubjakivi- või dolomiidijahu lisamisega või vastava lubimaterjalist katendi 
tekitamisega AN-idugraanulite pinnale. Modifitseeritud AN termilise lagunemise 
mehhanismi ja kineetika uuringud näitasid, et  reaktsioonid AN ja lubjakivis või 
dolomiidis sisalduvate Ca- ja Mg-karbonaatide vahel Ca- ning Mg-nitraatide 
tekkega ennetavad AN eksotermilist plahvatusohtlikku lagunemist. Samuti on 
võimalik taimedele vajalike mikrotoitainete lisamine väetisgraanulitele katendi 
tekitamise protsessi käigus ilma destabiliseerimise riskita. Ühtlasi tõstab lubjakivi-
/dolomiidijahust katend modifitseeritud graanulite mehhaanilist tugevust ligikaudu 
kolm korda, tehes need vastupidavamaks ka ümbritseva keskkonna  
temperatuurikõikumiste suhtes. 

Tänu lubjakivi-/ dolomiidijahust katendi neutraliseerivale toimele muldade 
väetamisel modifitseeritud graanulitega ei kaasne nende hapestumine vaatamata 
asjaolule, et lubjakivi-/ dolomiidijahust katend ei aeglusta graanuli tuumas sisalduva 
AN lagunemist-lahustumist.   

Välja pakutud AN graanuli lubjakivi- või dolomiidijahuga katmistehnoloogia 
võimaldab reguleerida laias diapasoonis lämmastiku sisaldust väetises, garanteerib 
protsessi kõrge tootlikkuse ning mugava kontrolli granuleerimisprotsessi üle.  
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Paper IV 
 

 

I. Klimova, T. Kaljuvee and R. Kuusik. 

 

"Investigation of Limestone Powder Layering onto Ammonium Nitrate Prills in 
Disc Granulator." 

 

 

Reprinted with permission from: 

 

Journal of Materials Science and Engineering, vol. 5A, pp. 151-159, 2014. 
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