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Abstract 
 
The text is divided into three parts; Properties, Application and Safety of Ammonium 
Nitrate (AN) based fertilisers. In Properties, the structures and phase transitions of 
ammonium and potassium nitrate are reviewed. The consequences of phase transitions 
affect the proper use of fertilisers. Therefore the products must be stabilised against the 
volume changes and consequent loss of bulk density and hardness, formation of dust and 
finally caking of fertilisers. The effect of different stabilisers is discussed. Magnesium 
nitrate, ammonium sulphate and potassium nitrate are presented as a good compromise.  
 
In the Application part, the solid solutions in the systems (K+,NH4

+)NO3 and (NH4
+,K+)(Cl-

,NO3
-) are presented based on studies made with DSC and XRD. As there are clear limits 

for solute content in the solvent lattice, a number of disproportionation transitions exist in 
these process phases, e.g., N3 (solid solution isomorphous to NH4NO3-III) 
disproportionates to phases K3 (solid solution isomorphous to KNO3-III) and K2 (solid 
solution isomorphous to KNO3-II).  In the crystallisation experiments, the formation of K3 
depends upon temperature and the ratio K/(K+NH4). The formation of phases K3, N3, and 
K2 was modelled as a function of temperature and the mole ratios. In introducing chlorides, 
two distinct maxima for K3 were found. Confirmed with commercial potash samples, the 
variables affecting the reaction of potassium chloride with AN are the particle size, time, 
temperature, moisture content and amount of organic coating. The phase diagrams 
obtained by crystallisation studies were compared with a number of commercial fertilisers 
and, with regard to phase composition, the temperature and moisture content are critical 
when the formation and stability of solid solutions are considered. 
 
The temperature where the AN-based fertiliser is solidified affects the amount of 
compounds crystallised at that point. In addition, the temperature where the final moisture 
is evaporated affects the amount and type of solid solution formed at this temperature. The 
amount of remaining moisture affects the stability of the K3 phase. The K3 phase is 
dissolved by the moisture and recrystallised into the quantities of K3, which is stable at the 
temperature where the sample is kept. The remaining moisture should not be free; it 
should be bound as water in the final product. The temperatures during storage also affect 
the quantity of K3 phase. As presented in the figures, K3 phase is not stable at temperatu-
res below 30 °C. If the temperature is about 40 °C, the K3 phase can be formed due to the 
remaining moisture. 
 
In the Safety part, self-sustaining decomposition (SSD), oxidising and energetic properties 
of fertilisers are discussed. Based on the consequence analysis of SSD, early detection of 
decomposition in warehouses and proper temperature control in the manufacturing 
process is important. SSD and oxidising properties were found in compositions where K3 
exists. It is assumed that potassium nitrate forms a solid matrix in which AN can 
decompose. The oxidising properties can be affected by the form of the product. Granular 
products are inherently less oxidising. Finally energetic properties are reviewed. The 
composition of the fertiliser has an importance based on theoretical calculations supported 
by experimental studies. Materials such as carbonates and sulphates act as diluents. An 
excess of ammonium ions acts as a fuel although this is debatable. Based on the 
experimental work, the physical properties have a major importance over the composition. 
A high bulk density is of key importance for detonation resistance. 
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List of Definitions 
 
Additives are chemical substances added to fertilisers in small quantities e.g. to facilitate 
manufacturing processes and/or to improve their agronomic values and/or quality 
parameters (e.g. caking tendencies, thermal stability). 
Ammonium Nitrate (AN) Based fertiliser is a fertiliser which contains nitrogen in both 
ammonium (NH4

+) and nitrate (NO3
-) forms, irrespective of their source. 

Ammonium Nitrate (AN) Content is the amount of ammonium nitrate in a fertiliser, 
calculated on basis of nitrate ions for which a molecular equivalent of ammonium ions is 
present. 
Blend is a fertiliser obtained by dry mixing, having a declarable content of at least two of 
the plant nutrients nitrogen, phosphorous and potassium. 
Classified is used to describe fertiliser products and related substances, which are 
classified as dangerous under the scheme for transport regulations, falling in classes such 
as oxidiser, class 5.1. 
Coating agents/materials are additives applied to the surface of fertiliser particles to 
improve the quality parameters such as moisture pick-up, caking tendency, dust formation 
and flowability. 
Combustible material, when used in legislation refers to the total amount of organic and 
inorganic combustible material (e.g. elemental sulphur) present in the product, expressed 
as carbon. 
Complex fertiliser is a fertiliser made exclusively by a process involving chemical 
reaction, and having a declarable content of at least two of the plant nutrients; nitrogen, 
phosphorous, and potassium. 
Compound fertiliser is a fertiliser having a declarable content of at least two of the plant 
nutrients; nitrogen, phosphorous, and potassium; obtained chemically or by blending, or 
both. 
Critical Relative Humidity (CRH) is the value of the relative humidity of the surrounding 
air, above which the material absorbs moisture and below which it does not. 
Declarable content (declared analysis) is the content of an element (or an oxide) which, 
according to national legislation, may be given on a label or document associated with a 
fertiliser.
Fertiliser is a material; the main function is to provide plant food. 
Filler is a material which has no primary nutrient value, added mainly to adjust the final 
nutrient content of fertilisers to the required levels. 
Formula is a term used to express by numbers, in the order N-P-K the respective contents 
of these nutrients in a compound fertiliser. 
Formulation is the list of raw materials required to make a particular fertiliser grade, and 
their amounts, usually expressed in kg/t. 
Grade is the nutrient contents of a fertiliser expressed as percentages. 
Granular fertiliser is a solid material formed into particles of a predetermined mean size. 
Inert Materials are filler or additives which do not affect the chemical properties of 
ammonium nitrate (such as e.g. clay and sand). 
Micronutrient is an element, such as boron, manganese, iron, zinc, copper, molybdenum 
or cobalt, essential, in relatively small quantities, for plant growth. 
Nutrient content is the expression of the primary nutrient contents in the form of nitrogen 
as % N, phosphorous as % P2O5 (or in some countries as % P), and potassium as % K2O 
(or in some countries as % K). 
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Non conforming Fertiliser Materials are materials which do not meet the characteristics 
of the intended products at the time of production and/or storage (as relevant) or when 
marketing. 
Off spec products are products that do not meet their specifications for chemical and 
physical characteristics.
Plant nutrient is an element (in the chemical sense) essential for plant growth. 
Primary nutrient is the elements nitrogen, phosphorous, and potassium only. 
Recipe is a list of process conditions (e.g. recycle ratio, granulation temperature and water 
content) and the formulation. 
Reject materials are products which are out of specification, or have deteriorated during 
storage and/or handling in such a way that they can be considered potentially hazardous. 
Secondary nutrient is the elements calcium, magnesium, sodium and sulphur. 
Specification is usually the Quality Control Specification, which is used as the various 
conformance criteria in quality control procedures. 
Stabilisers are a particular group of additives which can be added to ammonium nitrate 
based fertilisers to improve their stability against detoriation due to fluctuations in 
temperature during storaage and transport. 
Straight fertiliser is a nitrogenous, phosphatic or potassic fertiliser having a declarable 
content of one of the plant nutrients nitrogen, phosphorous or potassium only. 
Tolerances For process control purposes, a product is allowed to be under formulated on 
one or more of the declared nutrients and still be legally offered for sale. The amount by 
which each nutrient may be under formulated is called the tolerance. There are also 
usually tolerances on total nutrient content. For EEC Fertilisers there are also tolerances 
on the forms of nitrogen. 
Types A, B and C Fertilisers are descriptions which have been applied in the past based 
on classification of the fertilisers. The category Class A is used to denote those fertilisers 
who are considered to be oxidising agents. The categories Class B refers to those 
fertilisers that exhibit self sustained decomposition, and are categorised on the basis of a 
practical test. Any fertiliser which is neither Class A nor Class B is considered to be non 
hazardous, and is called Class C. 
Typical analysis is the average of the ON-SPEC results for different parameters. The 
average is calculated from sufficient data to be statistically significant. 
 



 xiii 

List of Reagents 
 
R1. Laboratory experiments 
 
The following reagents have been used in laboratory experiments in Part I and Part II 
unless otherwise mentioned in the text. 
 
    Producer Purity 

Ammonium nitrate NH4NO3 
Riedel-deHaen 
(Fluka) min 99.0 % 

    Merck min 99.0 % 
Ammonium sulphate (NH4)2SO4 Merck min 99 % 
Ammonium chloride NH4Cl Merck min 99 % 
Potassium sulphate K2SO4 Merck min. 97 % 
Potassium chloride KCl Merck min 99 % 
Potassium nitrate KNO3 Merck min 99 % 
Ammonium dihydrogen 
phosphate NH4H2PO4 Merck min 99 %  
Diammonium hydrogen 
phosphate (NH4)2HPO4 Merck min 99 % 
Magnesium oxide MgO Merck min 97 % 
Calcium sulphate 
(anhydrous) CaSO4 Merck min 97 % 
Calcium sulphate dihydrate CaSO4*2H2O Merck min 99 % 
Potassium bromate KBrO3 Merck 99.8 % 
Potassium permanganate KMNO4 Merck min 99 % 
Barium nitrate BaNO3 Merck min 99 % 
Potassium nitrite KNO2 Merck min 97 % 
 
R2. Industrial scale experiments 
 
All industrial scale experiments, or samples obtained from industrial operations are based 
on the following specification of the raw materials.
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Concentration N K K2O P P2O5 S Mg MgO H2O CO2 Ca Cl
% % % % % % % % % % % % %

Biotite K(Mg,Fe)3Si3AlO10(F,OH)2 5 0.5 11 5 6 5
Gypsum CaSO4*2H2O 90 10
Ammonium sulphate (NH4)2SO4 21.2 24.2 0.1 0.0
Nitric acid HNO3 60
Phosphoric acid H3PO4 52 2,0
Sulphuric acid H2SO4 93
Ammonia NH3 99,9 0.1
Potassium sulphate K2SO4 50
Potassium chloride KCl 60 0.1
Dolomite (Ca, Mg)CO3 7 < 1.0 20
Ferrosulphate FeSO4*7H2O 0.5
Kieserite MgSO4*H2O 16.5 0.2
Magnesium sulphate (unhydrous) MgSO4 20.5 0.2
Copper sulphate CuSO4 0.5
Manganese sulphate MnSO4*H2O 0.5
Zinc sulphate ZnSO4*H2O 0.5

F TOC Oil Amines Cu Mn Zn Fe Fe2O3 Al2O3 SiO2 Solids DENSITY
% % ppm ppm % % % % % % % % kg/m3

Biotite K(Mg,Fe)3Si3AlO10(F,OH)2 8.2 7.6 32.0 1500
Gypsum CaSO4*2H2O
Ammonium sulphate (NH4)2SO4 0.0
Nitric acid HNO3 1385
Phosphoric acid H3PO4 0.7 1.1 0.2 < 1.0 1655
Sulphuric acid H2SO4 1827
Ammonia NH3 0.0
Potassium sulphate K2SO4
Potassium chloride KCl 150 100
Dolomite (Ca, Mg)CO3
Ferrosulphate FeSO4*7H2O 19
Kieserite MgSO4*H2O
Magnesium sulphate (unhydrous) MgSO4
Copper sulphate CuSO4 25
Manganese sulphate MnSO4*H2O 32
Zinc sulphate ZnSO4*H2O 39

 
R3: Commercial samples 
 
All samples from industrial scale experiments, or samples obtained from industrial 
operations, or samples from other producers are based on the following sampling 
procedure.
 
The sampling plan guideline is based on the following equation: 

Sampling interval = tonnage / load rate x 60 / # of increments 
 
When sampling lower-speed belts (500 tonnes per hour or lower): 
1. Select a position (e.g. belt transfer point) where the material is falling freely; 
2. Take a sample by passing the stream sampling cup or manual cutter completely through 
the stream as the material drops from a transfer belt or spout;  
3. Move the sample collector once across the full stream at an even speed. The long slot in 
the top of the sampling cup should be at a right angle to the falling stream; 
4. Pass the cup through the complete stream at a uniform speed, such that the cup will 
collect approximately equal amounts during each pass, but will never overflow; 
5. Empty contents of the cup from each pass into a suitable container. This is applicable 
for sampling material with uniform stream flow of three minutes or more, such as during 
transfer or shipment from a bin or large hopper, or for stream sampling from a continuous 
production unit; 
6. When sampling from a conveyor belt, the belt must be in “full load” before an increment 
is collected; 
7. Avoid sampling a trickle of fines or dust. 
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Preparation 
 
The sample reduction is obtained using either a riffle divider, a mechanical divider, or by 
using the cone and quartering method. Also, the preparation and reduction equipment 
should be deemed appropriate for the material being sampled.  

 
 
Division procedure: 
 
In the reduction of an ungrounded sample using a riffle or sample splitter: 
- Ensure that all equipment is clean; 
- Set riffle level (not tilted in any direction) and place two empty pans beneath the riffle; 
- Transfer the collected sample to one or two of the remaining pans, as required ´ 
- Level the surface of the pan before continuing; 
- Rapidly tilt the pan to the hopper so that the material will flow evenly from the pan onto 
the riffle in one motion; 
- Collect the entire sample in the pans beneath the riffle; 
- When two pans are required for the original, take the second pan and transfer this 
material to the top of the riffle again; 
- Repeat this procedure a minimum of three times for thorough mixing of the product, and 
subsequently reduce the product to the appropriate proportion required; 
- Transfer the final sample to a moisture proof container, and mark for identification. 
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List of experiments  
 
The type of experiements are referred with Ex, where x is a number. 
 
E1 In the DSC studies, a Mettler FP 85 instrument with a central unit FP 800 was used. 

The output was connected to a Merck D2000 Chromato Integrator. Indium was 
used to calibrate the temperature and the enthalpy (melting point is 156.1 °C and 
enthalpy 27.2 J/g). When the solid solutions were measured the calibration was 
compared to the pure ammonium nitrate and potassium nitrate. Small sample 
crucible made from aluminium were used. Sample quantities varied between 10 
and 20 mg. All measurements were done with a scanning rate of 5  C/min for a 
temperature range of 25- 200  °C. 

E2 Crushing strength, expressed in Newtons, is the force needed to break a granule. 
To obtain an average evaluation, 30 particles equal in size (between 2- 4 mm) are 
individually crushed and the result is reported as an average. 

E3 In a scanning electron microscope the sample is put into a sample chamber in 
which the vacuum is about 106 torr. The electron beam scans over the sample and 
when it enters a material it strikes an electron in the orbit of an atom. This collision 
is strong enough to knock the orbital electron out of the atom; this electron 
becomes a free electron. A principal point is that the sample has to be conductive; if 
not the charge formed in the sample by the electron beam can not be relaxed and 
no (or only few) electrons can be detected.  
If the free electron is liberated close to the surface of the material (less than 10 nm) 
it will escape from the material. These electrons are known as secondary electrons 
and they have no relationship with the material from which they were liberated. 
These electrons are detected with a detector that attracts the electrons towards it 
by a positive voltage. The image gives information on the surface structure of the 
sample and is normally not used in fertilizer research.  Back scattered electrons are 
incident beam electrons that have been re-emitted from the sample through multiple 
scattering. The emission of back scattered electrons from a specimen is related to 
the atomic number of the material involved; the higher the atomic number the 
higher the backscattered coefficient and the lighter the area is seen in the image. 
This image is very useful tool in fertilizer research — f.eg. lighter areas show 
positions of potassium, phosphorus and chloride; darker areas show positions of 
ammonium— and nitrate—ions.  

E4 Volume expansion is measured according to EEC Directive 80/876/EEC. The 
sample is cycled 5 times between 20 and 50 °C. At the low and high temperatures 
the sample is kept for 2 hours. The increase in volume is measured. The figure 
should be as low as possible, indicating that the porosity of the product has not 
increased. 

E5 Relative hardness = 
 (CrushingStrengthBefore – CrushingStrengthAfter)/CrushingStrengthBefore * 100 

E6 Real density is measured by He- pycnometer, where the gas penetrates into the 
pores and the result is more equal to the real density than in the case of mercury. 
110, 113 

E7 In the absorption-penetration test a bulk fertiliser surface of a known area is 
exposed to moving air at a controlled temperature and humidity and measure the 
rate of moisture absorption per unit of fertiliser surface and the rate of moisture 
penetration into the bulk of fertiliser.  
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E8 Moisture holding capacity is calculated by dividing the moisture absorption per 
square centimetre by the depth of penetration in centimetres. As example urea 
based NPK has a very low critical relative humidity (45 %), and high rate of 
moisture absorption (538 mg/cm2 in 72 h). Due to the high moisture holding 
capacity (18.5 % or 158 mg/cm3) penetration was only 3.4 cm in 72 hours. 

E9 Loose pour density is determined simply by pouring material in a box, levelling the 
top and measuring the weight. Tapped density is similarly measured, but after filling 
the box is tapped, lifted and dropped several times until there is no further 
compaction. This value represents the maximum bulk density, which may occur due 
to settling under vibration occurring in handling and transport. These values are 
normally 6- 12 % higher than loose pour densities. 

E10 For quantitative calculations the LSQX- program developed by Vonk et al. was 
used.192,193 The method is based on a least squares fitting procedure which uses 
the complete patterns of the separate, pure components.  

E11 An Enslin test223 is used to estimate the moisture absorption properties. The 
measuring equipment consists of a fritted glass filter with U- tube attached to it. 
Under reduced pressure the apparatus is filled with ion-exchanged water. Reduced 
pressure is used to avoid the formation of air bubbles. The surface of the filter is 
dryed with filter paper. Five grams of potash (KCl) is weighed out and placed on the 
glass filter. The volumetric amount of water taken up by the salt in a fixed period of 
time (5 min) is measured with a final time of 50 minutes.223 

E12 When commercial potash dissolves into water the temperature decreases. With a 
ratio of 1:4 (20 wt- % KCl) the decrease is ca 14ºC for the endothermic equation: 
KCl (s) -> K+ (aq) + Cl- (aq);  Hr= 18 kJ/mol In one experimental method 25 g of 
potash is added with constant agitation to 100 cm3 of ion-exchanged water in a 
Dewar jar. The initial temperature is ca 20ºC. The decrease in temperature is 
measured as a function of time from the period starting with the introduction of the 
sample and ending with the maximum change in temperature.  

E13 In the other experimental method 15 g of commercial potash is added with intensive 
agitation to 200 cm3 of ion-exchanged water at 20ºC. The change in the 
conductivity is measured as a function of time. A constant measured value indicates 
the complete dissolution of the sample. The analysis covers the period starting with 
the dissolution of the sample and ending with a constant measured value. 

E14 Approximately 10 g of anhydrous pro analysis ammonium nitrate is weighed in a 
crucible and heated in a sand bath by a hot- plate. A stoichiometric quantity of the 
commercial potash salt is added to the clear ammonium nitrate melt and the resul-
ting slurry is subjected to intensive agitation for 10 minutes. The molten ammonium 
nitrate- potash mixture is cooled to ambient temperature in a crucible and the soli-
dified mixture is reduced in size.  

E15 To get the fertilizer granule transparent a thin section has to be done. This is done 
by first grinding half of the granule away with a grinding disk after which the even 
surface is fixed onto a microscope slide. The fixation is done with a thermoplastic 
polymer. Then surplus granule is ground until the layer is so thin that individual 
crystals can be detected in transmitted light. At the final grinding stage, (the 
polishing stage) very fine grinding paper has to be used. With rocks, concretes and 
other more “stable” materials polishing agents like diamond paste are used in this 
final polishing stage. With fertilizers their use is extremely difficult and normally 
impossible because a solvent is always used to rinse the polishing agent away. The 
grinding causes always heat and in some cases this heat is bound to water when 
grinding rocks etc. — with fertilizers the use of such an intermediate is impossible. 
The thickness of the ready thin section is finally about 0.02 mm. 
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E16 On the basis of Least Square Quantitative X-Ray Diffraction (LSQX) analysis the 
degree of conversion (c) is calculated according to equation 

100*
x

/100)y xx(

K

KCl*K)Cl(NH4,KCl ��c  

E17 The formation of calcium and magnesium nitrates was studied by extracting the 
components to amyl alcohol. The content of metals was measured by atomic 
absorption. 

E18 In the test of caking tendency the test bags are filled with the fertilizer material and 
exposed to a specific pressure for a specific time. After compression, the weight of 
the caked product is measured and calculated as a percent of the total weight of the 
sample.236-238   

E19 Chemical methods were based on the internationally accepted methods published 
by the Association of Official Analytical Chemists (AOAC).102  In the sample 
preparation a sample of 4 g is dissolved into 1 dm3 and agitated for half an hour. 
Then the solids are filtered and the filtrate is analyzed with the methods given in 
Table 7. Photometric analysis for NO3-N and NH4-N according to AOAC 892.01-
920.3, potassium by flame photometer AOAC 983.02, P photometric AOAC 978.01, 
and Chloride by coulometric titration AOAC 928.02B 

E20 The apparatus must be set up in a fume hood or fume cupboard so that the toxic 
decomposition gases can be removed. Although there is no explosion risk, it is 
advisable to use a transparent shield when performing the test. The trough is filled 
evenly with granular fertiliser. Decomposition of the fertiliser should be initiated at 
one end of the trough using a gas burner or a 250-watt electrical heater. The rate of 
heating should be adjusted to ensure that the temperature adjacent to the heating 
plate reaches 300-400°C within 45 minutes. With the gas burners the steel plate 
(1.3 mm thick) must be heated to dark red. Heating should continue until the 
propagation of the decomposition front (indicated by the change in colour of the 
granules from brown to off-white) has been observed to move 30 to 50mm. In the 
case of thermally stable fertiliser it may be necessary to continue heating for more 
than one hour to achieve the propagation of the decomposition front. Fertilisers, 
which show a tendency to melt readily, must be heated carefully i.e. using a small 
flame. The position of the decomposition front should be checked 20 minutes after 
the discontinuation of heating and subsequently at regular intervals. 
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1. INTRODUCTION 
 
The improvement of crop yield was discovered by accident or trial-and-error through the 
ancient and medieval eras. During that time, it was found that the use of various organic 
waste or mineral substances dramatically improved plant growth.  The scientific 
contribution and foundation for the modern fertiliser industry was laid by von Liebig in 
1840. His philosophy was:" Perfect agriculture is the true foundation of all trade and 
industry - it is the foundation of the riches of nations. But a rational system of agriculture 
cannot be formed without the application of scientific principles, for such a system must be 
based on an exact acquaintance with the means of vegetable nutrition. This knowledge we 
must seek through chemistry." 
 
Early development of the fertiliser industry during the first half of the 19th century was 
based on the teachings of von Liebig. The main fertiliser materials were Guano, Chilean 
nitrate and superphosphate. In the second half of the century, the discovery and 
development of potash salts occurred. Low grade, such as manure salts and unrefined 
ores and kainite were introduced in Germany in 1860. In Europe, the fertiliser industry 
developed with its main practice being the production of straight fertilisers, each containing 
only one primary nutrient. In contrast, fertiliser production in the USA was mainly along the 
lines of compound fertilisers, i.e. fertilisers containing more than one of the nutrients 
nitrogen, phosphorous or potassium. The first compound fertilisers were simple mixtures of 
guano, superphosphate, ammonium sulphate, potassium chloride and organic waste 
materials. Fritz Haber and Carl Bosch developed the Haber process to produce ammonia 
from the nitrogen in the air during 1909- 1910. The ammonia was mainly used to produce 
explosives. The economical method of supplying nitrogen through the ammoniation of 
superphosphate became popular in the 1930s - conversion of ammonia to nitric acid 
through the so-called Ostwald process, where ammonia is oxidised by heating with oxygen 
in the presence of a catalyst such as rhodium-doped platinum, to form nitric oxide and 
water. The nitric oxide is oxidised to yield nitrogen dioxide, which is then readily absorbed 
by the water yielding nitric acid. Through an exothermic reaction between nitric acid and 
ammonia, ammonium nitrate is produced. The surplus water from the obtained solution is 
evaporated to obtain a melt which is granulated or prilled. These are the main commercial 
forms. During the early days, ammonium nitrate was used as an ingredient in explosives 
due to its oxidising properties. Following World War I, large stocks of ammonium nitrate 
were released for agricultural use. The explosions in Germany (1920 and 1921) led to dry 
mixing of ammonium nitrate with limestone, gypsum, chalk or ammonium sulphate to avoid 
the dangers of explosion and as conditioning agents to improve handling properties. This 
explains the popularity of calcium ammonium nitrate (CAN) in the European market. 
 
The chemically-produced (complex) NPK fertilisers entered the market around the 1950s 
and have been popular in the European market, whereas elsewhere in the world bulk 
blends, i.e. the dry mixing of raw materials, have gained popularity. In the production 
methods, phosphorous comes from natural rock phosphate digested by nitric acid into 
calcium nitrate and phosphoric acid. Calcium is either removed by crystallisation (Odda, 
nitrophosphate) as calcium nitrate or precipitated by the addition of sulphuric acid (mixed 
acid nitrophosphate) as calcium sulphate. During the addition of ammonia, ammonium and 
calcium phosphates are formed. To adjust the nitrogen content, ammonium nitrate solution 
is added to adjust the nutrient content. Finally potash is added either during granulation or 
to the NPK slurry containing 10- 15 % water. In the 1950s, granulation became popular to 
obtain free-flowing material to accommodate the development of mechanical application 
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equipment. The fertiliser industry was no longer a simple mechanical mixing of 
components, but became an important segment of the heavy-chemical industry with 
complex chemical engineering operations. Its operations included mining and processing 
of phosphate rock and potash minerals, fixation of atmospheric nitrogen and the 
manufacture of compound fertilisers. 
 
A number of accidents from the 1920's to the 1940's led the industry to develop new 
process technologies and safer practices in the 1950s. The prilling and granulation 
processes led to high-density products. Effective anti-caking and thermal stabilisation 
treatment became an industry practice. Unsafe practices such as the use of explosives 
were banned and product specifications limited the content of combustibles. These actions 
seemed effective as the number of fatalities from AN-related accidents dropped from 1,200 
(1900-1950) to less than 20 (1950- 2000) despite the substantial increase in quantities of 
AN being produced and transported. The number of fatalities has, however, increased over 
the last 10 years (2000 to 2008) to 52 with more than 2,500 injuries. 
 
Today in the world, about 132 million tons of nitrogen (N) is annually fixed from the air of 
which Ammonium Nitrate (AN) accounts for 13%, Calcium Ammonium Nitrate (CAN) 3% 
and through NPK's 9% nitrogen is fixed. Calculated as final fertilisers, this accounts for 
about 125 million tons of solid fertiliser products being produced, transported, stored and 
consumed in the world. In Europe, it is expected that in 2017 11 million tons (Mt) N, 3 Mt 
phosphorous and 3.4 Mt potassium will be used as fertilisers. The product split in Europe is 
somewhat different being 19% AN, 24% CAN and 14% NPK resulting in about 24 million 
tons of products. In Europe, AN, CAN and NPK fertilisers are significant products for 
agriculture supplying close to 60 % of the needed nitrogen. 
 
Large volumes of fertilisers are produced, transported, stored and used annually. It is 
important to understand the properties of constituent components in AN-based fertilisers. 
The first part of this thesis asks what the properties are of both ammonium nitrate and 
ammonium nitrate-based fertilisers? In this part, existing literature on the properties of 
individual salts and the solid solutions formed in the system (NH4

+,K+)(NO3
-,Cl-) is 

reviewed. Attention is paid to the crystal structures of the individual components to simplify 
understanding of the changes in the structure while solid solutions are being formed. 
Phase transitions play an important role during the manufacture and storage of fertilisers. 
Most of the references date back to the 1960s and 1970s; only a few recent articles 
dealing with solid solutions exist.  
 
In the experimental section the formation and properties of different solid solutions in the 
systems NH4NO3-KNO3 and NH4NO3-KNO3-NH4Cl-KCl are presented. A phase diagram 
for the system (NH4,K)NO3 has been made on the basis of DSC and XRD studies. The 
amounts of different solid solutions are also given in diagrams as a function of 
temperature. In the analysis of the mixtures of solid solutions, the Quantitative X-Ray 
Diffraction procedure has been used. Physical properties such as density and moisture 
absorption are presented. The results from the experiments answer the questions on how 
solid solutions are formed, how much is formed at different K+/NH4

+- ratios, how 
temperature and moisture content influence the results, how stable the solid solutions are 
and how they relate to other types of solid solutions. 
 
As the fertilisers also contain phosphorous and other components that might affect the 
experiments, the second part of this work is for the evaluation of the experimental results. 
The conversion reactions of commercial potash have been studied under different 
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processing conditions. Several solid solutions, where NH4
+ is replaced by K+ or vice-versa, 

are formed during the conversion reaction. Therefore evaluation of the experimental results 
is divided into three types of products: products where only N3 (solid solution isomorphous 
to NH4NO3-III) is present (products with high ammonium nitrate content), products where 
K3+N3 (solid solution K3 isomorphous to KNO3-III) are the main components (NK- 
fertilisers) and cases in which all solid solutions are existent (NPK- fertilisers). Samples 
were commercially available and some of them synthetised. In this part the experimental 
findings are validated. 
 
Thirdly the thesis provides answers concerning how the solid solutions affect the physical 
properties of ammonium nitrate-based fertilisers? In AN-based fertilisers, the control of the 
production process parameters such as moisture content and temperature are essential, 
both for the final product quality and product safety. The numerous handling, transport, and 
storage steps usually involved between production and application demand that a fertiliser 
material is free-flowing (non-caking), non-dusty and can withstand exposure to 
atmospheric humidity. The fertiliser materials are applied in many different ways around 
the world. Whilst European farmers use machinery, their colleagues in Asia usually spread 
fertiliser manually. It is obvious that there are different properties, which are important in 
different market areas. Fertilisers should be free of air-borne dust during handling to 
ensure healthy working conditions in all bulk-handling areas. Dusty fertiliser is normally 
also subject to hard caking. Breaking down the cakes needs a considerable amount of 
labour to deal with the piles and lumps. In humid conditions, the fertiliser material may 
disintegrate into dust or wet powder. 
 
The third part of the thesis deals with safety by asking how the form and composition of 
ammonium nitrate- based fertiliser affects product safety and whether ammonium nitrate-
based fertilisers have oxidising and energetic properties? Societal expectation and public 
concern regarding the safety of ammonium nitrate- based fertilisers has increased in the 
aftermath of the Toulouse incident which occurred just ten days after the destruction of the 
World Trade Center. The regulatory impact following Toulouse is seen in the Seveso II 
Directive, but the discussion surrounding security still continues. The safety of AN-based 
fertilisers is an essential part of this thesis. The main hazards are related to a) oxidising 
properties, b) self-sustaining decomposition and c) energetic properties. These properties 
are linked to salt composition and the management of the fertiliser lifecycle. Examples of 
typical accidents are presented and means of protection are discussed.  
 
The basic concern from regulatory bodies is that, where safety is concerned, all fertiliser 
products must be managed and used safely throughout the supply chain, through 
manufacture, packaging, distribution and usage plus the final disposal of waste packaging 
materials. The implementation of product stewardship helps the industry to manage the 
above-mentioned issues more effectively, taking into account health, safety and 
environmental as well as technical and economic aspects to ensure the best value for the 
customer in the food chain. 
 
 
 



 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

PART I: PROPERTIES 
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2. PROPERTIES OF AMMONIUM NITRATE  
 
Ammonium nitrate (AN) is a major chemical product. It is most frequently produced by 
neutralisation of nitric acid with ammonia and is mainly processed into high quality 
fertilisers. As a straight fertilizer, in 2005 it accounted for 20% of world consumption of 
nitrogen fertilisers, excluding urea (7% including urea), and is present in many blended and 
compound fertilisers. AN is also used as an oxidising agent and a constituent of many 
explosives1,2. 
 
AN is produced from ammonia and nitric acid with the highly exothermic reaction: 
 
NH3 (g) + HNO3 (l) -> NH4NO3 (s) ; �H = - 146 kJ/mol   (1) 
 
AN dissolves readily in water. In addition the salt is hygroscopic. When the salt is dissolved 
in water, heat is absorbed. Therefore AN can be used in freezing mixtures. The heat of 
solution in an almost infinite quantity of water is +26.4 kJ/mol at 18°C, the integral heat of 
solution to saturation is +16.75 kJ/mol and the heat of solution in a saturated solution is 
+15 kJ/mol. The properties are summarised in Table 1. The industrial production is 
discussed in chapter 2.4. 

Table 1: The properties of ammonium nitrate3 
Appearance: Colourless crystals and white solid 
Synonyms: Nitric acid ammonium salt 
Formula: NH4NO3 
Nitrogen content: 35% 
U.N. Number: 1942 

2067 
C.A.S. Number: 6584-52-2 
Molecular weight: 80.04 
Dangerous Goods Class: 5.1 
Hazchem Code: 1 S 
Solubility g/100g water: 118 @ 0 °C 

187 @ 20 °C 
297 @ 40 °C 
410 @ 60 °C 
576 @ 80 °C 
843 @ 100 °C 

Specific Gravity: 1.725 @ 20 °C 
Specific heat 0.422 kcal/kg °C @ 20 °C 
Heat of fusion 16.75- 18.3 kcal/kg 
Melting point 169.6 °C 

2.1. Crystal structures of ammonium nitrate modifications 
 
AN has one high pressure and six low-pressure crystalline phases (Figure 1). Table 2 lists 
the temperature ranges of the different crystal structures of AN with their structural 
information. In the temperature range of 125.2 - 169°C the cubic form of AN (NH4NO3- I) is 
stable. In the cubic symmetry the NO3

- ions are in free rotation and the NH4
+ ions are 

comparatively free to diffuse in the lattice.4,5,6 The space group is Pm3m of the structure.7 
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The ionic radius of chloride and the rotating nitrate group are 1.90 and 2.35 Å with 
equivalent symmetry. Due to these facts, it has been stated by Hendricks et al.8 that 
chloride could replace nitrate in cubic AN.  
 
Form II is tetragonal with a space group P421m. 9 In this form, the NO3

- ions are no longer 
in free rotation and each NO3

- ion is rotating in its own plane.10 The NO3
- ions are 

oscillating between two almost bound orientations in opposite directions.11 
 

Figure 1: Pressure-temperature diagram for NH4NO3.12 
 
The structure of NH4NO3- III was studied by Lucas et al.9 and by Choi13. In the studies 
made by Choi13, the AN was stabilised with 5 wt-% KNO3, probably giving a structure of 
solid solution N3 (solid solution isomorphous to NH4NO3-III, discussion in chapter 4.2.2.). 
The ammonium ions are thermally13 and orientationally9 disordered into two orientations, 
displaced by an angle approximately 42º, about an axis parallel to c-axis. There are seven 
nitrate groups around one ammonium group and the structure is not symmetric.182, 203 
 
In the structure of NH4NO3– IV the tetrahedral ammonium groups are surrounded by eight 
triangular nitrate groups, with mm symmetry in the space group Pmmn with two AN 
formula units per unit cell.14 The structure is symmetric and resembles form II. One feature 
of the structure is the fact that the nitrate group is attached to the sheets by only one 
corner. This is clearly reflected in the thermal motion. 
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In phase NH4NO3- V one half of the nitrate ions are turned orthogonally to the other half.15 
No reorientations take place.16 The structure of the phase V is orthorhombic, with the 
space group Pccn.15,16 The cations and anions are packed with a disordered CsCl- type 
arrangement and linked together by two sets of three dimensional hydrogen bonds.15 

Table 2: Crystal structures of ammonium nitrate. 
Phase  

Temperature range  
[�C] 

Unit cell Space group 
Crystal system 

Ordering 
NH4

+ 
Ordering 
NO3

- 

I 
169.5 <-> 125.2 

a= 4.3655 Å 
Z= 1 

Cubic  
Pm3m 

Rotating Rotating 

II 
125.2 <->  84.2 

a= 5.7193 Å 
c= 4.9326 Å 

Z= 2 

P421m  
Tetragonal 

Disordered Disordered  

III 
84.2 <->  32.3 

a= 7.7184 Å 
b= 8.8447 Å 
c= 7.1642 Å 

Z= 4 

Pnma  
Orthorhombic 

  
Disordered 

Ordered 

IV 
32.3 <-> -18 

a= 5.7574 Å 
b= 5.4394 Å 
c= 4.9298 Å 

Z= 2 

Pmmn  
Orthorhombic 

Ordered   Ordered 

V 
-18   <-> -103 

a= 7.98 Å 
b= 8.0027 Å 
c= 9.8099 Å 

Z= 8 

Pccn  
Orthorhombic 

Ordered   Ordered  

VI 
<-  -103 

Unknown    

VII 
- 170 

Unknown    

VIII Unknown    

2.2. Phase transitions 
 
The possible phase transitions of AN and the transition temperatures are shown in Figure 
2. 
 

-17 ºC 32 ºC 84 ºC 126 ºC
V IV III II I

51 ºC

43 ºC 48 ºC
V*

Figure 2: The typical phase transitions of solid ammonium nitrate. 
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There are a number of transition paths. Repeated heating-cooling cycles cause significant 
unpredictable changes to the transition paths. Harju17 found no correlation between 
moisture content and path selection. The selection of path was dependent on the 
crystallisation rate during the sample preparation. Annealing promoted the ordering of the 
crystals, and transitions IV-II have a lower energy than less ordered transitions IV -> III.17 
During phase transitions there is a significant change in the volume, as can be calculated 
from the densities shown in Figure 3. 
 
At the I -> II transition temperature (ca 126°C), an energy barrier hindering the free rotation 
of the NO3

- ions and the translational diffusion of the NH4
+ ions begins to operate. This is 

accompanied by a distortion of the lattice from cubic to tetragonal. The barrier is probably 
an O-H bond, and it is expected to be of the order of 5 to 10 kcal/mol.18 

Figure 3: Density of AN as a function of temperature.3 
 
Microscopic observation shows that there is very little distortion of the crystal plate during 
the I <-> II transformations. This suggests that the transformation in which each side of the 
unit cell of NH4NO3- I becomes a of the unit cell of II is not consistent with this. There are 
similarities between the structures of NH4NO3 - I and NH4NO3 - II. 
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The transition I -> II occurs at ca 126°C on heating and at ca 125°C on cooling.17, 19,  20 It  
involves,18, 20, 21 
• partial orientational ordering of the NO3 - and partial spatial ordering of the NH4 + ions; 
• expansion of the unit cell dimensions from 4.40 to 5.75 Å (a-axes) and to 4.95 Å (c-axes); 
• the displacement of half of all the NH4 + ions. 
 
At the II-> IV transition temperature the NO3

- ions are locked into a fixed orientation, 
preventing the translational diffusion of the NH4

+ ions. This is accompanied by a further 
distortion of the lattice from tetragonal to orthorhombic.22, 23 
 
Microscopic observation has shown that during the IV <=> II transition there is only slight 
distortion of the crystal. The character of phases II and IV depends on the previous thermal 
history of the salt, such that II' and IV', closely resembling but not identical to II and IV, are 
formed under suitable conditions.20 The structure of II' differs only slightly from that 
corresponding to form II and accounts for the natural path from one form to the other. Form 
II' would be metastably disordered and would definitely turn into II if sufficient energy were 
available.24 The metastable form II' is tetragonal, but its space group is not25 P421m. The 
reverse transition produces polysynthetic twinning in the crystals of phase IV.26 
 
In order to study theoretical possibilities for phases II' and IV', molecular modelling has 
been used. The models become large as eight surrounding nitrate groups affect the 
orientation of an ammonium ion. By models it was found that the phases II and III have 
only one type of energy minimum, i.e. the ammonium ion has only one possible orientation 
in the crystal structure. The energy maps of phase IV show that, in addition to large energy 
minimums, there are also smaller ones connected by a valley. It is likely that on heating the 
ammonium ion may enter via a valley to another energy minimum and thus phase IV' may 
exist. 27,28 
 
When the sample is cooled from phase I, form II will go directly to form IV. After three or 
four cycles transformation will cease, and upon cooling this occurs after the metastable 
transition.29 The form III nucleus is formed and the change to form IV occurs at 32°C.30 The 
character of the metastable inversion depends on the specific experimental conditions of 
the sample. This transition path has been reported to occur only with dry samples31 and 
under controlled conditions32,33,34. 
 
The transitions IV -> III and IV -> II may occur simultaneously, so that an approximately 
constant mass of the sample must be transformed via the IV -> II -> IV pathway, while the 
IV -> III -> II -> III (IV) -> IV transitions of the remainder of the sample are superimposed on 
this constant IV -> II -> IV transformation background.35,180,181,183,185 
 
The II -> IV transformation involves chiefly:18, 19 
1. alignment of the NO3

- ion planes parallel to the [0 1 0] plane of form IV and 
orientational ordering of each NO3

- ion within its own plane, and spatial ordering of 
each NH4

+ ion, 
2. contraction of b-axes from 5.74 to 5.45 Å, 
3. displacement of the NH4

+ ions. 
 
The following observations have been made concerning IV-> III-> II transitions:  
1. Small crystals transform more easily than large ones, and the residual microcrystalline 

crusts enhance the transformations of the latter. 
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2. Previously transformed crystals are usually cracked and appear mosaic or twinned. 
They transform easily. 

3. Perfectly dry crystals transform only sluggishly into phase III. 
4. Crystal seeds of the stable phase increase the speed of transformation very 

considerably. Once the transformation starts at one point, it extends over the whole 
crystal in a few minutes. In the presence of the saturated solution, seeds cause the 
transformation of the unstable phase by dissolution and reprecipitation. 

5. Transformations occur more rapidly at higher temperatures within the established 
temperature range, if formation of the rather complex structure of phase III is involved. 

 
Transitions IV <-> V are slow with minor thermodynamic and structural changes. Transition 
temperature is -18ºC.20,23 Another metastable transition going through transition path V <-> 
V* (42.8ºC) and V* <-> II (47.8ºC) is reported with surface active agent (octadecylamine 
acetate)36. Engel32 determined simultaneous II-> V and II-> IV with phase V slowly 
transforming into phase IV. Transition is a second order type transition.37, 38 The transition 
temperature of phase VII is not exactly known (Table 2). It is estimated to be -170ºC.19,39 

2.3. Variables affecting phase transitions 
 
The main factors affecting phase transitions are: 
1. Presence of active sites in the crystal lattice, such as surfaces, edges, corners, cracks, 

cleavages and slipping planes, twinning contact planes, grain boundaries or altered 
lattice layers due to misfit at the interface between two lattices, foreign inclusions etc 
acting as induction points 

2. Mobility of NO3
- ions. Ion mobility is increased by raising the temperature. The mobile 

ions are located at the active sites. This mobility can be affected by the addition of 
potassium nitrate for example. 

3. The possibilities of recrystallisation are increased mainly by the presence of the 
solution, even in minute amounts. The stable phase can form by dissolution and 
reprecipitation. The stable, less soluble form crystallises from the saturated solution, 
while the more soluble unstable phase dissolves until the transformation is complete. 

4. Free transition energy increases with increasing temperature differences from the 
equilibrium temperature, and by non-equilibrium crystallographic ion distribution (active 
lattice sites). Therefore, transformations occur more rapidly at a higher temperature. 

5. Influence of orientated growth: the pseudosymmetry due to transformation twinning 
and epitaxial overgrowth. The twinned crystals of IV have the pseudosymmetry of 
phase II thus reducing the probability of transforming to phase III. 

6. Ease of crystallisation of the stable phase under the given conditions. Crystal seeds of 
the stable phase increase the speed of transformation 

2.3.1. Moisture content 
 
Water is known for its accelerating187 effect on the phase transitions, and the transition 
from form IV to form III or II depends on the water content.31, 40, 41 If there is no water, 
phase III will never exist and the transition IV -> II will occur at a temperature of about 
50°C34. The effect caused by the presence of water is explained by the dissolution and 
recrystallisation mechanism, where drastic structural changes can happen.18 The theory is 
supported by the disappearing transition at 32°C to 50-55°C when having an anhydrous 
AN. The transition IV -> III temperature changes as a function of water content between 
32°C and 55°C and the transition from III -> IV is a mirror image. A decrease in the IV -> III 
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transition temperature is noticed as the water content increases from 0.01 to 0.35%.42  
However, a further increase in the water content produced no additional effects. The 
effects of the humidity on the phase transitions are presented in Figure 4. The shadowed 
areas represent the variation in the phase transition temperature.  
 
The shifting to higher temperatures of phase IV -> III transition, and III -> IV to lower 
temperatures during repeated cycling is caused by the decrease in the moisture content of 
the salt.25 The increase in water content (0.2 -> 0.5%) also increased the rate of IV -> III 
conversion. A further increase in the water content reduced the rate of conversion by some 
degree.43 Even under moisture controlled conditions, there is a wide variation in behaviour. 
The crystal defects (lattice and impurity) are the most important parameters; thus factors 
other than water content can be of greater importance.42 Water dramatically raises the 
percentage of transforming crystals (IV <-> II) from 5-10% (dry) to 60-70% with wet 
crystals. The growth at super saturations above 0.02 causes a dramatic morphological 
change in the a-axis of needles by trapping solution in their cores. This change in 
morphology and inclusion of water is accompanied by an increase in order of magnitude of 
the probability of transition phase III.45 

 
Figure 4: Effect of water content on the phase transition IV -> III or II temperature.34 
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2.3.2. Thermal history 
 
On cooling from 150°C, the phases of dry AN appeared in the order I -> II -> IV -> V. When 
samples were heated to 80°C and cooled, the transition II -> IV was incomplete with one 
part changing directly to phase V. The metastable inversion II -> IV occurs when NH4NO3 

is heated to above 125°C and cooled. It can frequently be induced to reappear by 
remelting.22 
The IV <=> III transition varies with the thermal history of the sample, but not with the 
moisture content. The transitions IV -> III and IV -> II occur in parallel and then follow the 
transition III -> II -> I.46,47 Several exothermic peaks were noticed after the endothermic 
peak at 51°C, showing that form IV was transformed to metastable form III. On cycling, 
these peaks disappeared if the III <-> II transformation had developed to a greater extent.25 
Samples whose original transition path was IV -> III, tend to undergo transition IV -> II after 
they have been left untouched for some time. Single crystals favour transition path IV -> 
II.37 Factors such as water content, temperature and time determine whether IV <-> II or 
the stable IV <-> III transformation will occur.48 

2.3.3. Heating / Cooling rates 
 
By undercooling or superheating, metastable forms can be obtained far away from the 
transition points as a result of entering the stability range of the other crystalline form. The 
delay is greater with a fast temperature change. For example, transition IV -> III may begin 
between 36 and 40°C on heating, but is between 25-28°C on cooling. Both phases being 
present, the delay is smaller. Due to the delay and slow transitions, it has been difficult 
really to determine the transition point and heat of transition for V <-> IV and IV <-> III. 
Heating above the II -> I transition (125°C) and cooling will cause form II to convert at 45-
48°C directly to phase IV without passing phase III. The cooling rates in an industrial scale 
have a major importance as the product nucleaus temperature can not follow the speed of 
cooling core. 

2.3.4. Kinetics 
 
The transition kinetics are influenced by several factors: 
• Thermal history; 
• Temperature; 
• Heating/cooling rates; 
• Humidity. 
 
AN in anhydrous conditions will go through IV -> II transformation, whereas the same 
sample will go through IV -> III -> II transitions (5ºC/min) when melted and cooled down. A 
lower heating rate (1ºC/min) will also result in IV -> III -> transitions.49 
 
Samples with higher humidities (> 0.1% H2O) progress faster than anhydrous ones. The 
speed of transformation can be studied by several methods: a) fast XRD22, b) isothermal 
DSC50, and c) dilatometry43,51,52,53. 
 
According to Erofeev and Mitskevich52 the so-called KEKAM/Avram equation can be 
extensively used for AN IV <-> III transition kinetics: 158,187 
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� = 1 – exp(-ktn)     (2) 

Wolf and Sharre54 have made detailed studies on kinetics to confirm Erofeev's51,52 
equation. 
 
Figure 5 presents a typical example of kinetics at 44ºC. The transition is influenced by 
adding products such as anhydrous calcium sulphate and calcium sulphate dihydrate. The 
first transitions are the most clear and logical. Repeated cycling introduces nucleating 
points where transitions take place in an unpredictable manner. The transitions become 
faster after repeated cycling. 
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Figure 5: The kinetics of transition IV -> III in pure AN, with 1% added CaSO4, and with 1% 
added CaSO4*2H2O. The measurement is done at 44ºC using isothermal DSC50. R1E1 

2.4. Phase transitions and the manufacturing process
 
This chapter discusses the effects of phase transitions in the manufacturing process. This 
chapter is related both to straight ammonium nitrate (AN) and to calcium ammonium nitrate 
(CAN) and especially emphasises the volume changes. The important crystal structure 
forms V, IV, III, II and I cover temperatures -50 to +150°C. 
 
The manufacturing process is composed of the following process sections: 
1. Neutralisation of nitric acid with ammonia 
2. Concentration of ammonium nitrate solution 
3. Granulation of ammonium nitrate granules by spherodiser, fluid bed, pugmill, pan and 

drum granulators  
4. Drying of ammonium nitrate granules by rotary driers for pugmill, pan and drum 

granulation processes 
5. Cooling by counter-current rotary drum, and/or fluidised bed and/or so called bulk flow 

cooler 
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6. Product polishing by mixture of oil-amine and inert powders such as talc   
7. Storage of the final ammonium nitrate  

2.4.1. Granulation and drying 
 
Granulation is typically performed with >95% AN solution. The granulation takes place at 
temperatures of >100°C. As the product cools down, the volume decreases (figure 3 and 
table 3). During cooling, the heat is removed from the granule surface i.e. the outside 
layers of the granule, whereas the core temperature is slowly conveyed to the surface. In 
extreme cases, the surface layers are shrinking faster than the hot core. This will result in 
tension, which is relieved as the cooling of the core proceeds. 
 
After cooling the temperatures begin to go into equilibrium and the higher core temperature 
is conveyed to the surface. This is typically seen in the manufacturing plant as a slight 
increase of the product temperature. During the transition III -> IV, a 3.6% volume 
decrease occurs and the tension formed in the previous transition is simultaneously 
relieved. This transition creates fewer cracks (porosity) than IV -> III. The volume changes 
are most drastic around the phase transition temperatures. 
 
Table 3: AN phase transitions, temperatures and related changes in volume.70 
Transition Temperature 

[°C] 
Volume change 

[%] 
�H 
[J/g] 

Direction of volume 
change 

Liquid -> I 169.9  73.7  
I � II 125.2 1.9- 2.1 52.6 Decrease 
II � III 84.2 1.3- 1.6 15.5 Increase 
III � IV 32.3 3.4- 3.6 18.4 Decrease 
IV � V -16.9 0.9- 2.9 5.9 Increase 

 
By selecting the wrong operating temperatures, the physical quality (e.g. crushing strength) 
of AN based fertilisers can be completely destroyed. For example, granulating at 
temperatures below II -> III (84°C) and drying at a higher temperature will create a large 
number of cracks and, in the worst case, granulation will be destroyed. 

2.4.2. Cooling 
 
The cooling affects the properties of the final product such as the crushing strength (Figure 
6). In the industrial scale experiements reduction of the cooling rate from 7 to 1.7 °C/min 
increased the crushing strength by 20 to 30 % relative which was observed in 5 different 
experiments. As heat is removed from the granule surface, the heat gradient shrinks the 
outside layers faster than the core. The external layer is thus pulled inwards. On cooling, 
the stress is gradually relieved. At the end of the cooling, the temperature begins to 
equalise in the granule, which in practice is apparent as a slight increase in temperature.55 
 
Industrially cooling is made by using a) fluidised bed, b) rotary drum or c) bulk flow coolers. 
In these coolers the cooling temperatures play significant roles. For example, a III -> IV 
transition at 32ºC results in a volume decrease. The stress is relieved when the core goes 
through the transition and contracts. Cooling at 84ºC (II -> III transition) results in an 
expanding core. The stress caused by the expansion results in the formation of porosity. In 
a fluidised bed cooler, the back mixing of granules exposes granules to varying 
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temperatures, whereas in counter-current rotary cooler no back mixing takes place. The 
cycling does not damage the physical quality, assuming that the cooling is not done at 
around the transition temperature. Due to the countercurrent air, the transition temperature 
is only passed once in a drum cooler, assuming that the retention time is long enough to 
cool down the core as well. In bulk flow coolers, the temperature gradients have to be 
selected carefully, as the core tends to leave the equipment at significantly higher 
temperatures, thus resulting in a large temperature increase after the cooler.  
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Figure 6: The effect of cooling rate on the crushing strength of N 30% (86:14 AN:Calcite), 
in fast cooling 7°C/min, and slow cooling 1.7°C/min. Five replicated industrial tests in a 
rotary cooler were performed by reducing the production rate. R2E2 

2.4.3. Storage  
 
AN based fertiliser products are typically cooled down below 32 °C before stored in a bulk 
piles of 300 to thousands of tons. If product is stored above this temperature the poor 
thermal exchanges36 of the product with external media will slowly cool the product down 
to the transition temperature of 32.2°C. At that stage, the transition heat will remain at a 
temperature of 32°C almost indefinitely before it goes down. 406 The heat capasities as a 
function of temperature are presented in Figure 7.36 

 
In storage, the repeated cycling of AN through the 32°C transition zone (IV->III->IV) is 
accompanied by a 3.6% expansion in volume.70 During several cycles, AN prills or 
granules expand, and finally may convert to a fine powder. In bags the expansion can even 
break the bags. The cracks formed in the granule/prill surface may serve to release any 
internal saturated solution. This will result in caking. AN is a very hygroscopic salt. 
Therefore, the formation of a wet skin of saturated solution on the surface of the crystal 
exposed to air during storage will participate in the destruction by increasing the kinetic of 
the transition and recrystallisation phenomenon (see Figure 18).  
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AN based fertilisers are typically coated with a few kilos per ton of conditions agents such 
as oil-amine mixture (96:4) and powders such as talc to prevent caking. Also these coating 
oils can increase the degradation caused by temperature changes through the crystal 
transitions, especially when they contain secondary amines and short length amines. 
 
Caking is not only the result of polymorphous transitions, because dry AN does not cake. 
Laurent56 explains the caking by two mechanisms: 
1. Caking due to the presence of water: 

� The saturated solution recrystallises on the surface of the crystals. Crystal bridges 
are formed and granules stick together. For instance, 1 tonne of AN with 0.5% 
moisture at a temperature of 40°C holds about 14 kg AN in solution, 3.5 kg of 
which recrystallises upon cooling to 25°C. 

� Pressure lowers the solubility of AN. The sudden application of pressure to moist 
AN during piling that occurs in storage might cause some crystallisation at the 
granule contact points. 

 
2. Caking due to allotropic transformations: 

� The III -> IV transition can only be made through the dissolution– recrystallisation 
process, thus forming crystal bridges between granules/prills. 

� The transitions II -> III or III -> IV are not necessarily complete even when cooled 
below the transition temperature. According to Laurent52 AN requires at least 30 
minutes for complete conversion when it is cooled by 5°C to under 32.2°C. The 
transition can therefore progress in storage and the release of heat increases the 
temperature of the mass. For AN leaving the plant above the transition 
temperature II -> III, the release of 5.08 kcal/kg can increase the material 
temperature by 12°C. The wax coated AN (see 10.7.) in 1940s typically was 
bagged at temperatures around 93ºC which was 9 degrees above the transition 
temperature.57 

Figure 7: The heat capacity of solid NH4NO3 as a function of temperature.36 
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There is a difference between the solubilities of forms III and IV. Parts of AN in solution will 
crystallise directly into phase IV due to the decreased solubility. This explains the rapid 
setting following transition III -> IV. 

3. THERMAL STABILITY OF AMMONIUM NITRATE 

3.1. Variables affected by thermal stability 
 
A good resistance to thermal cycling will improve the quality of AN based fertilisers by 
reducing degradation during transport and storage. The transition at 32°C is particularly 
harmful in climates where ambient temperature is often close to that level, or when bags 
are exposed to sunshine. For this purpose, various cycling tests using a laboratory oven 
were developed by the industry. Stability against cycling can be characterised by several 
parameters based on the physical properties of granules and by establishing criteria for 
quality after each or several thermocycles. 
 
These measurements can be for density, granulometry, swelling, hardness, porosity, 
friability, dust, etc. The minimum values of the physical properties that are needed to 
overcome quality problems and to assure product safety are defined, in order to comply 
with a standard. These tests are used to select additives to improve the thermal stability. 
The additives that are proposed are presented in chapters 3.2 to 3.6. 

3.1.1. Thermal cycling 
 
Thermo-cycling is applied to the AN product by raising and lowering the temperature 
through the transition temperatures. The most important transition is the one reported at 
32°C. If the product can survive the cycling without forming fines, dust, or cracks (Figure 
8), it is likely to survive extended periods of storage. The formation of cracks is one of the 
most important factors affecting the safe properties of AN. 
 
Different conditions can be simulated in a climate chamber, but care should be taken with 
the relative humidity of the air, because AN may absorb moisture during thermal cycling. 

 
Figure 8: Ammonium nitrate before (left) and after (right) thermal cycles. R3E3 
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Why doesn't AN shrink back? The ratchet-like swelling is a result of new voids or cracks 
that do not heal. As the temperature increases, minute amounts of moisture are deposited 
in the tiny spaces between crystals on cooling. The solution is maintained by capillary 
forces. Moisture deposits have a catalytic role in phase transitions. Dissolved AN does not 
know from which solid phase it was formed when precipitating into a phase at precipitation 
temperature. Knowing the high solubility slope temperature will favour faster phase 
changes as phase A (either IV or III) dissolves and precipitates into phase B (III or IV). This 
mechanism may result in swelling even without going through a phase transition. 
 
The number of cycles a product should tolerate depends on the period of storage, storage 
method, and climatic conditions. A rule of thumb is that it should tolerate at least 2 cycles 
to cover the lifecycle of the product. 

3.1.2. Determination 
 
The product is typically contained in a closed container and placed in a climate chamber. 
The chamber temperatures are controlled while heating and cooling. Typically, heating and 
cooling are performed between 20 and 50°C. During heating and cooling, one can observe 
how the sample temperature is stabilised around the phase transition. With modern 
equipment, the data handling can provide valuable information on the transition points and 
kinetics. The hysteresis should be noted if different heating and cooling rates are used. 
 
If a measuring flask is selected as a container, volume dilatation can be used as the basis 
for evaluating stability. Every thermal cycle causes a change in volume that is not 
irreversible. The possible parameters (see 5.2.5. for methodology) for justification of 
thermal stability include: 
• Volume change measured as dilatation [%]. 
• Reduction in crushing strength [N]. 
• Formation of dust [mg/kg]. 
• Friability [%]. 
• Density as loose or tapped [kg/dm3]. 
• Porosity measured as oil absorption [%]. 
• Number of cycles. 
• Explosivity. 
 
For each of the factors, a relative measure can be used as: 
 
Relative hardness = (StrengthBefore - StrengthAfter)/ StrengthBefore * 100 (3) 
 
An example is presented in Figure 9 for stabilisation of N 30% and CAN 27.5% N products 
with different additives. Although good stabilisation was obtained from a volume expansion 
point of view, the hardness criteria differed between additives (hardness method 
description in 5.2.5.). In CAN 27.5% N the relative volume change was 45 % whereas the 
relative hardness less than 20 % from the uncycled product. Addition of AS and SiO2 
improved the hardness (ca 70 % remained after cycles) and no volume changes took place 
whereas with AS alone some volume change remained. Similar observations can be made 
for N 30% products. In both products calcite was used as a filler material.  
 
The test results provide an estimation of the quality performance of the product throughout 
its lifecycle. Poor stability causes concerns about the product's safety properties such as, 
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for example, detonability. Reduction to a guideline density of 0.8 kg/dm3 significantly 
increases the risks of AN detonability.58 (see chapter 9.8) 
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Figure 9: The volume expansion and relative hardness after 5 thermal cycles with different 
additives for N 30% (86 % AN) and CAN 27.5% N (79 % AN). R3E4 & R3E5 

3.1.3. Stabilisation with additives 
 
The primary cause of breakdown of granules is the change in volume caused by the III -> 
IV transition. Many studies have been performed to extend the temperature range in which 
the transition takes place in order to extend the presence of phase IV, by extending either 
its upper or lower temperature limit to a level that never takes place during storage. The 
classic means are deep drying or the addition of a conditioning agent prior to granulation. 
The classic additives include a group of anions such as phosphates and sulphates, group 
of cations such as potassium, calcium and magnesium salts, and group of different 
silicates acting as nucleating agents. Although several patented solutions do exist, a major 
break-through has not been yet been achieved. Some patents even relate to the addition 
of components such as cyanides and copper salts, which would greatly reduce the safety 
of AN (chapter 3.6.1.). The next chapters discuss stabilisation with potassium salts, 
ammonium salts and other additives. 

3.2. Hazard characteristics in additive selection. 
AN is a strong oxidiser (chapter 8). Contaminants may increase the explosion hazard of 
AN (chapter 9). Organic materials generally make AN explosions more energetic. AN may 
be sensitised by certain inorganic contaminants, including chlorides and some metals, 
such as chromium, copper, cobalt and nickel. Materials such as reducing agents, 
elemental sulphur, chlorates, chromates, nitrites, permanganates and metallic powders 
should be avoided. 
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AN by itself does not burn, but in contact with other combustible materials (such as oils 
and waxes) it increases the fire hazard. It can support and intensify a fire even in the 
absence of air. Fires involving AN can release toxic nitrogen oxides and ammonia59 
(chapter 7). 
 
As the AN solution becomes more acidic, its stability decreases and it may be more likely 
to decompose/explode. The pH of AN solutions should be maintained within the safe 
operating range of the process. In particular, low pH (acidic) conditions should be avoided. 

3.2.1. Legal requirements for additive selection. 
Fertiliser regulations in the European Union (EU) set requirements for the quality of AN 
that is to be labelled as an EC fertiliser. The product must conform to these specifications, 
which include: 
� No addition of substances that increase the sensitivity of the AN to heat or detonation. 
� The porosity of a sample submitted to 2 thermal cycle from 25 to 50°C cannot exceed 

4% in weight. 
� The percentage of combustible material must be less than 0.2% for product containing 

more than 31.5% N and less than 0.4% for product between 28 and 31.5% N. 
� The pH of a 10% solution must be greater than 4.5. 
� The fractions below 0.5 and 1.0 mm cannot exceed 3 and 5% respectively by weight. 
� The maximum chloride level is 0.02% by weight. 
� Heavy metals should not be added and traces incidental to the process should not 

exceed specified limits (such as that for copper content which cannot exceed 10 ppm). 
� The product must pass a specified detonation test. 
 
AN declared as an EC Fertiliser may only be supplied to the end user in packages not 
exceeding 1 ton. Conformance to EC requirements ensures that AN is safe for the 
customer. The manufacturer must select a process route that satisfies the specified limits 
and must also control the raw materials to be used (with respect to trace element analysis) 
to ensure that the limits are met. This also applies to anticaking and conditioning additives 
used to improve the final product. 

3.2.2. Transport regulations. 
 
Transport regulations are based on United Nations (UN) Recommendations on the 
Transport of Dangerous Goods Model Regulations60: 
 
a) Not less than 90% ammonium nitrate with not more than 0.2% total 

combustible/organic material calculated as carbon and with added matter, if any, which 
is inorganic and inert towards ammonium nitrate; or 

b) Less than 90% but more than 70% ammonium nitrate with other inorganic materials or 
more than 80% but less than 90% ammonium nitrate mixed with calcium carbonate 
and/or dolomite and/or mineral calcium sulphate and not more than 0.4% total 
combustible/organic material calculated as carbon; or 

c) Nitrogen type ammonium nitrate based fertilisers containing mixtures of ammonium 
nitrate and ammonium sulphate with more than 45% but less than 70% ammonium 
nitrate and not more than 0.4% total combustible/organic material calculated as carbon 
such that the sum of the percentage compositions of ammonium nitrate and 
ammonium sulphate exceeds 70%. 
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In practice, 'Inert towards AN' means that the material does not enhance the hazardous 
properties of the AN. It is common practice in the fertiliser industry to incorporate additives 
(e.g. magnesium nitrate, aluminium sulphate, ammonium sulphate) up to about 5% by 
weight in total, in order to improve physical characteristics such as caking behaviour, 
hardness and thermal stability against temperature cycling without adversely affecting the 
hazardous properties.61,62 Determination of the inertness of the additive requires testing 
based on the IMO / EC detonation test63(chapter 9.1.6.). 

3.3. Stabilisation with potassium salts 
 
In addition to stabilisation of AN and AN based fertilisers this chapter includes NK and NPK 
fertilisers with more than 70% AN. Further related discussion can be found in chapters 4 to 
6. 

3.3.1. Introduction 
 
Jänecke64 showed that eight types of solid solutions can exist on the system AN - 
potassium nitrate - water. At room temperature, there are four different solid solutions: 
where KNO3 is dissolved in NH4NO3 -IV (N4: KN-AN-IV), KNO3 dissolved in NH4NO3 -III 
(N3: KN-AN-III), NH4NO3 dissolved in KNO3 -III (K3: AN-KN-III) and NH4NO3 dissolved in 
KNO3 -II (K2: AN-KN-II). The phase diagram on the system based on the authors work with 
DSC and XRD is presented in Figure 10 (see chapter 4 to 6 for further details). 
 
Ando65 also published a phase diagram, but gave the phases different names. The double 
salt xKNO3 NH4NO3 is equivalent to K3 in Jänecke's diagram. Later on, Ando66 stated that 
the double salt is isomorphous with KNO3- III. These diagrams are presented in Figure 11. 
 
Since K+

 and NH4
+

 ions are almost equal in ionic distances, they may mutually replace each 
other, thus forming solid solutions of the type (K,NH4)NO3 and (K,NH4)Cl. The 
nomenclature used by Jänecke is a convenient way to simplify reference to the solid 
solutions. The nomenclature is presented in Table 4. 

Table 4: Nomenclature of the solid solutions according to Jänecke. 67 
_____________________________________________________________________ 
Code Solute Solvent  Maximum NH4:K ratio  
_____________________________________________________________________ 
N1 KNO3 NH4NO3- I  94: 6 
N2 KNO3 NH4NO3- II  90:10 
N3 KNO3 NH4NO3- III   60:40 
N4 KNO3 NH4NO3- IV  85:15 
N5 KNO3 NH4NO3- V  91: 9 
 
Two different solid solutions exist, viz. substitutional and interstitial solid solution. The 
mechanism of the substitutional solid solution is a more or less regular substitution in the 
lattice of the solvent by the solute atoms or ions. In order for this substitution to be 
possible, at least in the case of salts, the atoms must be chemically similar to the original 
occupants of the lattice points. They cannot differ greatly in ionic radius. The effect upon 
the crystal lattice is an additive change, depending upon the atomic volumes and the mole 
fractions of the components. The lattice expands or contracts until a limit of substitution is 
reached. 
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The other type is interstitial solid solution. The solute atoms do not fit into the lattice of the 
solvent but are crammed in between solvent atoms, causing the unit cell of the solvent to 
enlarge no matter what size the solute atoms may be. This type of solid solution is only 
possible in a partially miscible system. The solute atoms need not be similar either 
chemically or in volume.68  
 
In an isomorphous series, the miscibility depends upon the differences in the molar volume 
of the components. As the temperature rises, the degree of miscibility increases. If the 
system is completely miscible at high temperatures, separation may set in as the 
temperature is lowered. The maximum possible unmixing is on the side of the component 
with the smaller lattice. 

 
Figure 10: Phase diagram for the system NH4NO3-KNO3.70 R1E1 

A double salt is a substance obtained by the combination of two different salts which 
crystallise together as a single substance but ionize as two distinct salts when dissolved in 
water.69 
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3.3.2. Crystal structures of KNO3-NH4NO3 solid solutions 
 
The M+ cations that can partially replace the ammonium ion in the lattice of NH4NO3 to form 
solid solutions are those with ionic radii close to the effective ionic radius71 of the 
ammonium ion (1.48 Å) such as potassium (1.33 Å), rubidium (1.47 Å) and caesium (1.67 
Å). The way in which a dissolved ion changes the polymorphic transition temperatures of 
NH4NO3 depends upon its ionic radius relative to that of ammonium. 66 
 
Each cation in the N3 structure is surrounded by 11 oxygen atoms from seven nitrate ions. 
The hydrogen positions indicate that there are no strong hydrogen bonds. The distances 
between the centre of the cation and the 11 oxygen atoms that make up its co-ordination 
'sphere' cover a narrower range than in N4 (0.23 Å).72 Each cation in the N4 structure is 
surrounded by 12 oxygen atoms from eight nitrate ions. Four of the 12 oxygen atoms form 
hydrogen bonds with the four hydrogen atoms of the ammonium ion. Cation positions 
contain a random distribution of ammonium and potassium ions, such that the probability 
of finding a potassium ion at one particular site is equal to the atomic fraction of potassium 
in the crystal. 
 
The volume of the N3 and N4 unit cells decreases as the proportion of cation positions 
occupied by the smaller potassium ion increases. Ammonium ions appear to increase the 
volume of the unit cell in K2; however, potassium ions appear to increase the volume of 
the unit cell in N4.73 The observed range of cation-oxygen distances is explained by the 
fact that the oxygen atoms are parts of rather bulky nitrate ions and not separate spherical 
ions.74 

3.3.3. Phase diagram in the region 0- 30 % KNO3 in NH4NO3 
 
The NH4NO3- KNO3 system in the range of 0-30% KNO3 in NH4NO3 has been studied with 
hot and cold stage optical microscopy75 with reasonable agreement with Jänecke67, Figure 
11. Pure AN melts at a temperature of 169.6°C, which is lowered to ca 155°C by the 
increased amounts of KNO3 in the lattice. In pure AN, the phase transition from form III to II 
occurs at 84°C. In the isomorphous solid solutions, the transition temperature for the N3 -> 
N2 transition was increased to 113°C as a function of potassium nitrate content (<10%) in 
the lattice of phase N3. When the KNO3 content was between 10 and 13% in the N3 
phase, the temperature was slightly increased. The transition from phase N2 to N1 
occurred at temperature ca 127°C. As the potassium nitrate content increased, the 
temperature was slightly decreased to 126°C (10% KNO3). The maximum KNO3 content in 
phase N2 is 10%. The transition from pure NH4NO3 form II to I occurs at 125°C.70 
 
The temperature at which the transition of NH4NO3 - III to NH4NO3 - IV occurs decreases 
as a function of increasing KNO3 content. The phase transition temperature of N3 <-> N2 
increases with increasing KNO3 up to 10 wt-%, at higher KNO3 concentrations, N3 
transforms reversibly to either N2 or K2 at fast heating rates. At slow heating rates, the N2 
or K2 formed often disproportionates into a mixture of these phases. Once these two 
phases are in an intimate mixture, the equilibrium transformation temperature drops to 
110°C for the three phases of N3, N2 and K2. The C in the Figure 11, left was considered 
to be a double salt76 2NH4NO3*KNO3 and K377. The conversion into K3 is not complete at 
high temperatures (ca 110°C) for a composition of less than 20% potassium nitrate. The 
residual N3 changes into N2 and further to N1.78 
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Figure 11: NH4NO3 - KNO3 phase diagram by Cady75 (left) and Jänecke67 (right). 

At low temperatures (ca 0°C), the solid solution of N3 (with ca 15% KNO3) takes the N5 
structure without passing through the N4 type structure. This phase transition79 was 
noticed in the composition of (NH4)0.88K0.12NO3. 
 
In phase N5, there is a solubility limit of about 8 wt-% of KNO3 in NH4NO3 - V. N5 forms 
from N3, which disproportionates during transition when the KNO3 concentration exceeds 9 
wt-%. 
 
As K+

 ions replace NH4
+

 ions in the room temperature form of NH4NO3 - IV, a gradual lattice 
shrinkage occurs, together with a decrease in the IV <-> III transition temperature. If there 
is more than ca 2% KNO3, the solid solution is in the form N3 at room temperature73,78. The 
lattice in the form N3 continues to shrink until a limiting solution of 30 wt-% KNO3 + 70% 
NH4NO3 is reached. This solid solution phase is most easily formed. It can be produced by 
mutual crystallisation of NH4NO3 and KNO3 (at room temperature). If there is more than 
30% KNO3 present, it appears in the free state.78  
 
The transformation N3 <-> N4 is accelerated by water. Because of the slowness of the 
transformation in dry samples, ethylene glycol with traces of water was used to examine 
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the phase boundary.75 The phase transition N3 <-> N4 was also determined by Campbell 
and Campbell80 with exact agreement with Cady75. 
 
The metastable transition N2 <=> N4 was studied with a polarisation microscope.81 In the 
transition temperatures a considerable difference is noted in the slope of complete 
miscibility and that of partial miscibility.82 The metastable transition was not found in the 
DTA studies of Morand. 83 
 
Simple mixing of potassium and ANs in the solid state under certain conditions does in fact 
result in the formation of solid solutions of similar composition.84 

3.3.4. Stabilisation with potassium nitrate 
 
Potassium nitrate can be used as a stabiliser to prevent the consequences of the phase 
transition N4 <-> N3. The volume expansion was found to decrease as a function of 
potassium content. This decrease is presented in Figure 12. The scatter in the results is 
due to the different moisture contents of the samples. The products obtained were dried to 
different moisture contents. The volume expansion was found to depend on the potassium 
and moisture content according to equation (4):70 
 
Volume expansion= 17.105 + 2.358*cH2O - 3.972*cK2O   (4) 
 
where cH2O= the moisture content ([%]) and 
 cK2O= the potassium content expressed as K2O ([%]). 
 The calculated correlation factor (r) for the equation (2) was 0.937. 
 
As given in the equation, the increase in the moisture content increases the volume 
expansion value, whereas the increase in the potassium content decreases it. 
 
A quantity of ca 4% K2O was needed to perfectly stabilise the AN against the volume 
expansion.  
 
The densities of the solid solutions of N3 were measured with the helium pycnometer. The 
density of the phase N3 increased as a function of KNO3 content in the lattice. The 
densities were also calculated from the lattice constant. Equation 5 was used in the 
calculations:70 
 z*M 
d=  ----- *1.662    (5) 
   V 
 
where: d = the density, 
 M = the molecular mass obtained the from chemical composition, and 
 z = the number of formulas in the unit cell. 
 
The densities obtained with the two different methods are presented in Figure 13. The 
calculated density is ca 0.015 g/cm3 higher than the measured density.  
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Figure 12: Volume expansion of the AN based fertiliser vs added potassium nitrate content 
expressed as percentage of K2O (wt- %). The outer two parabolic lines indicate 95% 
confidence limits.70 R1E4 
 
When a solid solution of N3 (30% KNO3) is formed from the pure single salts (70% 
NH4NO3, density71 1.725 g/cm3; 30% KNO3, density71 2.109), it results in a volume 
expansion of 2.0%. The real density value can be used to predict the volume changes in 
fertilisers as a consequence of post reactions. Surprisingly, the volume changes are not 
very large, e.g. if a solid solution of composition 91% NH4NO3*9% KNO3 disproportionates 
to 30% of N3 containing 70% NH4NO3, and to 70% NH4NO3 in form III, resulting in a 
volume change of only 0.02%. 

 
The change in density depends on the content of the solvent in the lattice as follows: 
 
dN3 = 1.661 + 0.5774 x; where x= 0 - 0.30    (6) 
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Figure 13: The densities for phase N3 as a function of potassium nitrate content in N3 (wt- 
%). R1E6 
 
Addition of potassium phosphates and sulphates affect the transitions in similar way as 
described above by reactions where potassium is released and dissolved into the lattice of 
ammonium nitrate.86,87 Therefore all potassium containing AN based fertilisers (NKs and 
NPKs) are stabilised against thermal cycling due to the mechanism described above. 
There are, however, processes where the potash conversion reactions are hindered on 
purpose. In such cases the stability may be questioned. (see chapter 6) 

3.4. Stabilisation with ammonium salts 

3.4.1. Ammonium sulphate 
 
The addition of ammonium sulphate (AS) increases the granule strength and could be 
used up to a moisture content of 0.6%. AS forms double salts with AN depending on their 
molar ratios as 2:1 (2NH4NO3*(NH4)2SO4), and 3:1 (3NH4NO3*(NH4)2SO4).208 

 
The phase diagram65 in Figure 14 has been constructed on the basis of thermal studies. In 
the diagram, the melting point of pure AN increased from ca 180°C with 5 mol-% AS, while 
under cooling the AS crystallises. AN crystallises at 181°C in form I. Further addition of AS 
results in the formation of 3NH4NO3*(NH4)2SO4 at 140°C with 5 mol-% and 162°C with 10 
mol-% of AS. Above the latter temperature, the double salts decompose into AN and 
sulphate. During cooling, the transition from phase I to II occurs at 107ºC instead of 124°C. 
Upon further cooling, the presence of phase III disappears and a direct transition from 
phase II to IV appears at 51°C. This transition is drifted from 32 to 51°C as a function of AS 
content. Similarly, the transition from phase I to II is lowered from 124 to 107°C. Typically, 
the additive should be used between 0.1 and 2.0% to favour IV <-> II transition in CAN, but 
higher quantities are reported for pure AN.88,89,90 With the inclusion of ca 6% AS, the 
transition IV <-> III no longer takes place. A gradual decrease in IV – III transition is noticed 
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between 2 and 6% AS, ending the promotion of transition IV – II. In XRD studies, the AN – 
IV lattice deforms (d111 decreases from 3.080 to 3.060 Å), making a change from phase IV 
-> metastable phase IV -> phase II.88 
 
Thermal cycling between 20 and 60°C initially recrystallises the double salts that are in 
metastable form. Recrystallisation stabilises phase IV and the subsequent thermal inertia 
enables the transition to phase II. Water has a negative effect on the transitions, while 
doubling the AS content decreases the kinetic constant of IV – II transition by two orders of 
magnitude and subsequently the kinetic stability of AN.88 In CAN, AS forms bridges 
between the crystals, and therefore the granule maintains its original form for as long as 
the bridges exist.91  
 

Figure 14: Phase diagram of the system NH4NO3-(NH4)2SO4.65 

3.4.2. Ammonium sulphate with other additives 
 
In the 1960s a patent for 'Permalene' additive consisted of the use of 0.2% boric acid, 
0.2% monoammonium phosphate and 0.01% AS.92 The mixture should have been used 
with a quantity of 0.4% by weight. As a result, prills could tolerate 10 thermal cycles 
between 2 and 60°C, and 1,400 cycles between 21 and 43°C without breakage. It was 
claimed that this would reduce water absorption, thus changing the AN transition IV to III 
from 32 to 43-45°C without the presence of transition at 84.2ºC. In any case, the addition 
of boron is potentially toxic to plants and thus the quantity should be well monitored. The 
transition IV - III is reported to drift from 32 to 42ºC.93,94 Several other studies with AS 
mixtures (0.5% of Na2SiF6, 0.5% (NH4)2HPO4, and 0.5% (NH4)2SO4)95 resulted in similar 
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stabilising effects. Addition of 2 to 5% dehydrated gypsum and 2 to 5% (NH4)2SO4 has 
been tested with good results in commercial SAN products (Figure 30). 

3.4.3. Phosphates 
 
Phosphates affect the kinetics of transitions I -> II, II -> IV, and II -> I. The transitions occur 
quicker in phosphate containing AN than in the case of pure AN, due to the formation of 
smaller crystals and by reducing the crystallisation temperature. The crystals are more 
ordered in the presence of phosphates. 96  
 
Several phase transitions are observed in a system with AN and ammonium 
polyphosphates within the temperature range 30 and 200°C. The transitions of the AN 
phases are not affected by polyphosphates with quantities below 10 w-%. With higher 
amounts, the transition IV <-> III disappears.97  
 
Russian industry has been active in the context of phosphate stabilisation. This conversion 
was widely published as "On request of president Putin the industry converted to safer 
ammonium nitrate to prevent terrorist misuse".98 (see chapter 9.4). The three main 
application routes are based on a) using rock digestion, b) phosphoric acid, and c) 
monoammonium phosphate powder. 
 
Route a) includes the use of an NP solution from the rock digestion of a traditional Odda 
unit. In route b), phosphoric acid and nitric acid are added to the neutraliser. The product 
characteristics subsequently showed improvement. 99,100 In all application routes the bulk 
density increased from 0.99 to 1.04 kg/dm3, and in the detonation test the undamaged part 
of the tube increased from 340 to 495 mm. The resistance to thermal cycles varies 
between 10 and 20 cycles. In any case, the amount of stabiliser dilutes the product down 
to 31-32% from 34.5% N.101 Mixtures of ammonium sulphates and phosphates also have 
favourable effects.102,103,104 Use of polyphosphoric acid is reported to increase the strength 
of granules when applied 0.5-2.0%.105,201,202 Ammonium polyphosphates affect both on 
crystallisation, and the transition temperatures are increased to 42-55ºC.106 Potassium 
polyphosphates107 have similar effects as do potassium phosphates108. 

3.5. Stabilisation with internal desiccants 
 
Stability can be obtained by the addition of additives that take up the moisture from the 
surroundings. As a result, the transition IV to III at 32°C is prevented. Simply drying the AN 
to a moisture content below 0.03% H2O is a method of stabilisation in itself. Some 
additives, such as 0.1% magnesium nitrate, behave as internal desiccants with a 
dehydrating effect. 

3.5.1. Magnesium nitrate 
 
Magnesium nitrate is the most common inorganic additive used in the production of AN.186 
Producers are adding an excess of additive to ensure enough internal desiccant capacity 
in order to avoid any free moisture during transport and storage of the product. A simplified 
reaction system is 
 
Mg(NO3)2 + NH4NO3+ 2H2O <-> Mg(NO3)2*2H2O + NH4NO3  (7) 
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In practice the reaction is more complex, as magnesium and ammonium nitrates form a 
number of double salts MgA(NH4)B(NO3)C*D H2O (Figure 15). 

Figure 15: The phase diagram for the anhydrous system NH4NO3-Mg(NO3)2. 41 
 
The additive is not found homogeneously distributed but as veins in a form of 
(NH4)3Mg(NO3)5. This is due to the different melting points – NH4NO3 crystallises first at 
169°C, excluding the Mg(NO3)2 until it is all solidified, followed by crystallisation of 
Mg(NO3)2*2H2O at 124 ºC, and Mg(NO3)2*6H2O at 90°C. Magnesium nitrate acts as an 
internal desiccant capable of binding water as crystal water until the equivalent of 
Mg(NO3)2*6H2O is formed.40 As a result, AN is anhydrous and phase transitions between 
25 and 50 °C are prevented (see drying). 
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Addition of 0.1% magnesium nitrate to melted AN moves the transition temperature from IV 
to III to 40°C. Further increasing the Mg(NO3)2 content to 1% raises the transition to 50°C. 
Cycling hundreds of times between 20 and 45°C will not cause transition and consequent 
volume changes or caking. In addition, the phase transition between III and II forms moves 
from 84 to 90°C. 41,109 
 
AN prills with 2% Mg(NO3)2 and more than 2.5% H2O will have transition at 37°C. At 
moisture content lower than 1.1%, the transition is at 52-53°C.110 The transition 
temperature decreases rapidly between these moisture levels and both forms of AN II and 
III are present (Figure 16). 
 
Magnesium nitrate also has a crystal modifying effect that makes the crystals smaller112-115 
and rounder at the crystal ends41. In addition, the rate of nucleation of the crystals and 
viscosity of melt increases with a simultaneous decrease in the growth rate of the crystals. 
113 
 
During cooling, the kinetics of II -> IV is accelerated and occurs in a single stage.96 
Furthermore, the transition IV -> III is slowed.116 

Figure 16: Phase transition IV -> III/II as a function of the moisture content (NH4NO3 
containing 2% Mg(NO3)2) on heating(left) and cooling (right).31 

 
The disadvantage is the hygroscopicity of the obtained AN products. The product has a 
critical relative humidity of 10%. This reduces the possibilities of delivering or handling 
such product by bulk (in the EU, AN must always be delivered to the final user in bagged 
form). Using bulk blenders, the moisture uptake can have a dramatic effect on the final 
product quality unless it is done in anhydrous conditions. Despite high moisture uptake 
(Figure 17), only the outer layer of the pile is wet (Figure 18). Some producers have made 
a special coating agent to overcome the problems.385 
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Figure 17: Water penetration into a bulk pile of ammonium nitrate stabilised with 
magnesium nitrate. R3E7 
 

0

1

2

3

4

5

6

7

8

50 55 60 65 70 75 80 85

Relative Humidity [%]

W
at

er
 a

bs
or

pt
io

n 
[k

g/
m

2/
w

ee
k]

35 C
25 C
15 C

Figure 18: Water absorption at the surface of a bulk pile of ammonium nitrate stabilised 
with magnesium nitrate. R3E8 
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Other magnesium compounds have also been reported as being effective against caking 
and improving strength. These include magnesite119, caustic magnesite117, and magnesium 
sulphate118. 

3.5.2. Calcium nitrate 
 
Calcium nitrate, similarly as magnesium nitrate, makes a hygroscopic product that is 
difficult to handle. It affects the transition IV -> III by increasing the transition temperature 
up to 50°C. There is hardly any effect on the III -> II transition. Under pressure, the 
transition goes directly from II to IV, but on release of the pressure it returns to form II. One 
way of introducing calcium nitrate is from calcium carbonate102 according to the reaction 
 
CaCO3 + 2NH4NO3 -> Ca(NO3)2 + 2NH3 + CO2 + H2O  (8) 
 
The addition of calcium carbonate has also been found to be advantageous in binding 
possible free nitric acid left from the neutralisation reaction by limestone and inhibits the 
transitions, thus reducing volume changes. The formation of nuclei leads to solidification of 
the melt.120,121 
 
Even though the calcium nitrate formed has a positive effect on the phase transition, the 
release of carbon dioxide and ammonia, e.g. during granulation, leads to a lower density 
product due to the internal structure.112 Although the presence of calcium carbonate may 
act as a pH buffer - the small change in AN solution acidity is buffered - but the resulting 
release of carbon dioxide may affect product safety if it takes place during solidification. 
The effects of the carbon dioxide release to the internal structure of AN granule is 
illustrated in Figure 19. A number of possible hot spots have formed inside the granule and 
resulting bulk density is less than 0.9 kg/dm3. (see chapter 9.8). 
 

 
Figure 19: SEM picture of ammonium nitrate containing porosity caused by release of CO2 
during solidification. R2E3 
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3.5.3. Aluminium sulphate 
 
Aluminium sulphate has also traditionally been used for stabilisation of AN. It can bind 
moisture in the form of crystal water, which aamount can vary between 6, 10, 16, and 18 
moles of water. During processing, the salt added as Al2(SO4)3*18H2O partly loses its 
crystal water but is able to bind it back during storage. The product has good dimensional 
stability, and hygroscopicity is much less than with magnesium nitrate.40,90,122 
 
Typically, aluminium sulphate (Al2(SO4)3*18H2O) is added to the AN melt. During this 
addition, a white colloidal precipitate is formed and pH is reduced to ca 1. If pH is 
maintained at less than 3, some ammonia is released from the melt and is bound by the 
additive. At the same time, some acidity is left in the melt due to free nitric acid. The final 
product would be hygroscopic, thus causing difficulties in drying. In the applications, the 
process pH is typically maintained at ca 5 by the addition of ammonia (NH3). Above pH 6, 
the aluminium additive starts to agglomerate and free ammonia is bound by the additive. 
Aluminium is found as small aggregates between 1 and 10 um, suggesting the formula 
from Al2(SO4)3(NH4)2(OH)2(H2O)6-10 to Al2(SO4)3(NH4)3(OH)3(H2O)6-10 

 
The amount of loosely bound water present depends on the temperature. At 165°C, 2 to 3 
moles of water can be found, and this zeolitic water disappears at 180°C after 8 hours. 
With 2% Al2(SO4)3, the product will consume 0.4% H2O corresponding to the increase of 4 
moles of water in the aluminium additive. The water binding capacity is less than with 
magnesium nitrate. Due to the dehydrating effect, the transition IV -> II is favoured or the 
crystallisation and dissolution is inhibited in addition to the crystal modifying effect. The 
effect of moisture content is illustrated in Figure 20. When moisture content is greater than 
1.0%, the transition takes place at a constant temperature of 37°C. Lowering the final 
moisture content to 0.2% makes the transition take place at a constant 52°C. At moisture 
contents between these limits, the transition temperature is a function of moisture content.  

 
Figure 20: The effect of moisture content on a heating (left) and cooling (right) with 2 % of 
aluminium sulphate.40 
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3.6. Thermal stabilisation with other additives 

3.6.1. Effective stabilisers which cannot be used 
 
There are number of good stabilisers which cannot be used by the fertiliser industry due to 
the significant effect on the decomposition characteristics of AN (chapter 7). From a 
scientific point of view these are interesting in the context of stabilisation. 
 
Copper and nickel oxides form complexes that exist as solid solutions in the AN – IV 
structure and stabilise phase II. The amounts claimed to be effective range from 0.25 to 
10%. The transition temperature of IV -> II or IV -> III is between 50 and 60°C. 
 
Basically, two different compounds are formed from copper oxide. Copper nitrate 
(Cu(NO3)2) forms an ammine nitrate double salt incorporated into the AN lattice.123-125 
Electron Paramagnetic Resonance (EPR) studies indicated the presence of a Cu(NH3)4

2+
 

complex, and Cu2+
 ion in the lattice, either interstitially or substitutionally124. The copper 

complex likely to change the phase transition behaviour of AN is the ammine nitrate 
complex of copper.126 Some of the copper is still in the Cu2+

 form in the melt. 
 
2NH4NO3 + CuO -> [Cu(NH3)2](NO3)2 + 2H2O   (9) 
 
The copper modified 'Aerosil'127 increased granule strength and thermal stability. Use of 
5% CuO was patented by Falck-Muus128. The copper content in the final product is 
regulated to below 10 mg/kg by EC Regulation 2003/2003330. 
 
The expansion coefficient of AN doped with 2% NiO was studied by neutron diffraction129. 
The expansion of phase IV is extremely anisotropic. While the b-axis expands rapidly, the 
a-axis shrinks only slightly with increasing temperature, tending towards a tetragonal cell. 
In reaction with AN, nickel nitrate is formed first, followed by a diammine complex in the 
second stage.130  
 
Ni(NO3)2 + [Ni(NH3)4](NO3)2 -> 2Ni(NH3)2(NO3)2   (10) 
 
The diammine nickel and copper nitrates will raise the transition temperature above 50°C, 
but would also introduce significant safety risks during processing as they act as catalysts 
for the decomposition reactions of AN during processing. The addition of 0.5% zinc nitrate 
stabilises AN at 51°C. 
 
Iron sulphide (FeS2) in the mineral form margasite has been used for stabilisation. The iron 
(Fe3+) in molten AN lowers the growth rate of the crystals, thus increasing the viscosity of 
the melt by more than 20%. Using a combination of Mg2+

 and Fe3+, the strength of the 
granules is increased by a factor of 1.5 to 2.0.113 
 
Iron sulphate (2 w-%) forms a brown complex with AN. After complex formation, the phase 
transition IV <-> III disappears. Over time the colour changes to pale yellow and the 
transition appears again. Treatment with ammonia returns the colour to brown with a 
disappearing phase transition. 91 
 
Molybdate sulphide131 (MoS2) stabilises AN against the transition IV <-> III, but easily 
forms an explosive reaction: 
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MoS2 + 7NH4NO3 -> MoO3 + 7N2 + 14H2O + 2SO2   (11)  
 
In the system Csx(NH4)1-xNO3, the transition IV <-> II is shifted by 5°C upwards and phase I 
does not appear at all for x = 0.1. At lower concentrations, phase I is shifted to 
temperatures above 125°C.132 2 w-% CsNO3 lowers the IV -> II transition temperature and 
raises the temperatures for the transitions V -> IV and IV -> V. With 4 w-%, the transition V 
-> IV and IV -> V no longer existed and the transition path was V <-> II <-> I.132,133 
 
Addition of fluoride as 0.5-2.0 w-% KF is claimed to interrupt the expansion and contraction 
of AN between –55 and 80°C. On heating, the transition path is V -> IV -> III -> II -> I, 
whereas on cooling the transition was either II -> IV or III -> V.134 Potassium fluoride is 
claimed to act as a crystal growth inhibitor.135 This effect is primarily caused by the 
potassium ion rather than fluorine.  
 
Although cobalt salts136, metallurgical by-products118,137, and industrial sludges138 were 
reported to improve product characteristics, special attention is needed before 
commercialisation as the content of different metals is limited by the regulation EC 
2003/2003.139 The main reason for limiting the metal content is their potential effect to 
production and product safety. Oxley141 studied the effect of various metal nitrates to the 
decomposition temperatures. The effect is illustrated in Figure 21. It was found that 
chromium, aluminium and iron all promote thermal decomposition. They all have a small 
charge-to-radius ratio which results in acidic aqueous solutions.  
 
M+n + x H2O -> M(OH2)x +n     (12) 
 
M+n + n H2O -> M(OH)n + nH+    (13) 
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Figure 21: The effect of added metal nitrates (MNO3) on the decomposition temperature 
and on the temperature where 10% of sample has decomposed.141 
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3.6.2. Nucleating agents 
 
The purpose of nucleating agents is to change the structure from relatively large crystals to 
a much larger number of smaller crystals. The effect of smaller crystals is to make prill 
breakdown less likely. Thus fine particulate material is added to provide nuclei for crystal 
growth and to prevent supercooling, which would lead to a small number of large crystals. 
The particle size of these additives is important and should be less than 100 μm. Inert, 
clay-like compounds act to provide nuclei for the ammonium nitrate growth. Alumina 
silicates with or without metal oxides are effective.142 The stability of prills was good within 
a large temperature range, for example, 2-100 ºC. Whereas commercial prills were almost 
completely degradated, there was little or no fracturing in the nucleated prills. Several 
aspects have to be considered, including the size and density of the nucleating agent as 
well as the surface activity. The existence of electrons or electrostatic forces on the surface 
leads to the formation of small crystals. A group of metal oxides, such as zinc and copper 
oxides, are suitable for this purpose. Tests have been done with variable magnetic fields to 
accelerate nucleation in the melt prior to granulation.89 
 
The small size of the crystals prevents thermal stress between the crystals and reduces 
deformity. During phase transition (IV –> III), cracks are formed along the crystal surfaces, 
but due to the small crystal size these cracks are non-continuous and held together. 
 
Suitable nucleating agents for AN are kaolin (5 μm), precipitated silicon oxide (0.2 μm), 
precipitated magnesium oxide (1 μm), calcium silicates (0.9 μm), and zinc oxide (5 μm).142, 

204 Good results have been obtained with iron oxide, copper oxide, montmorillonite, 
tricalcium phosphate and Celite. The use of Fullers earth was patented by Scholz.143 
Claims have been made that compounds with a similar crystal structure are able to 
stabilise AN – IV.144 Suitable compounds include those with melting points higher than AN 
and which do not react chemically with it. Typical compounds are margasite (FeS2), 
rammelsbergite (NiAs2), neighbovite (NaMgF3), aragonite (CaCO3), perovskite (CaTiO3), 
and wolframite ((Fe,Mo)WO4). The amounts claimed to be effective are from 0.1 to 2.0%.  
 
The addition of (NH4)2SiF6 forms a double salt NH4NO3*(NH4)2SiF6 but may also react 
according to: 145,146 
 
(NH4)2SiF6 -> SiF4 + 2NH4F     (14) 
 
Nucleating agents have been tested in ranges between 0.1 and 10% focusing on fine-
grained crystals by the elimination of super cooling in the prilling tower. Russo142 claims 
that it is possible to discharge the product below 51ºC without prill degradation during 
storage. 
 
Natural minerals such as glauconite, pyrophylite or clinoptilite increase the thermal stability 
and strength of granules at 1 to 3%. These are referred to as dispersive 
additives.147,148,209,210 Effective inorganic porous mineral substances with particle sizes 
below 100 μm include alumina, silica gels, bentonites, attapulgites, zeolites, 
montmorillonite and are typically considered to increase the strength of granules and 
improve the resistance to transitions.149 The effect of clays on CAN 27% N stabilisation has 
been reported by Laurent56.Clays of different origin affect physical properties in different 
ways, Table 5. 
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Table 5: Influence of clays on thermal stability of CAN 27% N.56 R2E2 
 Unit Reference Clays   
   A B C D 
NH4NO3 [kg] 771 771 771 771 771 
Dolomite [kg] 229 214 214 214 214 
Clay [kg] - 15 15 15 15 
Hardness 
- after 10 TC 
- after 20 TC 

after 30 TC 

 
[N] 
[N] 
[N] 

52 
12 
4 
2 

100 
72 
50 
44 

62 
36 
9 
4 

67 
48 
17 
10 

81 
68 
49 
49 

TC= Thermal cycle 
[N] = hardness expressed as Newton, see 5.2.5. for method

3.6.3. Surfactants 
 
Organic additives are typically dosed at tens to hundreds of ppms to AN. It is worth 
mentioning that AN and oil mixtures are most sensitive with ca 2% oil, and the maximum 
energy in e.g. detonation is obtained with 5-6% oil (chapter 9). Such quantities cannot be 
reached with any organic additive. By legislation, the maximum combustible content is 
limited to 0.2% when expressed as carbon. 
 
Most of the surfactants act as crystal habit modifiers, but they are also utilised as 
anticaking agents (Figure 22). 151, 187, 189 Water repelling additives like 
distearoylhexamethyleneamide or dioctadecylsebacamide also prevent caking.152 
 
Surfactants reduce the surface tension of the saturated solution, thereby reducing the 
cross-sectional area of bridges between adjacent particles. The habit modifiers induce 
crystallisation in forms such as prisms, plates or scales rather than the normal elongated 
prisms or needles. The modifiers alter the habit by reducing the growth speed of some 
particular faces. The addition of 0.0001 to 1% surfactant leads to the formation of rhombic 
needle-shaped or plate-shaped crystals in form IV. Due to the dendritic structure, they are 
brittle and friable. The surfactants are incorporated by adsorption during crystallisation 
while crystals are formed. 

ANTICAKING

WATER REPELLING CRYSTAL MODIFIER

SURFACTANT

STABILISER SENSITISER

Figure 22: Effects of surfactants. 
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Other additives proposed include 2.5 to 5% ammonium polyphosphates or potassium 
polyphosphate to shift the IV -> III transition to a temperature range between 42 and 55ºC. 
It has also been reported that ammonium polyphosphates can be formed by the addition of 
urea phosphate.88,153 
 
Addition of acid magenta (Figure 23) results in deposition of extremely soft lamellar 
aggregates of the modified crystals. This modifies the crystal habit of the dissolved salt 
during the recrystallisation process, thus preventing the formation of hard setting. On 
cooling, internal moisture migrates to the cooler exterior of a granule by lowering the 
vapour pressure of the AN solution. These crystals are very fragile, thin, plate-type crystals 
instead of robust prisms and needles. There is also a reduction of the transformation from 
form IV to III. The effect of Acid Magenta is dependent on the hydrogen ion concentration 
(pH), and above pH 8 the anticaking affect disappears.154 
 
Crystal habit modifiers have been divided into two groups by modifying effect to a) fibrous 
and dendritic and b) platy or tabular crystals. Examples of the first group include 
laurylamine acetate and sodium lauryl sulphate, and for the second group n-hexylamine 
and sodium dinaphtylmethane disulphonate. In the test set of two thousand samples, about 
two hundred were found to have some effect. The effect of the materials was found to be 
similar in shape and size to the nitrate and ammonium ion. The primary alkylamines need 
more than six carbon atoms to be effective, whereas secondary as well as tertiary amines 
and quaternary ammonium salts are ineffective.155 

 

 

 
 
 

Figure 23: Structure of acid magenta.155 

 
From the group of sulphonated mono-, di-, and poly-nuclear aromatic compounds, 
sulphonated dyes and polymers, aminated polymers, polyacrylic acids, sorbitol and 
polyvinyl alcohol, a suitable crystal growth inhibitor is �- naphtol sulphonic acid condensed 
with formaldehyde, such as sodium, potassium or ammonium salt.156 
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Ammonium salt of methylnaphatalene sulphonic acid results in the formation of smaller 
crystals, but the granule surfaces also become hydrophobic.53 Sodium methylnaphthalene 
sulphonate reduces the crystal size and has a sensitising effect on AN.157 
 
In addition to a crystal modifying effect, the surfactants affect the phase transitions. 
Addition of octadekylamine favours the transition II -> IV for large crystals, while for small 
crystals the transition II -> V occurs.158,159,160 
 
A significant safety aspect is related to the use of surfactants. A major industrial accident 
took place in 1963 in Oulu (Finland), where accumulation of sodiumdodecylbenzene 
sulphonate took place while recirculating off-spec material through reactors. The accident 
was the result of several simultaneous occurrences; the steam temperature was 
abnormally high due to a broken water nozzle in the steam saturation system, 
decomposition in the reactor took place because of slightly decreased pH, organic matter 
concentrated in the bag filters and returned to reactor. Investigations showed that the 
organic additive increased the detonation sensitivity of AN melt.161  
 
Recognised sensitisers affecting negatively to the safety of AN include dinitrotoluene, 
nitronaphtalene and similar nitro compounds162, ethyleneamine dinitrate163, aliphatic 
alkylamines and their salts164, stearylamine acetic acid salt165, glycerine esters166, 
polyoxyethylene oleyl ether167, and aliphatic alcohols168. 
 
It should be noted that in AN fuel formulation the dissociation of AN forming nitric acid 
triggers the decomposition (Figure 24). The fuel is also involved in decomposition 
pathways. As a result the hydrocarbon is completely oxidised to carbon dioxide. The 
ammonia builds up and further retards further AN decomposition. This results in 
significantly higher onset temperatures. The energy anyhow is much higher and therefore 
the final result is more destructive. Simply assessment of safety purely based on onset 
temperature can be dangerously misleading. Several additional safety tests should be 
assessed (see chapter 9 for further discussion).170 
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Figure 24: Ammonium nitrate decomposition pathways in the presence of organic 
hydrocarbons.321 

3.7. Stabilisation of CAN and related products 
 
There are currently no official requirements for CAN stabilisation. However, some 
companies have put much effort into stabilising its products against thermal cycling and 
voluntarily taken actions and implemented procedures. This is illustrated in Figure 25, 
showing information from 2002 on authors benchmarking.321 

 
Basically, the same stabilisation requirements presented above for AN also apply to CAN. 
In practice, it can be noted that CAN is even more difficult from the stabilisation point of 
view. Dolomites and calcium carbonates react with AN according to equation 8. The 
reactivity vs. the carbonate source is illustrated in Figure 26. 
 
The liberated CO2 may have an effect on the final product density. In addition, the calcium 
nitrate causes a hygroscopic effect and increased tendency to cake in the final product. An 
additive for binding the formed calcium nitrate is for example AS:91 

 
Ca(NO3)2 + (NH4)2SO4 -> CaSO4 + 2NH4NO3   (15) 

Stabilisation of CAN with magnesium nitrate is not practised due to its hygroscopic 
properties and the distribution of CAN in bulk rather than in packaged form. 
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Figure 25: Volume expansion of straight AN products after 5 thermal cycles. Products 1-18 
represent CANs and 19-24 ANs tested in 2002.321 R3E4 

Figure 26: The influence of carbonate source to the reactivity.172 
 
Addition of calcium sulphate in forms of phosphogypsum173, borogypsum174, with 
carbonates175, and with mixtures of various sulphates176 have been reported to improve 
strength and reduce caking tendencies. Calcium sulphate is a good inert material (as are 
calcium carbonates) from detonation point of view. (see chapter 9.5) The benefit is that it 
does not release any gaseous products and therefore density can be maintained, and on 
the other hand it does not buffer the pH against AN decomposition. The product needs 
thermal stabilisation. As such AS for example forms double salts called syngenites acting 
as a stabiliser: 
 
CaSO4*xH2O + (NH4)2SO4 -> CaSO4*(NH4)2SO4*XH2O   (16) 

CaCO3 content Reactivity

Limestone

Dolomitic limestone

Limestonic dolomite

Dolomite

Magnesite
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In Finland, the natural calcium carbonates contain a number of impurities, and are very 
reactive. CAN was replaced by 'FinnCAN'™ in the 1990s.177,178 The quality of such a 
product is superior in the category of product between 70 and 80% of AN. FinnCAN 
production utilises a sheet silicate mineral, phlogopite K(Mg,Fe)3Si3AlO10(F,OH)2, with 
perfect basal cleavage instead of calcium carbonate (Figure 27).  
 
Selective dissolution releases the cations from the phlogopite, thus resulting in perfect 
stabilisation.179 Furthermore, the vacancies between the silicate sheets are able to bind 
large amounts of water (Figure 28). The final product is therefore stabilised by several 
different mechanisms, potassium K (3.3.4.), sulphate (3.4.1.), magnesium (3.5.1), calcium 
(3.5.2.), aluminium (3.5.3.) and silica (3.6.2.). 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 27: Top and side views of the crystal structure of phlogopite.179
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Figure 28: In phlogopite, potassium is loosely bonded between silicate sheets (left). The 
vermiculite-type structure is formed by selective dissolution, thus binding large amounts of 
water (right).179 

 
The perfect stabilisation is illustrated in Figure 29, where the effects on bulk density (see 
5.2.5. for methodology) after thermal cycles are presented in comparison to typical CAN 
and SAN (AN mixed with calcium sulphate) products. 
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4. SOLID SOLUTIONS IN THE SYSTEM (NH4
+,K+)(NO3

-,Cl-) 
 
The plant nutrition requires in addition of nitrogen also potassium.  This chapter deals with 
the basic components and their reactions in the system (NH4

+, K+) (NO3
-, Cl-), namely 

potassium nitrate (KNO3), potassium chloride (KCl) and ammonium chloride (NH4Cl).   

4.1. Experimental methods 
 
As there are number of possible mixed solid solutions in a solid fertiliser mixture the solid 
state experimental methods such as Quantitative X- Ray Diffraction (QXRD) and 
Differential Scanning Calorimeter (DSC) are very valuable tools for deeper understanding 
of the system. 

4.1.1. X- Ray Powder Diffraction 
 
In the experiments, powder XRD was used to identify and quantitate the sample 
composition. The instrument used was a Diano 8586.190 All measurements were carried 
out with a Rate scan. The data handling procedure is briefly described as follows. 
 
For the obtained data the Lorentz polarization191 is calculated by the following equation: 

 
                        (1+cos(2	)2) 
 LP =  -------------------------------   (17) 
              (8 (sin(	)2) cos(	)) 
 

Each data point must pass through a smoothing algorithm which calculates the best and 
least squares cubic fit through an odd number of data points. The smoothed intensity for 
this angle is then taken off of this cubic curve. When moving to the next angular position, 
the cubic curve is recalculated based on the same number of points equally distributed 
around the new two theta value. In this manner the smoothed intensity at each two theta 
value is the result of fitting the best cubic equation through that data point, and an equal 
number of data points on both sides of it. The smoothed data is then examined to find the 
criteria for critical points illustrated in Figure 30. 
 
After accumulating five smoothed data points, a straight line is drawn through the five 
points. If the slope of the straight line is less than zero, the value is taken as a background 
point. Then the program continues to fit straight lines through the five, smoothed, Lorentz 
corrected data points surrounding each point under evaluation. The starting point for a 
peak is detected if the product of the slope of the straight line, times the coefficient of 
determination of the fit, is greater than the given Corrected slope, and the coefficient of 
determination is greater than 0.3. The Corrected slope value is a figure of merit for the 
point, which involves the magnitude of the slope and the exactness of the fit of the straight 
line to the data. 
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Figure 30: Critical points as background values, starting points for the peak and the Crown 
Point in XRD data handling.190 
 
The Crown point is found by the same technique of fitting a straight line through five 
adjacent, smoothed and corrected data points. When the slope of the straight line is 
negative and the coefficient of determination of the fit is greater than 0.3, the point is a 
Crown point. Two consecutive Crown points are needed to establish that a Crown has 
occurred. 
 
The peak intensity is calculated as the largest intensity on a parabola, fitted through three 
points on the peak. These three points are selected as follows: a) one of the points is 
always the largest intensity value and b) the other two points are the intensity values 
closest to 90 % of the largest value, one on either side of the peak. The peak intensity 
corresponds to the apex of this parabola. The equivalent two theta value is the angle which 
corresponds to the apex, and the equal d- spacings are calculated191 by: 
 
                 wavelength 
d- spacing =  -----------------------   (18) 
              2 sin(peak 2	) 
 
From time to time the reliability of the goniometer was checked by using corundum as 
reference material. This was done to determine whether there were any instrumental 
sources of errors. Only slight differences in the peak locations were found and there was 
no need to make any adjustments in the goniometer. In quantitative determinations as well 
as in lattice constant measurements the corundum was used as an internal standard due 
to few overlapping peaks with respect to the studied compounds.190 
 
4.1.2. Quantitative X-ray diffraction 
 
Sample preparation 
 
The size of the individual crystals in the studied samples may vary considerably. Since the 
mass absorption coefficients of the different components vary, deformations of the diffracti-
on pattern will occur. The cause for this problem is the so-called micro-absorption effect. 
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Therefore it is necessary to grind the mixture to small particle size: approx. 20 μm. This 
grinding exposes reactive surfaces. Therefore it should be performed in an oxygen-free 
environment. Cyclohexane is used as a grinding medium, both for providing an inert at-
mosphere and a heat conductor. Another option is to mix the sample with corundum 
(Al2O3) before grinding, which can also prevent surface reactions but does not transport 
heat very efficiently. After evaporation of cyclohexane the sample is mixed with a 2:1 mass 
ratio with Al2O3. A homogenous powder is prepared in a nitrogen atmosphere. 
 
Quantitative determinations 
 
For quantitative calculations the LSQX- program developed by Vonk et al. was used.192,193 
The method is based on a least squares fitting procedure which uses the complete 
patterns of the separate, pure components.  
 
The intensity In of the n'th peak in the X-Ray diagram is equal to 
 
                 
jI

0
j
μ*

jcj 
 In = ---------------   (19) 

                          μ* 
 
where I0j is the corresponding peak of the pure component j, μ*

j is the mass absorption co-
efficient of the pure component j, and μ* is the mass absorption co-efficient of the entire 
sample. The summation extends over those components which contribute to the n'th peak. 
According to the method of least squares the quantities cj/μ* may be found from the matrix 
equation: 
 
 [f] = [M]-1 [v]                       (20) 
 
in which the matrix elements are given by 
 
 fj = cj/μ*              (21) 
 
 Mjk =  
nwnAjAk          (22) 
 
where wn is the weight assigned to the n'th peak 
 
 Aj = I0jμ*j           (23) 
 
 Ak = I0kμ*k           (24)  
 
 vj =  
nwnAjIobs,n          (25) 
 
where Iobs,n is the observed intensity of the n'th peak. 
 
For calculating the cj values, μ* has to be known. This can be obtained in one of the 
following ways: 
- if the chemical composition is known => by calculation 
- if all components have been identified => by equalizing the sum of the fractions to 1 
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- by experiment => to this end, a reference substance is added to the sample in a known 
concentration. The ratios of one or more diffraction peaks from this substance to those of 
the pure substance are used to find μ*. 

 
Solid solutions and mixtures 
 
In the diffraction patterns of solid solutions both the positions and the intensities of the 
peaks vary with the NH4

+/K+ ratio. The positions may be assumed to vary linearly with this 
ratio (Vegard's law); the variation of the intensities follows from the relation: 
 
I �  F2/μ*      (26)  

where F is the structure factor.  
 
From the theory of X-Ray diffraction it follows that F of a solid solution can be assumed to 
vary linearly with the composition.194 In view of this the following procedure is followed 
when solid solutions are analyzed: 
- a small number of the solid solutions that come into consideration are prepared and 

their X-ray diffraction patterns are recorded 
- from these, data plots of peak positions as well as of  Iμ* versus the NH4

+/K+ ratio are 
prepared 

- in analyzing samples containing solid solutions, the NH4
+/K+ is analyzed with the aid of 

plots of the positions of principal peaks; next the values of I0 to be used in eqn. 19 are 
found from the  Iμ - plots of the peaks. 

 
4.1.3. Differential Scanning Calorimetry 
 
In the DSC studies, a Mettler FP 85 instrument with a central unit FP 800 was used.195 The 
output was connected to a Merck D2000 Chromato Integrator. Indium was used to 
calibrate the temperature and the enthalpy (melting point is 156.1°C and enthalpy 27.2 
J/g). When the solid solutions were measured the calibration was compared to the pure 
ammonium nitrate and potassium nitrate. 
 
Small sample pans made from aluminium were used. Sample quantities varied between 10 
and 20 mg. All measurements were done with a scanning rate of 5°C/min for a 
temperature range of 25- 200°C.104 
 
4.1.4. Chemical methods 
 
Chemical methods for the nutrient content and different moistures were based on the 
internationally accepted methods published by the Association of Official Analytical 
Chemists (AOAC).196 In the sample preparation a sample of 4 g is dissolved into 1 dm3 and 
agitated for half an hour. Then the solids are filtered and the filtrate is analyzed with the 
methods given in Table 6. 
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Table 6: Chemical analysis methods for nitrogen, phosphorous, potassium, and chloride. 
Element    Method   AOAC 
NO3-N      Photometric; Autoanalyzer       892.01-920.03 
NH4-N     Photometric; Autoanalyzer       920.03 
P               Photometric; Autoanalyzer  978.01 
K               Flame photometer  983.02 
Cl             Coulometric titration            928.02 B 
 
The autoanalyzers were Traacs 800197 and Skalar SA 40 connected with an Eppendorf 
flame photometer. In the chloride determination a Radiometer CMT 10 chloride titrator was 
used. The pH was determined from a 10 % aqueous solution with a Knick 762 pH-meter. 
 
Moisture determinations were made by Karl Fischer titration which is based on the 
equation: 
 
I2 + SO2 + 3 C5H5N + CH3OH -> 2C5H5NHI + C5H5NHSO4CH3 (27) 
 
where iodide reacts with sulphur dioxide, pyridine and methanol. After all the water has 
been used up in the reaction the remaining liquid contains iodine. The end point in the 
titration is detected by the dead stop procedure. The free moisture was measured by 
extracting the samples to isopropanol. The moisture content from the extract was then 
determined by means of Karl Fischer titration. The method is similar to AOAC 972.01. 
Total moisture was determined without the extraction step.198 The Mettler DL 18 titrator 
was used in the determination. Oven moisture is determined from the weight loss after four 
hours at 105°C. The result lies between total and free moisture content. 

4.2. Crystal structures and phase transitions of potassium nitrate
 
At atmospheric pressure potassium nitrate can exist in several different phases depending 
on the temperature (Table 7).402 When heated from room temperature through the 
transition at 128°C, KNO3 transforms from an orthorombic aragonite-like structure (Pnma) 
to a trigonal, close to calcite, structure (R3c). This II-> I transformation is classified as an 
enanthiotropic transformation.243,244 
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Figure 31: Phase transitions in potassium nitrate.243,244 
 
On cooling, the phase- I passes through another trigonal structure (with symmetry R3m) 
between temperatures 125 - 115°C before reverting to the phase- II (Figure 31). 
 
The phase- II was examined by Edwards245 in 1931. He suggested that the phase- II 
involves an orthorombic unit cell with dimensions a = 5.43 Å, b = 9.17 Å, c = 6.45 Å 
containing four formula units, the space group Pmcn and an atomic arrangement 
isomorphous with the structure of aragonite.245  
 
Nimmo and Lucas246,247 made more precise studies of the crystal structure at temperatures 
25   and 100°C. On increasing the temperature to 100°C the planes of the potassium 
atoms, as well as the nitrogen atom positions, move slightly along the [0 0 1] direction. A 
comparison of the conformation and orientation of the NO3 group at 25°C and 100°C is 
shown in Figure 32.246 
 
The oxygen atom- plane in each group makes a small angle with the a-b face of the unit 
cell, the angle being 0.813 ± 0.088° at 25°C and increases to 1.30 ± 0.32° at 100°C. The 
angle between the N-O(2)-O(2') plane increases also, from 0.95 ± 0.37°  to 1.68 ± 0.55°. 
The distances N-O(2), N-O(2') and O(2)-O(2') appear to decrease with increasing 
temperature. 
 
Nimmo and Lucas247 examined the structures of phases I and III a few years later, as well 
as Holden and Dickinson.72 Both KNO3-I and -III have trigonal unit cells and the hexagonal 
axes are 
 
KNO3- III ( 91°C)      a= 5.487(1) c= 9.156(3) Å 
KNO3- I   (151°C)  a= 5.425(1) c= 9.836(4) Å 
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Figure 32: Conformation and orientation of the NO3 group in phase KNO3-II (a) according 
to Edwards245 (b) proposed by Nimmo and Lucas for temperatures (i) 25°C and (ii) 100°C. 
In the figure the O(2) is behind O(2').246 
 
Figure 33 shows the crystal structures of KNO3- I, -II, and - III. In Figure 33 each NO3 layer 
is between two K layers with an approximately equal distance from any O atom to the 
nearest K atom. However, the NO3 layer is not half-way between the K layers. As a result 
there is a dipole moment and hence KNO3- III is ferroelectric19 as reported by 
Sawada74,217,218 and Nolta248,249. 
 
In Figure 33 c the structure of KNO3-I is presented. The distances from any possible O 
position to the nearest K atom in the layers above and below are not equal. The centre of 
the six O positions around each N- atom is coincident with that atom which lies half-way 
between K- layers. This suggests that the NO3 groups may be in dynamic disorder 
between the two equilibrium positions.247  
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Figure 33: The stuctures of KNO3- II, -I and -III.  (a) the structure of KNO3-III with (b) 
alternative NO3 orientation and position (c) the structure of KNO3-I with dynamically disor-
dered NO3 groups (d) the structure of KNO3-II.247 
 
It appears that KNO3-I is characterized by a dynamic equilibrium between two alternate 
structures for NO3

- groups. Even KNO3-II at room temperature appears to have a 
significant portion of the NO3

- groups in alternate positions.243 
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Table 7: Summary of unit cell dimensions of KNO3.  
________________________________________________________________________ 
  Hexagonal axes Rhombohedral axes               Ref. 
Phase      Temp         a     b     c              a                
                 [°C]           [Å] [Å] [Å]           [Å] 
________________________________________________________________________ 
KNO3-II      20 5.43 9.17 6.45                                         245 
                   25 5.4119 9.1567 6.4213                                     245 
                 100 5.4283 9.1849 6.5034                                     245 
KNO3-I      130 5.41  9.71           4.498     73 56'       72 
                 151 5.425(1)  9.836(4)                                   246 
                 205 5.42  9.90           4.548     73 9'         246 
                 285 5.41  10.16         4.607     71 55'       246 
KNO3-III      91 5.487  9.156(3)                                   72 
________________________________________________________________________ 
 
4.2.1. The phase transition II <=> I 
 
During heating to the transition temperature the layers of K atoms and NO3 group translate 
in the ab plane and repack in a manner quite similar to that which occurs perpendicular to 
the threefold axis in an hcp -> fcc transition. During the repacking the volume per molecule 
increases.  
 
Asonov et al.250 studied the morphology of the growth of the I- and II- modification during II 
<=> I transformation and stated that II -> I transformation takes place at a temperature Ttr � 
To where Ttr= transformation temperature and To = phase equilibrium temperature. The 
difference �T = Ttr - To depends on the degree of perfection of the crystal.  
 
Figure 34 shows the mechanism for the transition II->I where the I crystals grow inside the 
matrix crystal II. In Figure 34 a) the nucleus of the crystal- I grows very fast in the direction 
[1 0 0]. When the growth stops (reaching the other II- crystal boundary), a slow growth of 
the matrix crystal begins on both sides in the direction [0 0 1]. The growth from phase- I is 
mainly rhythmical from phase- II, consisting of transformation via discrete and quite 
identical lamellae. Between the growing and matrix crystals there are rigid orientational 
links. Crystal- I may go through I -> II transformation at 124°C when a nuclei of the II- 
phase is formed at a slight overcooling at 127 -> 124°C. 
 
The densities of the KNO3- II and KNO3- I crystals differ markedly: II- I = 0.117 g/cm3. 
The nucleus of crystal- I is formed inside the crystal- II and grows at a high rate along the 
width of the plate [1 0 0]. After that, the interface between the phases moves slowly along 
the plate under the effect of the inner stress within the growing crystal- I, and the medium 
crystal- II is disturbed. New nuclei are formed and the growth of the crystal- I does not  
stop. Transformation always takes place at Ttr= To + �T and the crack that has been 
formed is cured easily. The contact between lamellae is not disturbed but new nuclei are 
formed and the growth of the crystal- I does not stop. As the matrix crystal density is the 
same everywhere, periodic traces remain after such a weakening of the contact after 
transformation. Crystals of KNO3 are successively cracked by repeatedly passing through 
the II <=> I transition.251 
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Figure 34: (1) KNO3-I (ß)- crystal growing in the direction [1 0 0] inside the matrix   (KNO3-
II)- crystal and (2) continued growth of the KNO3-I (ß)- crystal in the direction [0 0 1].250  
 
When crystals are heated, the transition from phase- II to phase- I occurs at ca 130°C. This 
transition temperature depends on the moisture content of a sample. With moist samples 
the transition temperature will occur at slightly (0.6°C) lower temperature. Increasing 
pressure also increases the transition temperature.252 

 
4.2.2. The phase transition I -> III -> II 
 
On cooling KNO3-I, axis c contracts rapidly and the I -> III transition occurs with a 5.4% 
discontinuous decrease. The space limitations between the K+ layers cause the NO3

- 
groups to occupy only one of the two possible orientations on each site in KNO3-I, with a 
consequent adjustment of their positions between K+ layers (in a given KNO3-III unit cell 
the NO3

- groups have one orientation). If KNO3-III was to form directly on heating from 
KNO3-II, the repacking that has to occur would be very similar to II -> I due to the fact that 
the KNO3- III structure is a simple modification of the KNO3- I structure.247 In phase- III both 
the volume per molecule and the distance between successive K planes are shorter than 
in other phases, KNO3- II and KNO3- I  causing the potential barrier to be too high for 
forming KNO3- III on heating from KNO3- II. 
 
The I -> II transformation has no unitary interface between phases and the I- crystal is 
transformed into a coarse- grained polycrystalline III- modification. The II- phase growing 
from such a III- modification has no straight-line interface between the phases. The 
boundaries of an individual lamella formed during the II -> I transformation are preserved 
after the I -> III and III -> II transformations. The morphology of growth of a II- crystal gro-
wing during the I -> II transformation differs greatly from the morphology of a KNO3- II 
crystal growing during the III -> II transformation. This is likely to be associated with 
different degrees of stress intensities of the KNO3- II crystal in the KNO3- I and KNO3- III 
matrices. The rhythmical growth of the KNO3-I (ß) - crystal during the II-> I transition is 
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shown in Figure 35. The first lamellae of the KNO3-I (ß) - phase is formed inside the KNO3-
II (�) - matrix. The formation of the KNO3-I (ß) - modification continues. In Figure 35 b) the 
KNO3-I (ß) -> KNO3-III (�) transformation takes place and the growth of the KNO3-II (�)- 
phase during the KNO3-III (�) -> KNO3-II (�) transition occurs.250  
 

 
Figure 35: a) Optical microphotographs showing the rhythmical growth of the KNO3-I (ß)- 
crystal during the II -> I transformation and b) the growth of the KNO3-I (ß), KNO3-III (�)- 
and KNO3-II (�) - modifications during the KNO3-II (�) -> KNO3-I (ß) -> KNO3-II (�)  -> 
KNO3-II (�)  transformation in KNO3 as (1) KNO3-I (ß) -> KNO3-III (�) transformation, (2) the 
growth of the KNO3-II (�) - phase during the KNO3-III (�)  -> KNO3-II (�)  transformation.250  
 
On cooling, dry KNO3-I inverts to phase KNO3-III at temperature ca 125°C.  Further on, the 
transition III -> II occurs rapidly if the crystallites are under physical restraint as in a single 
crystal. If the heating rate is slow, the transformations III -> II and II -> I can be clearly 
separated.253 The transition III -> II proceeds as the sum of the two first order processes, 
with two rate constants having different temperature dependence.249 
 
In the absence of physical restrictions the metastable particles revert to the stable low 
temperature phase independently, and individual particles may persist through extended 
cooling. Joined-together particles enable easy heat transfer and provide a continuous 
surface for growth of the low temperature form. KNO3- II is enabled to grow directly from 
KNO3- I at a nucleation temperature of ca. 126°C in moist samples. This is caused by the 
accelerating influence of water.404 

 
According to Harmelin244 the exothermic peak corresponding to the I -> III transformation 
appears at 118 - 120°C with good reproducibility. The III -> I and the II -> I processes take 
place at the same temperature, 127 - 130°C, but the peak corresponding to the III -> I 
change is of lower intensity, representing only 51.5% of that of the peak belonging to the II 
-> I transition. If the enthalpy change belonging to process II -> I is 55.2 cal/g it means that 
the enthalphy belonging to transition III -> I is then 28.5 ± 0.2 cal/g (Figure 36). The trans-
formation III -> II proceeds in two steps and is greatly influenced by the preceeding heat 
treatment of phase I.244 
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Figure 36: DTA curves for heating and cooling of (a) dry granular KNO3 and (b) moist 
KNO3.254 
 
With increasing pressure the space occupied by KNO3-III on the diagram widens. The 
pressure- temperature diagram is shown in Figure 37. The triple point is at 128.02°C with a 
pressure of 82.0 mbar.255,403 
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Figure 37: Pressure- temperature phase diagram for KNO3 (a) according to Kracek254 and 
(b) Rapoport and Kennedy256. 
 
Cooling curves indicate that blocks of KNO3 usually convert quite completely to KNO3- II 
when the reaction of transition III -> II has been induced to start. On the other hand, 
granular KNO3 shows by the character of the recovery curve that when there is loose con-
tact between the grains the conversion III -> II does not go to completion very quickly and it 
is conceivable that KNO3-III might easily persist to room temperature.244,254 This was 
noticeable by microscopic examination where the conversion to II- phase took 24 hours 
and when covered by a thick cover glass the change proceeds exceedingly slowly being in 
III- form after months.257 
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Kennedy257 noticed that crystals grown from solutions were of phase- III, but on firmly 
touching the crystals with a glass coverslip the disturbance nucleated the transformation to 
phase- II. In thermal cycling the transition went through the III -> I transformation without 
reverting to phase- II. As the I -> III transition would introduce dislocations and these 
should faciliate nucleation and growth of the stable phase it is to be expected that the 
solution-grown crystals of KNO3-III not having traversed a transformation would be 
relatively permanent, as observed by Kennedy.257 
 
Nimmo and Lucas258 observed in X-ray diffraction studies that KNO3-III is not transformed 
as a whole, but parts of the crystal remain in phase-III long after the nominal boundary has 
been crossed.258 
 
Kawabe et al.74,217 studied the thermal behaviour with X-Ray diffraction. The four patterns 
shown in Figure 38 are characteristic of each phase. The transformations of phase II to I, 
and of I to III occurred floppingly and in the transition of phase III to II, first phase II 
appeared and next phase III vanished gradually.74,217  

 
Figure 38: X- ray powder diffraction patterns of KNO3 on heating and cooling.217 



 60 

 
In dielectric studies74,217,248,249,251 the thermal hysteresis was observed between the 
transition point II -> I and I -> III. Marked shrinkage of the unit cell was seen (X-ray 
diffraction), corresponding to the appearance of the ferroelectricity.217 The temperature 
dependence of the rhombohedral angle and pseudohexagonal c parameter is shown in 
Figure 39 a and the unit cell volume containing one molecule vs. temperature in Figure 39 
b. For comparison the dielectric constant is shown.  

 
Figure 39: a) Rhombohedral angle (small solid circles) and pseudo-hexagonal c parameter 
(large open circles) and b) the unit cell dimensions and dielectric constant along the c axis 
of KNO3 vs. temperature.217 
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4.3. Solid solutions in the system (NH4
+, K+) NO3

4.3.1. The KNO3-III and KNO3-II type solid solutions 
 
The K3 (table 4) type solid solutions were examined by Coates & Crewe213. Powder 
diffraction data shows that the presence of [0 0 0 3] reflection in all patterns from the phase 
x KNO3

.NH4NO3 (x= 1- 3) indicates that its structure is derived from the metastable form of 
KNO3 (in phase KNO3-I the reflection is absent). When ammonium and potassium nitrates 
react at temperatures below 100°C, the extent of the phase x KNO3

.NH4NO3 is considera-
bly less, and increasing amounts of N3 are found.213 
 
The solution of NH4NO3 in the metastable form of KNO3- III causes the lattice to expand. 
On cooling, the lattice of the metastable KNO3 contracts until at ca 115°C it collapses into 
a more compact form. This is delayed by the displacement of potassium by larger ions. In 
the case of ammonium ions the change does not occur on cooling to room temperature. 
The stability of the solid solution K3 increases as more ammonium ions are added.392,393 
For this reason there is a tendency for KNO3 to crystallize out from the phase 3 
KNO3

.NH4NO3 (later on 3:1), thereby increasing its content of ammonium ions. It loses 
KNO3 until a composition of about 2.5 KNO3

.NH4NO3 is reached.80 In the presence of 
traces of water, phase x KNO3

.NH4NO3 is unstable at room temperature. It changes into 
N3 and K2.214  
 
Beyond the 70 wt-% of ammonium nitrate composition phase K3 is formed from N3 rather 
than from K2. The nucleation of the K3 phase77,78,80,215 begins at ca 55°C. At this tempera-
ture it is almost certain that phase K3 contains a higher percentage of K+ ions than does 
the N3 from which it is formed. From 55 to 110°C the concentration of NH4

+ ions in the 
phase K3 steadily increases.86  
 
According to Ando66, within the range of 30 to 72% KNO3, the mixture of N3 and the binary 
salt 2:1 occurs. At the KNO3 end of the concentration range, as much as 5% of the KNO3 
could be replaced by its equivalent of NH4NO3 without changing the KNO3- II structure. 
Compositions in the range 72 to 95% KNO3 were mixtures of the K2 and the binary salt 
2:1. 
 
Morrow et al. studied the preparation of solid solutions and the binary salt 3:1 which was 
formed by isothermal cocrystallization. Two series of solid solutions were formed : 1) 
NH4NO3 with the binary salt 3:1 and 2) KNO3 with binary salt 3:1. The XRD pattern of this 
binary salt 3:1, resembles more the principle component KNO3 than the NH4NO3. The 
pattern in Figure 40 differs from those of the corresponding physical mixture and the pure 
components. 206, 207, 216 
 
In Figure 40 the XRD pattern of the solid solution containing 88.1 % KNO3 resembles that 
of the binary salt 3:1. The X-ray pattern of a solid solution containing only a small amount 
of NH4NO3 (5.5%) differs considerably from the pattern of pure KNO3. The introduction of 
31.4 % KNO3 into NH4NO3 also causes a substantial alteration of the diffraction pattern 
when compared to the pattern of pure NH4NO3.216 



 62 

 
Figure 40: XRD patterns of NH4NO3, KNO3, and addition compound 3 KNO3

.NH4NO3, and 
their solid solutions.216 
 
When ammonium replaces potassium in the KNO3- III structure there is a negligable 
change in the temperature between the phase KNO3- I and the KNO3-III transition, and 
even a slight increase of the upper Curie point. According to Kawabe et al.217 based on 
dielectric studies of mixed crystals this is related to the size of the unit cell volume and to 
the ionic radius of the cations. In Figure 41 a the temperature dependence of 
rhombohedral angle and pseudo-hexagonal c parameter is shown. These are thought to 
be connected with the KNO3 type ferroelectricity. In Figure 41 b the unit cell volume 
containing one molecule vs. temperature is shown for mixed crystal (NH4)0.39K0.61NO3.74 
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Figure 41: a) Rhombohedral angle (small solid circles) and pseudo-hexagonal c parameter 
(large open circles) of (NH4)0.39K0.61NO3 vs. temperature and b) unit cell volume containing 
one molecule and spontaneous polarization of (NH4)0.39K0.61NO3 vs. temperature.217 
 
For pure KNO3, reflections in the ferroelectric phase III were not found on heating. For 
(NH4)0.39K0.61NO3 the pattern of the phase III was superimposed on that of the phase II, but 
its properties differ from that of the ferroelectric phase III on cooling. KNO3 is known to be 
ferroelectric in its phase III in the temperature range of 115 - 125°C only on cooling. 
Yanagi387 and Sawada218 noticed that this ferroelectric behaviour is extended to mixed 
crystal (K3). In contrast to the case of pure KNO3- III the hysteresis loop is also observed 
on heating. In Figure 42 a phase diagram based on the hysteresis observations is shown. 



 64 

 
Figure 42: A phase diagram of the (NH4)xK1-xNO3 system (0 < x < 0.5) based on the 
hysteresis observations.218 
 
The KNO3- II -> KNO3- I transition needs a sufficient volume increase to permit complete 
spherical rotation by the nitrate ion, whereas the KNO3- II -> KNO3- III transition needs only 
a sufficient volume change to permit the nitrate ion to oscillate in its own plane. In pure 
KNO3, the KNO3- II -> KNO3- III transition does not occur on heating because the energy 
needed to interconvert between these two dissimilar phases necessitates a high 
temperature. When the conversion does occur the nitrate ion has sufficient energy to rotate 
and KNO3- I is formed. The transition KNO3- I -> KNO3- III occurs easily since forms I and 
III are structurally related. The replacement of potassium ions by ammonium ions in K2 
contributes some of the necessary increase in volume for the nitrate ion to oscillate, and 
the transition K2 -> K3 to occur. The conversion becomes possible when only 0.8 % of 
NH4NO3 is present. The temperature of KNO3- III (K3) nucleation rapidly falls as the 
ammonium ion concentration increases. At 13.3% of ammonium nitrate the temperature is 
ca 55°C.86 

4.3.2. Phase diagram 
 
The phase diagrams presented by Jänecke64,67 and Ando65,66 are obviously based on the 
pure solid solutions. In practice they are mixtures of solid solutions. On the basis of the 
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DSC data another type of phase diagram may be constructed. In the phase diagram in 
Figure 10 the mixed composition of solid solutions is taken into account. The phase 
diagram can be divided into three main parts. In the ammonium nitrate-rich part the 
transitions are based on N3, and in the potassium nitrate-rich part on K2. The middle part 
of the diagram represents the transitions occurring in the mixed phase of K2 + N3. The 
areas for N1 and N2 have been delimitated by vertical lines to the maximum potassium 
nitrate content in the lattice given in the literature. 

4.3.3. Formation of solid solutions as a function of temperature 
 
On the basis of these studies it is clear that the formation of K3 depends upon the 
temperature and the NH4NO3:KNO3- ratio. The maximum K3 content was found at 120°C 
when the mass ratio was 40:60. The mass ratio is similar to binary 1:1 salt, NH4NO3

.KNO3. 
At temperatures 30- 40°C the maximum K3 content was found at mass ratio 30:70 which is 
similar to binary 1:2 salt, NH4NO3

.2KNO3. The phase K3 content increases as a function of 
temperature when the NH4NO3 content is between 0 and 70% (Figure 43). The phase K3 
is not formed when there is more than 70 % NH4NO3 in the binary mixture. An approximate 
model of the formation of phase K3 was established by Systat438. According to equation 28 
the formation of the phase K3 depends both on the temperature and the content of 
ammonium nitrate in the binary mixture.  
 
cK3= - 73.697 + 3.68*cNH4NO3 - 0.04*c2

NH4NO3 - 0.01*t*cNH4NO3 + 0.687*t          (28) 
 
where cK3= the phase K3 content ([%]); cNH4NO3= the content of ammonium nitrate in the 
binary mixture ([%]), t= temperature ([°C]). 
 
The calculated correlation factor (r) was 0.823 for equation 28. The model is presented in 
Figure 43 b. 
 
The diagram in Figure 43 represents the thermodynamic equilibrium conditions at different 
temperatures. When the water from the mixture containing ammonium and potassium 
nitrate is evaporated the amount of phase K3 formed depends on the temperature. At 
120°C the amount is ca 80 % with the NH4NO3:KNO3- mass ratio 40/60. The addition of 
water to the binary mixture at 60°C will decrease the amount of K3 to ca 35 %. Further 
decrease in the K3 content will occur if the temperature decreases. During the 
recrystallization process the K3 content equals the amount obtained at the recrystallization 
temperature. Equilibrium may be achieved only if there is enough water for the 
recrystallization.   
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Figure 43: K3 content (wt- %) as a function of ammonium nitrate content at different 
temperatures a) measured and b) modelled. Systat and Sygraph used for modelling and 
graphics.438 R1E10. 

In Figure 44 the K2 content is shown as a function of temperature. The area where K2 is 
present decreases as the temperature increases from approximately 30/70 (AN/KN at 
30°C) to 70/30. Clearly, the formation of K3 will decrease the quantity of K2. According to 
equation 29 (modelled by using Systat438) the formation of K2 depends more strongly on 
the ammonium nitrate content than on the temperature.  
 
cK2= 95.443 - 0.822 * cNH4NO3 + 0.112*t - 0.019*cNH4NO3*t                     (29) 
 
where cK2= the phase K2 content ([%]), cNH4NO3= ammonium nitrate content in the binary 
mixture ([%]), t= temperature ([°C]). 
 
The calculated correlation factor (r) was 0.965 for the equation 29. The model is presented 
in Figure 44 b. 
 
N3 is formed over the whole range of NH4NO3:KNO3. Its content seems to be relatively 
unchanged when the temperature increases, as presented in Figure 45. According to 
equation 30 (modelled by using Systat438) the formation of the phase N3 depends 
approximately three times more on the ammonium nitrate content than on the temperature.  
 
cN3= 8.137 + 1.491*cNH4NO3 - 0.435*t + 0.003*cNH4NO3*t                      (30) 
 
where cN3= the phase N3 content ([%]), cNH4NO3= ammonium nitrate content in the binary 
mixture ([%]), t= temperature ([°C]).  
 
The calculated correlation factor (r) for the model was 0.969 for the equation 30. The 
model is presented in Figure 45 b. 
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Figure 44: K2 content (wt- %) as a function of ammonium nitrate content at different 
temperatures a) measured and b) modelled. Systat and Sygraph used for modelling and 
graphics.438 R1E10 
 
 
 

 
Figure 45: N3 content (wt- %) as a function of ammonium nitrate content at different 
temperatures; a) measured and b) modelled. Systat and Sygraph used for modelling and 
graphics.438 R1E10 
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As explained earlier the quantity of the phase N4 is not shown in the diagrams, although it 
will be formed at the ammonium nitrate-rich part of the diagram, especially when the 
potassium nitrate content is below 5 %. In that case two solid solutions N4 and N3 at 
different ratios may be found. The phase N4 was formed at temperatures below 40°C. At 
higher temperatures the phase N4 was not formed but may disproportionate from phase 
N3 during cooling (phase transition N3 -> N4). 
 
All samples were analyzed at room temperature. It was shown that the compounds which 
are formed at higher temperatures will be stable at room temperature, but only if there is 
no water. In fertilizer production higher temperatures are needed during processing. If the 
product is moistened at room temperature, the only stable solid solutions are N3 and K2. 
Another conclusion is that by avoiding the formation of K3 there will be no post reaction 
(disproportionation) when the product is moistened. 
 
All the graphs shown in Figure 43 and Figure 45 are based on the results from Quantitative 
X-Ray Diffraction measurements. The accuracy of the results was evaluated by calculating 
the NH4NO3 content from the XRD results (ANFound). The calculated quantities were 
compared to the amount of added NH4NO3 (based on weight, ANReal). These two amounts 
corresponded surprisingly well to each other. In Figure 46 the real NH4NO3 vs. the 
calculated content is presented. For some individual points an absolute difference of 1 to 
3% is found.  
 
The calculated correlation factor (r) was 0.995 for the least square equation 
 
ANFound = -1.114 + 1.01*ANReal                    (31) 

with a standard deviation of 8.66*10-7 for the constant, and 9.67*10-3 for the slope.  
 
The number of ANFound, ANReal pairs was 108. In the statistical analysis the variance was 
0.990 and the t- value 104.5. Equation 31 indicates that there is a small systematic error in 
the obtained results. 
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Figure 46: The correlation between the real and found ammonium nitrate content with .95 
confidence limits. 

4.3.4. Densities of the solid solutions 
 
Equation 6 was used also to calculate the densities of the phases K2 and K3. The 
structure of phase K2 is isomorphous to KNO3- II. Therefore the extrapolated density (with 
0 % NH4NO3 in the lattice) should be equal to the density of pure KNO3- II. The extrapola-
ted density was 2.102 g/cm3. In the literature a value of 2.109 g/cm3 has been reported. 
Similarly, the extrapolated density of K3 (with 0 % NH4NO3) was 2.066 g/cm3. In the 
literature a value of 2.081 g/cm3 has been reported for KNO3-III. The calculated densities 
are presented as a function of ammonium nitrate content in figures 47 a and 47 b. 
 
The change in density depends on the content of the ammonium in the lattice as follows: 
 
dK3= 2.065 - 0.5331 x; where x= 0.2- 0.44   (32) 
dK2= 2.102 - 0.6382 x; where x= 0- 0.13   (33)
 
The intercept equals the density of the pure isomorphic salt. The slopes for K3 and K2 are 
negative (equations 32 and 33). The density decreases as a function of solute content. 
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Figure 47: The densities for the phase a) K2 and b) K3 as a function of ammonium nitrate 
content (wt- %). R1E6 

The densities of N3 with 30 to 40 % KNO3 in its lattice are similar to those for K3 with 30 to 
40 % NH4NO3 in its lattice. The phase transition from phase N3 to K3 does not therefore 
cause any major change in volume (or in density described in chapter 10). However, if we 
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have a sample with composition 80 % NH4NO3 + 20 % KNO3 (density 1.753 g/cm3) and it 
disproportionates to 10 % of K3 (28 % NH4NO3 + 72 % KNO3; density 1.918 g/cm3) and 90 
% of N3 (72.8 % NH4NO3 + 17.2 % KNO3; density 1.793 g/cm3), this results in an 
expansion of 2.99 %. 
 
4.4. Solid solutions in the system (NH4

+, K+) (Cl-, NO3
-)

4.4.1. Ammonium chloride 
 
Although ammonium chloride occurs naturally in volcanic material, production from natural 
sources is of no significance. Ammonium chloride is used as an effective nitrogen fertilizer 
for paddy and upland rice, wheat and other crops, e.g., in Japan. The industrial uses of 
technical grade NH4Cl are in solid electrolytes, quarrying explosives, etching solutions and 
as an addition to tiles and bricks prior to firing.240 
 
Ammonium chloride has three structures. The transformation between the NH4Cl- II (�) 
and NH4Cl- I (ß) is reversible at 184.5°C: 
 
 �-NH4Cl <=> ß- NH4Cl   �H = +4.3 kJ/mol   (34) 
 
The �- modification is cubic CsCl structure (Pm3m). It is stable at room temperature. 
NH4Cl sublimates at 340 °C. The structure of ß- NH4Cl is also cubic, but NaCl structure 
(Fm3m). The third modification exists at temperatures below -30.5 °C, having the space 
group P43m.236  
 
In the structure II the NH4

+ ions have two possible orientations. Free rotation in the phase II 
has been observed with NMR- measurements. Further studies have shown that the 
rotation is not completely free. The libration mode has been observed at 170 cm-1 with the 
Raman technique. These studies show that rotation is possible only in those orientations 
where the NH4

+ ion is in the middle, and N-H- bonds are perpendicular to the chloride 
ions.12,397-399  
 
The variation in lattice parameter (Table 8) with increasing temperature is not identical with 
that obtained by temperature decrease. This fact has been explained by assuming that 
intermediate forms, such as ��, ß�, ßß, are caused by intermediate states between 
complete rotation of NH4

+ groups and distinct oscillations.394 
 
The solubility of ammonium chloride in water increases with temperature. The integral heat 
of solution to saturation is +15.7 kJ/mol and the differential heat of solution at saturation is 
+15.2 kJ/mol. The solubility in water may be increased by adding ammonia, whereas 
sodium chloride limits the solubility causing precipitation of ammonium chloride. The partial 
pressures of saturated ammonium chloride solutions show that ammonium chloride is 
weakly hygroscopic.232 

 
The crystal form obtained from aqueous solutions can be affected by other substances. 
This fact has been exploited to produce large crystals, and is a help in determining 
impurities during NH4Cl formation.232 
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Table 8: The lattice constant a [Å] for the NH4Cl modifications at different temperatures.12 
Temperature [°C]  Lattice constant [Å] Structure type  
- 185  3.8200  CsCl   
- 78  3.842  CsCl   
 23  3.8750  CsCl   
167  3.9112  CsCl   
182  3.9155  CsCl   
183  3.9160  CsCl   
185  6.5960  NaCl   
200  6.6004  NaCl   

4.4.2. Potassium chloride 
 
Potassium chloride is the main potassium source (MOP= Muriate Of Potash) in fertilizers. 
It is readily dissolved in water. In nitrate containing fertilizers it reacts with ammonium 
nitrate. This reaction continues as long as NH4NO3 is present. As reaction products, 
several types of solid solutions are formed. The properties of commercial potassium 
chloride are discussed in chapter 5.1. 
 
Potassium chloride has two modifications: KCl- I with a NaCl type of  structure, and KCl- II 
with a structure of the CsCl type. KCl- II is stable at pressures of 19- 23 kbar. The phase 
transition KCl- I <=> KCl- II occurs at 25 kbar (25°C).400  
 
When potassium chloride crystals are irradiated with X- rays a change in the density is 
observed, due to the decrease in the number of vacancies. These vacancies agree with 
the number of colour centres determined by optical measurement.240 

4.4.3. Solid solutions of ammonium- and potassium chloride 
 
Fock102 studied potassium and ammonium chloride systems with the aid of X-rays in 1897 
and found that the miscibility extended to about 23 % ammonium chloride in potassium 
chloride and 3 % potassium chloride in ammonium chloride. These ranges were accepted 
by Havinghurst et al.389 in 1925 and Vegard409 in 1921. In Table 9 the unit cell dimensions 
are given with different solute contents in the solid solution (NH4,K)Cl.391 

 
The difference between the diameters of the interstitial cavities in the lattices of potassium 
and ammonium chloride is -0.17 Å. The difference between the diameters of the cations is 
0.59 Å. The negative sign shows that the volume of the cavities in the solid solution is 
larger than the initial volume of pure potassium chloride.395, 396 

 
Table 9: The unit cell dimension a (Å) in the solid solutions (NH4, K) Cl.391 

________________________________________________________________________ 
KCl                    [%] 100.0    86.7      80.4    76.7     30.1      2.2      1.0        0.0 
NH4Cl                    [%]     0.0    13.3     19.6     23.3     69.9    97.8    99.0    100.0 
face- centered     [Å] 6.280   6.308   6.328     6.336   6.333 
body- centered      [Å]                                                 3.863  3.863 3.867  3.866 
________________________________________________________________________ 
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Klyuev390 studied the effect of pressure on NH4Cl - KCl solid solutions. An irreversible 
breakdown of the solid solution was noticed in pressures above 4 kbar. The decomposition 
of the solid solution decreases as a function of the mole fraction of KCl in the solid solution.  
 
At high temperatures of ca 200 °C there is no limit to the dissolution of ammonium chloride 
into potassium chloride. At room temperature the limit is 25 weight-%. At a temperature of 
ca 150 °C ammonium chloride may dissolve up to 60 weight-% of potassium chloride. The 
phase diagram is presented in Figure 48.  The sublimation temperature is significantly 
lowered when the amount of NH4Cl is increased (open circles).401 
 
Akiyama401 found that the solid solution formed at 120 °C contained 50:50 NH4Cl in KCl. 
During cooling to ambient temperature the solid solution was changed to a ratio of 70:30, 
KCl:NH4Cl (NaCl- form). By calculation this disproportionation caused a volume expansion 
of 23.5 %.  

 
Figure 48: Phase diagram for NH4Cl and KCl. S.S. indicates where the solid solution 
(NH4,K)Cl is found; in the area marked g, NH4Cl is in a gas phase.� starting temperature 
for sublimation and � limit of the substitution of NH4Cl for KCl.401 
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4.4.4. Solid solutions of NH4NO3 and NH4Cl 
 
According to Jänecke64 ammonium chloride and nitrate can form solid solutions. The 
structure of ammonium nitrate phase- I is in cubic symmetry, where the NO3

- ions are in 
free rotation. The ionic distances for chloride and the rotating nitrate group are 1.90 and 
2.35 Å with equivalent symmetry. Due to these facts it is possible that chloride may replace 
nitrate in cubic ammonium nitrate. NH4NO3 may contain up to 12 mol- % ammonium chlori-
de at temperature 141 °C. The other ammonium nitrate phases can contain only less than 
3 mol- % ammonium chloride. The solid solution is illustrated in Figure 49. 

 
Figure 49: The NH4Cl-NH4NO3 phase diagram with NH4Cl amount of 0- 30 mol-%. Ib= 
NH4Cl in NH4NO3- III, Ic= NH4Cl in NH4NO3- II and Id= NH4Cl in NH4NO3- I.64 
 
The freezing points were studied by Perman and Saunders.388 The freezing point of 
NH4NO3 is lowered from ca 170 to 140 °C with an ammonium chloride content of 12.1 %. 
Then, with higher ammonium chloride contents the temperature increases to ca 175 with 
ca 15.5 % NH4Cl. 

4.4.5. The system (NH4
+, K+) (Cl-, NO3

-) 

The system KCl- NH4NO3 is composed of two pairs of reciprocal salts bound together by 
the reaction: 
 
KCl + NH4NO3 <=> KNO3 + NH4Cl   (35) 
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An equilibrium diagram for the crystallization of the reciprocal pair (NH4
+,K+)(Cl-,NO3

-) from 
aqueous solution is presented in Figure 50. In the figure the Jänecke projection has been 
used with isotherms 20 and 60°C (dashed line). The composition is expressed in molar 
percentages and each delimited area in the diagram represents a region of the 
crystallization of two neigbouring salts. The lines come into contact at two triple points (A, 
B), where three salts are simultaneously in equilibrium. The areas correspond to the 
crystallization of NH4NO3, NH4Cl, KCl and KNO3. This means that in aqueous solutions KCl 
and NH4NO3 cannot be present simultaneously as equilibrial solid phases. Thus when 
mixing a potassium salt with ammonium nitrate in the presence of water the mixture is 
unstable and a conversion reaction occurs. In equilibrium only solid phases NH4Cl and 
KNO3 can occur simultaneously at triple points NH4Cl- KCl- KNO3 or NH4Cl- NH4NO3- 
KNO3. The two isotherms represent the dependence of the equilibrium on temperature. 
The two sides KCl- KNO3 and NH4Cl- NH4NO3 in the mentioned square are formed in 
solutions only as simple mixtures of components. The remaining two sides represent an 
essentially more complex system. 

 
Figure 50: Equilibrium system of the reciprocal salt pair (K+,NH4

+)(NO3
-,Cl-) at 20 (solid 

line) and 60°C (dashed line) with triple points (A,B) and (A',B').214 
 
The composition at the triple points in Figure 51 at point F is (NH4,K)Cl + (K,NH4)Cl + K2 or 
K3 and at point E it is (NH4,K)Cl + N3 + K2 or K3. In conditions of equilibrium at 120°C 
total evaporation of the solution having a composition at point 1 gives the three salts N3, 
K2 or K3 and (NH4,K)Cl. According to Jänecke64,67 the three mentioned solid solutions are 
obtained and (K,NH4)Cl never appears. On the other hand, at temperatures above 60°C 
the evaporation follows a different pattern: (K,NH4)Cl, (NH4,K)Cl and K2 or K3 are initially 
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precipitated. The system then undergoes a transformation, redissolving the (K,NH4)Cl, and 
the final solution is once more (NH4,K)Cl, N3 and K2 or K3. The evaporation of liquids 
corresponding to point 1 must give solids containing neither KCl nor (K,NH4)Cl.219 

 
In the fertilizer preparation process the normal temperature at the point of potassium 
chloride addition is between 100- 125°C. The moisture content is between 5- 15%. After 
addition, neither KCl nor NH4NO3 are stable. While water is evaporated the salts are 
stepwise crystallized. At temperatures 60 and 120°C the NPK grades (fertilizer containing 
nitrogen, phosphorous and potassium) such as 11-11-14 and 12-19-19 fall into the field of 
KCl crystallization. This means that KCl is crystallized at point A in Figure 50. When the 
temperature is decreased, a mixture of salts corresponding to point A' in the diagram will 
be obtained. The remaining potassium chloride is not stable at lower temperatures and will 
react with ammonium nitrate even with the presence of minute amounts of water. 

 
Figure 51: Equilibrium system of the reciprocal salt pair (K+,NH4

+)(NO3
-,Cl-) at 120°C with 

triple points F and E.219 
 
The ongoing chemical reactions are considered to be an explanation for the maturing of 
compound fertilizers. By the maturing- dissolution, crystallization, recrystallization- or by 
approaching the equilibrium composition, strong bonds between granules are formed. 
Obviously the chemical reactions are not simple and the final salt composition may be 
affected by processing conditions. 
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In practice it has been observed that the K3 content decreases as a function of time, with a 
simultaneous increase in K2 or N3 and NH4Cl content. The increase of NH4Cl relates to 
the conversion reaction but the decrease of K3 is most probably due to equilibrium 
conditions.214 

4.4.6. Crystallization studies of the system (NH4
+,K+)(Cl-,NO3

-) 
 
In this chapter the results of the crystallization studies of the system (NH4,K)(Cl,NO3) are 
covered. When chlorides are added to the system the conversion reaction between 
potassium chloride and ammonium nitrate occurs. A solid solution (NH4,K)Cl is formed in 
the system. In these crystallization studies the influence of the chlorides on the formation 
of solid solutions has been studied. The crystallization has been done similarly to those 
presented earlier. The temperature used was 120 °C. All together, 102 synthetic mixtures 
were prepared. The results are presented in the form of contour plots in figures 53- 57. The 
location of the crystallized mixtures in the Jänecke projection is shown in Figure 52. The x- 
axis presents the mole ratio Cl/(Cl+NO3), and the y- axis the mole ratio K/(K+NH4). The 
corners of the diagram represent pure KNO3, NH4NO3, NH4Cl and KCl. 
 
Ammonium chloride content steadily increased towards the corner where pure NH4Cl 
exists. In Figure 53 the amount of NH4Cl is shown as a function of the mole ratio. In the 
contour plots the 10 % line begins from the mole ratio Cl/(Cl+NO3)= 0.1 and ends at the 
mole ratio K/(K+NH4)= 0.8. The 20 % line begins from mole ratio 0.2 and ends at mole 
ratio ca 0.7 on the y- axis. This is an indication of the formation of the solid solution 
(NH4,K)Cl at mole ratio Cl/(Cl+NO3)= 1.0. Otherwise the mole ratio at the y- axis would be 
ca 0.8.  

Figure 52: The mixtures crystallized at 120 °C vs. the mole ratios K/(K+NH4) and 
Cl/(Cl+NO3). 
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Figure 53: The NH4Cl content (wt- %) vs. the mole ratios K/(K+NH4) and Cl/(Cl+NO3) 
(zmin= 0 %, zmax= 90 %, step= 10 %). Systat and Sygraph used for modelling and 
graphics.438 R1E10 
 
The formation of the solid solution (NH4,K)Cl shows up mainly in the upper left corner of 
the diagram in Figure 54. The highest quantity was found between the mole ratios 
K/(K+NH4)= 0.6- 0.9. This type of solid solution was not formed below the diagonal from 
KNO3 to NH4Cl. 
 
The formation of solid solution of the type K2 was mainly confined to the upper right corner 
of the diagram in Figure 55. It was formed when the mole ratio K/(K+NH4) was higher than 
ca 0.7. Along the line KNO3- KCl the quantities represent the amounts of the pure KNO3- II 
(or K2 with 0 % NH4NO3 in its lattice). Potassium chloride and nitrate do not form solid 
solutions together. Along the diagonal from the NH4NO3 to KCl the phase K2 was found 
when the mole ratios were above ca 0.3. The area covered by the phase K2 is relatively 
small when compared to other compounds in figures 53, 54 and 55. 
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Figure 54: The content (wt- %) of the solid solution (NH4,K)Cl vs. the mole ratios 
K/(K+NH4) and Cl/(Cl+NO3) (zmin= 0 %, zmax= 80 %, step= 10 %). Systat and Sygraph 
used for modelling and graphics.438 R1E10 

 
Figure 55: The K2 content (wt- %) vs. the mole ratios K/(K+NH4) and Cl/(Cl+NO3) (zmin= 0 
%, zmax= 100 %, step= 10 %). Systat and Sygraph used for modelling and graphics.438 
R1E10 
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The formation of solid solution of the type N3 covers a wide range of the diagram. This is 
presented in Figure 56. The 10 % line is along the diagonal from KNO3 to NH4Cl. Along the 
line NH4NO3- NH4Cl, the N3 content represents the quantity of NH4NO3- III (N3 with 0 % 
KNO3 in its lattice). Ammonium chloride and nitrate did not form any solid solution together.  
 
The solid solution of the type K3 was formed when the mole ratio K/(K+NH4) was larger 
than ca 0.5. Along the diagonal from NH4NO3 to KCl the phase K3 was formed between 
the mole ratios K/(K+NH4) 0.3- 0.8 and Cl/(Cl+NO3) 0.4- 0.8. In Figure 57 there are two 
areas of maximum phase K3 content. These are located on the line from mole ratio 
K/(K+NH4)= ca 0.8 to the NH4Cl corner. An interesting phenomen is that the maximum 
content of the phase K3 was not found along the line from NH4NO3 to KNO3. The presence 
of chlorides seemed to have an influence on the formation of the phase K3.  

 
Figure 56: The N3 content (wt- %) vs. the mole ratios K/(K+NH4) and Cl/(Cl+NO3) (zmin= 0 
%, zmax= 100 %, step= 10 %). Systat and Sygraph used for modelling and graphics.438 
R1E10 
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Figure 57: The K3 content (wt- %) vs. the mole ratios K/(K+NH4) and Cl/(Cl+NO3) (zmin= 0 
%, zmax= 65 %, step= 10 %). Systat and Sygraph used for modelling and graphics.438 
R1E10 
 
The accuracy of the results were evaluated as follows: From each synthetic sample the 
NO3- N, NH4- N, Cl and K2O contents were analysed chemically and compared with the 
calculated nutrient content from the quantitative XRD results. The found amounts vs. 
added quantities are presented in Figure 58 a and b with .95 confidence limits.  
 
The maximum amount of NO3- N in the system was 17.5 %. The found values were 
systematically larger than the added amounts. The relative systematic error was estimated 
from equation 36. It was ca 3.6 % for NO3- N content of 17.5 %, and -0.3 % for 5 % NO3- 
N. The results are presented in Figure 58 a. 
  
NO3- NFound= 0.276 + 0.948 NO3- NReal   (36) 
 
The calculated correlation factor for equation 36 was 0.986. 
 
The maximum content of the NH4- N in the system was 26.2 %. The systematic relative 
error was 0.6 % for NH4- N content of 26.2 % and 1.0 % for NH4- N content of 5 %. These 
systematic relative errors were estimated from equation 37. 
 
NH4- NFound= 0.021 + 1.006 NH4- NReal   (37) 
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the calculated correlation factor (r) for equation 37 was 0.994. 

 
                  (a)                    (b) 

Figure 58: The added a) NO3- N and b) K2O content vs. the found amount. 
 
The maximum chloride content in the system was ca 60 %. With high chloride quantities 
there is a relatively wide scatter in the results. This scattering was caused by the few 
reflections in the X- ray diffraction pattern of the cubic potassium and ammonium chloride. 
The relative errors were estimated from equation 38. A negative deviation was found for 
the Cl content in the measured range. The systematic error was -1.1 for 60 % of Cl and -
9.4 % for 5 % Cl.  
 
ClFound= -0.453 + 0.997 ClReal    (38) 
 
The calculated correlation factor (r) for equation 38 was 0.995. 
 
The K2O content followed equation 39. The found K2O contents were slightly smaller than 
the real content. The systematic error was -0.9 % for K2O content of 50 % and - 4.1 % for 
K2O content of 5 %. These relative errors were estimated from equation 39. The results 
are presented in Figure 58 b. 
 
K2OFound= - 0.174 + 0.994 K2OReal   (39) 
 
The calculated correlation factor (r) for equation 39 was 0.996. 
The accuracy of the determinations was fairly acceptable.  



PART II: APPLICATION 
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5. REACTIONS OF AMMONIUM NITRATE WITH POTASH 
 
Chapter 4 dealt with the phase equilibria and formation of solid solutions in the system 
(NH4

+,K+)(NO3
-,Cl-) as ideal systems.  In this chapter experiments with the commercial 

natural potash in industrial conditions are presented and discussed. 

5.1. Production and properties of potash 
 
Froth flotation of potassium chloride from sylvinite ores accounts for 80% of the potassium 
chloride produced in North America and for ca 50 % of the potassium chloride produced in 
Europe and the former USSR.229 
 
In flotation, the first stage involves agitating the de-slimed ore with a clay depressant or 
slime binder to deactivate clay particles that are entrained in the washed ore flowing from 
the hydraulic de-sliming operation. Suitable depressants include starches, guar gum, car-
boxymethyl cellulose and polyacrylamides. Depending on the amount of entrained clay and 
the type of depressant used, dosage rates are 50- 500 g of depressant per metric ton of 
ore being processed.227 
 
Reagents, including a collector, that are required for the flotation are added in the second 
stage. An extender is added if the ore contains relatively large percentages of coarse KCl 
crystals, i.e., > 15 wt- % of 0.8- 1.7 mm crystals. An extender makes the amine- coated 
surfaces more hydrophobic, thereby enabling the particles to float readily in the flotation 
cells. Commonly used extenders are No 5 and No 6 fuel oils.228 
 
Collectors are primary amines derived from beef tallow. Commercially available amine is a 
homogeneous mixture of palmetyl-, stearyl-, and oleylamines. Longer chain amines (archi-
dyl-behenyl) are used in special cases in which brine temperatures exceed 35ºC. At 
temperatures higher than ambient, normal tallow amine tends to dissolve, and is therefore 
unavailable to coat the surfaces of the potassium chloride crystals. Amine consumption is 
from 50 g/ton of high grade ore (40 wt- % KCl) to 150 g/ton of low grade ore (20 wt- % 
KCl). Tallow amines contain small amounts of short chain compounds from the octyl, lauryl 
and myristyl (C14) groups. These amines usually produce enough froth for flotation. Small 
quantities (20- 40 g/ton ore) of methyl isobutyl carbinol (MIBC) or normal hexanol are fre-
quently added to the flotation system to supplement the natural frothers.232 
 
The obtained product crystals are dryed at ca 175ºC to reduce the moisture content to less 
than 0.1 wt- %. At higher moisture contents during storage, the potassium chloride tends to 
cake. Amine remaining on the product is beneficial in that it acts as anticaking reagent, 
thereby preventing pile set. In other processes that are used to separate potassium 
chloride from sodium chloride and that do not require amine, the product crystals are trea-
ted with amine salts at a 110- 180 g/ton rate to prevent pile set. 
 
To ensure the free-flow property during transportation potash may also be treated with: 
- fatty amines CH3-(CH2)n-NH2 
- fatty acids  
- - palmitic acid (hexadecanoic acid), CH3-(CH2)14-COOH 
- - stearic acid (C18H36O2), CH3-(CH2)16-COOH 
- octanediol (C8H18O2), CH2OH-(CH2)6-CH2OH 
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- mineral oil 
- potassium prussiate 
- modified montan waxes 
 
The feed quantity of oils and amines varies between 100 and 500 g/ton. With quantities 
more than 300 g/ton the wettability and the dissolution behaviours of the potash com-
ponent are very much reduced. Furthermore, there is a risk of organic matter being 
evaporated with rising temperature after the chemical conversion, and the materials 
therefore become deposited in heat exchangers or filters which can give rise to failure of 
the operation. As mentioned in ref. 220 the amine quantities should be limited to 150 g/ton.  
 
The amine content varies as a function of the particle size as summarised in table 10. The 
variation can be explained by the larger surface in smaller fractions. 
 
Table 10: Variation of oil and amine content as a function of sieve fractions.221 
Fraction  
[μm] 

Amine 
[g/ton] 

Oil 
[%] 

<  88 228 0.07 
88 – 125 164 0.05 
125 - 177      132 0.05 
210 - 297      112 0.03 
297 - 420      123 0.03 

 
In the commercially available potash materials the potassium (60.1- 60.6% K2O) and 
chloride (46.9- 47.2% Cl) content is relatively constant. Sulphates and chlorides, such as 
magnesium, sodium and calcium, are also present as impurities. Potash may also contain 
impurities which act as crystal modifiers. In ref. 222 the following trace elements are 
mentioned: Pb, Fe, Cu, Ni, Cr, Mo, V and Ti. The trace element content may, in special 
cases, affect the reactivity especially if the content is high. The amount depends on the 
origin of the potash.  

5.2. Experimental methods 
 
The wet granulation studies indicated that the wettability and solubility properties of potash 
are critical quality parameters in the production process. In the slurry process the potash is 
normally added during the 2nd ammoniation (see chapter 5.4). The available reaction time 
for the chemical reaction is between 2 and 6 hours. When the potash is added to the 
granulator the reaction time is reduced to a few minutes. A complete conversion reaction is 
needed to avoid ongoing post reactions after manufacturing. Therefore it is essential to 
know the reactivity of the used potash. The published reactivity tests have been compared 
and the major factors which have an effect on the reaction have been studied.384 These 
results are presented in this chapter. 

5.2.1. Wettability 
 
Wettability is measured with a simple test. Into a 50 cm3 beaker ca 70 g of potash is 
poured to fill the beaker to a depth of ca 1 cm from the top. The surface is tamped to form 
a smooth surface. With pipette 5 cm3 of water is added to the beaker and the time taken 
for the water disappearance is measured starting from the moment water emerges from 
the pipette. 230 
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5.2.2. Moisture absorption 
 
An Enslin test223 is used to estimate the moisture absorption properties. The measuring 
equipment consists of a fritted glass filter with U- tube attached to it. Under reduced 
pressure the apparatus is filled with ion-exchanged water. Reduced pressure is used to 
avoid the formation of air bubbles. The surface of the filter is dryed with filter paper. Five 
grams of potash is weighed out and placed on the glass filter. The volumetric amount of 
water taken up by the salt in a fixed period of time (5 min) is measured with a final time of 
50 minutes.223 

 
The volumetric amount of water taken up as a function of time is called the Enslin value 
and is expressed as cm3/g: 
 

100*
m
VE �     (40) 

              
where  V= the volume of absorbed water [cm3] 
       m= the amount of the sample [g] 
 
A typical moisture absorption curve is presented in Figure 59. The Enslin value is 
presented as a function of time. 
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Figure 59: Enslin value as a function of time for a Belorussian potash sample containing 
697 g oil/ton of product. R3E11

5.2.3. The rate of dissolution 
 
The rate of dissolution can be determined by either measuring the heat of dissolution or by 
measuring the change in conductivity.  
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When potash dissolves into water the temperature decreases. With a ratio of 1:4 (20 wt- % 
KCl) the decrease is ca 14ºC for the endothermic equation: 
 
KCl (s) -> K+ (aq) + Cl- (aq);  Hr= 18 kJ/mol    (41) 
 
In one experimental method 25 g of potash is added with constant agitation to 100 cm3 of 
ion-exchanged water in a Dewar jar. The initial temperature is ca 20ºC. The decrease in 
temperature is measured as a function of time from the period starting with the introduction 
of the sample and ending with the maximum change in temperature, as illustrated in Figure 
60 a.  
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Figure 60: Rate of dissolution determined by a) the heat of dissolution and b) conductivity 
as a function of time for German potash sample containing 96 g oil/ton. R3E12- R3E13 
 
In the other experimental method 15 g of potash is added with intensive agitation to 200 
cm3 of ion-exchanged water at 20ºC. The change in the conductivity is measured as a 
function of time. A constant measured value indicates the complete dissolution of the 
sample. The analysis covers the period starting with the dissolution of the sample and en-
ding with a constant measured value. 
 
Typical rate of dissolution curves for both of the methods are presented in Figure 60. The 
end-point has been evaluated from the onset point.  

5.2.4. Determination of the reactivity with an ammonium nitrate melt 
 
Approximately 10 g of anhydrous pro analysis ammonium nitrate is weighed in a crucible 
and heated in a sand bath by a hot- plate. A stoichiometric quantity of the potash salt is 
added to the clear ammonium nitrate melt and the resulting slurry is subjected to intensive 
agitation for 10 minutes. The molten ammonium nitrate- potash mixture is cooled to 
ambient temperature in a crucible and the solidified mixture is reduced in size. On the 
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basis of Least Square Quantitative X-Ray Diffraction (LSQX) analysis the degree of con-
version (c) is calculated according to equation 42. 
 

100*
x

/100)y xx(

K

KCl*K)Cl(NH4,KCl ��c    (42)  

 
where xKCl is the amount of potassium in the unreacted potassium chloride, x(NH4,K)Cl is the 
amount of solid solution (NH4,K)Cl, yKCl is the amount of potassium in the solid solution 
(NH4,K)Cl and xK is the total potassium content in the mixture. 

5.2.5. Physical methods 
 
The physical methods used in fertilizer studies are quite simple239,240,241,242. They indicate 
well how the fertilizer will act during handling, storage, spreading, etc. In fertilizer research 
all these parameters should be studied. 
 
Bulk density is defined as the weight per unit volume of a bulk fertilizer. The value for this 
property is needed, e.g. in bag sizing and in determination of the capacity of storage bins. 
Loose pour density is determined by simply pouring fertilizer into a fixed volume. This 
method was used in the experiments to determine the bulk density. For the packed density 
the container is tapped, lifted, dropped several times and refilled and dropped until there is 
no further compaction.199  
 
Apparent density is the granule volume that is enclosed by the surface of the granule and 
includes any internal pores. It is numerically equal to density in g/ml. This is normally 
measured by mercury pycnometer, with the assumption that there is no significant 
penetration of mercury into pores. Real density was measured by He- pycnometer, where 
the gas penetrates into the pores and the result is more equal to the real density than in 
the case of mercury.200,211 
 
Critical Relative Humidity (CRH) of the material is the humidity of the atmosphere above 
which the material will spontaneously absorb moisture, and below which it will not. In the 
electric hygrometer method the body of air that is in contact with the fertilizer material 
containing some moisture will equilibrate to humidity equal to the CRH. In the procedure, a 
glass jar fitted with a Väisälä humidity sensor was filled to about one-third of its volume. 
After a period of equilibration the humidity was read.212 
 
Crushing strength, expressed in Newtons, is the force needed to break a granule. To 
obtain an average evaluation, 30 particles equal in size (between 2- 4 mm) are individually 
crushed and the result is reported as an average.233 
 
Moisture absorption is measured by the weight increase after keeping a sample of 10 g at 
80 % relative humidity for 2, 4 and 6 hours. The figure explains how much moisture is 
absorbed by the material under humid conditions.234, 235 
 
Volume expansion is measured according to EEC Directive 80/876/EEC. The sample is 
cycled 5 times between 20 and 50°C. At the low and high temperatures the sample is kept 
for 2 hours. The increase in volume is measured. The figure should be as low as possible, 
indicating that the porosity of the product has not increased. 
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In the test of caking tendency the test bags are filled with the fertilizer material and 
exposed to a specific pressure for a specific time. After compression, the weight of the 
caked product is measured and calculated as a percent of the total weight of the 
sample.236-238  Sieve analysis was done according to the DIN 4188/4185. Malvern was used 
to determine sizes below 100 μm. 

5.3. Reactivity studies 
 
In this chapter samples of commercially available potash materials were used. The 
analysis was between 60.1- 60.6 % K2O and chloride 46.9- 47.2% Cl. 

5.3.1. Comparison of results from experimental methods 
 
The results from the different reactivity tests are included in Table 11. In the wettability test 
the obtained results were between 7 (KR11) and 26 131 s (KR7). By this method the 
potash samples can be separated from each other. In some samples water penetrates into 
the potash within a few seconds. There was no correlation to oil and amine content of 
potash. The penetration time was dependent on the physical properties of the potash. 
Parameters, such as the hydrophobic properties, hardness, number and size of voids, 
impurities and the density of the potash, all influence water penetration. These properties 
were not studied. 
 
Sample KR11 was easily wetted in the water drop test. In contrast, the moisture absorption 
was low. The Enslin tests described how much and how rapidly the water was absorbed 
into the potash sample. The obtained Enslin values were relatively low. Few samples 
(KR30, KR31) absorbed high quantities of water in this test. There was no correlation with 
the other measured properties. This method correlates most probably with such physical 
parameters as specific surface area, hydrophobic properties and the number and size of 
the voids. 
 
The two above mentioned test methods are most likely connected to the storage and 
transportation properties of the potash. Therefore they should not be regarded as reactivity 
tests. 
 
Two different methods were used to estimate the rate of dissolution. With the method 
based on conductivity the measured values were between 12 and 180 s. Results from the 
other method (heat of dissolution) varied between 42 and 100 s. This method is practical 
when the rate of dissolution into water is an important parameter. It depends both on the 
particle size distribution of the potash, and the quantity and quality of the coating. The 
method provides an indirect means for determining the amount of coating agents for 
potash samples from the same origin. The method was simple to use. For both methods it 
was difficult to decide which value represents the end value. The method cannot be 
applied in the determination of potash reactivity in the NPK- process. 
 
The best estimation of the potash reactivity is to measure the amount of the unreacted 
potassium chloride after the reaction between ammonium nitrate and potash. To be more 
accurate the estimation should be made with the particular NPK- slurry. As the potash is 
used for many different NPK grades, a number of tests are needed. The result obtained 
from the reactivity test correlated with the amount of the coating when the same coating 
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agents were used and the potash was from the same origin. A clear correlation with 
particle size was obtained. This correlation will be further discussed. There was no 
correlation in the values obtained with the other test methods. 
 
Table 11: Results of different potash reactivity tests. R3 
Sample Water  

drop 
[s] 

Rate of 
dissolution by  
conductivity 

[s] 

Rate of 
dissolution 

by heat 
[s] 

Enslin   test 
[cm3/g] 

Degree 
of conv 

[%] 

Amines 
[g/ton] 

Oil 
[g/t] 

KR1 1973 150 65 7.51/11. 44 97.5 10 697 
KR2 9621 180 95 0.12/ 0.26 96.0 112 221 
KR3 912 150 80 0.10/ 0.20 87.1 106 124 
KR4 6603 180 75 0.35/ 0.45 83.2 88 107 
KR5 
 

804 180 85 0.39/ 0.68 90.5 81 186 

KR6 54 150 100 << 0.5 92.8 146 92 
KR7 26131 21 75 0.0 /0.0 87.7 185 192 
KR8 20 13 35 9.57/9.75 93.0 185 192 
KR9 58 100 100 << 0.5 85.6 216 135 
KR10 20 70 42 0.65/ 0.75 96.0 216 135 
KR11 7 12 55 0.69/ 0.89 77.1 18 96 
KR12 12 18 40 0.31/ 0.50 90.8 18 96 
KR34 829 150 80 0.32/ 0.46 84.5 nm nm 
KR35 19 12 40 1.85/ 2.00 98.7 nm nm 
KR36 31 50 65 2.02/ 2.21 96.1 nm nm 
KR37 16 18 25 0.76/ 2.00 98.1 nm nm 

nm= not measured 

5.3.2. The effect of particle size 
 
The reactivity studies showed a correlation with the particle size of the potash. The results 
from the studies of the effect of particle size on reactivity are presented in Table 12. 
 
Water easily penetrated the potash when the particle size was increased as seen in the 
values obtained from the water drop test. The rate of dissolution was practically at same 
level in all sieve fractions. The chemical composition in the different sieve fractions was 
assumed to be constant due to the high K2O content of the sample.  
 
Moisture absorption was dependent on particle size. The Enslin value increased as a 
function of the sieve fractions. Low moisture absorption values were obtained from sieve 
fractions between 36 and 71 μm. Water slowly penetrated into the sample. The highest 
values were obtained for the sieve fractions between 224- 280, and 280- 355 μm. Between 
these fractions there were suitable voids for the moisture to penetrate. The moisture 
absorption value decreased when particles above 355 μm were tested. At this size the 
particles were loosely packed and the open voids between the particles were too large for 
the water to penetrate. The penetration has to occur along the crystal surface. Most likely 
there was no capillary suction. This could occur if the potash surface were porous. 
However, the porosity was not determined. 
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The degree of potash conversion was affected by particle size when measured by the 
reaction between ammonium nitrate and potash. The degree of potash conversion was 
increased from 69% to approx. 94% as a function of a decrease in the sieve fraction. The 
results are presented in Table 12. The degree of conversion was slightly improved when 
the sieve fractions were decreased from 90- 110 to 36- 71 μm. The largest difference was 
seen when the fractions > 355 and 112- 224 μm were compared. Between these fractions 
the degree of conversion was improved from 69 to 86%. 
 
Table 12: The results of the potash reactivity tests involving different sieve fractions. R3 
Sample Sieve  

fraction 
[μm] 

Water 
drop  
[s] 

Rate of 
dissolution by  
conductivity 

[s] 

Rate of 
dissolution 

by  heat  
[s] 

Enslin 
[cm3/g] 

Degree 
of  con-
version 

[%] 
KR46 36 -  71 20 19 25 3.0/ 3.3 93.7 
KR47 71 -  90 17 20 50 5.6/ 6.7 92.1 
KR48 90 – 112 21 30 140 4.4/ 4.0 89.2 
KR49 112 – 224 23 20 35 11.9/12.0 86.2 

KR50 224 – 280 9 38 35 18.5/18.5 76.7 

KR51 280 – 355 6 20 40 16.4/17.4  

KR52 > 355 6 32 95 9.0/10.3 69.3 
 
The effect of the sieve fraction was determined further for samples KR5, KR7, KR9 and 
KR34 (Figure 61). The degree of potash conversion linearly decreased as a function of the 
sieve fraction. The larger the particles size the lower the degree of potash conversion. The 
conversion was not only dependent on the particle size, but also on the origin of the 
potash. The samples KR7 and KR9 were from Eastern Europe, KR34 from Great Britain 
and KR5 from Germany. Samples KR7 and KR9 were very reactive. The decrease of the 
particle size influenced the degree of potash conversion by a few percent. In sample KR5 
the particle size had a remarkable effect on the degree of potash conversion. Although the 
particle sizes were lower than 200 μm the degree of potash conversion was below 90 %. In 
the lowest fraction (36- 71 μm) the degree of potash conversion was 93.7 %. This potash 
can be regarded as non-reactive. In sample KR34 the effect of the particle size was clearly 
seen. The degree of potash conversion increased from ca 83% to 99% when the particle 
size was decreased from ca 450 μm to 36 μm. On the basis of these results it is essential 
to know the reactivity of the potash from various sources. This should be a parameter for a 
continuous follow-up if the potash raw materials are variable. The results are presented in 
Figure 61. 
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Figure 61: Degree of conversion as a function of the sieve fraction. R1/R3E14 
 
A particle size analysis was done for most of the samples. From the analysis, the 
representative d50-, d16- and d84- values were calculated to describe how uniform the size 
distribution is around its average value. The d50- value represents that there are 50% larger 
and smaller particles than the given value. These values were calculated according to 
equation 43. 
 

1n

1nnn
nx F

) Z(Z*)C-(x
-Zd

�

�
�

�
   (43)  

where x is the parameter 16, 50 or 84, dx is the equal size distribution parameter, Cn is the 
cumulative percentage retained on the nth sieve, Zn is the sieve size for which the 
cumulative percentage retained (Cn) does not exceed x%, Zn+1 is the sieve size for which 
the cumulative percentage retained (Cn+1) exceeds x%, and Fn+1 is the percentage retained 
on sieve Zn+1. 
 
The degree of conversion was dependent on the d- values as presented in Figure 62. 
There was a clear trend towards a higher degree of conversion with a decrease in the 
average particle size. The highest slope was in the d84- value. When the d84 was lowered 
from ca 800 μm to 600 μm the degree of potash conversion increased from 70 to 85%. 
Further decrease in d84 to ca 300 μm increased the degree of potash conversion to close 
to 100%. The decrease in d50- value from ca 350 to 200 μm increased the degree of 
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potash conversion from ca 70 to 95%. The least slope was obtained for the d16- value. 
When it was decreased from 180 to 120 μm the degree of conversion increased from 77 to 
96%.  

 
Figure 62: The particle size as a function of the degree of potash conversion. The d- 
values indicate the lower the large fraction of potash the higher the potash conversion. 
R1/3E14 
 
Further studies were made from samples where the particle size was reduced by crushing. 
Some samples were crushed with an ultra-centrifugal laboratory mill (Retsch). The results 
are presented in Table 13. For all samples the degree of conversion was increased after 
crushing. 
 
The d50- value of R18 was decreased 17 μm by additional crushing. This reduction in size 
resulted in a 2% (abs) increase in conversion. The d50- value of R22 was decreased from 
ca 530 to 83 μm. As a result the degree of conversion was increased by 10%. Extra 
crushing reduced the particle size of the original potash but also broke down the amine / oil 
coating. This allowed a faster and more complete reaction with the ammonium nitrate melt. 
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Table 13: The effect of particle size reduction on the degree of conversion. R1R33E14 
Sample Crushed d50 

[μm] 
d16 

[μm] 
d84 

[μm] 
Degree of 
conv. [%] 

R18  70.9 42.0 109.5 96.1 
R19 crushed R18 53.9 36.8 71.1 98.1 
R6  251.8 114.1 531.9 84.5 
R17 crushed R6 63.6 33.7 135.5 98.7 
R59  227.5 127.0 601.8 96.7 
R60 crushed R59 86.4 75.6 104.4 98.5 
R57  230.6 129.2 546.0 91.1 
R58 crushed R57 86.5 73.9 104.5 96.3 
R20  172.8 90.2 302.9 87.7 
R21 crushed R20 61.8 40.3 102.0 93.0 
R22  532.3 302.7 913.4 85.6 
R23 crushed R22 82.5 47.7 178.5 96.0 
R24  205.5 123.4 330.9 77.1 
R25   crushed R24 63.8 34.0 123.7 90.8 

          

5.3.3. The effect of organic coating 
 
The effect of the amine content on the degree of potash conversion was studied. When the 
reactivity of potash was measured by the rate of dissolution, a clear correlation with the 
amine content was achieved (Figure 63).  
 
In the literature220,223 it is mentioned that the amine content should be limited to 150 g/ton 
to achieve an almost complete conversion of potash. From the graph in Figure 63 it may 
be concluded that for potash with amine content lower than 100 g/ton the degree of 
conversion is above 80%, depending on the origin. The poor correlation (r= 0.45) was 
partly explained by the different origin and particle size of the potash. When the third 
variable, i.e. d50 values, was added, the correlation was even weaker (r= 0.35). With this 
result the amine content seemed to have no effect on the conversion at all. When potash is 
added to the reactors, this assumption is most likely valid. Amines are destroyed by the 
reactor conditions (pH, temperature).221 If the potash is added to the recycle then the 
amine content has an effect on the surface of the potash particles (see 5.4. for typical 
process). The liquid phase which contains ammonium nitrate does not have enough time 
to dissolve the coating layer or to penetrate through the layer as the water is 
simultaneously evaporated. With low amine content, the surface is broken and the 
reactions will continue. The granulation can be destroyed if there are amines in the 
recycling material.221 
 
Table 11 presents the amine content for different sieve fractions. In the smaller fractions 
the degree of potash conversion should be affected by the amine and oil content. In the 
experiments of this work the degree of conversion was higher for the smaller particle sizes 
than the larger (Table 13). The degree of potash conversion was more strongly dependent 
on the particle size than on the content of oils and amines. The origin of the potash was 
also an important parameter. 
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Figure 63: The rate of dissolution and the degree of conversion versus amine content. 
R3E13-R1R3E14 

5.3.4. The hindering effect of phosphorus compounds 
 
It has been claimed that H2PO4

- hinders the potash conversion reaction (35). This item was 
studied with potash R18 (high degree of conversion) and with potash R24 (low degree of 
conversion). Ammonium nitrate was melted in a sand bath, and potash with known am-
ounts of pro-analysis monoammonium phosphate NH4H2PO4 (MAP), diammonium phos-
phate (NH4)2HPO4 (DAP), monopotassium phosphate KH2PO4 (MKP) and rock phosphate 
was added. The percentage amount of phosphorus compounds added was 1, 2, 3, 4, 5, 
7.5 and 10 %. In these experiments the phosphorus compounds such as MAP had no 
hindering effect. If any conclusions should be drawn, the MAP may in fact be seen to 
increase the degree of conversion, especially with potash R24 as shown in Figure 64.  
 
When the phosphorus compounds were added to the melt before the addition of potash, 
the decreasing effect of MAP and DAP was clearly seen (Figure 64). The degree of potash 
conversion was depressed more in sample R18 than in R24. 
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Figure 64: Degree of conversion versus the percentage amount of added phosphorus 
compounds.R1R3E14 
 
The importance of the order of the addition order confirms that the H2PO4

- ions were 
needed to prevent the conversion reaction. When MAP was added the following reactions 
occurred: 
 
KCl + NH4H2PO4 -> KH2PO4 + NH4Cl    (44) 

KH2PO4 + NH4H2PO4 -> (NH4, K)H2PO4    (45) 
    
The solid solution (NH4,K)H2PO4 was formed. When diammonium phosphate was added it 
was partly decomposed to monoammonium phosphate, with release of ammonia. The 
degree of potash conversion was decreased as a function of formed solid solution.  
 
KH2PO4 has a lower solubility in water than NH4H2PO4 (Table 14). According to equation 
42 it precipitated to the surface of the potash crystals. The water content in the slurry was 
5%. Ammonium nitrate liquid and potash particles were therefore separated by the KH2PO4 
layer. This layer is illustrated Figure 65. The diammonium phosphate has a pH- value of 
8.0 and was not stable in ammonium nitrate- potash mixture. At a higher pH, dipotassium 
hydrogen phosphate (K2HPO4) could be formed. 
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Table 14: Solubilities of different phosphorus compounds.71 For comparison the solubilities 
of KCl and NH4NO3.  
Compound Solubility  

[g/100 g H2O] 
pH Temperature 

[ºC] 
KH2PO4 33 4.5 25 
NH4H2PO4 173 4.5 100 
K2HPO4 167 8.9 20 
(NH4)2HPO4 107 8.0 100 
NH4NO3 871 - 100 
KCl 57 - 100 

 

 
 

Figure 65: The formation of the KH2PO4- layer. R2E15 

5.3.5. The effect of moisture content, residence time and reaction temperature 
 
The effect of residence time, reaction temperature and moisture content on the conversion 
reaction was studied. The degree of conversion was increased as a function of reaction 
time. The increase depended on the potash type. The degree of conversion of e.g. sample 
R24 slowly increased, whereas e.g. sample R18 had an almost complete reaction after 3 
minutes. During the first minutes most of the potash had reacted. The degree of potash 
conversion was even higher than 90% for reactive potash types. After 10 minutes there 
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was no significant increase in the degree of conversion. All the reactivity studies were 
therefore performed with a reaction time of 10 minutes. The results are presented in the 
Figure 66. 
 
The degree of potash conversion was also increased as a function of temperature. 
Temperatures above 120ºC were needed to complete the reaction. The moisture content 
was not constant in these experiments. At lower temperatures more moisture remained in 
the solidified product. Therefore the actual degree of conversion (with similar moisture 
content) would be even lower. The results are presented in Figure 67. 

 
Figure 66: The degree of conversion versus reaction time at 120 °C. R1R3E14 
 
With the described method it was not possible to properly adjust the moisture content. The 
initial moisture content was always 5%, and after the reactivity studies it ranged from 0.2 to 
1.5. Average moisture content in the measured samples was 0.51 ± 0.30%. 
 
In the reactivity tests moisture content was an important parameter. This is illustrated in the 
polarized microscope pictures in Figure 68 a and b. The reactivity test was made similarly 
to that mentioned above. The potash particles were larger than 750 μm. The same quantity 
of water was added. In the first sample the water rapidly evaporated at ca 120ºC. In the 
second sample moisture was left by keeping it at the mentioned temperature for a shorter 
period of time. Samples were left untouched overnight. A thin layer preparate was made.  
 
In the polarized microscope picture (Figure 68 a) it can be seen that in the first sample the 
border line between the potash particles (red crystals) and the surrounding matter is sharp. 
This indicates that the molten ammonium nitrate has reacted until all of the water has 
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evaporated. No further reactions have occurred because of the sharp, solid border. The 
element distribution in the scanning electron microscope pictures shows that there is a 
zone containing separate NH4Cl and KNO3 crystals.   

 
Figure 67: The degree of conversion after 10 minutes reaction time as a function of tem-
perature. R1R3E14 
 
In the second sample (Figure 68 b) the border line is irregular. There has been enough 
water for the reaction to proceed. The reaction zones surrounding the KCl crystals are 
wide. In the Cl- and K+ distribution it can be seen that larger ammonium chloride crystals 
are found at the outermost layer. Smaller crystals are seen in the zone located nearest to 
the KCl crystal.  
 
The conversion reaction clearly proceeds as long as there is remaining moisture in the 
samples. From the sharpness of the border line it can be determined whether the 
conversion proceeded before the evaporation of the moisture, or whether water was 
present in the final mixture after solidification.  
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 (a)     (b) 
 
Figure 68: Polarized light microscope picture of the potash reaction with a) ammonium 
nitrate melt and b) of the potash reaction with wet ammonium nitrate melt. R2E15 

5.4. Conversion studies in a continuous system 
 
In the laboratory scale tests, decribed above, it was difficult to maintain constant moisture 
content. Therefore the reactivity of potash was studied in a continuous system where 
constant moisture content was kept. In these experiments, also the effect of the potash 
feed points on the degree of conversion was studied. 
 
According to literature225,405 there are several possibilities to improve potash conversion: 
a) to feed potash through reactors 

b) to feed milled potash through reactors221 
c) to pre-mix ammonium nitrate and potash in a separate vessel 
d) to pre-mix ammonium nitrate and crushed potash in a separate vessel 
e) to use crushed potash224 
f) to modify the processing conditions, such as moisture content, temperature and 
residence time231 

g) to use pre-heated potash 
 
In the bench scale trials three different feeding points were used for potash, into the 
recycle, to buffer tank (M4) and to ammoniation reactor (M5) (Figure 69). At each feeding 
point two different moisture levels were used. In these experiments the influence of 
residence time, milling and moisture content were studied. 

5.4.1. Procedure 
 
In the bench scale granulation experiments the ammonium nitrate was prepared by 
neutralizing nitric acid with ammonia. The obtained ammonium nitrate liquid was kept in a 
batch reactor (volume 50 litres). The moisture content in the batch reactor was kept at ca 
20%. Liquid ammonium nitrate was pumped into the first overflow reactor (M4). The 
moisture content was reduced to the needed level. Both of the reactors had volumes of 2.5 
litres. The second reactor (M5) was also acting as a buffer tank. 
 
From reactor M5 the slurry (NH4NO3 or NH4NO3 + KCl) went to the blunger as an overflow. 
The recycle came from a screw feeder located on a balance to obtain a steady recycle 
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feed. The temperature in the blunger was kept between 118- 120ºC with steam in the 
heating jacket covering the blunger. The heating jacket was used to prevent heat loss 
during the granulation (Figure 69). 
 
The K2O content in the potash used was 61.0% and Cl content 47.3%, and the degree of 
potash conversion 68.2 ± 4.6%, and when crushed, 89.0 ± 0.5%. In the first experiment the 
potash was fed into the blunger. The moisture content was thereafter kept at ca 0.8, 1.2 
and 2.0%, with different moisture contents in the slurry. In the second experiment the 
potash was fed into, reactor M5. The moisture content in the reactor was kept at ca 5, 10 
and 15%. Moisture content was kept constant by pumping water into the reactor. In the 
third experiment the potash was fed into the reactor M4 to increase the residence time. 
Moisture content was kept at 5, 10 and 15% by pumping water into the reactor.  
 
Samples were taken from the outlet of the blunger. These samples were dried in a hea-
table oven at temperatures 80, 100 and 120ºC. Drying time was 1 hour. One sample was 
kept overnight at 50ºC. 
 

Figure 69: Lay-out of the bench scale granulation experiments. R2 



 102 

5.4.2. Results 
 
By feeding the potash into the recycle the degree of potash conversion varied between ca 
40 and 60%. In the final product the degree of conversion was further improved when 
potash was fed into the reactors. When fed into buffer tank the degree of conversion 
increased to ca 75- 90%. The best results were obtained when potash was fed into 
ammoniation reactor. The degree of conversion was then between 86 and 91%. The 
results are presented in Figure 70.  
 
The longer the residence time, the higher was the degree of potash conversion. The 
variation in the degree of conversion values was lowest when the potash was fed into 
ammoniation reactor. The highest variation was obtained when the potash was fed into the 
recycle. 
 
It was possible to identify with the polarized light microscope the unreacted KCl crystals. 
When potash was fed into the recycle there were clearly a large number of unreacted KCl 
crystals in the product. These crystals were surrounded by darker reaction zones. This 
means that the conversion reaction continued after the granules were formed. When the 
potash was added to ammoniation reactor there were only a few remaining KCl crystals 
seen in the thin layer photographs (such as in fig 68). Thus, the reaction has continued in a 
part of the crystals after granule formation. As there was a solid border line between the 
crystal and surrounding surface, no post reactions were expected.  
 
Granulation related to the temperature and moisture content. In these studies the 
temperature was kept as constant as possible. Therefore it was possible to change the 
moisture content only in a relatively narrow range. Even a small increase in the moisture 
content improved the degree of potash conversion.  
 
Drying temperature slightly affected the degree of conversion. In these trials the samples 
were dried in an oven (after collection in a Dewar jar). In a continuous system the cooling 
rate may have a large effect on product quality. For example, drying of ammonium nitrate 
below 32ºC will reduce the caking tendency. 226 

 

The reactivity of the impurities typically associated with potash such as magnesium, 
calcium and sodium was studied. The results given in Table 15 show that the higher the 
degree of potash conversion, the higher the amount of calcium and magnesium nitrates. 
The formation of magnesium and calcium nitrates was studied by extracting the 
components to amyl alcohol, and measuring the content by atomic absorption. These 
compounds are highly hygroscopic, as discussed earlier (chapter 3.5.1. and 3.5.2.). 
Surprisingly, the moisture absorption decreased as a function of increasing Ca- and Mg- 
nitrate content. This phenomenon was explained as follows: when Ca- and Mg- nitrates 
took up some water a layer was formed where the water vapor prevented further 
absorption of water. The moisture content, given in parenthes, showed that there was 
higher moisture content in the last two samples with lower moisture absorption values. The 
formation of these nitrates could be prevented by adding a small quantity of sulphuric acid 
to bind these cations to sulphate form. 
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Figure 70: Degree of potash conversion versus feed point. R2E16 
 
The nitrates from the impurities in the potash, such as Mg, Ca and Na, were formed as the 
degree of potash conversion increased. The conversion of the potash has therefore 
occurred first. The formation of the nitrates occurred after most of the potash had reacted. 
The impurities were located inside the KCl crystals. Naturally the nitrates were formed after 
the impurities were liberated from the crystal. 

Table 15: Content of magnesium and calcium nitrates in granulated samples as a function 
of the potash addition point. R2E17 
 Ca(NO3)2 

[%] 
Mg(NO3)2 

[%] 
Moisture absorption 

(initial H2O cont.) 
[%] 

KCl to first ammoniation reactor (RI) 
at 100ºC 

 
0.043 

 
0.046 

 
6.6 (1.65) 

KCl to second ammoniation reactor (RII) 
at 50ºC 
at 100ºC 

 
0.024 
0.035 

 
0.020 
0.041 

 
8.1 (0.14) 
7.4 (1.40) 

KCl to Recycle at 80ºC 0.013 0.013 9.7 (0.14) 
 
As a result of these conversion experiments a series of samples with different physical 
properties and degrees of conversion were obtained. The formed solid solutions or degree 
of conversion was not clearly correlated to, e.g., the caking tendency. Statistically, a 
relation between the moisture content and caking tendency was found. This is a well 
known phenomenon. Some correlation was found with the contents of phases K3 and K2 
with caking tendency.  
 
An assumption was made on the basis of polarized light microscope pictures that the crys-
tal size varies in the samples. Samples were extracted with methanol and isopropanol 
followed by the measurement of the size distribution. The main components in the 
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undissolved matter were potassium nitrate, ammonium chloride and potassium chloride 
(confirmed by XRD), thus the d50 was an average size for all the KNO3, NH4Cl and KCl 
crystals. With high d90 value the caking tendency was high (Figure 71). There was a rather 
wide scatter in the results which was due to the inaccuracy of both methods. Clearly the 
presence of large crystals resulted in high caking figures. The presence of the large 
crystals is due to a low degree of potash conversion.  

 
Figure 71: Caking tendency vs d- values of the potash crystal size distribution in all 
granulated samples. R2E18 
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6. AMMONIUM NITRATE BASED COMPLEX FERTILISERS 
 
6.1. Mixtures of ammonium nitrate and potash 
 
The NK- products are made from ammonium nitrate and potash. In certain formulations 
filler is also used to adjust the N and K2O content. Mostly a molar ratio 1:0.6 is used. In 
these formulations the product contains the solid solutions K3 and N3. Most of the NK's 
are located between the mole ratios K/(K+NH4)= 0.42- 0.54 and Cl/(Cl+NO3)= 0.16- 0.24. 
These mole ratios are comparable to the second maximum for the phase K3 content 
presented in Figure 57.  
 
The NK's with the above mentioned mole ratios are also located in the region of high 
moisture absorption.70 The products tend to pick up moisture. As a result, the phase K3 
disproportionates into phase K2+N3. These two phases are in thermodynamic equilibrium 
at the ambient temperature. In other words, the K3 tends to pick up moisture until it 
reaches state at which the disproportionation process is possible. 
 
When the disproportionation occurs there is a significant change in volume; by calculation 
from equation 6 there is a change of 5% in volume if the conversion is complete. This 
change in volume causes a disintegration of the granules. Therefore the crushing strength 
is significantly decreased. As the product is weak, the granules are close to each other and 
covered by the emerging crystals. The products cake heavily. The density of K3 and K2 
decreases as a function of solute content (figure 47).  
 
The disproportionation of the phase K3 is the main reason for the weakened quality. As it 
has been discussed earlier there is no practical way to prevent the formation of the phase 
K3. The only way left is to keep the product under dry conditions. This is done by the use 
of internal desiccants.  
 
In Figure 72 the changes in the contents of the solid solutions K3, K2 and N3 are 
presented for three different commercial samples of NK 20-22 (N content of 20 % and K2O 
content 22 %). In the initial samples the three solid solutions were found at ambient 
temperature. These samples were kept in a heatable oven at 40°C for 4 weeks. During this 
period the content of the solid solution K2 decreased to ca 0 %. The content of phase N3 
decreased with simultaneous increase in the content of phase K3. In the initial samples the 
moisture content was highest in the sample where the lowest amount of phase K3 was 
found. Conversely, the lowest moisture content was in the sample where the content of 
phase K3 was highest. By thermal treatment the sample composition was changed.  
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Figure 72: The amount (wt- %) of the solid solutions K2, K3 and N3 in three different 
commercial NK 20-18.1 products before heat treatment (20°C) and after (40°C). R3E10 
 
The crushing strength of the samples was measured as a function of the moisture content. 
As the moisture content was increased the crushing strength significantly decreased from 
ca 50 N to ca 7 N (Figure 73). 
 
The disproportionation of the phase K3 to phases K2+ N3 occurred as the moisture 
content was decreased. The decrease in the crushing strength is not only caused by the 
disproportionation, but also the increase in the moisture content. Wet granules are known 
to be soft. 
 
The caking tendency also increased as a function of moisture content, as presented in 
Figure 74. The wet and soft surfaces easily stuck to each other. The product was 
significantly compressed during the measurements. As a result, hard cakes were formed. 
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Figure 73: Crushing strength vs. the moisture content in NK 20-18.1 (moisture content 
based on the Karl Fischer method). R3E2 

  

 
Figure 74: Caking tendency vs. the moisture content (Karl Fischer) in NK 20-18.1. R3E18 
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There was no direct correlation between the content of phase K3 and the crushing strength 
or caking tendency. The correlation between moisture content and the above mentioned 
parameters was obvious, as illustrated in Figure 73 and Figure 74. The disproportionation 
of phase K3 occurred as the moisture content was increased.  
 
For the NK grades there are two possible ways to improve and keep the quality: 
a) To prevent the moisture absorption and  
b) To keep the product dry.  
 
Preventing the formation of phase K3 is uneconomical (by vacuum drying) and most likely 
not effective at all. When alternative b is considered, an additive is needed to keep the free 
moisture content at a minimum during storage. 

6.2. The comparison of solid solution phases in NPK 15- 15- 15 from various 
producers 
 
In the conversion studies of the potash it was found that the H2PO4

- ions hindered the 
conversion reaction. Part of the potassium was therefore bound by the solid solution 
(NH4,K)H2PO4. There should be no other effects on the formation of solid solutions. In this 
chapter the solid solutions in the commercial NPK- fertilizers have been measured and 
compared to the observations made in the system (NH4

+,K+)(Cl-,NO3
-). 

 
The mole ratios K/(K+NH4) and Cl/(Cl+NO3) in NPK 15-15-15 (N-P2O5-K2O) are ca 0.57 
and 0.60. According to figures 55- 57 the main solid solutions should be K3, K2 and N3. 
The fertilizer samples (A to H) from various producers with different manufacturing 
processes were collected from European market and the salt compositions were 
measured. Letters A to H are used to keep producers anonymous. In Figure 75 the 
percentage content of the NH4Cl, KCl and phases K2, K3 and N3 are presented.  
 
In sample A all three solid solutions K3, K2 and N3 were found. The content of the phase 
K3 was ca 4% and K2 ca 20%. In sample B the content of phase K3 was ca 43% and the 
K2 content ca 2%. Such a high content of the phase K3 was explained by the wax coating. 
No moisture absorption has occurred. The reduction of the wax coating would most likely 
result in a phase composition similar to product A. 
 
In sample C there was a remarkably high amount of unreacted KCl (5%). The high content 
is typical for the prilled NPK's. In this process the water content is relatively low when 
compared to processes where reactors have been used. Low water content and short 
residence time results in a low degree of potash conversion. The phase K3 content was 
lower in this product than in the others. The crystallization has occurred at that part of the 
diagram representing the greater amount of phase N3. The product is in the stable 
composition K2+N3 with less than 5% K3.   
 
In sample D all the solid solutions were found. The main solid solution was the K2. The 
amounts of K3 and N3 were similar. This product has gone through the disproportionation 
of the phase K3. In product G the same observations can be made. The thermal history of 
the samples was unknown. 
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Product E was a low in chlorine product with Cl/(Cl+NO3) mole ratio ca 0.0. In Figure 57 
the mole ratios are at the area where high K3 content is expected. The found content of 
the phase K3 corresponds to the diagram. The presence of N3 was also confirmed.  
 
In Figure 75, N3 was found in many samples. According to the diagram presented in 
Figure 57, the N3 should not be found at the mole ratios K/(K+NH4) and Cl/(Cl+NO3) ca 
0.6. The N3 found in the previous samples was therefore most likely due to the 
disproportionation of the phase K3 to phases K2+ N3. The thermal history of the samples 
in Figure 76 was known. They were measured 2 days after the production. 
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Figure 75: The amount (wt- %) of NH4Cl, KCl and the solid solutions K2, N3 and K2 in the 
NPK 15-15-15 fertiliser from various producers. R3E10 
 
Four different samples (A1 to A4, fig 76) of NPK 15-15-15 were examined as a fresh 
product and after keeping it at 40°C for 4 weeks. The phase N3 was not found in these 
four samples. Free KCl content varied between 0.2 and 0.9%. In the percentage content of 
the phases K2 and K3 there were significant differences: e.g., K2 content varied between 
ca 12 and 34%, K3 between 0 and 27%, while N3 was not found after the thermal 
treatment. 
 
If the thermal history is known, the amounts of the solid solutions go according to the 
diagrams presented earlier in figures 55- 57. When the phase N3 is found, it is due to the 
disproportionation of the phase K3 to phases N3+ K2. 
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Figure 76: The amount (wt- %) of solid solutions K2 and K3 in NPK 15-15-15 after 
production, and after 4 weeks at 40°C for 4 different product from 4 different producers. 
R3E10 

6.3. The influence of drying temperatures on the salt composition 
 
Figure 75 shows the differences in the amounts of the phases K3, K2 and N3 in NPK 15-
15-15. The thermal history of the samples was unknown. In chapter 5 it was told that the 
quantity of the solid solutions was dependent on the temperature. In addition moisture 
content in the final product caused significant differences in the phase composition. 
 
Different NPK's were chosen for recrystallization studies. Ground NPK samples were mois-
tened to a moisture content of 5% H2O. After moistening, the sample was dryed in a 
heatable oven until the moisture was completely evaporated. Immediately after drying the 
sample was analyzed with QXRD. The temperatures used were 60, 80 and 100°C. The 
initial sample was also analyzed. One sample was kept at 40°C for 4 weeks. The studied 
NPK grades were 12-12-17, 16-16-16 and 15-15-15.  
 
The mole ratios K/(K+NH4) and Cl/(Cl+NO3) in the NPK 12-12-17 were ca 0.61 and 0.65 
respectively. The K3 content was increased to ca 35 % at 100 °C. The phase K2 content 
was decreased from ca 14 to 4%. No phase N3 was found at 100°C. The NH4Cl and KCl 
contents were relatively unchanged. A slight improvement in the degree of potash 
conversion was measured. The results are presented in Figure 77. 
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Figure 77: The content (wt- %) of phases K2, K3 and N3 as a function of drying 
temperature in NPK 12-12-17. R3E10 
 
In the NPK 16-16-16 the degree of potash conversion was improved by additional drying. 
The KCl content was decreased from 5.3 to approx. 1%. The amount of NH4Cl was 
simultaneously increased. The content of the phase K3 increased from ca 3% to 44%. The 
phases K2 and N3 disappeared at 100°C. Their content decreased as a function of time. 
During these recrystallization experiments the sample composition changed to stable 
composition at the drying temperature. The results are presented in Figure 78. 
 
In the grade NPK 15-15-15 the amount of the phase K3 increased from ca 33% to 47% at 
100°C. The N3 content simultaneously decreased from ca 20 to ca 11%. The phase K2 
was not observed (Figure 79). 
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Figure 78: The contents (wt- %) of phases K2, K3 and N3 as a function of temperature for 
NPK grade 16-16-16. R3E10 
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Figure 79: The contents (wt- %) of phases K3 and N3 as a function of temperature for NPK 
grade 15-15-15. R3E10 
 
The experiments made with the three NPK- grades clearly showed the changes between 
the nitrate phases as a function of temperature. More of the phase K3 was formed at 
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elevated temperatures, with a simultaneous decrease in the contents of the phases N3 and 
K2.  
 
The thermal history is an important parameter when the solid solutions in the NPK- grades 
are compared. In the comparison studies of the NPK 15-15-15 from various producers and 
origins there were significant amounts of the phase K2. As in these studies K2 was not 
found, its presence was most likely due to the disproportionation of K3 to K2 + N3. This 
would have occurred due to the moisture content and recrystallization at lower temperatu-
res. On the basis of the given results it may also be concluded that the higher the drying 
temperature, the higher will be the content of the phase K3. In practice a lower drying 
temperature drops production capacity, or affects an increase in the moisture content of 
the final product. 

6.4. The effect of a storage temperature of 40°C on the salt composition 
 
In the production process the products are cooled after drying to a temperature of ca 30- 
40°C. In the warehouse the temperature in the fertilizer pile increases if post reactions 
occur. The most important is the post reaction caused by KCl conversion. Other salt 
reactions may be classified as recrystallization reactions; in these reactions the fertilizer 
settles into a thermodynamically stable situation, in which there is hardly any, e.g., K3 left 
in the product if enough moisture is present.  
 
Several experiments were performed to study whether a particular NPK fertilizer had gone 
into a stable composition. A simple procedure was found. The sample was analyzed before 
and after storing at 40°C for 4 weeks. If there was no significant change in phase 
composition, the sample was considered to be in a stable composition. Of course this 
stability may be broken by, e.g., additional moisture absorption.  
 
The experiments were made for NPK 15-15-15 with the mole ratios K/(K+NH4) and 
Cl/(Cl+NO3) were ca 0.6.The results are presented in the Figure 79. In this grade only the 
phases K2 and K3 were found. Changes in their amounts were seen after 4 weeks at 
40°C. The amount of the phase K3 either increased or decreased after the heat treatment. 
A slight difference in the mole ratios affected the amount of the phase K3 (Figure 57). 
 
The results of the experiments made for NK 20-18.1 are presented in Figure 73. The mole 
ratios K/(K+NH4) and Cl/(Cl+NO3) were ca 0.56 and 0.52. This sample is located in the 
region of the diagram where the maximum content of phase K3 was found in Figure 57. 
The phase N3 was found at the given mole ratios presented in Figure 56. According to the 
diagram in Figure 55 phase K2 should not be found. After thermal treatment the amount of 
the phase K2 was decreased to ca 0%. The amount of phase N3 also decreased. The 
thermal treatment was therefore shifting the phase composition back to its original state. 
When the disproportionation of the phase K3 occurred, the formed crystals K2 and N3 
were close to each others. During thermal treatment the crystals transformed back to K3. 
The thermal treatment can therefore be used to find the original phase composition of the 
samples. 
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Figure 80: The content (wt- %) of phases KCl, K3, K2 and N3 before and after 4 weeks at 
40°C in grade NPK 17-7-19. R3E10 

Two samples of NPK 17-7-19 were also studied. One of the samples was caking heavily 
and the other showed no signs of caking. The samples were analyzed before and after 4 
weeks at 40°C. In the non-caking sample there were no significant changes in the salt 
composition. In the caking product the amount of solid solution K3 increased from ca 11 to 
48%. This increase cannot be explained by temperature alone. It is assumed that the water 
content in the product was high after production. When the product was cooled the phases 
went to the composition which is stable at that temperature. During crystallization, the 
crystals of the phases K2 and N3 are located close to each other. As the temperature was 
increased to 40°C it was easy to re-form the phase K3. In the results it can be seen that 
the phase K2 disappeared, as well as the N3. The results are presented in Figure 80. 
 
We might assume that the difficult grades, e.g. the grades where K3 has converted to N3 + 
K2, have gone to equilibrium and as a result the caking tendency has increased. If this 
grade is then redryed and recoated the quality should be stable and relatively good, 
assuming that the moisture content is not greatly changed. The recoating after maturing is 
an expensive way to achieve good quality. 

6.5. The commercial fertilisers in the system (NH4
+, K+) (Cl-, NO3

-)
 
Various NPK grades from different plants, manufacturers, and processes were analyzed 
with QXRD. All together, 124 samples were included for statistical importance. From the 
results the mole ratios K/(K+NH4) and Cl/(Cl+NO3) were calculated. For the NK and NPK 
grades the formulations have been based on ammonium nitrate and potash. Therefore the 
results should be located on the diagonal from NH4NO3 to KCl in the Jänecke projection. 
There was a slight deviation from the straight line for two reasons: a) the uncertainty in the 
QXRD measurements and b) the nitrate phase from sulphate components, as 2 
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NH4NO3*(NH4)2SO4 and 3 NH4NO3*(NH4)2SO4 have not been included in the calculation of 
the mole ratios. The quantities of the sulphates were, however, low in all samples.  

 
Figure 81: The compositions of the samples measured presented as a the mole ratios 
K/(K+NH4) and Cl/(Cl+NO3). R3 

In Table 16, mole ratios typical to certain NPK grades are presented. The values can be 
used to locate certain fertilizer grades from the diagrams in figures 82- 93. 
 
Table 16: Typical mole ratios for NPK fertilizers 
Grade   K/(K+NH4)     Cl/(Cl+NO3) 
25-5-5  0.191      0.176 
20-10-10  0.379      0.379 
20-5-15  0.498      0.484 
17-7-19  0.631      0.591 
17-17-17  0.612      0.607 
16-16-16  0.559      0.631 
15-15-15  0.573      0.597 
 
The amount of the phase K3 was at its maximum when the mole ratios K/(K+NH4) and 
Cl/(Cl+NO3) were ca 0.6. There were two maximas, as illustrated in Figure 82 b. In this 
figure the content of phase K3 is presented as a function of the mole ratio Cl/(Cl+NO3). 
The first maximum was obtained for the low in chlorine products where the mole ratio was 
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close to 0. The presence of the two maxima was observed earlier in Figure 57. In Figure 
82 a, the content of phase K3 is presented as a function of the mole ratio K/(K+NH4). In 
this figure there is only one maximum at mole ratio K/(K+NH4)= ca 0.6. This agrees with 
Figure 43. There was wide variation in the phase K3 content from 0 to ca 55%. This 
variation can be explained by the unknown thermal history of the samples. The phase K3 
may have disproportionated to phases K2+ N3. Another explanation is that a small change 
in the mole ratio decreases the quantity of the phase K3, as was illustrated in Figure 57. In 
the samples studied the mole ratios deviated from the diagonal NH4NO3- KCl by ± 0.05. 
This deviation can decrease the content of phase K3 by 20%, as illustrated in Figure 57. 
The content of the phase K3 is presented as a function of both mole ratios in Figure 83. In 
the figure, the low in chlorine products are seen with mole ratios Cl/(Cl+NO3) < 0.2 and 
K/(K+NH4) greater than 0.6. 

 
 

Figure 82: The content (wt- %) of the phase K3 as a function of the mole ratios a) K/-
(K+NH4) and b) Cl/(Cl+NO3) as measured and predicted (lowess). R3E10 
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Figure 83: The content (wt- %) of the phase K3 as a function of the mole ratios K/(K+NH4) 
and Cl/(Cl+NO3). R3E10 
 
The phase N3 content was found to increase towards the ammonium nitrate-rich part of 
the diagram (low K/(K+NH4) and Cl/(Cl+NO3) ratio). This increase is presented in Figure 84 
as a function of the mole ratios K/(K+NH4) and Cl/(Cl+NO3).  
 
The percentage content of the phase N3 linearly decreased to ca 0 % when the mole ratios 
Cl/(Cl+NO3) and K/(K+NH4) were > 0.7. This was seen earlier in Figure 56. Figure 45  
presented the formation of the phase N3 in the system (NH4,K)NO3. In that system, the N3 
was also formed in the potassium nitrate-rich part of the diagram. In Figure 84 the phase 
N3 is seen for the low in chlorine products at a mole ratio Cl/(Cl+NO3) of ca 0.0. Both 
figures 45 and 56 therefore correspond fairly well to Figure 84 and Figure 85. The phase 
N3 content is presented as a function of the mole ratio K/(K+NH4) in Figure 85 a and 
Cl/(Cl+NO3) in Figure 85 b. The variation in the phase N3 content is explained by the 
disproportionation of the phase K3. 
 



 118 

The phase K2 was found when the mole ratios K/(K+NH4) and Cl/(Cl+NO3) were larger 
than ca 0.5 (Figure 86). The amount of the phase K2 increased, up to mole ratios ca 0.8. 
Above this mole ratio the amount rapidly decreased, as illustrated in Figure 87 b. This 
decrease was natural, as the potassium chloride was the main component when 
approaching the mole ratio of 1.0. The amount of the phase K2 is relatively similar in both 
Figure 87 a and b. In diagram b the quantity is presented as a function of the mole ratio 
K/(K+NH4). As this mole ratio increases, the amount of formed K2 should approach 100 % 
when the mole ratio Cl/(Cl+NO3) is close to zero. Therefore there is no decrease in the 
quantity of the phase K2 above 0.8. 

 
Figure 84: The content (wt- %) of the phase N3 as a function of the mole ratios K/(K+NH4) 
and Cl/(Cl+NO3). R3E10 
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Figure 85: The phase N3 content (wt- %) vs. the mole ratios a) K/(K+NH4) and b) 
Cl/(Cl+NO3). R3E10 

Figure 86: The amount (wt- %) of phase K2 vs. the mole ratios K/(K+K+NH4) and 
Cl/(Cl+NO3). R3E10 
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In Figure 44 the quantity of the phase K2 was significantly lower than in Figure 86 and 
Figure 87. The area where K2 was found corresponds fairly well, being between mole 
ratios Cl/(Cl+NO3)= 0.4- 0.9, and K/(K+NH4)= 0.4-0.8, which is similar to the range in 
Figure 86 and Figure 87. In Figure 44 the formation of the phase K2 was presented as a 
function of temperature. As the temperature was decreased, the range within which K2 
was formed increased. Also the amount of the phase K2 was higher at lower temperatures 
than, e.g., at 120°C. As the experiments presented in Figure 55 were made at 120°C, the 
quantity of the formed phase K2 was lower than it would be at ambient temperature. The 
higher found quantities of the phase K2 in Figure 86 and Figure 87 are therefore due to the 
disproportionation of K3 to phases K2 and N3.  

 

 
Figure 87 : The content (wt- %) of the phase K2 as a function of the mole ratios a) 
K/(K+NH4) and b) Cl/(Cl+NO3) as measured and predicted (lowess). R3E10 

The amount of ammonium chloride was increased to mole ratios Cl/(Cl+NO3)= 0.7 and 
K/(K+NH4)= 0.6 (Figure 88).. Above these mole ratios the quantity of NH4Cl decreased, 
which was similar to the diagram presented in the Figure 53. The variation in the measured 
quantities was due to the formation of the solid solution (NH4,K)Cl and the presence of 
unreacted potassium chloride.  
 
The amounts of unreacted potash in most of the samples increased as the mole ratios 
increased. Its quantity was below 20 % in the samples. The variation in the quantities was 
due to the degree of potash conversion. As the fertilizer samples were from different 
origins, they were also produced by different techniques. The products were made by 
prilling, spherodizer, drum and blunger. The feed points of the potash also differed. The 
results are presented in Figure 89. 
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Figure 88: The amount (wt- %) of ammonium chloride as a function of the mole ratios a) 
K/(K+NH4) and b) Cl/(Cl+NO3) as measured and predicted (lowess). R3E10 

 
Figure 89: The amount (wt- %) of potassium chloride as a function of the mole ratios a) 
K/(K+NH4) and b) Cl/(Cl+NO3) as measured and predicted (lowess). R3E10 

The solid solution (NH4,K)Cl was formed when the mole ratios K/(K+NH4) and Cl/(Cl+NO3) 
were higher than 0.6. Above mole ratios of ca 0.8 the quantity rapidly decreased. This was 
comparable to the diagram presented in Figure 54. The results are presented in Figure 90. 
There were samples where the amount of the solid solution (NH4,K)Cl was 0 % at mole 
ratios ca 0.7. Closer investigation of the results showed that the solid solution was present 
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mainly in those samples where potash has been put through reactors. In those samples 
where the potash was clearly fed into the recycle, the quantity of the formed solid solution 
was low. To be formed, the potassium chloride needs to be dissolved and re-formed during 
the production process. In the experiments described earlier the solid solution was not 
formed during the storage tests. Therefore high quantities of the solid solution (NH4,K)Cl 
were rarely formed from NH4Cl and KCl during storage. 

 
Figure 90: The amount (wt- %) of (NH4,K)Cl as a function of the mole ratios a) K/(K+NH4) 
and b) Cl/(Cl+NO3) as measured and predicted (lowess). R3E10 
 
The diagrams given in figures 82 to 90 correspond fairly well to the diagrams presented in 
figures 53- 57. Therefore it can be concluded that the information obtained from the 
synthetic mixtures is valid also for real fertilizers. The presence of phosphorous did not 
interfer the formation of the solid solutions N3, K2 and K3. The formation of KH2PO4 layer 
on the potash crystal surface was discussed in chapter 5.3.4. As the conversion of potash 
was hindered, the quantities of the formed solid solutions were slightly lowered.   
 
In the real fertilizer samples the thermal history is assumed to play a significant role. The 
disproportionation of the phase K3 is obvious. This phenomen caused the deviations in the 
results. The other parameters of the thermal history are the moisture content, and the 
ambient temperature where the phase K3 was formed. Increase in the moisture content 
due to absorption allows the solid solutions to be crystallized at lower temperatures. 
 
The reliability of the LSQX- analysis was checked by comparing the chemically analyzed 
nutrient contents to the found values. The results are presented in Figure 91 a and b within 
the .95 confidence limits.  
 
In the samples the maximum quantity of nitrate nitrogen was about 14%. The chemically 
analyzed nitrate content correlates to the found amounts according to equation 46.  
 
NO3- NAnalyzed= 0.411 + 1.002*NO3- NFound  (46) 
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The calculated correlation factor (r) for equation 46 was 0.962. 

 
         (a)           (b) 
Figure 91: The found a) total nitrogen and b) potassium vs. the chemically analyzed  
content. E19
 
The total nitrogen represents the sum of the ammonium and the nitrate nitrogen. The 
content followed equation 47.  
 
Tot- NAnalysed= 0.259 + 1.029*Tot- NFound  (47) 
 
The calculated correlation factor (r) for equation 47 was 0.983. The results are presented 
in Figure 91 a with .95 confidence limits. 
 
The found potassium content expressed as K2O, vs. the chemically analyzed content is 
presented in Figure 91 b. The content followed equation 48. 
 
K2OAnalysed= 0.253 + 1.029*K2OFound   (48) 
 
The calculated correlation factor (r) for equation 48 was 0.968. 
 
6.6. Solid solutions in relation to the physical quality
 
The physical quality of a fertilizer depends on various parameters. The roundness, shape 
and size of granules affects the contact area of the granules on each other. The surface of 
the granules may be coated by organic coating agents of different quantities and by 
inorganic coating powders, such as talc, bentonite, etc. The surface can also be covered 
by the dust from weak granules, etc. As there are many parameters affecting, e.g. caking 
tendency, the investigation needs to be multidimensional. There is not enough data to 
draw any conclusions regarding the correlation of salt composition to caking tendency. 
Most of the analyzed samples have been coated with various coatings. To achieve the 
most reliable correlations the samples should be uncoated, or at least coated with the 
same type and amount of coating agents. 
 
Secondary observations show that in samples where caking occurs the phase K3 has 
been partly disproportionated. This disproportionation has affected the density and volume. 
This is observed through changes in the bulk density. The volume expansion has pushed 
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the concentrated salt solution out of the granule to its surface. There the water has been 
evaporated and a strong crystal bridge has been formed between the granules. This is a 
clear consequence of the disproportionation of the phase K3. The diagrams given in 
figures 43-47 can be used to predict whether a new formulation may cause trouble related 
to the disproportionation of phase K3. In the formulations where the mole ratio Cl/(Cl+NO3) 
is between 0.3-0.75, and K/(K+NH4) is between 0.4-0.7 the solid solution K3 can be found.  
 
When the above mentioned caking problems are further examined it becomes obvious that 
the disproportionation of the phase K3 is the secondary reason for the caking. The primary 
reason is either that the product has absorbed water, or its moisture content has been left 
at too high a level already during the production process.  
 
Internal desiccants (chapter 3.4.) can be used to bind the absorbed moisture into a form of 
crystal water. The desiccant should not liberate the water during heat cycles between ca 0- 
40°C. With an excess of desiccant the product becomes hygroscopic. Although 
hygroscopic, the moisture is bound by the additive. Due to the multidimensional nature of 
the caking, there were no attempts to find the affecting factors. 
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7. SELF-SUSTAINING DECOMPOSITION 
 
In the previous chapter the solid solutions were characterised, synthetised and found to 
affect the final product quality. In addition to quality product safety is an important 
parameter for fertilisers. This and the following chapters discuss the possible effects of 
solid solutions to product safety.   

7.1. Definitions 
 
A fertiliser capable of self-sustaining decomposition is defined as one in which 
decomposition initiated in a localised area will spread throughout the mass.  
 
Self-sustaining decomposition (zonal decomposition) is a phenomenon in which a 
decomposition front, initiated locally, will spread gradually throughout the mass. The 
decomposition is accompanied by an evolution of fumes containing toxic gases and a 
considerable loss in weight of the fertiliser.259, 260 
 
Fume Off is the name given to the decomposition that occurs when the temperature of the 
whole mass of fertiliser is raised to a high level, causing the whole mass to decompose 
autocatalytically. This type of decomposition is common to all formulations based on 
ammonium nitrate and chloride, and results from acidity which is developed spontaneously 
at high temperatures. Fume Off is characterised by an induction period, the duration of 
which depends on the temperature of the fertiliser mass and the presence or absence of 
acidic or alkaline components.260, 275  

7.2. Self sustaining decomposition (SSD) 
 
The following conditions are needed for SSD261,262    

1. Redox components (NH4
+ and NO3

-)  
2. A catalyst (Cl-, Mn, Co, Cu, …) 
3. All components (1) – (2) concentrated in a narrow zone (e.g. granule) 
4. Matrix which is present or formed during decomposition (heat conveyor) 
5. Sufficient heat with good conductivity and poor dissipation of heat 

 
Several authors have presented triangular diagrams illustrating the hazardous zones for 
different fertiliser salt mixtures such as e.g. AN-MOP-MAP.259,260,263, 275 These diagrams are 
difficult to use in computers and therefore for convenience one of the diagrams is 
presented in Figure 92 based on the molar nutrient ratios. The area for SSD (sometimes 
also called cigar burning) ability is within a range of 0.35 to 0.55 as Cl/(Cl+NO3) and 
K/(K+NH4) for a system of NH4NO3-KNO3-NH4Cl-KCl. Chloride is needed as a catalyst, 
and the matrix is a result of the conversion: 
 
NH4NO3 + KCl -> KNO3 + NH4Cl   (35) 
 
Typical formulations are on the diagonal between ammonium nitrate and potassium 
chloride. The ammonium nitrate-rich formulations tend to melt in the test and therefore the 
probable thermal risk is related to Fume Off.264
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Figure 92: The area of SSD expressed in the Jänecke-diagram on the system (NH4, 
K)(NO3, Cl). Redrawn from Perbal.275  

The addition of phosphorous in a water-soluble form extends the area of decomposition 
(Figure 93). Similarly addition of insoluble phosphorous extends the area.275 Perbal 
reported a similar effect with sulphate. A solid matrix at the decomposition temperature is 
an important factor in governing whether and at what rate the self-sustaining reaction will 
propagate. 259, 261, 265, 283  
 
The greater the tendency for the fertiliser to become molten or to contain large amounts of 
liquid phase, before the decomposition temperature is reached, the less likely it is that the 
material will propagate the decomposition reaction. Excess and/or the fineness of 
potassium chloride, the presence of water-insoluble phosphate, and specific dilutents can 
form the necessary solid matrix. Calcium sulphate, especially from superphosphates, is 
effective in this way.  
 
Addition of micronutrients such as copper, manganese, zinc, iron, molubdenum is 
recommended to only Low-in-Chloride formulations, i.e. products containing sulphate of 
potash (SOP) rather than muriate of potash (MOP, KCl). In the RedOx-catalysed 
decomposition reactions the metal complex is activated by the presence of chloride. The 
reaction is a chain reaction, where the catalyst activates a new chain reaction. The copper-
catalysed reactions include reaction steps with ammonium ion, this explains low activation 
energies. These reactions occur at significantly lower temperatures with a relation to 
sublimation of ammonium chloride (fig 48). 266  
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Figure 93: The SSD area expressed as a) (top) the function of the Cl/(Cl+NO3) ratio and 
P2O5 content (wt- %)  in the system NH4H2PO4-NH4NO3-KCl and b) (under) burning rate as 
a function of Cl/(Cl+NO3). The lines in top figure represent different SSD rates in the UN 
trough test as cm/h based on data reported by Perbal.275 R3E20 

In the UN recommendations (UN Orange Book, 12th ed.) the trough test is required from 
uniform ammonium nitrate-based fertiliser mixtures of the nitrogen, phosphate or potash 
type. The mention of potash might give the impression that the hazard is only an issue with 
MOP formulations. However tests presented in table 17 are all based on Low-in-Chloride 
formulations and show a variety of decomposition speeds. In V-type formulations the 
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products have an SSD property similar to formulations based on MOP (14-3-12) even 
without micronutrients. With increased phosphate content (13-15-17) the product does not 
have an SSD property even when it contains a mixture of micronutrients. Products with 
iron and phosphate (13-7-13) have a significant reduction in water solubility and high SSD 
speeds are obtained. 
 
Table 17: The effect of the micronutrients (kg/ton) on the self-sustaining decomposition 
(SSD) in different Low-in-Chloride formulations. Potassium derived from potassium 
sulphate. R3E20 

N P2O5 K2O FeSO4 MnSO4 CuSO4 ZnSO4 SSD 
[%] [%] [%] [kg/ton] [kg/ton] [kg/ton] [kg/ton] [cm/h] 
12 9 11 0 37.5 4 0 17.7 
13 0 13 0 21.9 0 0 0.0 
13 0 18 0 0 0 0 10.9 
13 0 18 7.7 2.8 0.4 0.3 26.1 
13 3 19 66.7 12.5 4 4.44 14.2 
13 5 18 66.7 0.6 0 0 40.0 
13 7 13 16.7 3.1 1.6 2.8 22.3 
13 7 16 0 3.1 1.6 2.8 0.0 
13 15 17 0 6.2 4.8 1.1 0.0 
14 3 12 0 0 0 0 23.0 
14 12 17 0 0 0 0 19.1 

7.3. Decomposition reactions 
 
The decomposition reactions are complex in nature. Different types of reactions are 
discussed below, with schematic representation of the chain reactions drawn based on 
literature. 

7.3.1. Non catalysed decomposition reactions 
 
In ammonium nitrate-based fertilisers, which do not contain chlorides, the decomposition 
reaction mechanism is a reaction chain, which is completed.416-418,421,425,427 The reaction 
proceeds only if there is enough energy available to maintain the decomposition. In a slow 
decomposition the gases contain mainly nitrous oxide (N2O). Traces of other nitrogen 
oxides (NOx, NH2NO) and nitrogen (N2) exist.422,423,428,429 The main features (Figure 94) 
are267-269, 275, 284, 309,386   
    
1. Ammonium nitrate melts,  
2. Ammonium nitrate dissociates to ammonia and nitric acid,  
3. Nitric acid decomposes, and  
4. The main gaseous components are N2O and N2  
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Figure 94: The non-catalysed decomposition reaction of ammonium nitrate.

7.3.2. Chloride-catalysed decomposition reaction 
 

The chloride catalysed decomposition reaction is the main mechanism involved in the self-
sustaining thermal decomposition. The matrix is acidified with hydrochloric and nitric acid, 
and catalyses the chain reaction.  The chloride is mainly from the ammonium chloride 
present in the fertiliser and the decomposition is actually a decomposition of nitric acid. 
270,271, 285- 287, 301, 311,424,434  
 
Due to the conversion reaction (reaction 35) the primary nitrate source is potassium nitrate 
and it must convert back to potassium chloride. This is possible in the presence of 
hydrochloric acid and ammonium chloride (derived from potash).272 This reaction forms the 
chlorine gas analysed in the decomposition gases. The chlorine gas reacts with ammonia, 
if present in the matrix, and as a result more hydrochloric acid is formed. The 
decomposition gas would then consist of nitrogen and water vapour. 

 
Figure 95: The chloride-catalysed decomposition reactions of ammonium nitrate. 



 131 

In the mechanism the main features (figure 95) are;  
 

1. The formation of nitric and hydrochloric acids,  
2. Chain reaction with ionic and radical steps; chlorine amine is an intermediate stage in 

which the chloride concentration does not affect the kinetics but merely has a catalytic 
effect,  

3. The conversion of potassium nitrate into potassium chloride, and  
4. The temperature during the decomposition must be above 300°C to be able to convert 

the potassium nitrate. 

7.3.3. RedOx-catalysed decomposition reactions 
 

In the RedOx-catalysed decomposition reactions the metal complex is activated by the 
presence of chloride, or more likely by hydrochloric acid. The reaction is a chain reaction 
(fig 96), where the catalyst activates a new chain reaction. In the reaction chain both the 
ammonia and nitric acid participate in the reactions (in the previous two it was mainly nitric 
acid). 205, 273, 288, 301, 415, 420, 430, 431, 432  

The main features in RedOx-catalysed decomposition reactions are:  
1) Ammonium ions activate the reaction  
2) The RedOx component is reactivated in the presence of chloride and nitrate ions 
3) A radical is formed which starts the decomposition reaction  
4) The activation energy is low, due to the chain reaction 
5) The acidity is likely to be as important as in the non-catalysed and chloride catalysed 

decomposition reaction. 
 

 

Figure 96: The RedOx-catalysed decomposition reaction of ammonium nitrate. 
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The copper-catalysed reactions seem mainly to exist with ammonia, which could explain 
the low activation energies (Figure 97). The copper-catalysed decomposition reaction 
seems to occur at significantly lower temperatures, and is likely to commence when the 
ammonia begins to vaporise from the fertiliser. The hydrochloric acid formed would then 
acidify the matrix and initiate a chloride-catalysed decomposition reaction. 

 
Whilst the matrix is acidified with hydrochloric acid, nitric acid is also formed. The copper 
then catalyses the decomposition of nitric acid. 288, 306 

 
1) Copper cause a rapid initial reaction, the radical concentration increases and 

decomposition is fast 
2) At the beginning the ammine ligands form in an octahedron around the copper. Nitrate 

then replaces the amine ligands as the acidity increases and finally copper is in the 
form of a complex chloro-compound 

3) The reaction ends at the maximum temperature where chloro complexes decompose 
to release chlorine 

4) To enable the metal to act as a catalyst it must have two oxidation states 
5) The hydrochloric acid formed initiates a chloride-catalysed decomposition reaction with 

ammonium nitrate 
 

Figure 97: The copper-catalysed decomposition reaction of ammonium nitrate. 
 

In the chromium-catalysed decomposition reaction the first step is after the melting of 
ammonium nitrate. The ammonium nitrate dissociates into ammonia and nitric acid. The 
chromium is activated in the presence of nitric acid to form chromic acid, and further to 
Cr2O7

2-, which reacts with nitrate to form the .NO2 radical (Figure 98). The radical reacts 
further with ammonium ions.304, 308, 383 
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Figure 98: The chromium-catalysed decomposition reaction of ammonium nitrate. 

7.4. Test methodology 
 
Shortly after the fertiliser deflagration at Delta Chemie at Vlaardingen in November 1963, 
the Director General of Labour in the Netherlands set up a working group with the task of 
drawing up rules for the safe storage and transportation of fertilisers. Method development 
took place as the IMCO subcommittee on the carriage of dangerous goods (AN fertilisers, 
standards and tests) realised that the existing test methods were not adequate. Huygen 
and Perbal300 developed the gauze trough test, which was internationally accepted to 
assess the potential hazard of deflagration of fertilisers.261

7.4.1. Trough test at ambient temperature 
 

A typical apparatus for trough test is shown in Figure 99.  It comprises a trough of internal 
dimensions 150x150x500 mm, open at the top and constructed from square meshed 
gauze (preferably stainless steel) with a mesh width of approximately 2.5 mm and a wire 
thickness of 1.5 mm. 

 
The trough is supported at each corner by a frame constructed of 10 mm diameter metal 
bars. The bottom of the trough is 150mm from the ground, allowing free convection of 
decomposition gases. 

 
The requirement during initiation is that sufficient heat to establish a uniform front should 
be provided. A steel plate (1-3 mm thick) is placed inside one end of the trough and in 
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contact with the wire mesh. The plate is heated by means of an electrical heating element 
or two suitable gas burners (e.g. Teclu or Mekker) which are fixed to the trough support 
frame. The burners should be capable of maintaining the plate at temperatures between 
400-800°C (dull red heat). To prevent heat transmission along the outside of the trough, a 
steel plate (2 mm thick) heat shield should be installed approximately 50 mm from the end 
of the trough at which the heat is applied.  

 
It is advisable to use stainless steel for all the components of the apparatus, especially the 
trough, in order to achieve better resistance to chemical attack, and prolonged life. 

7.4.2. Procedure 
 
The apparatus must be set up in a fume hood or fume cupboard so that the toxic 
decomposition gases can be removed. Although there is no explosion risk, it is advisable 
to use a transparent shield when performing the test. 
 
The trough is filled evenly with granular fertiliser. Decomposition of the fertiliser should be 
initiated at one end of the trough using a gas burner or a 250-watt electrical heater. The 
rate of heating should be adjusted to ensure that the temperature adjacent to the heating 
plate reaches 300-400�C within 45 minutes. With the gas burners the steel platre (1.3 mm 
thick) must be heated to dark red.Heating should continue until the propagation of the 
decomposition front (indicated by the change in colour of the granules from brown to off-
white) has been observed to move 30 to 50mm. In the case of thermally stable fertiliser it 
may be necessary to continue heating for more than one hour to achieve the propagation 
of the decomposition front. Fertilisers, which show a tendency to melt readily, must be 
heated carefully i.e. using a small flame. The position of the decomposition front should be 
checked 20 minutes after the discontinuation of heating and subsequently at regular 
intervals.

 
If the fertiliser to be tested has a particle size distribution such that a significant amount 
falls through the mesh of the trough, a gauze with a finer mesh should be used to line the 
trough. Normally used gauze is made of wire with a diameter of 1.5 mm forming a meshes 
2.5 mm wide.  
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Figure 99: The trough for testing the self-sustaining decomposition of AN based fertilisers. 
The fertiliser sample is heated by two Teclu burners with their flame directed to a steel 
plate to initiate the decomposition.171 

7.4.3. Results 
 
Fertilisers can be placed into one of two categories: 

 
a)  Propagation of the decomposition front continues along the whole length of the trough. 

=> The fertiliser is capable of showing self-sustaining decomposition. 
b)  Propagation of the decomposition stops almost as soon as the initiating heat source is 

turned off. => The fertiliser does not show self-sustaining decomposition in the test. 
 

In cases where the propagation of the decomposition continues for some time after the 
initiating heat source is turned off, but stops before the end of the trough is reached, the 
hazard presented by the fertiliser is intermediate between a) and b). If the propagation 
continues for a distance of 150mm or more, for the sake of safety it may be advisable to 
recommend taking safety precautions against self-sustaining decomposition risk, 
particularly in production.   
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7.5. Improved test methodology 

The classical trough test has been modified to collect additional data using thermocouples 
placed with a fixed interval inside the trough. The temperature is measured as a function of 
time (T = f(t)) (Figure 100). The dT/dt [°C/min] curves (figures 101 and 103) are recorded 
for further analysis. In addition, the equipment is placed on a balance to record the mass 
loss during determination (Figure 104). As a result a lot of information is obtained on  
 
a) Initiation temperature,  
b) Energy required to initiate a decomposition,  
c) Mass loss rate,  
d) Total mass loss,  
e) Thermal conductivity of the fertiliser and decomposing matrix, and  
f) The dT/dt for identification of the chemical reactions involved. 
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Figure 100: The temperatures as a function of time (T=f(t)) in the trough test. 
Thermocouples (T2.2- T2.6) are placed in 10 cm distance from each others. The first 
thermocouple T2.1 measures the temperature of the 250 W- heating plate.  

7.5.1. Initiation temperatures 
 
Before the decomposition reaction can take place the product must be raised to a state of 
higher potential energy (temperature). In the activated state the product decomposes to 
form a thermally stable composition. 
 
The self-sustaining decomposition is initiated with a heating plate, with energy input to the 
fertiliser of 250 W (Figure 101). The temperature increase decline linearly until the fertiliser 
mass is initiated for decomposition. After initiation the mass releases heat and this is seen 
in an increase in temperature. The temperature increases until a certain maximum 
temperature caused by the decomposition. The temperature increase rate decreases as 
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the thermocouple can detect only the temperature increases caused by the heating plate, 
which in the case of the example was cut off at 482°C.  

 
There are significant differences in the initiation temperatures among the studied products. 
The lowest initiation occurred at 210°C and the highest at 310°C. The products made by 
blending have in some cases significantly higher initiation temperatures, although it cannot 
be given as a general rule that blends will always be higher in this property than CCF 
(Complex Chemical Fertilisers) products. The higher initiation temperatures indicate some 
additional safety margin as e.g. 210°C can be relatively close to the drier inlet air 
temperature. 
 
The test also gives a measurement of initiation temperature for those products which do 
not exhibit self-sustaining decomposition.  This temperature is likely to be the temperature 
where solid ‘Fume Off' would take place. For proper (safe) temperature settings in the 
production unit this information is most valuable. 
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Figure 101: The heating plate temperature (T 2.1) as dT/dt vs. temperature indicating the 
initiation temperature. 

7.5.2. Induction period 
 
In the previous chapter the initiation was considered to be instantaneous. In practice there 
is delay in initiation as, due to the poor heat conductivity of a fertiliser the heat accumulates 
in the mass. This delay is known as induction period.289, 290, 312 The induction period 
decreases at high temperatures. This effect is illustrated in Figure 102.  
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Figure 102: The induction period vs. the fertiliser temperature for NPK 22-2-12. R3E1 

7.5.3. Energy  
 
As the heat input from the heating plate and the time for initiation are both known, it is 
possible to calculate how much energy is needed to initiate decomposition. 

 
Energy = Heat rate [J/sec] * Time [sec] = 250 [J/sec] * Time [sec]   (49) 

  
The energy needed varies, depending on the fertiliser formulation. The products studied 
have a range from 255 to 616 kJ. Based on these values a 40 watt electric light bulb may 
be buried in a fertiliser pile for 620 kJ/40 W = 4 hours, and for 250 kJ for 2 hours to supply 
the energy needed for ignition. These results can be used as a relative measure as no 
heat losses are assumed.  

7.5.4. Thermal conductivity 
 

The thermal conductivity of a substance is defined as the rate of heat transfer by 
conduction across a unit area, through a layer of unit thickness, under the influence of a 
unit temperature difference, the direction of heat transmission being normal to the 
reference area. 

 
dq/dt = - �*A*d	/dx    (50) 
 
where  q= heat 

t= time 
A= area 
	= Temperature 
x= length 
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�= cal/s*cm2= W/mK 
 
Estimation (due to heat losses) can be calculated during the trough test as the applied heat 
is constant. The obtained values are rather close to those reported in literature56, 280. 

7.5.5. Reactions and kinetics 

The dT/dt graph from thermocouples placed in the trough test indicates what chemical 
reactions and phase transformations occur during the test (Figure 103). This information 
can be rather difficult to interpret, as the heating rate is not constant like it is in typical 
commercial devices such as DTA and DSC. Several reactions indicating melting and 
cooling exist in the heat curve.  
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Figure 103: The typical dT/dt graph (T 2.3) as a function of temperature indicating the 
phase transitions and melting occurring during heating. R3E20 

7.5.6. Mass loss and the rate of mass loss 
 
Although the hazard associated with SSD relates also to the extent of mass loss, the only 
method to measure it is by using the initial and final mass in the trough. There are no 
guidelines for interpretation of the mass loss. In the liquid Fume Off tests the mass loss is 
normally measured with the so-called Beaker test, which is appropriate for liquid fertilisers 
or solid fertilisers which melt and can be stirred.291 
 
The mass loss rates and total mass loss have been measured simultaneously with 
interesting results. Comparing samples with a SSD rate of 10.5 (30% mass loss) and 5.6 
cm/h (mass loss 55%) the difference in mass loss is 25% (Figure 104). For a consequence 
analysis the product with higher velocity could therefore be considered as safe, due to the 
same amount of gases released per unit time.  
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The relationship between mass loss and linear rate of decomposition was compared for 
fertilisers with similar nitrogen content with good regressions (R2= 0.776- 0.992). Therefore 
the rate of mass loss correlates with the rate of decomposition when the nitrogen content is 
taken into account (nitrates act as a fuel). The mass loss rate (R2= 0.9183) is obtained as 
follows;

 
Adjusted rate = Rate of decomposition [cm/h] * Total- N  (51) 

 
Mass loss rate [g/h] = 8.324 * Adjusted rate – 171.9  (52) 
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Figure 104: The total mass loss as a function of time, and the rate of decomposition for 
different fertiliser formulations. R3 

In addition the total mass loss correlates well with the nitrogen content. The correlation is 
good (R2 = 0.824), although it clearly indicates a presence of other variables in the mass 
loss. 

 
Total mass loss [%] = 3.887 * Total- N [%] – 15.25  (53)

7.5.7. Front temperature 
 

The burning front temperature correlates well (R2= 0.784) with the mass loss rate [g/h], 
which is due to the amount of material creating the decomposition (Figure 105). This 
relation has also been reported in the literature. There is no correlation with the rates of 
decomposition [cm/h] and burning front temperature. 259  

In the trough test the maximum temperature in the burning front was around 500 °C for 
mineral fertilisers.  The highest temperature ever obtained was with an organo-mineral 
fertiliser at more than 800°C (thermocouple melted). A difference of 100°C is significant 
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and indicates higher mass loss with more material decomposing and therefore with more 
energy being released.  
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Figure 105: The relation with mass loss rate and the temperature of the burning front in the 
trough test.R3 

7.6. Discussion on test methodology and results obtained 

7.6.1. Interpretation of the results 
 

The rates of decomposition varied in the grades from 4 cm/h to 23 cm/h. For a complete 
interpretation the conclusions are more complicated than just a straight comparison of 
burning rate.  For example, following observations can be made for four products 12-6-18, 
12-6-20, 20-4-7 and 20-2-12: 

 
a) Velocity of propagation:  12-6-18 (15.5 cm/h) burns faster than 12-6-20 
   (5.6 cm/h) 

 
b) The extent of weight loss: 20-4-7 (61%, 15.8 cm/h) can be considered 

more dangerous than 12-6-18 (36.2%, 15.5 
cm/h) 

 
c) The toxicity of the gases released: there are no significant differences 

 
d) The sensitivity to initiation: 20-2-11 (5.6 cm/h, 55.3%) is ignited at 227°C 

where as 20-4-7 (11.4 cm/h, 62%) ignites at 
276°C. 

 
In all cases the safety margins in the production process must be carefully considered. All 
the products will decompose if for example a lamp is buried in a fertiliser pile- it's only a 
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matter of time. In many processes such as fertiliser drying where there is a built-in heat 
source in the form of a burner, the required safety margins will have a significant effect on 
how the unit should be operated.  
 
Even though class C-type (no SSD) of fertilisers do not exhibit property a) and b) in the 
measurement, the sensitivity to initiation (ignition temperature) is relevant in the Fume Off 
case. Figure 106 indicates how the sensitivity to initiation is affected by the decrease in 
product pH.292, 305, 307 All the products are Class C fertilisers. 
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Figure 106: The effect of the pH on the sensitivity to initiation determined for two products, 
+:15-15-15 MOP, and X:20-7-11 MOP. R3 
 

7.6.2. Reliability of the results 
 
The accuracy of the test was studied with a homogeneous sample for a total of 11 
replications (Table 18).  The rate of decomposition can be reproduced by ± 0.3 cm/h and 
the mass loss by ± 1.3 %. The ignition temperature was ± 10.9 °C with a data 
measurement interval of once every 30 seconds. This can be improved by reducing the 
interval to once every 10 seconds. The reliability of the induction period and energy 
calculations will improve with the increased rate of data collection. 
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Table 18: Statistics of the SSD test methodology obtained with NPK 20-2-11. R3  

 Ignition 
temperature 

[°C] 

Induction 
period 

[min] 

Energy 

[kJ] 

Front 
temperature 

[°C] 

Mass 
loss 

[%] 

Rate 

[cm/h] 

Average 251.6 22.8 342.3 491.9 58.5 17.6 

Standard 
deviation 

10.9 1.2 18.0 1.4 1.3 0.3 

Relative 
standard 
deviation [%] 

4.3 5.2 5.2 0.3 2.2 1.6 

7.6.3. Solid solutions and the self sustaining decomposition 
 
Self sustaining decomposition exists in relatively well defined sections in the Jänecke 
projection (figure 93), between 0.37 to 0.65 along K/(K+NH4) and 0.35 to 0.62 along 
Cl/(Cl+NO3). This is also the area where K3 exists (figures 10 and 58). The ignition 
temperatures for SSD where determined to be between 210 and 310 °C. In this 
temperature range ammonium nitrate disproportionates from the K1 salt and assumingly 
K1 forms a matrix on which surface the chloride catalysed decomposition of AN takes 
place. Chien410 determined the system (K+,NH4

+)NO3 with high temperature in situ X- Ray 
Diffractometry.   

 
 
Figure 107: Phase diagram for the system NH4NO3- KNO3 according to Chien.410 
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From the figure 107 drawing lines to cross the K1+Liq lines at temperatures 210 and 310 
°C gives ca 50 and 10 % AN, which surprisingly is the same range as K3. The burning 
front temperatures 350 to 400 °C also correspond well with K3. Further studies along these 
temperature ranges and K3 should be done. 

7.7. Gases formed in thermal decomposition and their toxicity 
 
The information from chapter 7.1- 7.6. was used to build a consequence analysis for 
decomposition. The main results from such an analysis are now briefly presented for three 
typical359 cases: 
 
a. A small quantity (less than 1000 kilos) initiated by e.g. friction. A number of near 

misses are reported where a belt conveyor initiates decomposition in fertiliser built up 
under it.   

b. In a drier where a SSD can be initiated by the hot drying gases. Two specific cases 
may occur;  
i) locally initiated decomposition proceeding slowly inside the drier (kilos to tons) or  
ii) autothermal fume off with a large mass of fertiliser (higher than 10 tons).   

c. In a warehouse where a hot work such as welding or buried cable lamp initiates a 
decomposition. The mass of fertiliser varies from tons to thousands of tons.  

 
It should be noted that in the case of blending operations, case (b) does not exist but the 
other two most certainly still apply.
 
A fertiliser fire has two specific aspects: 

 
a)  The gaseous reaction products contain some toxic components.  If confined or stored in 

large quantities these gases constitute the principal health and safety hazard.  There is, 
however, an additional risk from the hot gases which may further cause a “normal” fire 
to e.g. wooden structures. 
 

b)  Although the propagating zone is readily extinguished when in contact with water, it is 
very hard to fight a fertiliser fire as this zone is in many cases deep within the mass and 
cannot be reached on account of the strong gas evolution. 
 

There are several references to the analysis of the decomposition gases.264, 270, 276, 419, 435 
The analysis depends greatly upon the fertiliser composition. The main differences are 
between the ratios of N2/N2O, NO/NO2, Cl2/HCl, and the presence of hydrofluoric acid. An 
average composition of the decomposition gases (molar basis) is as follows: 

 
� steam (H2O)     56% 
� nitrogen gas, N2    20% 
� nitrous oxide, N2O    11% 
� chloride gas, Cl2, and hydrochloric acid (HCl) vapour  6% 
� nitrogen oxides (NO, NO2), ammonia (NH3), hydrofluoric acid (HF) 7% 
 
Depending on the composition, 1 kg of fertiliser produces 350 to 600 grams of gas. The 
volume of the gas at the decomposition temperature varies in the example cases from 600 
to 1300 litres per kg of fertiliser.  
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There are several different guidelines used for defining the harmful or toxic distances and 
areas of releases. The most important are given in this chapter. The American Industrial 
Hygiene Association (AIHA) publishes the Emergency Response Planning Guidelines 
(ERPG) and the U.S. Department of Energy (DOE) (Table 19) publishes the Temporary 
Emergency Exposure Limits (TEEL). 
 
The toxicity data for typical decompositon gases is summarised in Table 20 In addition to 
Temporary Emergency Exposure Limits and Emergency Response Planning Guidelines, 
the IDLH and HTP values are listed. The National Institute publishes the Immediately 
Dangerous to Life or Health (IDLH) for Occupational Safety and Health (NIOSH). The 
concentration known to be harmful the Finnish Ministry of Social Affairs and health 
publishes (the Finnish HTP concentrations). In the UK the Occupational Exposure Limits 
(OEL's) are set by the HSE (Health and Safety Executive) and are revised annually. The 
occupational Exposure Standards (OES's) are as an 8-hour standard and as a 15-minute 
standard. The large variety of limits can be confusing, as in addition to those mentioned 
there are several national limits. 
 
Table 19: The Emergency Response Planning Guidelines (ERPG) and the Temporary 
Emergency Exposure Limits (TEEL). 
Guideline Description 
ERPG-1 The maximum concentration in air below which it is believed nearly all 

individuals could be exposed to for up to one hour without experiencing 
other than mild transient adverse health effects or perceiving a clearly 
defined objectionable odour 

ERPG-2 The maximum concentration in air below which it is believed nearly all 
individuals could be exposed to for up to one hour without experiencing or 
developing irreversible or other serious health effects or symptoms that 
could impair their abilities to take protective action 

ERPG-3 The maximum concentration in air below which it is believed nearly all 
individuals could be exposed to for up to one hour without experiencing or 
developing life-threatening health effects 

TEEL-0 The threshold concentration below which most people will experience no 
appreciable risk of health effects 

TEEL-1 The maximum concentration in air below which it is believed nearly all 
individuals could be exposed to without experiencing other than mild 
transient adverse health effects or perceiving a clearly defined 
objectionable odour 

TEEL-2 The maximum concentration in air below which it is believed nearly all 
individuals could be exposed to without experiencing or developing 
irreversible or other serious health effects or symptoms that could impair 
their abilities to take protective action 

TEEL-3 The maximum concentration in air below which it is believed nearly all 
individuals could be exposed to without experiencing or developing life-
threatening health effects. 

 
The most dangerous components of the decomposition gases are nitrogen dioxide, nitrosyl 
chloride, hydrochloric and hydrofluoric acids. 
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For combined effects of chemicals in fertiliser decomposition, the methodology is 
described by the DOE Subcommittee on consequence assessment and protective actions. 
It is recommended that hazard index is calculated as  
 
HIi = Ci/Limiti     (54) 
 
where Ci is the concentration of chemical i 
 Limit is the guideline value for chemical i 
 
The HI can be calculated for each chemical, and unless sufficient toxicological knowledge 
is available to indicate otherwise, they can be summed. 
 
HI= 
 HIi = HI1 + HI2 + HI3 + ...   (55) 
 

A sum of 1.0 or less means that the limits (e.g. IDLH) have not been exceeded (see Figure 
113 for an example). 
 
Table 20: Toxicity data of the decomposition gases in [mg/m3].  
Guideline N2O NO2 NO CO HF HCl Cl2  NOCl NH3 
TEEL-0 90 3.8 31 57 1.6 0.7 1.5 0.067 18 
ERPG-1/ 
TEEL-1 

270 3.8 31 230 1.6 4.5 2.9 0.201 18 

ERPG-2/ 
TEEL-2 

18000 28 31 400 16 30 9 1.34 140 

ERPG-3/ 
TEEL-3 

36000 56 123 570 41 224 58 6.7 710 

IDLH - 38 123 1400 25 75 29 - 210 
HTP, 8 h - 5.7 31 35 - - 1.5 - 18 
HTP, 15 min - 11 - 87 - 7.6 2.9 - 28 
HTP, instant - - - - 2.5 - - - - 
OES, 15 min - 9.6 44 232 2.5 8 2.9 - 25 
OES, 8 h 183 5.7 31 35 - 2 1.9 - 18 

7.8. Decomposition inside a building  

The decomposition of a fertiliser material may occur due to friction of, for example, a belt 
conveyor buried in the material293, welding sparks initiating a small local decomposition, 
etc. 

The indoor concentrations are calculated according to the equation: 277 
 


 �tn
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    (56) 

 
where  Ci= the indoor concentration [kg/m3] 

m’= the release rate [kg/s] 
t =  the time after release [s] 
V= the volume of the building [m3] 
nv= the ventilation rate [1/s] 
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In Figure 108 the concentration of the different decomposition gases is presented. The 
ventilation rate is once per hour. The release of main toxic gases is in order N2O, NO2, 
HCl, NO, HF, NH3, Cl2, and CO. Comparing the concentration to the limit values the order 
is NO2, HCl, HF, N2O, NO, Cl2, NH3. When present, the NOCl it is the most toxic 
component. 
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Figure 108: The calculated concentration of decomposition gases as a function of time for 
a fertiliser mass of 100kg decomposing during one hour.  The type of fertiliser is 12-12-17, 
and the ventilation rate is once per hour. 
 
The effect of the ventilation rate is illustrated in Figure 109. For both HCl and NO2 the rate 
of 5 times per hour effectively reduces the exposure period, and reduces the maximum 
concentration. When firefighting against small decompositions the Immediately Dangerous 
to Life and Health limit (NO2) is already achieved less than 10 minutes after initiation (rate 
less than 5 times per hour). Although the concentration decreases quite quickly with high 
ventilation rates, it is still well above the 15-minute exposure limits. Escape 
masks/breathing sets should be available for both external and internal workers. When 
performing activities in areas where fertiliser is decomposing, breathing apparatus should 
be used. 
 
In Table 21 the maximum decomposition rate of fertilisers is calculated. For a ventilation 
rate of once per hour (1/h) the decomposition is limited to a maximum of 33 kg/h, before 
reaching a hazardous condition inside the building. The HTP values are surprisingly low, 
indicating that even minor decompositions require personal protection if the area is to be 
entered. 
 
The most hazardous components in decomposition are NOCl, HCl and NO2, and their 
combination. 
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Table 21: The maximum decomposition rate (calculated) of fertilisers [kg/h] that does not 
exceed the guideline value with three ventilation rates once per hour (1/h), 5 times per 
hour (5/h) and 25 times per hour (25/h). 
Guideline Fertiliser type Ventilation Rate 
  1/h 5/h 25/h 
IDLH 12-12-17 33 160 820 

 15-15-15 26 130 660 
 20-0-18 24 120 620 
HTP, 15 min 12-12-17 9 47 240 

 15-15-15 6 30 150 
 20-0-18 5 25 120 
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Figure 109: The calculated concentration of NO2 and HCl as a function of time during a 
decomposition of 100 kg fertiliser of the type 15-15-15. The decomposition occurs inside a 
building (V= 12 000 m3). The effect of the ventilation rate is illustrated for a) no ventilation, 
b) once per hour, c) 2.5 times per hour, and d) 5 times per hour. 
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7.9. Decomposition in the warehouse 
 
The decomposition of fertiliser in the warehouse is the most catastrophic situation, 
although the probability is very low. During firefighting not only the toxicity of the released 
gases but also the possible environmental damage due to effluents has to be 
considered.299,408  

7.9.1. Dispersion 
 

Situations where the dispersion of cloud of material is governed solely by the atmospheric 
turbulence are called passive dispersion.298 The state of atmosphere is not changed by the 
presence of the material in the air. Assuming homogeneous turbulence and wind speed one 
can derive that the concentration distribution of an initially small cloud of material becomes 
Gaussian in shape. In practise the Gaussian distribution is observed in very many occasions. 
This well-known Gaussian plume model was used to predict the downwind concentrations of 
decomposition products. The Gaussian model describes the behaviour of buoyant gases 
released in the air, and approximates the behaviour of any vapour cloud at a specified 
distance downwind from the release point. The model used is based on the Yellow Book278 
Gaussian plume model. Figure 110 is a three-dimensional view of the Gaussian plume 
model. 

 
Figure 110: The Gaussian plume model. For symbols see equation 57.171  
 
The downwind concentrations can be calculated using the basic expression for the 
Gaussian plume model for a continuous release: 
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where 
C(x,y,z) is the average concentration [kg/m3] 
m’ is the continuous release rate [kg/s] 
�y is the lateral dispersion parameter [m] 
�z is the vertical dispersion parameter [m] 
u is the wind velocity at a 10m height [m/s] 
y is the cross-wind (y) direction [m] 
z is the distance above the ground [m] 
H is the height of the source above ground level + plume rise 

(H = h + �h) [m] 
h is the emission height [m] 
�h is the plume rise [m] 

 
In dispersion model the release rates are assumed to be constant. In reality the release 
increases rapidly before achieving a constant rate period. The maximum calculation 
distance is 10km as the valid distance range of the Gaussian model is 0.1km to 10km. 

7.9.2. Roughness parameter 
 
To calculate the vertical dispersion parameter (�z) the roughness of the surface resistance 
must be known. The roughness length should be representative for the whole area over 
which the dispersion calculations are performed. This can be estimated based on Table 
22. In all calculations the normally used value has been z0 = 0.3 for a cultivated area. 
Different values for z0 can be used for different wind conditions. 

Table 22: The roughness parameter z0 
Classification Description z0 [m] 
Open water Fetch at least 5 km 0.0002 
Flat land Marshland with few trees 

Grass 
Few isolated obstacles 

0.03 

Farmland Airfield, agricultural land, flat land with many trees 0.10 
Cultivated land Open area with much overgrowth, scattered houses 0.30 
Parkland Bushes, numerous obstacles 0.5 
Residential 
area 

Area with densely located but low buildings, wooded area, 
industrial area with obstacles which are not too high 

1.00 

Urban area A big city with high buildings, industrial area with high 
obstacles 

3.00 

7.9.3. Stability classes 
 

The meteorological conditions affect the calculation of both the lateral dispersion 
parameter (�y) and the vertical dispersion parameter (�z), and in addition the centreline 
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height (z) and distance above the ground (z). See the Yellow book278 for a detailed 
description of the equations. 
 
Most widely used dispersion models make use of Pasquill-Gifford stability categories A- F 
(A-unstable to F-stable). The main meteorological cases normally used for consequence 
calculations are stability classes D and F with different wind velocities. The stability classes 
are presented in Table 23. 294  
 
Table 23: Meteorological conditions defining the Pasquill- Gifford stability classes  

Surface 
wind 
speed 

Daytime isolation   Night-time conditions  Anytime 

[m/s] Strong Moderate Slight Thin overcast 
or > 4/8 low 
cloud 

� 3/8 cloudiness Heavy 
overcast 

< 2  A A- B B F F D 
2- 3 A- B B C E F D 
3- 4 B B- C C D D D 
4- 6 C C- D D D D D 
> 6 C D D D D D 

 
where A Extremely unstable conditions 
 B Moderately unstable conditions 
 C Slightly unstable conditions 
 D Neutral conditions 
 E Slightly stable conditions 
 F Moderately stable conditions 

7.9.4. Virtual point-source 
 
The Gaussian plume model is a point-source model. Since there are no true point sources 
in practice (fires are generally large), this requires a corrective procedure to convert to a 
so-called virtual point source. The virtual point-source method used is based on the Yellow 
Book278. The virtual distances (xvy and xvz) are calculated from the two following equations: 
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where 
Ly is the half-width of source width (y-direction) [m]  
Lz is the half-width of source height (z-direction) [m] 
a,b,c’,d’ are the values of parameters for the calculation of �y and �z 

(see Yellow book278 for a detailed description of the 
calculations) 

7.9.5. Plume rise and building wake 
 
Material released in the atmosphere may rise because: 
1. The material is less dense (buoyant) compared to the surrounding air and/or 
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2. The material contains upward momentum 
 
In the case of an emission of hot gases (such as gases from fires), these gases will initially 
rise. The plume rise calculations used are based on the Yellow Book278 equations for 
buoyancy flux (temperature difference between gases and ambient air). On the other hand, 
buildings near to the fire can give rise to a so-called ’building wake’. 

 
A conservative estimate of plume rise can be derived from the buoyancy flux parameter: 279 

�h= 
LU
Fo

3      (59) 

 
where 

Fo is the buoyancy flux (according to the Yellow Book278) 
U is the wind velocity at a 10m height 
L is the building height (the building in which the fire occurs) 

 
If the buoyancy flux parameter exceeds the limit value of 1, plume rise will be assumed. If 
the buoyancy flux parameter does not exceed the limit value of 1, no plume rise will be 
assumed, and in this case the plume height is assumed to be 0.6L. 
 
Behind buildings (obstacles) so-called recirculation zone exists. This zone may extend to 
about 10 times the obstacle height. Due to the increased turbulence in the building wake, 
the maximum groundlevel concentration downwind of the recirculation is lower than in 
absence of the obstacle. Close to the obstacles an increase of concentration is possible 
(increases by factor 2 have been reported). 

7.9.6. Warehouse fire 
 

The warehouse fire scenario was studied for different release rates. The basic 
assumptions were to have the release from the top of the warehouse (26 metres), through 
an opening measuring 1 m * 20 m (Lz and Ly).  In the warehouse several thousand tons of 
fertiliser is stored in a 20 metre wide bin. 
 
A warehouse fire can cause major environmental and toxic risks. A consequence analysis 
was made for a worst case scenario involving a fire where 300 tons of fertiliser per hour 
are decomposing (assumption in the accident at Ionova/Lithuania) (Figure 111). From the 
source the IDLH is up to 4 kilometres with an average breath of 200 metres.  The TEEL-1 
covers more than 10 kilometres with a breadth of 700 metres. The weather conditions do 
play a significant role on the consequences.297  
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Figure 111: In 1987 an ammonia explosion caused an external fire initiating ca 20.000 tons 
of NPK fertiliser (Class B). Seven firemen died, decomposition caused no evacuation 
although the cloud was visible for tens of kilometres. 
 
When comparing different products a calculated difference of around 1000 metres in IDLH 
is estimated between a fertiliser with a mass loss of 35% (IDLH 3000 m) and one with 60% 
(IDLH 4000 m).  

 
The first actions in the case of a fire are the most valuable.295 A time analysis1 was made 
based on a point source in the middle of a pile (Figure 112). Once initiated, the 
decomposition spreads with a speed of 15 cm/h in all horizontal directions, and vertically 
with an assumed speed of 100 cm/h. The high vertical speed is caused by the released hot 
gases. The fire is assumed to develop from a point source and is immediately detected. 
The first two hours are the most important for limiting the fire, as the amount of 
decomposing material is only some hundreds of kilograms. After four hours the 
decomposition rate approaches 10 tons/h, and at this point decisions must be made on 
whether to evacuate people from the surrounding area. In the subsequent hours the 
decomposition rate doubles every two hours. At this point the environmental 
consequences caused by effluents from firefighting become severe. As the visibility in the 
area is poor, water is used in non-decomposing areas where only fertiliser material is 

                                                
1 For consequence analysis the worst case scenarious have been used. The 
decomposition in a warehouse depends greatly upon the depth and type of the heat 
source. 



 155 

dissolved. The slurried fertiliser will cause difficult physical conditions to approach the pile 
of fertiliser.  A Victor lance2 should be available to direct the firefighting to the source. 274 
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Figure 112: The development of a warehouse fire from a point source spreading with a 
speed of 15 cm/h in all horizontal directions, and vertically with an ssumed speed of 100 
cm/h. The point source is buried inside the fertiliser heap.  
 
Figure 113 shows decomposition of fertiliser at different decomposition rates. The NO2 
concentration along the centreline is over the harmful concentration (HTP, 15 min) up to 
7km from the warehouse. After achieving the given release rate it takes 58 minutes with a 
wind velocity of 2 m/s to reach the distance. The reader should note that in a real case 
there are no constant decomposition rates.  

 
In the worst case scenario, the maximum concentration achieved was 614 mg/m3 at 600 
metres and even after 10 kilometres the concentration was above the harmful 
concentration (HTP, 15 min). The breadth of the cloud was ca. 200- 300 metres. 

                                                
2 The Victor lance was developed to extinguish decompositions. The lance consists of a 
nozzle guiding the extinguishing water backwards by an 45 angle making it easier to push 
the pipe into the fertiliser mass. 



 156 

1

10

100

1000

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

Distance [m]

N
O

2 
co

nc
en

tr
at

io
n 

[m
g/

m
3]

60 t/h
40 t/h
20 t/h
10 t/h
5 t/h

IDLH

ERPG- 2 / TEEL- 

ERPG- 3 / TEEL- 

ERPG- 1 / TEEL- 

HTP, 15 min

Figure 113: The calculated centreline concentration of NO2 vs. distance. The concentration 
is given for different decomposition rates a) 5 t/h, b) 10 t/h, c) 20 t/h, d) 40 t/h, and f) 60 t/h. 
The product is of the type 12-12-17. Meteorological stability class F, wind speed 2 m/s. 
 
The decomposition rate in which the harmful concentration (HTP, 15 min) is not achieved 
is 5 tons/h (1.4 kg/s) with neutral weather conditions. An example of decomposition with a 
release rate of 12 kg/s (43 ton/h) is shown in Figure 114. The decomposition was declared 
extinguished 2 weeks after initiation. The mass loss was estimated to 0.5 kg/s the first day 
to 12 kg/s on the last day.  
 
The risk of warehouse fires on production sites is low due to high standard of control 
measures and adherence to regulations or codes.  Manufacturers do have emergency 
plans, safety systems, etc., but distributors who have storage warehouses located close to 
inhabited areas and which are left unguarded should also pay attention. The Seveso 
directive will cover only few of these warehouses. The fertiliser industry and authorities 
have produced guidance covering the safe storage and handling of ammonium nitrate-
based fertilisers.280, 281 
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Figure 114: On February 17th, 2007, decomposition took place in a cargo of 6012 tons of 
NPK 15-15-15 in a cargo ship Ostedijk. The photograph is taken on 21st February after the 
hold was opened. Photograph from Agencia EFE.383 

7.10. Decomposition in a drier 
 
In warehouses, eliminating the heat sources can prevent fire. In production this is difficult, 
with the heat source being always present, because the fertiliser material must be dried. 
The decomposition of fertiliser in a drier has three major concerns: 
 
a. Can the decomposition gases be ventilated through the chimney?  
b. Can the decomposition be limited to within the drier?  
c. Can the Fume Off be prevented? 

7.10.1. Linear decomposition in a drier 

Depending on the size of the drier, it contains between 40 and 80 tons of material. The 
decomposition can be initiated in the front of the drier where the temperatures are highest. 
The decomposition proceeds through the drier. Several small decompositions may be 
initiated by the breakdown of decomposing lumps. The decomposition rate may exceed 
several tons per hour if it is not noted early enough. Example in Figure 115 illustrates the 
importance of keepig fans operable and early actions in case of decomposition. A fume off 
in a spherodiser took place in Fredericia NPK plant 26th August 1996 causing a total black 
out in the plant. The fertiliser mass in one of the four spherodiser was initiated to a thermal 
decomposition 4 hours later. The spherodiser stopped due to black out and therefore mass 
was already at 100°C. During fire fighting water was added to the other spherodisers but 
not to No 4. When the decomposition started the ventilation system was back in operation 
and decomposition gases could be vented to the gas cleaning system, scrubbers.  

The worst case found was decomposition at a rate of 80 tons/h3, and stability class D with 
a wind velocity of 2 m/s (Figure 116). The decomposition gases will reach the soil level 

                                                
3 In practise the decomposition rate of 80 t/h would be a Fume Off (see next chapter). The 
consequences of a linear decomposition can clearly be limited by keeping the fans in 
operation.  
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after ca. 1500 metres, and the concentration will not approach the harmful concentration 
(maximum 4 mg/m3). 

In the worst case it has been assumed that the chimney is 50 metres high and the 
diameter is 1.8 metres (Ly, Lz ). In most cases there is a significant plume rise from 30 to 
100 metres depending on the meteorological conditions. No building wake has been 
assumed as the release is through the stack. 

 
 
Figure 115: A fume off in a spherodiser took place in Fredericia NPK plant 26th August 
1996 causing a total black out in the plant. The fertiliser mass in one of the four 
spherodiser was initiated to a thermal decomposition 4 hours later. The spherodiser 
stopped due to black out and therefore mass was already at 100°C. During fire fighting 
water was added to the other spherodisers but not to No 4. 
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Figure 116: The combined effects plume (calculated) in xy-directions with the guidelines in 
neutral conditions (stability class D, wind 2 m/s) for a decomposition of 80 tons/h fertiliser 
inside a drier, all gases assumed to go through a chimney (50 m).  Plume rise is 80 
metres. 
 
The major concern is whether the suction can take in all released gases. In the case of the 
suction fan stopping, the case has a similarity to Figure 113. Therefore, in a drier the 
suction should be operable throughout the whole period of the decomposition, so it may be 
advisable to have a completely separate electrical power source to operate the extractor 
fans. In reality the suction can hardly take more than is released by a decomposition rate 
of 10- 15 ton/h. The decomposition proceeds relatively slowly and is observed before such 
rates are achieved. Again the first actions are the most critical, emphasising the need for 
an early detection of decomposition. 296 It is beneficial to have a detection system based on 
e.g. nitrous oxide content of the drier gases, video monitors, and deluge systems for rapid 
firefighting. 

7.10.2. Fume Off 
 
In the case of Fume Off the amount of gases released is higher than the ventilation rate. 
This case is more severe than those previously considered. The rate of decomposition is 
rapid and there is no possibility to carry out any evacuation from inside or outside the 
building. The TEEL-2 guideline will reach the maximum within 15 minutes. Conditions both 
inside and outside of the building would be extremely bad. 
 
To prevent matters from becoming even worse the decomposition should be prevented 
from leaving the drier to an area where there is no air extraction.  Decomposing material 
on recycle belts etc. will only exacerbate the situation within the building. The Fume Off 
itself would be limited, due to the fixed amount of material, but the spread of decomposition 
prolongs the exposure period. 
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It is obvious that an evacuation of personnel (Operators, Contractors etc.) from a fertiliser 
plant will be difficult due to poor visibility. The number of people in the plant should be 
known, as this is imperative for all of them to be saved. The rapid decomposition will in 
addition give only limited time for acquiring and donning gas protection equipment. The 
building would be, by calculation, filled with gas in 10 seconds. Escape masks or breathing 
apparatus should be available for both external and internal workers. Figure 117 shows the 
result when a fume off of 15 tons of 13-13-19 NPK fertiliser took place in a spherodiser 
caused by overheating due to a mechanical failure. The sudden release hampering the 
escape from the building killed 7 and poisoned 22 persons working in the building.  

 
Figure 117: December 1966, in Austria, a fume off of 15 tons of 13-13-19 NPK fertiliser 
took place in a spherodiser caused by overheating due to a mechanical failure. The 
sudden release hampering the escape from the building killed 7 and poisoned 22 persons 
working in the building. 
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Figure 118 illustrates the hazards close to the plant where Fume Off occurs. The release is 
assumed from a height of 10 metres through the openings in the walls. Along the wind 
direction the sum of hazard indices is larger than 1, up to 2,000 metres (Figure 118). Close 
to the building the IDLH limit has been exceeded by a factor of 100. 
 
If neutral inorganic fertilisers are kept below the material temperature of ca. 115°C, then 
the spontaneous development of acidity and Fume Off does not occur.282 This behaviour 
is, therefore, only of importance in the manufacturing plant where the critical temperature 
may be exceeded. The main safety precautions for avoiding Fume Off are proper 
temperature interlocking and operation of the driers. One should note that the stopping of a 
drier while fertiliser material is still hot may create a Fume Off, as the induction period can 
be several minutes (see Section 7.2. Induction period). 

-600

-400

-200

0

200

400

600

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

Distance in x- direction [m]

D
is

ta
nc

e 
in

 y
- d

ire
ct

io
n 

[m
]

TEEL- 0
ERPG / TEEL- 1
ERPG / TEEL- 2
IDLH
ERPG / TEEL- 3

Figure 118: The combined effect plume (calculated) in xy-directions with the guidelines in 
neutral conditions (stability class D, wind 2 m/s) for a decomposition of 80 tons/h fertiliser 
inside a drier as a Fume Off.  The amount of gas is greater than that which can be vented 
through a chimney.  
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Figure 119: The calculated sum of hazard indices as a function of a distance from the 
plant. Decomposition rate 80 ton/h is a Fume Off. The gases are released from a 10-metre 
height, and there is no plume rise.  
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8. OXIDISING PROPERTIES 
 
Oxidizers are compounds which are capable of reacting with and oxidizing (i.e. giving off 
oxygen) other materials. The primary hazard associated with this class of compounds lies 
in their ability to act as an oxygen source, and thus to readily stimulate the combustion of 
organic materials. It takes four components for a fire to happen; 1) a fuel source 
(combustible material), 2) enough heat to raise the material to its ignition temperature 
(such as a flame, a spark, friction, etc.), 3) an oxygen source to sustain combustion (in this 
case a strong oxidizer), and 4) chemical reaction present with all other elements at the 
same time.325 
 
According to the UN Recommendations on the Transport of Dangerous Goods the 
following fertiliser materials (as well as ammonium nitrate) are classified as oxidising 
agents - Class 5.1: Potassium Nitrate UN 1486, Calcium Nitrate UN 1454, Magnesium 
Nitrate UN 1474 and Sodium Nitrate UN 1498. Water-soluble mixtures containing oxidising 
agents such as potassium nitrate should be classified according to the UN rules which are 
based on burning rate tests. There are 2 different tests which can give results which are 
not always comparable. 
 
Ammonium nitrate based fertilisers are classified as oxidisers, Class 5.1. for mixtures of 
AN of more than 70%, except calcium ammonium nitrate (CAN) with an AN content of less 
than 80%, and AN between 45 and 70% for mixtures with ammonium sulphate (AS).407 
Other oxidisers include materials such as potassium nitrate and potassium nitrate based 
products, calcium and sodium nitrates. 
 
The potential hazards of oxidisers include; 
a) The intensification of combustion, 
b) Spontaneous ignition, and 
c) The production of toxic fumes. 

8.1. Test methodology 
 
Council directive 67/548/EEC on the approximation of laws, regulations and administrative 
provisions relating to the classification, packaging and labelling of dangerous substances 
defines the property 'oxidising' as, 'substances and preparations which exhibit highly 
exothermic reactions when in contact with other substances, particularly flammable 
substances'. 313 
 
The oxidising capacity test, A17, which is used in the EU's CPL Directive to classify 
substances as oxidisers is somewhat different from the UN test and therefore can give 
different results. Most fertiliser nitrates are not classified as oxidisers under CPL e.g. 
potassium nitrate, sodium nitrate, ammonium nitrate and calcium nitrate. Barium nitrate 
(analytical grade) is used as reference substance for the test. The pile is formed by means 
of a mould. The mould is made of metal, has a length of 250 mm and a triangular cross-
section with an inner height of 10 mm and an inner width of 20 mm. The time of reaction 
over a distance of 200 mm after the reaction zone has propagated an initial distance of 30 
mm is measured. The oxidiser/cellulose mixtures are prepared for 10 to 90% weight of 
oxidiser in 10% increments.313 
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For solids, UN recommendations on the transport of dangerous goods prescribe the so-
called conical pile test.314 In this test the oxidising property is determined by mixing a 
potentially oxidising substance with cellulose. After ignition by means of a glowing wire, the 
burning rate is determined, which is taken as a measure for the oxidising power. In the test 
the substance and combustible material are mixed into a conical pile with a diameter of 70 
mm and an angle of repose of 60º. The pile is ignited with a resistance wire that is placed 
at the bottom of the pile. Mixtures 1:1 and 4:1 (test substance: cellulose) are tested with 5 
replicates and an average burning time is calculated. The reference material (potassium 
bromate: cellulose) is mixed with cellulose in ratios of 3:7, 2:3 and 3:2. Five replicates are 
measured and the burning times are reported as an average. 
 
The result determines the classification according to 4 different categories (typical results 
are presented in table 24): 
1) Oxidiser of Packing Group I: The average burning time for either the 4:1 or the 1:1 

mixture is shorter than the burning time for the 3:2 reference mixture. 
2) Oxidiser of Packing Group II: The average burning time for either the 4:1 or the 1:1 is 

shorter than or equal to the burning time for the 2:3 reference, but longer than for the 
3:2 reference mixture. 

3) Oxidiser of Packing Group III: The average burning time for either the 4:1 or the 1:1 is 
shorter than or equal to the burning time for the 3:7 reference, but longer than for the 
2:3 reference mixture. 

4) Non oxidiser: The burning time is longer than the 3:7 reference mixtures. 
 
Burning rate test according to EU-Directive.313 The test method is designed to measure the 
potential of a solid substance to intensify the burning rate of a combustible substance. In 
the test the sample is mixed with different proportions of starch and the burning is 
compared to standard mixtures. The method is not applicable to liquids, gases, explosive 
or easily combustible materials or organic peroxides. 
 
United Nations burning rate test for transport classification.314 The test method 
recommended by the United Nations is based on a similar test method to that used for the 
EU test but the materials are different. The sample is mixed with cellulose in different 
proportions and the burning rate is compared to a reference sample, potassium bromate. 

In the UN test there are clear needs for development in the future. Potassium bromate is, 
in addition to its oxidising properties, also carcinogenic and operators performing the test 
need to be well protected. To perform such a test with AN-based fertilisers is extremely 
difficult or even impossible as the metal wire is broken while performing the test. This 
behaviour is well known and therefore it can be difficult to obtain a reliable result315, 316. 

To determine the various factors affecting the conical pile test the influence of the sample 
preparation (powdery, crystalline or granular form) was studied for a mixture of two 
oxidisers, ammonium nitrate and potassium nitrate. Those materials of a clearly granular 
shape were non oxidisers; crystalline mixtures belong in Packing Group III, and powders in 
Packing Groups II or III in 1:1 mixtures (Figure 120 a). The 4:1 mixtures (lower diagram, 
Figure 120) were non oxidisers, but potassium nitrate-rich mixtures in crystalline and 
powder form belong in packing group III (Figure 120). For transport classifications the 
materials should be tested as transported.314 As can be seen from the diagrams, in the 
composition based classification system for transport some granular compositions are 
classified as oxidisers even though they do not exhibit oxidising properties in the relevant 
tests.  
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Figure 120 : The burning time in conical pile test as a function of the mole ratio K/(K+NH4) 
for a) granular, b) crystalline and c) powder mixtures of ammonium and potassium nitrate. 
The figure I (upper) is for test substance:cellulose ratio 1:1 and II (lower) is for test 
substance:cellulose ratio 4:1.The grey area represents variations in the reference burning 
time depending on the experimental set-up. R1 
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In the UN conical pile test the used reference material is subject to a number of 
occupational health hazards as potassium bromate (KBrO3) is potentially carcinogenic. 
Alternative reference materials have also been studied. In order to find out whether such 
possible reference materials would alter the classification, tests have been performed for 
several potential alternative reference materials such as potassium permanganate, barium 
nitrate, potassium nitrate and nitrite (Figure 121). Potassium permanganate would not 
change the position of fertilisers as non-oxidisers (based on the test results) but it was 
found that some crystalline mixtures could be moved from packing group III to II due to 
increased burning time of a refefrence 2:3. 
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Figure 121:  Results for alternative reference materials for UN conical pile test. R1 

The use of other reference materials such as potassium nitrate or barium nitrate would 
classify most fertilisers as oxidisers. In addition, with barium nitrate as the reference 
material a large number of grades would even end up in Packing Group II and crystalline 
mixtures in PG I. It becomes quite clear that most granular AN based fertilisers are not to 
be classified as oxidisers based on the above test criteria. 

8.2. Straight ammonium nitrate fertilisers 
 
Table 24 shows clearly that ammonium nitrate is to be classified as Class 5.1. Packing 
group III.385 To determine whether other high nitrogen (N) formulations are to be 
considered as oxidisers according to the conical pile tests various commercial products 
were studied. None of the high nitrogen products, AN 33.5 N, CAN 27% N + 4 MgO 
(dolomite based), 24% N+ 6 S (mixture of AN and calcium sulphate), 26 N + 1 Mg + 3 S 
(mixture of AN and AS) and FinnCAN321 (utilising a sheet silicate mineral phlogopite as a 
stabiliser), fall into the oxidising category (Figure 122), but surprisingly containing lower 
amount of AN the 20 N+ 5 MgO (mixture of ammonium nitrate and kieserite) as a 
borderline case falls with 4:1 mixture into PG III based on test criteria. The test mixture did 
not easily ignite and burned with small flames for a short time with no xidising character.  
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Table 24: Typical results from the UN conical pile test.317 
Test material 4:1 burning 

rate [s] 
1:1 burning 

rate [s] 
Burning 
rate [s] 

Packing 
group 

Sodium chlorate 5 13   II 
Sodium nitrate 56 39   II 
Potassium nitrite 8 15   II 
Potassium 
permanganate 

17 51   II 

Ammonium nitrate 161 74   III 
Reference 3:7     100   
Reference 2:3     54   
Reference 3:2     4   
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Figure 122: Oxidiser test results for commercial straigth nitrogen fertilisers. R3 

8.3. Complex fertilisers 
 
Similarly, AN based NPK formulations were tested and found to be nonoxidisers. These 
formulations include products such as 13-15-17, 17-5-17, 15-9- 12, 18-10-10, and 22-0-16. 
Some of the formulations such as 22-0-16 and 13-2-43 based on potassium nitrate 
indicated oxidising properties and suggest a classification into UN 1477 Oxidiser, N.O.S. 
(not otherwise specified)318. Sayce320 studied oxidising properties of fertilisers and 
concluded that below a threshold of about 60% AN no oxidising properties can be found.322 

 
Expert advice should be sought for complex NPK fertilisers with an excess of nitrate 
calculated as e.g. potassium nitrate, greater than 10% by weight of the mixture and the 
assigned transport classification should be based on testing. An ’excess of nitrate’ 
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indicates that the sum of oxidizers (e.g. ammonium plus potassium nitrate) is higher than 
simply based on AN content. The classification may need additional testing to confirm the 
absence of dangerous properties.314 
 
Some fully water-soluble fertilizers are based on e.g. crystalline materials including 
oxidizers and, based on testing, need to be classified for transport into class 5.1. Typical 
test results are presented in Figure 123 for products containing potassium and ammonium 
nitrate with monopotassium phosphate. The products are mixed with different sample-to-
cellulose ratios (1:1 and 4:1). Even though the test method is not practical for AN based 
fertilisers, it seems to work well with the crystalline mixtures. It is worthy of note that such 
mixtures are classified with UN numbers other than 2067 or 2071. 
 

0

20

40

60

80

100

120

140

160

Ref 3:7 Ref 2:3 Ref 3:2 13-0-44
(1:1)

13-0-44
(4:1)

13-2-43
(1:1)

13-2-43
(4:1)

13-4-42
(1:1)

13-4-42
(4:1)

12-2-44
(1:1)

12-2-44
(4:1)

14-0-46
(1:1)

14-0-46
(4:1)

22-0-16
(1:1)

22-0-16
(4:1)

Av
er

ag
e 

bu
rn

in
g 

tim
e 

[s
]  

Not division to 5.1

Division 5.1; Packing group III

Division 5.1; Packing group II

Division 5.1; Packing group I

 
Figure 123: Some typical UN Test O.1 results: test for oxidizing solids performed with 
different fully water soluble crystalline fertiliser mixtures. R3 
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9. ENERGETIC PROPERTIES 
 
The problem regarding the dangerous properties of ammonium nitrate is a complex issue, 
because they are normally not detected by the classical test methods for explosive 
properties or oxidising properties. However, due to its dangerous properties it is currently 
classified for transport on the basis of defined compositions (these classifications are 
based on a 'grandfather clause' by listing in the UN Model Regulations on TDG and they 
are not necessarily based on test results).323 
 
It is well known that AN has energetic properties both in solid and liquid state. On 
December 13 1994 at 06:04 a.m. two explosions took place at Terra's Port Neal facility 
near Sioux City, Iowa (figure 124). The investigation committee concluded that there was 
one principal cause and several secondary factors. The principal cause claimed was the 
defective design of the nitric acid sparger. The design caused AN to trap and confine a 
small but significant amount. The deformation and fracture features of the recovered 
sparger fragments show anyhow that the sparger experienced an external explosive load, 
followed by an explosive load within the sparger.439 External factors such as temperature, 
pH, time, concentration, and confinement have played a key role. 
 

 
 
Figure 124: December 13th, 1994, two explosions took place at ammonium nitrate solution 
plant in Port Neal, Iowa (USA). Four persons were killed and 18 injured and about 5700 
tons of anhydrous ammonia were released from a ruptured ammonia tank. 
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9.1. Test methods for energetic properties 
 
The different test methods for determining explosiveness and/or detonability are 
summarised in this chapter. The test results are summarised according to compositions. 
Other test methods and results of selected tests concerning the safety aspects of fertilisers 
are given in the literature.170 

9.1.1. Trauzl test of explosiveness 
 
The Trauzl test (Figure 125) was developed in 1885 by Isador Trauzl to measure 
explosiveness. A 10 g sample of the explosive is wrapped in foil and placed into a 
cylindrical hole drilled into a lead block with specific dimensions. 'A sample of the potential 
explosive is exploded in a cavity, or borehole, 25 mm in diameter and 125 mm deep, in a 
lead block 200 mm in diameter and 200 mm in height'. The hole is filled with sand and the 
explosive is detonated electrically. The increase in the volume of the hole in ml is called 
the 'Trauzl Number' of the potential explosive. Products resulting in figures less than 100 
are not regarded as having explosive properties. 324 
 

 
Figure 125: The Trauzl test. Right: A standard Trauzl block, 200 mm long and 200 mm in 
diameter, with a central hole 125 mm deep and 25 mm diameter. Left: The deformation 
caused by an explosive. 324  

9.1.2. Ballistic mortar test 
 
The so called Ballistic mortar test (Figure 126) is a laboratory instrument used for 
measuring the relative 'weight strength' compared to picric acid (arbitrary value of 100) of 
an explosive material. In this test the standard weight of a sample (10 g) is placed within a 
small borehole fitted with a No 8 aluminium detonator placed axially in the sample. It is 
heavily confined and tamped with sand. The mortar, which is suspended on a pendulum, 
recoils upon detonation. The recoil is a measure of the weight strength given as a 
percentage (relative to a standard value of 100) or the pendulum deflection. The sample is 
heavily confined. 325  
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Figure 126: Ballistic mortar test. 

9.1.3. Small scale explosivity device (SSED) 
 
A small scale explosivity device (SSED) is used to obtain a relative ranking of the 
explosivity of energetic materials. In the SSED test a 2 gram sample is confined in a 0.303 
(British) brass cartridge case. The set up is contained in a heavy walled, bolted closure, 
stainless steel vessel. Violence of an event is judged by the weight of the main body of the 
case remaining attached to the base after detonation. A detonator (No 8) is used for 
initiation. Sodium chloride used as reference resulted in a shattering of 40%.326  

9.1.4. Denting test 
 
A denting test (Figure 127) is used to determine whether the test material shows 
detonative behaviour under the influence of a shock wave. The test sample is subjected to 
the shock wave resulting from the initiation of a 30 g TNT cartridge (p = 1500 bar). The 
response is evaluated by means of the extent and nature of the damage caused to a steel 
plate under the tin can holding the sample and cartridge. 261, 327 
 
Four types of response are possible: 
� Classification 1: Plate punched through, edges showing little or no tear. 'The test 

material is prone to detonate'. 
� Classification 2: Plate severely torn, steel ripped off. 'The test material may be subject 

to detonation'. 
� Classification 3: Plate showing tear phenomena, steel not ripped off. 'The test material 

is not likely to detonate'. 
� Classification 4: Plate indented, but not torn. 'The test material cannot detonate'.
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Figure 127: The indentation test rig.328 

9.1.5. Cook-Talbot lead block test for detonation sensitivities of AN mixtures 
 
A comparative study on detonation sensitiveness was carried out by Shaffer329 and was 
based on the Cook-Talbot lead block test. The detonation sensitivity index (Is) was defined 
as 100/mean weight of booster (PETN) in grams. The mean is the weight of booster in 
grams at which 50% of the test samples detonate. The cardboard container for the test 
material is a cylinder whose diameter varies from 8.9 to 15.2 cm depending on the 
expected sensitivity of the test material. The closures for the top and bottom of the cylinder 
are made from kraft paper. The container is placed on a cylindrical lead block 8.9 cm in 
diameter, and 7.6 cm deep. A steel plate block (17.8 cm square, 1.3 cm thick) protects the 
lead cylinder from direct impact. A depression of the lead cylinder indicates a detonation of 
the test material; no deformation of the lead is deemed a failure to detonate. A No 6 
blasting cap connected to the booster generates a detonation wave to test the sensitivity. 

9.1.6. Steel tube tests 
 
A number of steel tube tests have been used for testing AN and AN based fertilisers. In all 
tube tests the material is filled into a tube that can have various diameters and subjected to 
a shock from a booster consisting of high explosives. Table 25 summarises the dimensions 
of the different detonation tests used for fertiliser material testing. The EU DRT is one of 
the most stringent tests. 330 

 
The EU detonation test is described in details in regulation 2003/2003.330 The test sample 
is confined in a steel tube and subjected to detonation shock from an explosive booster 
charge. 
 
 

Steel Ring

Steel Plate (3mm Thick)
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Substance under investigation
TNT Cartridge
Electric Detonator (No.2)

135mm

Steel Ring
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Tin Wall (0.3mm Thick)
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Electric Detonator (No.2)
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Table 25: Severity of the different detonation tests. 331 

 
Propagation of the detonation is determined from the degree of crushing of lead cylinders 
on which the tube rests horizontally during the test (Figure 128). If the crushing of at least 
one lead cylinder is less than 5%, the test shall be considered conclusive and the sample 
in conformity with the requirements of Annex III.2. 330 
 
Typical result obtained by EU DRT as undamaged lead cylinders are as follows; sand 4, 
CAN 3, FGAN 2-3, TGAN (low density) 0, crystalline AN 0-2, and NPK fertilisers 3 to 4. 317 

 

 
Figure 128: The EU detonation test.330 
 

Detonation tests: EU DRT UN Gap 
Test 

Underwater 
Energy Test

TNO  
50/70 

BAM  
50/60 

Wall thickness mm 5 4  10 5 
Outer diameter mm 114.3 48 150 70 60 
Inside diameter mm  40      
Length mm 1005 400 460 750 500 
Bottom plate mm 6   6     
Sample mass g    5650- 8800     
Booster size g 500 160 454 200 50 

Booster  Penthrite 
Hexogen/wax Pentolite Pentolite     
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The UN Gap test is designed to measure the ability of a substance, under confinement in a 
steel tube, to propagate a detonation by subjecting it to the shock impulse. In order for 
material to pass the test, a hole cannot be punched into the witness plate and the steel 
tube cannot be fragmented along its entire length. 
 
Underwater energy test allows for the physical measurement of the energy that is released 
by an explosive charge as it detonates in a sealed steel tube underwater. One oscilloscope 
records the profile of the pressure that is generated in the water over time. The second 
oscilloscope captures the period of time over which it takes the gas globe, which is 
generated in the water by the expansion of the detonation products, to complete one full 
oscillation. This test is able to quantify the relative detonability of different AN products. In 
other steel tube tests (e.g. TNO 50/70 and BAM 50/60) the substance is closed in a drawn 
steel tube and subjected to shock from a detonating booster charge, which is in a close 
contact with the test substance. The assessment is based on the degree of fragmentation 
of tube, although velocity probes or witness plates can sometimes be applied. All tube 
tests are summarised in Table 25. 
 
Generally on the steel tube tests: the larger the booster charge, the shorter the tube and 
the smaller the wall thickness mean the greater is the probability of a high degree of 
fragmentation. If conditions are changed far enough, the tests will be 'overdriven' with 
complete fragmentation seen with inert materials. 

9.1.7. Theoretical calculations 
 
The energy balance calculations are presented in chapters 9.2 to 9.8 for different fertiliser 
compositions. They are made for high temperature reactions, e.g. detonation. The 
calculations are based on HSC modelling [commercial software HSC Chemistry®6.0]332, 
which is based on the reaction data presented in the various chapters. No kinetics was 
included in the calculations and neither was the physical appearance of the mixtures 
included. These calculations were based on considering the high temperature heat and 
material balances, enthalphies, entropies and heat capacities. 

9.2. Ammonium nitrate reactions at high temperatures 
 
Ammonium nitrate decomposes upon detonation according to reaction (60) for which 
Urben333 calculates a heat 1.46 kJ/g: 
 
NH4NO3(s) -> N2(g) + 2H2O(g) + ½O2(g); [�HR(110 °C)= –123 kJ/mol]               (60) 
 
Another exothermic reaction is (54)334: 
 
5NH4NO3(s) -> 2HNO3(g) + 4N2(g) + 9H2O(g); [�HR(110 °C)= –128 kJ/mol]             (61) 
 
In addition ammonium nitrate may decompose with formation of dinitrogen (nitrous) oxide 
and water:3 

 
NH4NO3(s) -> N2O(g) + 2H2O(g); [�HR(110°C)= –41.6 kJ/mol]                (62) 
 
In energy calculations the detonation was assumed to proceed according to reaction (60) 
only in order to set a worst case scenario. 
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9.3. Mixtures of ammonium nitrate and ammonium sulphate 
 
September 21st, 1921, an attempt to disaggragate a granulated mixture (50:50) of AN and 
AS with industrial explosive caused the death of 450 people and destruction of 700 
houses. This practise had been done over 20.000 times without accident. About 450 tons 
out of 4500 tons exploded (Figure 129). 
 
The high temperature reactions of AN and AS are discussed in this chapter with the 
inclusion of data from various studies made on detonability. 

 
Figure 129: September 21st, 1921, an attempt to disaggragate a granulated mixture (50:50) 
of AN and AS with industrial explosive caused the death of 450 people and destruction of 
700 houses.437

9.3.1. High temperature reactions 
 
Ammonium sulphate reacts according to endothermic reaction (63):340 

 
(NH4)2SO4(s) -> 2NH3(g) + H2O(g) + SO3(g)    (63) 
 
In addition oxygen formed in the ammonium nitrate decomposition reaction (60) or from the 
air may oxidise the ammonia from reaction (63) by a highly exothermic reaction (64):341 
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2NH3(g) + 3/2 O2(g) -> N2(g) + 3H2O(g)    (64) 
 
In such a case ammonium sulphate does not consume energy in the overall decomposition 
but may contribute to a net exothermic reaction. At high temperatures the sulphur trioxide 
decomposes to sulphur dioxide and oxygen according to endothermic reaction (65):339 

 
SO3(g) -> SO2(g) + ½O2(g)     (65) 
 
Such a reaction is only slightly endothermic and will not affect the net exothermic reaction 
between ammonium nitrate and ammonium sulphate. Ammonium sulphate in itself is not 
explosive and none of the following decomposition equations (66- 70)339,340,341,343,344,347 
represent a highly exothermic reaction: 
 
2(NH4)2SO4 -> 8H2O + S2 + 2N2 – 0.21 kJ    (66) 
 
(NH4)2SO4 -> H2O + SO3 + 2NH3 – 0.91 kJ    (67) 
 
(NH4)2SO4 -> 2H2O + SO2 + 2H2 + N2 – 0.41 kJ   (68) 
 
2(NH4)2SO4 -> 4H2O + 2SO2 + 2NH3 + H2 + N2 – 0.71 kJ  (69) 
 
2(NH4)2SO4 -> 6H2O + SO2 + H2S + �NH3 + ½H2 + 2N2 – 0.58 kJ  (70) 
 
Heat must be applied to the salt from outside in order to bring about decomposition. 
 
The effect of ammonium sulphate in the energy calculations is presented in Figure 130. 
When primary reactions (63) and (69) are included in the reaction a net positive reaction 
heat (i.e. an overall endothermic process) is achieved when at least 30 to 35% ammonium 
sulphate or ammonium hydrogen sulphate are present. If secondary reactions (64) and 
(65) are included the net reaction is exothermic up to at least 40% of (NH4)2SO4 or 
NH4HSO4, and thus requires diluting down the ammonium nitrate to at most 50% 
ammonium nitrate depending on whether ammonium sulphate or ammonium hydrogen 
sulphate is used. 
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Figure 130: Modelled energies for mixtures with ammonium sulphate and ammonium 
hydrogen sulphates including primary and secondary reactions on the oxidation of 
ammonia. 
 
In solid form AN:AS mixtures are in the form of double salts: the so-called Leuna salt 
(NH4)2SO4*2NH4NO3 (54.8% AN : 45.2% AS) and (NH4)2SO4*3NH4NO3 (65.4% AN : 34.6% 
AS). The mixtures' heats of explosion have been reported as follows; 1589 kJ/kg 
ammonium nitrate, 1200 kJ/kg Leuna salt, and 883 kJ/kg for a 50/50 mixture334. This 
calculation suggests a higher safety margin by the use of ammonium hydrogen sulphate 
rather than ammonium sulphate in the composition of fertilisers. It is also very likely that 
the pH of the product has an important effect on safety. A low pH necessary for ammonium 
hydrogen sulphate to exist would affect the decomposition hazard of ammonium nitrate. 
On the other hand a high pH would affect the energy content of the mixture due to a higher 
content of ammoniacal nitrogen. Fertilisers should never have a pH <4 and >8 for handling 
purposes. 
 
The effect of sulphate ions is shown in Figure 131 where the mass loss from ammonium 
hydrogen sulphate is significantly higher when compared to that of one with ammonium 
sulphate. 335 The sulphate ion contributes to higher mass loss around 5% level of added 
salt. The decomposition is acid catalysed according to equations 71 to 73.335 

 
NH4

+ + SO4
2- <-> NH3 + HSO4

-    (71) 
 
HSO4

- + NO3
- <-> HNO3 + SO4

2-    (72) 
 
HSO4

- + HSO4
- <-> H2SO4 + SO4

2-    (73) 
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Figure 131: Thermogravimetric studies on ammonium nitrate and ammonium sulphate at 
245ºC for 4 hours. Total weight loss as a function of added salts as 1: ammonium nitrate + 
ammonium sulphate, 2: ammonium nitrate + potassium sulphate, 3: ammonium nitrate + 
ammonium hydrogensulphate. 335  

9.3.2. Theory on ammonia oxidation 
 
The results shown above lead to the question of whether a full or partial oxidation of 
ammonia is possible. It is known that the oxidation of ammonia normally requires a 
presence of a catalyst. The following reactions are three principal catalytic oxidations of 
ammonia:1 

 
2NH3 + 3/2 O2 -> N2 + 3H2O   +632 kJ  (74) 
 
2NH3 + 2 O2 -> N2O + 3H2O   +553 kJ   (75) 
 
2NH3 + 5/2 O2 -> 2NO + 3H2O   +452 kJ   (76) 
 
In the presence of platinum and cobalt oxide at high temperatures (750 - 900ºC) mainly 
NOx is produced. This is the basis for the industrial manufacture of nitric acid (Ostwald 
process). At low temperatures (<500ºC) all three nitrogen forms (N2, NO, N2O) are formed 
simultaneously. For mixtures of AN and AS the oxygen needed would result from equation 
(60) and ammonia from (63), (67) and (69). From the other reactions (67) to (70) do not 
produce any significant heat. Moreover, ammonia oxidation is only conceivable at very 
high temperatures, which are out of question here. There seems to be evidence for both 
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the notion that ammonia does oxidise in such a system and that ammonia oxidation is very 
unlikely. The calculations in chapter 9 are based on equilibrium calculations and do not 
include the kinetics of the primary and secondary reactions. Thus, the oxidation of 
ammonia should be confirmed and studied under an experimental test set-up under real 
conditions. 

9.3.3. Mixtures of ammonium nitrate and ammonium sulphate  
 
The first studies on the reaction between AN and AS were conducted in the 1920s to 
investigate the possible reasons for the Oppau accident. Trauzl test was the main 
assessment tool (see section 9.1.1). The typical Trauzl reference values336, 337 are for AN 
178 cm3, ANFO (Ammonium Nitrate Fuel Oil with 6% oil) 316 cm3, ammonium perchlorate 
194 cm3

 and TNT 300 cm3
 (Meyer336; PATR337). The difference between AN and ANFO is 

significant. In the experiments described by Kast338 and by Haid and Koenen339 the volume 
obtained for AN is significantly lower. The experiments conducted by Kast in 1920s after 
the Oppau accident was made according to the lead block tests. The results shown in 
Figure 132 concluded that when the AN content in mixtures increases to between 55 and 
60% the explosive power of the mixture is equal to mixtures with AN and inert sand. 339 
Starting from 60% to pure AN the expansion is larger than with sand-diluted AN which 
indicates a higher explosive power for the AN:AS mixture compared to AN without AS. 
There are significant differences in the test values for expansion in a lead block as 
obtained by Kast 338, Haid and Koenen339 and Meyers336 prompting the question of how the 
samples were made and tested. In spite of the numerical differences, all results show a 
similar qualitative result: above a certain threshold (somewhere near 55-65% of AN) the 
energy released from AN:AS mixtures becomes higher compared to the same amount of 
ammonium nitrate with a true diluent (such as MOP in fig 132 or MOP and quartz in fig 
133). 

 
Figure 132: Expansion in a lead block as a function of additive content (wt- %) for mixtures 
of ammonium nitrate with a) ammonium sulphate, b) diammonium phosphate, c) 
ammonium chloride, and d) potassium chloride. Redrawn from Haid.339 
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Figure 133: Expansion produced in a lead block by firing 10 g of a mixture of ammonium 
nitrate with a: ammonium sulphate, b: potassium chloride, and c: quartz sand as a function 
of additive content (wt- %) with and without blasting cap. Drawn from Haid and Koenen. 338, 

340 

In Table 26 the results from Aufschläger341 with various forms of ammonium nitrate show 
the dependency on both physical form and on density on expansion in lead block tests. 
The last result shown with only 15 cm3

 expansion resembles the FGAN quality of modern 
times. It is noted that the results from Haid339 and from Kast338 apply to powders and to fine 
materials. Aufschläger342 also studied mixtures of AN and AS resulting in a 220 cm3

 

expansion for a 50:50 salt mixture compared with 244 cm3
 for pure AN. 

Table 26: Lead block test results for ammonium nitrate.341 

 
Based on the Oppau inquiry a conclusion was reached that, while applying a certain safety 
margin, a mixture of AN and AS containing clearly more than 50% AN was liable to 

       Sample form Density 
g/cm3 

Expansion 
cm3 

Needle shaped crystals between 1.0 and 1.5 mm 0.50 215 

Rhombic crystals 3 cm long and 5 mm thick 0.35 135 

Nitrate crushed and passed through 144 mesh per cm2 sieve 0.69 200 

Fine nitrate passed through the 2000 mesh per cm2 sieve 0.83 189 

Nitrate melted and broken into large pieces - 15 
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explode in conditions of high confinement and sufficiently low density.343 Several months 
before the accident changes in the manufacturing process created slightly lower bulk 
densities and changes in physical composition. These changes may have made the 
product more liable to explode. In addition, it has been suggested that the relevant storage 
area had pockets of product that contained more AN in the mixture. 334, 344 This was also 
studied by Kast338, 344 who concluded that Oppau salt explodes at a very loose packing 
density of 0.75 kg/dm3. He also concluded that explosion tests were not enough for a full 
evaluation of the explosiveness of a substance, but that physical properties such as bulk 
density and particle size should also be taken into consideration. Tests conducted with 
60:40 AN:AS mixtures were found to detonate with a velocity of 1300 m/s at a density of 
0.8 g/cm3. 345 This velocity increased to 1500 m/s when 2% paper was added. 
 
In the tests conducted by Clancey345 (Figure 134) there is a significant numerical difference 
between the physical mixture and the co-crystallised mixtures of AN:AS. Qualitatively both 
mixtures show a similar behaviour. In tests with 10 grams of sample the densities may vary 
a lot and may affect the final interpretation. Further work by Clancey346 includes tests 
conducted with commercial fertilisers (Figure 135). For AN-AS mixtures desensitising is 
observed below an AN content of 75%. The densities have been mentioned as affecting 
the results. The results from Clancey are drawn as Figure 135 including data from1962 
and 1967. The y-axis represents the so called Ballistic Mortar Test Power Value (BMTPV), 
where 80 is obtained for pure AN. The reference substance, picric acid, gives a value of 
100. The results obtained for commercial fertilisers containing AN and AS give significantly 
lower values of the BMTPV reflecting the higher dilution. 
 
In 1987 Shaffer329 studied the sensitivities based on the Cook-Talbot lead block test. The 
results are summarised in Table 27. The findings show that ammonium sulphate (at a 
weight percentage of 20) suppressed the sensitivity by more than 50% as compared to AN 
prills. This finding is in line with those theoretical calculations that exclude secondary 
reactions. It also points towards the safety margin applied to the results found by Kast338, 

340, 343, 344 and Haid339 in earlier days. 
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Figure 134: Effect in the Ballistic Mortar as a function of ammonium nitrate content (wt- %) 
for mixtures of I: Idealised diluent, II: Ammonium sulphate physical mixture, III: Ammonium 
sulphate mixture (co-crystallised), IV: Potassium sulphate, and V: Calcium carbonate. 
Drawn from Medard. 334 

 
Naoum et al.347 reported the heat of the explosion as a function of the composition. The 
latent energies in the 64.5% (1:3) and 54.8% (1:2) mixtures respectively gave 81% and 
76% of the energy of ammonium nitrate. Naoum also gives the result for a mixture with 
40% AN where the energy is zero. Highsmith348 indicates that 1:3 salt releases more 
energy than 1:2 salt. The patent WO 9961395 A1348 concludes that the more intimate the 
mixture of AN and AS the greater the difficulty of detonation supporting the requirement for 
uniform mixtures in UN model regulations. He suggests that a mixture of AN and large-
grained AS could produce more gas than AN alone. Hence, an intimate mixture of AN and 
AS consisting of very small particles would seem to be the most desirable mixture. The 
theoretical calculations (Figure 130) support experimental results by various researchers 
for a cut-off point of 55%. Present legislation with 45% AN adds additional safety margin 
for compositions. 
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Figure 135: Effect in the Ballistic Mortar as a function of the ammonium nitrate content (wt- 
%) for a) co-crystallised AN-AS, b) blended mixture of AN-AS and c) commercial fertilisers 
consisting of AN-AS mixtures. Redrawn from Clancy. 345, 346 
 
Table 27: Detonation sensitivities of some fertiliser compositions. 329 

 
A study was made with EC DRT to determine the amount of fragmentation and 
compression as a function of ammonium sulphate content in blends based on both 
granular and prilled AN. In addition a commercial product with 70 % AN was included as 
reference. The results in Table 28 do indicate neither dilution nor increased sensitivity as a 
function of AS content. The bulk densities are significantly higher than in the small scale 
experiments conducted by Kast338, 340, 343, 344, Haid339 and Clancey345, 346. 

Type of ammonium nitrate Detonation sensitivity (Is) 

AN with fuel oil 8.6 

AN prill 3.2 

AN + 0.25% Mg 2.3 

AN + 5% AS 2.0 

AN + 20% AS 1.5 

30-10-0 1.4 

30-10-0 with fuel oil 0.8 
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Table 28: Results of EC DRT on the mixtures of ammonium nitrate (AN) and ammonium 
sulphate (AS) in a) blends based on prilled AN 34.5 %N, b) blends based on granular AN 
33.5 %N, and c) in complex 27 % N fertilisers. R3 

 

9.4. Mixtures of ammonium nitrate and phosphates 

9.4.1. Ammonium phosphates 
 
Reactions of ammonium nitrate with ammonium phosphates show similarities to the 
mixtures of ammonium nitrate with ammonium sulphate. Urben333 calculated heats for the 
reactions: 
 
1½NH4NO3 + NH4H2PO4 -> 4N2 + 9H2O + H3PO4   1.54 kJ/g  (77) 
 
3NH4NO3 + (NH4)2HPO4 -> 4N2 + 9H2O + H3PO4   2.09 kJ/g  (78) 
 
2NH4NO3 + (NH4)2SO4 -> 3N2 + 8H2O + SO2   2.08 kJ/g  (79) 
 
Monoammonium phosphate introduces similar energetic considerations as given above for 
ammonium sulphate in relation to the possible involvement of ammonia. As seen from 
Figure 136 an oxidation of ammonia would increase the sensitivity whereas neglecting the 
effect of ammonia results in a theoretical decrease of energy release. 
 

N S AN AS Compression of cylinders Length not 
fragmented Density

% % % % 1 2 3 4 5 6 cm kg/m3

AN 34.5% - 98.6 0 41 21 5 0 0 0 510 1025
AN 33.5% - 95.7 0 44 35 25 5 0 0 250 920 

Blends based on prilled AN, 34.5%         
33.2 2.4 90 10 39 11 0 0 0 1 510 1074
33.2 2.4 90 10 38 17 0 0 0 3 510 1181
32.5 3.6 85 15 38 13 0 0 0 2 520 1080
32.5 3.6 85 15 39 11 0 0 0 1 490 1137
31.8 4.8 80 20 38 10 0 0 0 3 540 1077
31.8 4.8 80 20 34 10 0 0 0 2 510 1080
31.1 6.0 75 25 39 16 0 0 0 4 500 1071
31.1 6.0 75 25 37 14 0 0 0 2 540 1073
30.5 7.2 70 30 38 17 0 0 0 3 500 1082
30.5 7.2 70 30 35 13 0 0 0 2 590 1076

Blends based on granulated AN, 33.5%         
32.8 1.4   40 24 4 0 0 4 450 1068
32.8 1.4   39 22 1 0 0 1 500 1071
32.0 2.8   44 25 1 0 0 3 390 1049
32.0 2.8   43 24 2 2 0 2 430 1047
31.3 4.2   40 26 2 0 0 1 380 1054
31.3 4.2   43 26 2 1 0 2 410 1048
30.5 5.6   33 19 3 0 0 5 340 1046
30.5 5.6   41 19 8 0 0 2 400 1050
29.8 7.0   45 18 0 0 0 6 420 1065
29.8 7.0   43 27 0 0 0 5 430 1073

Commercial           
27.0 4.8 65 20 43 27 2 0 0 0 480 1018
27.0 12.0 50 50 37 11 0 0 0 0 505 1030
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Figure 136: Modelled energies for decomposition reactions of ammonium nitrate 
ammonium phosphate mixtures including secondary reactions such as the oxidation of 
ammonia. 
 
It is worth mentioning that equation 64 also applies in the case of phosphates in a similar 
manner as in the case of ammonium sulphates. Based on the studies by Haid339 the effect 
of ammonia is somewhat lower, between 0 and 20% of DAP the lead block compression 
follows the same line as with AS, beyond 20% the compression decreases below the ideal 
inert line with 30% DAP (Figure 132). Clancey found only a slight effect with MAP, which is 
presented in Figure 144. This supports the role of ammonia, unfortunately there are no 
comparison studies for MAP vs DAP. In some countries (Germany, for example) NP and 
NPK fertilisers are subject to detonation testing if they contain more than 70% ammonium 
nitrate,349 reflecting a possible energy contribution due to the presence of additional 
ammonium ions. 
 
In 1968 Porter350 patented the addition of ammonium phosphates (10%) and small 
amounts of potash or ammonium sulphate to ammonium nitrate in order to reduce 
accidental detonation. These mixtures were claimed to form non-detonable mixtures with 
fuel oil under specific tube test conditions with a 4" diameter and a 10" long cardboard 
container with 1.4 kg (3 lb) of material. Following the Oklahoma City (Figure 137) blast351 
four victims of the Oklahoma City bombing have filed a lawsuit against ICI claiming they 
should have incorporated additives such as those mentioned in Porter's patent to render 
the ammonium nitrate fertilizer it produces less explosive. Several large scale (37 dm3) 
experiments with AN and ammonium phosphates prepared according to patent instructions 
were performed. These tests showed that certain mixtures of AN with diammonium 
phosphate with high amounts of ammonium nitrate do detonate when tested in larger 
amounts and with greater confinement (in 15.2 cm diameter steel pipes or in 36 kg 
quantities). The tests quoted in the above patent were performed on too small a scale and 
with insufficient confinement to predict whether the mixtures were, in fact, detonable or not. 
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No desensitising effect as claimed by Porter was found in the tests on larger scale. Hence, 
it was concluded that the scale of a test is of importance.352 In the Cook-Talbot tests the 
desensitising effect of ammonium phosphates was found see Table 27.329 Levin reports a 
significant increase in bulk density from 0.99 to 1.04 kg/dm3

 when stabilising ammonium 
nitrate with ammonium phosphates. In the detonation test the undamaged part of the tube 
increased correspondingly from 340 to 495 mm.353 
 

 
Figure 137: On April 19th, 1995 a Ryder truck containing 2800 kg AN fertiliser, 
nitromethane, and diesel fuel mixture detonated in front of the Alfred P. Murray Federal 
building at Oklahoma City, USA. The terrorist bomb claimed 168 lives and left over 800 
people injured.415 

9.4.2. Calcium phosphates 
 
The calculation of the effects of different forms of calcium phosphates was performed and 
it was found that all phosphates reduce energy release as a function of their concentration. 
The reader should note that no kinetic effects were taken into account even though the pH 
of MCP is slightly acidic and could thus accelerate decomposition. Tricalcium phosphate 
should be assumed to behave like inert diluents such as sand, Figure 138. 
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From Figure 138 one concludes that tricalcium phosphate, MCP, and DCP all affect the 
energetic balance very similarly. The findings from Clancey345 show a strong sensitising 
effect from calcium phosphates (including superphosphates). 
 
In tests with AN rejects (fine material from screening and housekeeping) by Chys TSP did 
not suppress the energy release even in a 50:50 mixture. In these tests detonable AN fines 
were used together with normal granular size TSP. Fine phosphate powder suppressed 
even at a 25% level. Consequently, size match (uniform mixture) seems to play a 
significant role in blended materials.354, 328 The effect caused by the lower pH of TSP must 
also be considered. Tests made by Oxley326 indicate the relationship between 
decomposition temperature and energy release for calcium diluents such as carbonates, 
sulphates and phosphates. The energy released is related to the decomposition 
temperature, the higher the temperature the higher the energy released (Figure 139). 
 

 
Figure 138: Modelled energies for mixtures of ammonium nitrate with different calcium 
phosphates as a function of additive content. 
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Figure 139: The results of thermal analysis for mixtures of ammonium nitrate with calcium 
carbonate, sulphate, and phosphate.326

9.5. Mixtures of ammonium nitrate with other components of fertilisers
 
Most of the fertiliser constituents were found to decompose in an endothermic way 
according to the following reactions:332 

 
K2SO4(s) -> K2O(s) + SO3(g)     (80) 
 
CaSO4(s) -> CaO(s) + SO3(g)     (81) 
 
CaSO4*2H2O(s) -> CaO(s) + SO3(g) + 2H2O(g)    (82) 
 
MgSO4(s) -> MgO(s) + SO3(g)     (83) 
 
CaCO3(s) -> CaO(s) + CO2(g)     (84) 
 
Al2(SO4)3(s) -> Al2O3(s) + 3SO3(g)    (85) 
 
Based on the energy balance calculations the reactions 80 to 85 are all endothermic, i.e. 
they will reduce the energy release from ammonium nitrate during detonation. The 
commercially important diluents are calcium sulphate and calcium carbonate. Both 
systems CaSO4(s)/CaO(s)/SO3(g)/SO2(g)/O2(g) (figure 140) with reaction enthalpy 436 
kJ/mol at 1500ºC and CaCO3(s)/CaO(s)/CO2(g) (figure 141) with reaction enthalpy 110 
kJ/kg at 1500ºC are suppressors for a detonation.  
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Figure 140: The modelled equilibrium composition in the system CaSO4(s) / CaO(s) / 
SO3(g) / SO2(g) / O2(g) as a function of temperature at 1.0 bar. 

 
Figure 141: The modelled equilibrium composition in the system CaCO3(s) / CaO(s) / 
CO2(g) as a function of temperature at 1.0 bar. 
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The detonation temperature of ammonium nitrate can be debated as there are no clear 
reference temperatures given, e.g. Macy355 gives 2120ºC and Fedorov356 states 1500ºC. 
The endothermic effects of certain compounds would consume energies as e.g. calcium 
sulphate and calcium carbonate at 1500ºC. In boosted initiation the booster temperatures 
typically range from 2314ºC (RDX), 2556ºC (TNT) to 2745ºC (PETN). In the case of 
ANFO, or a product accidentally mixed with oil, temperature ranges between 1727ºC (96% 
AN: 4% oil) and 2867ºC (94% AN: 6% oil) were given. 357 
 
In thermally boosted detonation (Deflagration-To-Detonation; DTD) the best acting 
additives in order to reduce energy release include calcium carbonate. Moreover, calcium 
carbonate will reduce any acidity as follows: 
 
2HNO3 + CaCO3 -> Ca(NO3)2 + CO2 + H2O    (86) 
 
Dolomite and magnesium carbonate act in a similar manner. 
 
There is a significant difference between various diluents on how they affect high 
temperature reactions as shown in Figure 142. The order of the diluting effect decreases in 
order Na2SO4 -> K2SO4 -> CaSO4 -> MgSO4 -> CaCO3 -> Al2(SO4)3 -> Fe2(SO4)3 -> MgCO3. 

 
Figure 142: Modelled energies for decomposition reactions of AN in mixtures with various 
sulphates and carbonates as a function of additive content. 
 
The effect of water was determined by comparison of anhydrous calcium sulphate and 
dihydrate. The resulting graphs are almost identical which leads to the conclusion that 
crystal water has a negligible effect on the energy release. This is due to the fact that the 
energy change in the formation of new components is very large in comparison to the 
energy involved in the binding of water. 
 
The dilution effect was confirmed by Clancey345 for potassium sulphate and potassium 
chloride, calcium carbonate and sand with a varying effect. The dilution effect of calcium 
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carbonate strongly indicates a threshold concentration of 90% AN (31.5% N) (Figure 143) 
for mixtures with ammonium nitrate showing densities of 0.73 and 0.86. When the test 
results from 1967346 for calcium carbonate and AN mixtures with a density of 0.69 are 
included the dilution effect is decreased to a threshold of 80%. This was probably the basis 
for the UN classification. It also shows the importance of the product density. In the Cook-
Talbot test carbonates had the most diluting effect (80%) which is in line with results of 
Clancey. 345 
 

 
Figure 143: The effect in the Ballistic Mortar test as a function of ammonium nitrate content 
(wt- %) for mixtures of a) potassium chloride (MOP), b) potassium sulphate (SOP), c) 
MOP/SOP test mixtures with a density between 0.73 and 0.86. Chalk (calcium carbonate) 
d) shows a strong dilution effect confirmed by test mixtures with the density 0.69 e). 
(redrawn from Clancey). 345, 346 
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Figure 144: The effect in a Ballistic Mortar test as a function of ammonium nitrate content 
(wt- %) for mixtures of a) monoammonium phosphate (MAP), b) single superphosphate 
(SSP), c) triple superphosphate (TSP) and d) sand. The test results of commercial NPK 
products from both the 1962 and 1967 studies are shown. (redrawn from Clancey). 345, 346 
 
In SSED (Figure 145) studies there is good suppressing behaviour in compositions with 
calcium carbonates, sulphates, and phosphates. 
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Figure 145: Small Scale Explosivity Device (SSED) test results for various fertiliser 
compositions. Drawn from Oxley.326 
 
Surprisingly one sample containing dolomite and 3.5% oil inclusion gave a high shattering 
but pure AN with up to 6% oil did not significantly increase the shattering. No information 
was available on the porosity and bulk density of the tested mixtures. Only pure AN 
resulted in complete shattering in this test.326 There is a decreasing shattering CaHPO4 > 
CaSO4 > CaCO3; thermal analysis indicated a similar order for increasing energy (Figure 
139). Chys354 performed tests with inert fillers such as china clay, dolomite, limestone, 
gypsum, magnesium oxide, phosphate rock and sand as fine materials mixed with AN 
fines (not passing the EC tube test). In each case there was no detonation in either the 
denting test or the EC detonation test with 25% inert material. Applying granular materials 
such as MAP, DAP, TSP and SSP did not have a positive effect even at 50% mixtures. 
The homogeneity of the mixture is of key importance. In blends the AN must conform to 
EC regulation 2003/2003.328, 330, 354 Taulbee358 has tested the coating of ammonium nitrate 
with coal combustion by-products by varying the additive content. In these studies the test 
with 90.7 kg (200 lb) implying 20% additive was found to be an effective dilution for 
inertness. This indicates that a number of even non-traditional diluents can be considered 
effective at a threshold limit of 20% additive. 
 
Results from the EC test are illustrated in Figure 146. Although the test only gives a 
passed/fail result, the number of cylinders compressed could be utilised in greater detail. 
Naturally there is a significant difference between 2 or 3 cylinders being compressed 
versus a product where 5 cylinders are damaged. 
 
It is notable in Figure 146 that products, whether classified as non-hazardous or as 
Oxidizing Class 5.1, behave in similar ways in the test. This classification into the category 
of an oxidizer is often widely misunderstood to mean that the product automatically poses 
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a detonation hazard,274 but as can be seen above, this is clearly not true. The products 
with less than 65 % AN seem to behave as ’inerts’ in the test.381  

0 1 2 3 4 5 6

AN 33,5

29 + 9 SO3

NP 30-10

27 + 5 MgO

27-0-0+4S

27-0-0+4S

FinnCAN

27-1-0+4S

CAN 27 + 4 MgO

CAN 26 + 5 MgO

20+8 MgO

24+ 15 SO3

24+ 18 SO3

20+11 MgO

Compressed lead cylinders (> 5 %)

Transport under 5.1.

Non hazardous

 
Figure 146: Comparison compression of lead cylinders in EC Detonation Resistance Test 
for different products classified as non-hazardous or oxidising agents. R3 

9.6. Compound fertilisers 
 
In complex compound fertilisers ammonium nitrate reacts with potassium chloride 
according to the reaction 
 
NH4NO3 + KCl -> KNO3 + NH4Cl    (35) 
 
Mixtures of ammonium nitrate and potassium chloride are shown in Table 29. The first 
question in NPK fertilisers is related to the content of free ammonium nitrate. If all AN 
converts to potassium nitrate (KN) how will this then affect high temperature reactions. The 
difference in the composition (AN + MOP vs. AC + KN ) gives for example for NPK 15-15-
20 an energy difference of 29 kJ/kg, which is only a fraction from the energy release in the 
detonation of ammonium nitrate releasing 1500 kJ/kg. The final thermodynamic equilibrium 
is the same for non-converted and converted case; there is only a minor difference 
whether initial state contains AN plus MOP or AC plus KN. The salt composition may affect 
the kinetics and further research is required to substantiate this. 
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Table 29: Typical weight-% compositions in NPK fertilisers as a) formulated with 
ammonium nitrate (AN), ammonium phosphate (AP), potash (KCl) and filler (REST), and b) 
after full conversion reactions into ammonium chloride (NH4Cl) and potassium nitrate 
(NOP). 

%N %P2O5 %K2O AN AP REST AN NH4Cl AP KCl NOP

15 15 20 34.0 26.7 6.0 0.0 22.7 26.7 1.6 43.0
17 17 17 38.5 30.0 2.9 8.1 20.3 30.3 0.0 38.4
20 10 10 51.2 17.8 14.3 33.3 12.0 17.8 0.0 22.6
20 8 12 52.4 14.2 13.4 30.9 14.3 14.2 0.0 27.1
21 5 9 57.0 8.9 19.1 40.9 10.7 8.9 0.0 20.3
23 4 13 57.2 7.1 14.0 33.9 15.6 7.1 0.0 29.4
24 8 8 56.8 14.2 15.7 42.5 9.5 14.2 0.0 18.0
24 5 10 59.5 8.9 14.9 41.6 12.0 8.9 0.0 22.6
25 4 13 69.1 7.1 2.1 45.8 15.6 7.1 0.0 29.4
25 5 5 68.5 8.9 14.3 59.6 6.0 8.9 0.0 11.3
25 0 13 65.2 13.1 41.9 15.6 0.0 19.4
26 5 10 71.3 8.9 3.1 53.4 12.0 8.9 0.0 22.6
26 8 8 69.6 14.2 2.9 55.3 9.5 14.2 0.0 18.0
26 0 15 73.9 1.1 47.0 17.9 0.0 33.9
27 4 4 74.7 7.1 11.5 67.5 4.8 7.1 0.0 9.1

16.7
13.3
25.0
6.7

16.7
21.7
8.3

21.7

20.0
15.0
21.7
13.3

33.3
28.3
16.7

As formulated As reacted in final composition
KCl

 
 
In NPK fertilisers the calculations show a direct correlation between the total modelled 
enthalpy and the ammonium nitrate content. Potassium chloride decomposes into 
hydrochloric acid and potassium phosphates. In NK fertiliser's potash is a diluent until 
900°C, where sublimation begins. There is a slight increase in the total enthalpy with 
formulations containing ammonium sulphate due to a stoichiometric excess of ammonium 
(NH4) over nitrate (NO3). The oxygen balance approaches zero with a higher content of 
ammonium and as a result slightly more energy is released (Figure 147). The calculations 
are in line with published experiments, e.g. Clancey.345, 346 

 

Compounds with less than 70% AN showed no DRT failures, whereas at an 80% limit 
experimental products with lower densities gave cause for concern for a failure in BAM 
50/60 steel tube test.359 Based on the theoretical calculations for different NPK 
formulations the total modelled reaction enthalpy follows the following equation: 
 
Reaction enthalpy [kJ/kg] = -18.269* AN [%] - 110.53, r2

 = 0.9942  (87) 
 
The so called boostered steel tube (BAM) test has been used by author for testing of AN-
based fertilisers where no official requirements exist (Note! In the BAM 50/60 test normally 
50 g booster is used, in the studies 200 g was used). Typical results are presented 
graphically in Figure 148 as a function of nitrogen content.  
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Figure 147: Modelled energies for decomposition reactions of a) typical NPK products, b) 
NPK with calcium sulphate and c) NPK with ammonium sulphate as a function of AN 
content (wt- %). 
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Figure 148: Results from boostered steel tube test on fertiliser products from 1970- 2003 
as a function of total nitrogen content. (Test details 200 g booster, l = 100 cm, Ø = 10 cm, 
thickness = 6 mm). R3 
 
Based on experience, products with less than 70% ammonium nitrate have not shown any 
detonation properties. Between 45% and 70% ammonium nitrate there is deflagration 
around the detonator resulting in some fragmentation. It is notable that products containing 
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more than 70% ammonium nitrate may in certain cases not pass the detonation test. A 
basic rule of thumb is to measure the bulk density of the product and if it is below 0.8 t/m3 
then a test is needed to confirm that the product does not present any detonation hazard. 
Note that complete fragmentation is interpreted as a length more than 1.5 times the 
fragmented length observed with inert materials such as sand. 
 
Some NK blends were studied as part of a series of experiments to determine the 
detonation and thermal behaviour of blended fertilisers (see Table 30). In these tests none 
of the blends (below 60% AN) showed any sensitivity to detonation. Some blends did 
however show SSD tendency with a high burning rate when mixed with a PK material (5-
27-17+0.8 Cu) containing trace elements. SSD and detonation hazards do not correlate 
with each others.   
 
Table 30: Detonation and SSD tests results for some blends formulated from ammonium 
nitrate (AN 34.5 % N), potash (60 % K2O) and NPK 5-27-17+0.8 % Cu. R2E20 

 AN 
[%] 

MOP 
[%] 

NPK+Cu 
[%] 

N 
[%] 

P2O5 
[%] 

K2O 
[%] 

Self sustaining 
decomposition 

[cm/h] 

Non fragmented 
part 
[cm] 

1 5.2 45.0 49.8 3.8 13.6 37.3 0 72 
2 7.5 92.5 - 2.7 0 57.3 0 76 
3 25.5 74.5 - 8.9 0 45.9 0 77 
4 27.2 23.0 49.8 11.2 13.6 23.4 44.1 - 
5 27.2 23.0 49.8 11.2 13.6 23.4 32.6 66 
6 28.9 71.1 - 10.1 0 43.9 0 76 
7 30.7 19.5 49.8 12.6 13.6 21.5 26.8 69 
8 45.0 55.0 - 16.0 0 33.0 0 72 
9 51.6 48.4 - 17.5 0 29.5 0 65 

10 58.6 41.4 - 13.0 - 22.0 - 72 
 
For segregating mixtures (’poor’ blends) it could be argued that the maximum content of 
ammonium nitrate in the formulation should be limited to e.g. 60%. This is because 
segregation may lead to some parts of the batch having a local AN-content which is much 
higher (> 70%) such that it elevates the material into the Oxidizer Class 5.1 area (i.e. 
above 70% AN).412,413 
 
Similarly for blended products which are close to the 90% limit (so-called ’dirty AN’, see 
figure 150 for NP 32-6), segregation may cause part of a batch or load being in Class 5.1. 
and the segregated AN-rich part as material ’prohibited as fertiliser’. There have been 
attempts to ban such dirty AN. 411  

9.7. Fertilisers with hydrocarbons 
 
Thermal treatment prior to DRT testing was proposed by Hansen and Berthold,360 who 
argued that tests should be carried out on products after they had been subjected to 
thermal cycles in order to imitate the expected full lifecycle. The thermal cycle test has 
been criticised by King and Bauer361 for not being realistic because only a thin layer of a 
bulk AN can be altered during storage. Thermal cycling has become an integral part of the 
EC DRT. As the EC DRT tests did not indicate any trends in AN-AS mixtures (section 
9.3.3., Table 26) an attempt to get more information from the EU DRT was made. The 
assumption was that AN based fertilisers mixed with oil would fail in the EC DRT. It should 
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be noted that these tests do not present a realistic scenario. At first all samples were 
passed through five thermo cycles. In such a cycle, the sample is first heated to 50°C and 
kept at that temperature for two hours. Thereafter, the sample is cooled down to 25°C. 
Upon heating/cooling, irreversible volume changes may occur in the crystal structure due 
to solid phase transitions which can lead to increased porosity, decreased hardness and 
the formation of fines. In addition to thermal cycling, pre-treatment of the sample included 
the addition of 6 wt% of fuel oil. This treatment aimed at increasing the sensitivity of the 
material and hence a wider divergence in the results. The inclusion of fuel oil also provided 
information about product safety in possible misuse situations. 
 
Oil absorption was carried out in a concrete mixer about approximately 24 hours in 
advance of the detonation tests. Some 10 kg of each sample was rotated in the mixer 
while the fuel oil was gradually added. Mixing was continued for another 10 minutes after 
all the fuel oil had been added. Thereafter the samples (including any unabsorbed oil) were 
immediately weighed in the steel test tubes normally used in EC resistance to detonation 
tests. The tubes were stored horizontally overnight to prevent segregation. The reaction 
front propagation was monitored by the velocity of detonation (VOD) measurement using a 
continuous MicroTrap VOD Data Recorder. The purpose of the VOD measurements was 
to obtain more insight into the decomposition reactions (detonation/deflagration), as the 
information obtained from a normal EC-test is only qualitative (pass/fail) in nature. The 
velocity probe was a short-circuited coaxial cable, the resistance of which was measured 
by supplying a small voltage to it. During firings, the MicroTrap data logger registered the 
change in the resistance. Resistance is proportional to the length of the cable, and thus 
time (ms) vs. length (m) data was obtained. From this, velocities at different parts of the 
tube were then determined from the slope of the time vs. length graphs using segmental 
linear regression. The results are summarised in table 31. Only two fuelled products (AN 
and CAN both with low density) failed in the test and the other materials, in spite of the 
added oil, remained at the same compression level as they did without oil. The VOD 
measurements in Figure 149 indicate a strong suppression of the reaction velocity as a 
function of distance in the tube, the reaction velocity of the booster is 2500 m/s. There is a 
trend of behaviour as a function of AN content. All products, even with oil, passed the 
modified EC DRT test. 
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Table 31: Summary of the detonation test results and the physical properties of the 
samples listed in order of decreasing length of non-fragmented tube. Letter A to F denote 
samples from different producers. R3 
 

 
The only failures (Figure 150) were found in an LD (Low Density) CAN and LD AN 34.5% 
samples which have a poor initial quality due to their capacity to absorb oil being 3.8%. It is 
assumed that the oils formed a uniform mixture with the test sample. Surprisingly, some of 
the SAN products took up high amounts of oil but this did not affect the DRT result. It is 
assumed that calcium sulphate absorbed the oil and only minor amounts were available for 
mixing with AN. 

Length not 
fragmented Degree of compression of lead cylinders, % Packing 

density N Oil  
abs. 

Hard-
ness Sample 

cm 1 2 3 4 5 6 kg/m3 % % N 
Additive(s) 

Blank (Leca gravel) 70 16 0 0 0 0 3 300    
SAN 27 N A 54 22 0 0 0 0 0 1116 27 0.2 39 CaSO4, (NH4)2SO4

FinnCAN 26N 52 38 17 0 0 0 0 1210 26 0.1 108 CaSO4, biotite 
FinnCAN 27N 52 33 10 0 0 0 2 1253 27 0.1 95 CaSO4, biotite 
K*3 47 32 6 0 0 0 1 1154 27 0.1 68 MgSO4

CAN A 47 41 19 0 0 0 1 1159 27 0.1 61 CaCO3

SAN 27 N B 46 37 14 0 0 0 1 1081 27 1.1 33 CaSO4

SAN 27 N C 46 42 14 0 0 0 1 1078 27 4.3 27 CaSO4

SAN 27 N D 45 33 10 0 0 0 2 1022 27 4.1 27 CaSO4

SAN 27 N E 44 43 28 0 0 0 0 1190 27 0.5 21 CaSO4

CAN B 44 41 35 0 0 0 1 1172 27 1.7 49 CaCO3

CAN C 43 46 27 0 0 0 0 1060 27 0.6 45 CaCO3

SAN 27 N F 42 40 24 0 0 0 0 1073 27 5.0 21 CaSO4

FGAN 33.5% N 40 48 30 1 0 0 0 1129 33.5 0.2 42 -
SAN 27 N G 36 40 20 0 0 0 0 1081 27 1.7 71 CaSO4

SAN 29 N 34 41 35 12 0 0 2 997 29 1.8 15 CaSO4

SAN 27 blend 28 43 32 16 0 0 1 1070 27 4.1 n.a. granular CaSO4

SAN 30 N 25 42 34 14 0 0 0 961 30 1.5 6 CaSO4.(NH4)2SO4.H2

AN/CaCO3 blend 14 44 41 38 23 0 0 1159 27 1.0 20 granular CaCO3

SAN 31 N 12 43 35 32 11 0 0 1012 31 2.3 20 CaSO4

LDAN 34.5% N 0 37 38 37 38 33 17 1142 34.5 1.0 14 -
LD CAN 27% N 0 42 41 37 35 36 36 1040 27 3.8 12 CaCO3
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Figure 149: The reaction velocities for mixtures of AN and calcium sulphate (SAN) with 
different nitrogen contents as a function of the EC DRT tube length in a fuelled system. R3 
 
 

 
Figure 150: The reaction velocities for different commercial fertilisers as a function of the 
EC DRT tube length in a fuelled system. R3 
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When comparing the significant difference in the behaviour of LDAN and FGAN in a fuelled 
system it is useful to note that the electron microscope image illustrates cracks and veins 
for oil to penetrate into. Similar images could be shown for the LDCAN vs. HDCANs. Both 
products would pass in the official EC DRT without added fuel (Figure 151). 
 

 
Figure 151: Electron microscope images of: a) LDAN 34.5% N and b) FGAN 33.5% N. 
R3E3 
 
The initial purpose of the EC DRT in a fuelled system was to find out connection between 
composition of a fertiliser and it's energy content. Unfortunately this was not realised as 
only low density products could be differentiated in a way that resembled the normal EC 
DRT. It is clear that sensitising the EC DRT with fuels will not add further value and 
therefore it is not recommended. In addition, the measurement of the reaction velocities did 
not add much value – a significant reduction in the reaction velocities as a function of 
length in the test tube was seen in most of the cases. Also this modification of the test is 
not recommended.  
 
There are also published references indicating a suppression in detonation sensitivity with 
addition of oil. Shaeffer329 added fuel to a 30-10-0 product and found suppression (Table 
27) whereas fuelled AN gave a significant increase in the sensitivity. This prompts the 
question of bulk density. 
 
In a related study, Adamson362 tested, in a 12 inch tube, and with a protocol suggested by 
the US National Academy of Sciences363 both AN and CAN with 2% fuel added. The 
detonation velocities were 2250 m/s (225 g booster) and 2500 m/s (900 g booster). The 
AN prills gave 3470 m/s (900 g booster). Unfortunately, the physical properties of the 
materials were not characterised, but could be assumed that climatic conditions in Chile 
may have affected to the physical properties. 
 
A positive finding is that all HD products are safe, even with the addition of fuels. 
Nevertheless, the EFMA recommendations have to be followed when diluting 
contaminated fertilisers with e.g. dolomite/ /calcite as proposed in the IFS Proceedings 
494, Off spec and reject fertilisers: Management Guidelines.328 
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9.8. Density of ammonium nitrate based fertilisers 

9.8.1. Definitions 
 
Bulk density is defined as the weight per unit volume of a bulk fertiliser. This value is 
important for the sizing of bags, the determination of storage bin capacities and transport 
vehicles.365  
 
For ammonium nitrate 'material density' is 1725 kg/m3

 at a room temperature, 'loose bulk 
density' varies between 850 to 1000 kg/m3. Care should be taken to specify the type and 
the method of determination when describing density as presented in table 32. 
 
Table 32: Description of different density determinations used in to characterise fertiliser 
densities. 
Density Reference 

method 
Description Notes 

Loose 
pour 
 
 

ISO 3944:1992 
EN 1236:1995 

Determined by pouring 
material into a box, 
levelling the top and 
measuring the weight. 

850 to 1000 kg/m3 

Repeatability ± 0.02 kg/dm3 

Tapped  
 

ISO 5311:1992  
EN 1237:1995  
 

After filling the box above 
is tapped, lifted and 
dropped several times until 
there is no further 
compaction.  

Density 6 to 12% higher 
than those for loose pour 
densities  
Repeatability ± 0.01 kg/dm3 

Packing   Mass per unit volume of a 
material after a EC DRT 
tube has been filled with 
material with intermittent 
tapping of the tube to 
compact the material.  

Also called loading density 

Apparent   The ratio of the weight of a 
single granule to that of an 
equal volume of water at 
4°C.  

The granule volume is that 
enclosed by the surface of 
the granule and includes 
any internal pores. 

Material  
 

EN 12944-2 As apparent density 1725 kg/m3 

True  
 
 

 A measure of porosity can 
be obtained by comparing 
the apparent and true 
density.  

Measurements are normally 
carried out with a mercury 
pycnometer 

9.8.2. Density of AN based fertilisers in the detonation tests 
 
The sample preparation in the classical test methods which have been used to determine 
explosive materials have a significant impact upon the results. The tests carried out on AN 
samples by Aufschläger341, 342 in the 1920s indicate the importance of the sample density 
(Table 26). The Trauzl and Ballistic Mortar tests have been partly made with low density 
materials and in some cases only with powders. The findings do not necessarily relate to 
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the explosive ability of modern fertiliser mixtures, but can perhaps act as guidance for 
them. 
 
Because there has not been much research on the effect of density on the explosive 
behaviour of diluted AN based fertilisers the following discussion summarises the effect of 
varying density on the explosive properties of AN. It can confidently be assumed that AN-
based fertilisers would be similarly affected, even though the energy output in these cases 
will be greatly decreased. 
 
Sherrick reported as early as 1924 the appreciable effect of bulk density on the sensitivity 
of AN,. 366-368 Belyaev and Khariton369 noticed regular detonations with AN showing a 
density of 0.7 to 0.8 kg/dm3

 in tube tests with tube diameters of 8-10 cm.369 Fukuyama370 
was one of the first to determine the detonation characteristics of AN as a function of 
density. At densities of 0.5 to 0.7 kg/dm3 stable detonations were observed in a steel tube 
(diameter 12.5 mm, 2 mm wall thickness). Winning371 determined different critical 
diameters for comparable densities from 0.80 to 1.02 kg/dm3. Van Dolah372 was not able to 
initiate AN at densities between 0.79 and 0.98 in a seamless steel pipe. 
 
Winning373 made medium scale tests with a tube diameter of 51 cm containing 363 kg of 
prilled ammonium nitrate. The tests were confirmed with a large scale configuration that 
had 102 cm containing up to 2000 kg AN. The VOD decreases in all cases as a function of 
the distance from the charge for various loose bulk densities (Figure 152). Most 
importantly, Winning shows that the detonation velocity at some length from the charge is 
much dependent on the density: the lower the density the higher the velocity at e.g. 100 
cm distance. Kersten374, 375 made tests with two different loose bulk densities for FGAN 
(0.92 and 0.97 kg/dm3) and for CAN 27%N (1.04 kg/dm3) and SAN 27%N (1.09 kg/dm3). 
All these products passed the EC DRT. In medium scale tests (up to 4 tonnes) the 
measurement of the critical diameter of CAN or SAN was not within the range of the testing 
conducted, whereas for FGAN the tests confirmed the dependency of the critical diameter 
on the bulk density. These large scale experiments confirmed that fertiliser types of AN 
have a high resistance to detonation. Paterson376 concludes that there is a need for heavy 
confinement and large cartridges in order for AN with densities around 1.0 kg/dm3

 to 
detonate. The effect of density is so important that it is perhaps surprising that it has not 
been regulated or controlled. A threshold value of around 0.85 kg/dm3 could be considered 
if one clearly defines the aggregate state of the sample, the sample preparation, handling 
and storage, and the type of density meant. Bauer377 concludes that due to the insensitivity 
of the ammonium nitrate studied, its rate of detonation and susceptibility to initiation by 
shocks are strongly dependent upon particle size, apparent density, the degree of 
confinement, the efficiency of the primer charge and the temperature of the charge. 
 
Not all the prills with densities of > 0.74 and < 0.80 kg/dm3

 studied by Bauer detonated 
consistently, although those showing density values between 0.76 to 0.78 kg/dm3

 generally 
failed to detonate.378 In 181 kg tests a heavy clay coating evidently had a suppressing 
effect on the detonation front even though the density was only 0.78. Above 0.80 kg/dm3

 

no detonation was observed. It was assumed, that prills that show a decaying detonation in 
these limited size tests may propagate a stable detonation in a larger configuration. This 
lead to 907 kg tests where high density (>0.89 kg/dm3) prills resulted in a failure to 
detonate, at 0.86 kg/dm3

 a decay was observed (55% of prills took part). The failure to 
detonate in these tests was assumed to result from the limiting diameter. This lead to tests 
to double the diameter and to increase the mass up 7257 kg. The material with a bulk 
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density of 0.92 kg/dm3 failed to detonate. 377 Bauer378 in his work showed that for the North 
American AN prills tested a threshold value of 0.80 loose bulk density appears sensible. 

 
Figure 152: Reaction velocities as a function of distance for prilled ammonium nitrate with 
densities a) 0.82, b) 0.81, c) 0.98 and d) 0.88 kg/dm3

 in 51 cm tube tests with 363 kg of 
AN. 371
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Table 33: Compiled priming test data for North American ammonium nitrate 
prills.377,378

 
A comparative study was made by Eck353 to compare the existing EC tube test and the UN 
gap test for cycled and uncycled material in an underwater energy test (Table 34). The 
underwater energy test allows for the physical measurement of the energy that is released 
by an explosive charge as it detonates under water. 379 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Producer Bulk 
density

Test result  
Modified EC DRT 

After thermal 
cycling 

Genstar Bulls eye XP 0.74 pass 3/7 VOD 1409, 
2271, 2286, 2377 not tested 

Cominco Nitraprill 75 0.74 pass 5/5 VOD 2540, 2387 

Genstar Bulls eye fertiliser prills 0.76 pass 5/5 not tested 

CIL TGAN 0.76 pass 4/5, VOD 2134 VOD 1524, 2801 

Cominco Nitraprill S 0.77 pass 5/5 VOD 2530, 2530 

Genstar Bulls eye fert. plus US grade 0.78 pass 5/5 VOD 3048, 3353 

Cyanamid C-3 LD 0.80 pass 5/5 VOD 2770, 2381 

Cyanamid medium density 0.86 pass 5/5 pass 2/2 

Cyanamid regular high density 0.89 pass 5/5 not tested 

Simplot FGAN 0.89 pass 5/5 not tested 

Esso Terico 0.90 pass 5/5 pass in 5", 6", 8" 

Western Co-op pool fertiliser 0.90 pass 5/5 not tested 

Cyanamid Nuclo-Add high density 0.91 pass 5/5 not tested 

Western Co-op high density 0.92 pass 5/5 not tested 

CIL FGAN 0.93 pass pass 
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Table 34: A comparison of the 3 FGAN and 3 TGAN product performances in the EC DRT 
and UN Gap Test for cycledand uncycled products in an Underwater Energy Test.353 

 
The measured total energies for fertiliser grades of AN are significantly lower than those 
measured for technical grades (Table 34). The detonability of AN correlates both with 
decreasing density and increasing porosity. The underwater test gives additional 
information on whether a material passes or fails the DRT. The EC test procedure gave 
similar results. The findings by Eck support the use of the EU DRT as a screening test. In 
addition, it supports the measurement of porosity and density as possible further 
parameters for detonation criteria. 
 
Kolakowski shows in his calculation models380 that the bulk density has a strong impact on 
the detonation ability, whereas other parameters such as moisture, pH, voids, oil 
absorption, and size do not have such a great impact. Based on the model, the limiting 
bulk density threshold to the detonation ability is between 0.74 and 0.84 kg/dm3. Above 
0.84 kg/dm3

 no failures in the tube tests could be predicted. 
 
De Jong381 compared 3 different detonation tests, the EU DRT described in EC Regulation 
2003/2003, the UN Gap test (UN 1 (a)), and the UN Detonation test (A.6.). The results are 
presented in Figure 153 as a function of density. At loading densities below ca. 820 kg/m3

 

all products detonate, between loading density 820 and 900 kg/m3
 borderline cases can be 

seen, and above loading density 900 kg/m3
 no detonations are seen. In the borderline 

cases oil absorption was between 2.6 and 8.3%. It is noted, that the loading densities are 
generally 5-10% higher than the corresponding loose bulk densities (loading density 0.90 
compares to a loose bulk density of about 0.81 to 0.85 kg/dm3). The results show that all 
tests are comparable and that while product fails in EC DRT it is likely to pass the UN 
tests. 

Ammonium nitrate samples 

 FGAN   TGAN  Test Parameter Units 

A B C D E F 

Density, as received Loose bulk density kg/dm3 0.95 0.98 0.83 0.79 0.77 0.79 

 Tapped bulk density kg/dm3 1.05 1.06 0.89 0.86 0.83 0.83 

Density, after cycling Loose bulk density kg/dm3 0.94 0.96 0.74 0.74 0.66 0.72 

 Tapped bulk density kg/dm3 1.03 1.02 0.79 0.80 0.72 0.78 

EU DRT Loading density  kg/dm3 1.02 1.04 0.80 0.81 0.79 0.77 

 Result  pass pass pass fail fail fail 

 VOD m/s no no no 1996 2672 2553 

 Oil absorption % 0.5 0.6 0.5 6.3 7.2 6.9 

UN Gap test (no cycling) Loading density kg/dm3 1.01 1.03 0.84 0.75 0.78 0.81 

   pass pass pass fail pass pass 

UN Gap test (after cycling) Loading density kg/dm3 1.01 1.02 0.76 0.77 0.72 0.79 

   pass pass pass pass fail fail 

Underwater energy test Loading density kg/dm3 0.96 1.00 0.84 0.79 0.75 0.77 

 Energy Kcal/kg 114 97 189 298 412 402 

 End VOD m/s no no no 1387 2286 2025 
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Figure 153: Fragmentation of the test tube in a) EC DRT, b) UN A.6. and c) UN 1 (a) tests 
as a function of loading density. Drawn from data provided by De Jong.381 The product fails 
if 100% fragmentation occurs. 

The reference values given in UN Orange book382 show the following values: 62% 
fragmentation at apparent density 0.8 kg/dm3

 and full fragmentation at an apparent density 
of 0.54 kg/dm3

 (200 �m). In addition to bulk density the aggregate form of the product has 
an importance. Miyake414 found stable detonations in powdered and microprilled AN 
whereas crystalline and HDAN failed to detonate in 10 cm steel pipes. 
 
The discussion above relates to fertilisers with high nitrogen content. There are only few 
references to bulk density and detonation tests of other fertiliser types. Perbal261 tested the 
detonation ability for a number of mixtures with chalk, DAP, calcium phosphate, potassium 
chloride, and potassium sulphate with an AN content of around 70%. Mixtures with AS 
were made with 40 to 45% AN. The tests were performed in a 5 cm boosted steel tube. He 
notes the detonation of a sample of AN+DAP at a density of 0.78. He explains this as 
being due to the preparation of these products on a pilot plant scale, resulting in a much 
lower granule density than normally experienced from a factory product. For this reason a 
comparable product with a more typical density of 1.07 to 1.12 kg/dm3

 was prepared and 
this passed the test. The results in Table 35 represent the borderline cases.  
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Table 35: Summarised test results for mixtures of AN with chalk, AS, DAP, CaHPO4, KCl 
and K2SO4. 261  

 
Ammonium nitrate fines have been the subject of much discussion about their safe 
behaviour. In order to demonstrate if there are any increased risks associated with such 
materials, detonation tests were performed on AN 34.5% fines from a prilling process 
together with AN 33.5% dust  and low density AN 33.5% (density < 0.7 t/m3) with low 
density (density < 0.7 t/m3) CAN 27% N products. The results from EC detonation tests 
clearly showed that miniprills (< 1.4 mm) were as safe as the normal size product. 
Conversely tests done on some granulated materials showed a somewhat different 
behaviour. This confirms the importance of carrying out a local risk assessment rather than 
generalising about the characteristics of fines. 63 
 
In Figure 154 the results for some commercial products are presented: 'FinnCAN' with 26% 
N, a NPK fertiliser with more than 70% AN, and AN 33.5% N, granulated The bulk density 
is normally distributed. The probability charts from several years data show relatively 
stable densities after production. The densities are consistently above 0.90 kg/dm3 with a 
variation plus minus 0.03 kg/dm3. 
 
To illustrate the consistency of results, the number of compressed lead cylinders is 
presented in Figure 155 for two different AN products from two different plants. The results 
don't vary greatly for each product or for each production unit, although there are clear 
differences between manufacturers. The request for a shorter interval between testing is 
therefore questionable. A better proposal could be to assess the need for more frequent 
testing based on how many cylinders are compressed.  
 

AN content Density Fragmentation
Type of mixture % Coating kg/dm3 cm 

AN + chalk �80% 0.4% fuel oil 0.80-0.81 32-35 

AN + AS �40-45% 0.4% fuel oil 0.80-0.90 8-20 

AN + DAP �65-70% 0.4% fuel oil 
0.78-0.85 
1.00-1.12 

116 
16-17 

AN + CaHPO4 �70% 0.4% fuel oil 0.90-0.95 11-21 

AN + KCl �70% 0.4% fuel oil 0.80-0.85 22-27 

AN + K2SO4 �70% 0.4% fuel oil 1.00 19-20 
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Figure 154: The loose bulk densities of selected commercial fertilisers, a) AN 33.5%, b) 
NPK 25-5-5, and c) 'FinnCAN' 26% N collected during several years. Bulk density is 
normally distributed. R3 
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Figure 155: Compressed lead cylinders in the official test described in Annex 2 of 
80/876/EC for samples taken on different dates during 15 years. R3 
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9.8.3. Regulating bulk density 
 
The results in Table 34 and Figure 153 indicate that if a product passes EC DRT it will also 
pass the UN test series 1 and 2. All the data presented in chapter 9 provide support for a 
testing regime as suggested by the author in Figure 156. A number of the studies 
presented in chapter 9 prompt the question of whether bulk density should be regulated, 
rather than the composition. Bulk density may be used as an intermediate screening step, 
followed by DRT if the density is below 0.85 kg/dm3. There are no reported failures in DRT 
known by author with a density higher than 0.85 kg/dm3. Between 0.80 and 0.85 kg/dm3

 

EC DRT should be used. If the test product passes it can still be categorised into FGAN. 
However, failure in the test would then lead to UN test series 1 and 2 in defining whether it 
should be classified as TGAN or as explosive grade. Products with densities below 0.8 
kg/dm3

 should not be used in agriculture. 
 
Bulk density being a simple test could be effectively utilised for initial judgement about the 
need for a larger scale detonation test (EC DRT). As long as densities are above or equal 
to 0.85 kg/dm3

 there is no need for further testing. A thermal cycling test can be used to 
give a further safety margin for products at production gate. Once the product is handled in 
the supply chain there is no need anymore to imitate the effects of ageing and handling as 
the product will already experience these effects in transport, storage and handling. 
Between 0.80 and 0.85 kg/dm3

 a DRT is recommended as there is the likelihood of failing 
in the DRT test, although the product would likely still pass UN test series 1 and 2. At less 
than 0.80 kg/dm3

 there can still be samples that do not fail in EC DRT. Even failing in EC 
DRT the products may pass the test series 1 and 2. This can only be confirmed by 
executing the tests. 

BULK DENSITY

� 0.85 kg/dm3 FERTILISER
GRADE AN

� 0.80 kg/dm3 EC DRT FERTILISER
GRADE AN

< 0.80 kg/dm3 Test series TECHNICAL 
1 & 2 GRADE AN

Explosive 1.1- 1.5 D
 

Figure 156: Suggested scheme for ammonium nitrate-based fertilisers above 80% AN. 
 



 211 

10. CONCLUSIONS 
 
This thesis determined the effects of salt composition in the properties of ammonium 
nitrate (AN)-based fertilisers. The following questions were posed; 
 
a. What are the physical and chemical properties of AN and AN-based fertilisers? 
b. How are the solid solutions formed and how can they be determined in AN-based 

fertilisers? 
c. How do the solid solutions affect to the physical properties of AN-based fertilisers? 
d. How does the form and composition of AN-based fertilisers affect product safety?  
e. Do AN-based fertilisers have oxidising and energetic properties? 
 
Chapter 2 reviews the properties of ammonium nitrate and presents an overview of critical 
parameters affecting phase transitions during manufacturing. Additives and stabilisers are 
needed to maintain the good physical properties of AN through the product lifecycle.  
 
In chapter 3, no simple solutions for thermal stabilisation were found. The selection criteria 
for a stabiliser can be based on simple physical product lifecycle characteristics, such as 
hardness, bulk density, hygroscopicity, caking and porosity before and after thermal 
cycles. The additive should not decrease the safety of the final product and should be 
effective in small quantities, particularly in the case of straight AN. Several additives may 
have nutrients that can be included in the specification. EC regulations state that the 
minimum amount should be 5% for declaration. In the case of potassium stabilisation (N3; 
KNO3 dissolved in NH4NO3 -III), only 1-4% potassium (K2O) would be required. 
Furthermore, several additives can be utilised at the same time to optimise different 
physical characteristics. In many cases, there is no agronomic justification for the additive. 
A good stabiliser improves storage properties, thus preventing the formation of cracks, 
which are the prime cause of increased oil absorption and decreased product density. N3 
is an excellent stabiliser against thermal cycling, thus improving the product quality, but in 
addition the bulk density remains high. A universal additive for improving all product 
characteristics simply does not exist for AN. A good compromise has been magnesium 
nitrate for AN and ammonium sulphate for CAN types. With phlogopite, inherently 
stabilised CAN types can be made. NK’s are inherently stabilised due to the presence of 
N3. 
 
In chapter 4, the different solid solutions in the systems (K+, NH4

+) NO3
- and (NH4

+, K+) (Cl-, 
NO3

-) were discussed. XRD was used to study the solute content in the lattice. From the 
lattice parameters, the densities of the solid solutions were calculated and used to evaluate 
the changes in volume during, for example,  phase transitions and disproportionation of the 
solid solutions. These changes in the volume affect the fertiliser quality in terms of 
disintegration, caking, bulk density, etc. From the crystallisation studies by Jänecke, one 
can find areas where the solid solutions are crystallised from the solution. Ando 
concentrated on the presence of solid solutions in the solid phase. Neither of them gave 
any quantitative information regarding the solid solutions, i.e. how much of each phase 
was formed when the solutions were evaporated to dryness. This can be predicted from 
the Jänecke projections, but the relation between solid solutions N3, K3 (NH4NO3 

dissolved in KNO3 –III) and K2 (NH4NO3 dissolved in KNO3 –II) is not clear from published 
studies. This information is important from the point of view fertiliser production. The 
experimental part concentrated on this topic and it was found that the conversion from K3 
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to K2 + N3 may be predicted. At higher temperatures, the K3 phase is formed and will be 
stable until free moisture accelerates the conversion. In these cases, the use of internal 
desiccants to bind the free water seems essential. Although equilibrium conditions can also 
be achieved if lower drying temperatures are used - it is rather uneconomical to use low 
temperature drying processes. Theoretically the K3 could be formed in smaller quantities if 
the product is left moist after drying and cooling - in this case the K3 will disproportionate to 
K2 and N3. Problems incurred relate to outsalting and the formation of crystal bridges if the 
product contains moisture during storage. An additive that can bind the free moisture du-
ring cooling, for example, is hard to find. The free moisture should be bound slowly by this 
additive. The most practical way is to keep the product as dry as possible. Coating to 
prevent moisture absorption is essential. 
 
Phase transitions occur especially during cooling. The phase diagram (K, NH4) NO3 
presents not only the phase transitions occurring but also the disproportionation of the 
solid solutions. 
 
Chapter 5 studied the conversion reaction of potash with ammonium nitrate into 
ammonium chloride and potassium nitrate. The studies conclude that processing 
parameters such as temperature, moisture content and residence time determine the 
reaction rate together with the fineness of the used potash. This was confirmed in studies 
of the continuous system. The presence of unreacted salts such as potassium chloride is 
always an unnatural (non-equilibrium) composition in the presence of reactive salts such 
as ammonium nitrate. These reactions can be avoided if the product is kept under 
unhydrous conditions. Industrially both methods, full and partial conversion, have been 
practised in a controlled manner. 
 
In chapter 6, commercial fertilisers were studied and, with regard to phase composition, 
the following items were confirmed to be critical when the formation and stability of solid 
solutions are considered: 
a. The temperature where the slurry is solidified affects the amount of compounds 

crystallised at that point. What happens during crystallisation can be predicted from the 
Jänecke diagrams. 

b. The temperature when the moisture is evaporated affects the amount and type of solid 
solution formed at this temperature. This situation can be predicted from the 
established diagrams. 

c. The amount of remaining moisture affects the stability of the K3 phase. The K3 phase 
is dissolved by the moisture and recrystallised into the quantities of K3 stable at the 
temperature where the sample is kept. The remaining moisture should not be free; it 
should be bound water in the final product. 

d. The temperatures during storage also affect the quantity of the K3 phase. As 
presented in the figures, the K3 phase is not stable at temperatures below 30 °C. If the 
temperature is about 40 °C, the K3 phase can be formed due to the remaining 
moisture. 

e. Moisture absorption during cooling and storage is typical for products containing 
phases N3 and mixtures of N3+K3. As the K3 phase is not stable at room temperature, 
the mixture tends to pick up moisture so that the dissolution- recrystallisation process 
is possible.  

f. The relative humidity of air in the warehouse should be controlled so that there is no 
moisture absorption. The critical relative humidity of the product should be higher than 
the relative humidity of the surrounding air. Hygroscopic salts should not be mixed with 
the K3 phase. 
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g. The amount and quality of the coating can affect moisture absorption. Coating 
powders form an inert layer between the granules, thus preventing the crystallisation of 
the salts coming to the granule surface. An organic coating agent can act as a crystal 
modifier, making the recrystallised salts small in size. 

 
The QXRD results in chapters 3 to 6 have shown the complexity of the reactions occurring 
during the processing and storage of fertilisers. On the basis of the obtained results, we 
have been able to follow the changes in the composition of different phases and solid 
solutions. The crystallisation studies have given an estimation of the equilibrium composi-
tion. When a caking problem occurs, it is essential to use QXRD analysis to find out 
whether there has been any disproportionation of the K3. With a thin layer investigation by 
a polarised light microscope, one can study whether any post-reactions related to the 
potash have occurred. If the XRD results do not differ between the heated and cooled 
sample, the caking is not caused by chemical change. When XRD differs for the heated 
and cooled product, then a phase transition has occurred, and probable causes are 
dehydration, hydration, carbonation or decomposition. In most instances, the interaction of 
water with solids is the prime cause of caking. Fertilisers produced in later years are well 
dried and protected against humidity as a consequence of understanding this importance. 
 
In chapter 7, the reaction mechanisms for the decomposition of ammonium nitrate and 
parameters affecting to self-sustaining decomposition were reviewed. Self-sustaining 
decomposition can be identified through the so- called trough test, which was modified to 
gain additional information on important parameters such as initiation temperature, mass 
losses and rates of decomposition. These are essential for building a consequence 
analysis and preparedness against accidents. The importance of the gas release rate over 
the speed of decomposition is essential for characterising the consequences. The ignition 
temperatures indicate that the transformation from K3 to K1 solid solutions could bring a 
K1 matrix for supporting the decomposition of ammonium nitrate disproportionating from 
the lattice at high temperatures. This should be further studied and confirmed. As such, the 
SSD can not be precisely predicted and all ammonium nitrate- based products, whether 
blended or granulated, should be considered hazardous unless proven to be safe.  
 
Consequence modelling places more emphasis on early detection and the availability of 
personal protection. Proper dilution should be arranged for the ventilation of the toxic 
gases from a building in case of an accident. SSD in warehouses or during shipment has 
major consequences and may lead to evacuation. Fume-off’s are extremely dangerous as 
the release rate of decomposition gases is high, thus filling the plant quickly with toxic 
gases. Proper temperature monitoring is of great importance. The risk of self-sustaining 
decomposition has been internationally recognised and was included in the last revision of 
the Seveso 2 Directive.  
 
In chapter 8, the oxidising properties of the system (NH4, K) NO3 were studied and the 
importance of the physical form of the product was found to be essential. The use of 
fertilisers in granular form is an inherently safe practice, acting as a built-in safequard. The 
oxidising power increases towards the K2 part of the system in powders, whereas in 
granular the highest oxidising power is with K3. 
 
In chapter 9, the theoretical calculations identify anions such as carbonate, sulphate and 
phosphate to act as energy absorbers and thus to reduce energy output in high-
temperature reactions. When they are connected with ammonium ions, the suppression is 
reduced due to the oxidation of ammonia to nitrogen. The content of ammonium ions has a 
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significant effect as illustrated by the modelled composition and tests carried out with 
AN+AS mixtures. However, commercial products are produced with an AN content well 
below the given threshold limits. Ammonium phosphates show three effects: physical 
energy absorption, suppression of the AN decomposition by phosphate and energy 
consumption in the oxidation of ammonia. Density would again seem to play a significant 
role. The inclusion of these secondary reactions gives theoretical results that fit well with 
the present classification limits for ammonium nitrate and sulphate mixtures. Hence an 
important finding is to recognise the energy-absorbing capacity of mixtures with lower 
ammonium content such as monoammonium phosphate and ammonium hydrogen 
sulphate.  
 
There are materials, which act so as to depress the energy output of fertiliser compounds: 
diluents such as sand, potash, potassium sulphate, calcium carbonate, dolomite, calcium 
sulphate, magnesium sulphate, etc. Sand, for example, acts as an inert in the detonation 
zone and acts as an energy sink as energy is needed to break the particles and energy is 
lost at interfaces. This observation is in line with the models and experiments completed 
with the various test methods. Group of depressants given in literature included 
phosphates and carbonates. According to the models, various sulphates can be included 
in this group. Based on calculations and experimental results, it appears that sulphates 
and carbonates effectively bind energies through high-temperature reactions in the 
following order K2SO4 -> CaSO4 -> MgSO4 -> CaCO3 -> Al2(SO4)3 -> Fe2(SO4)3. The findings 
support the inclusion of calcium sulphate in the category of non- hazardous compositions 
in the UN Model regulations. Such a proposal has been made and was approved in 
December 2006 at a meeting of UN experts.  
 
In the EC Detonation Resistance Test, it is difficult to determine the effects of dilution as 
most products pass the test. To develop the test further, VOD measurements were 
included and samples were prepared with significant oil contamination for maximum 
sensitivity. The VOD measurements gave a good indication of how fast detonation ceases 
in the test tube. As such, it is a nice tool for gaining more information, but it does not add 
more information to the results of the DRT test. Sensitising with oil does not increase the 
number of products that fail the test, a fact which indicates the significant influence of the 
better physical characteristics of modern fertilisers. The accidental absorption of oil by a 
good quality fertiliser does not seem to affect its behaviour in DRT. 
 
Within Europe, the dilution of AN has been proposed for reducing the hazards associated 
with AN. The degree to which this occurs is, however, debatable as large-scale 
experiments show that AN is safe when handled, stored and transported properly. In EC 
regulations, the cut-off point for high nitrogen fertilisers is at 28% N, which seems 
adequately justified. The theoretical energy content has been significantly reduced and has 
been confirmed by most of the experiments conducted on the issue. 
 
Theoretical calculations can be used as supplementary information but these do not 
include any estimation of the reaction kinetics or of the physical characteristics of the 
fertiliser mixtures. Secondly, the calculations do not include the possibility of considering 
non-uniform mixtures. A final justification can only be confirmed experimentally whereby 
most experimental methods use different explosives and various degrees of confinement. 
The practical relevance in accident scenarios can be debated. The physical characteristics 
of a product have a significant effect on the results. This suggests that a restriction is 
required on the bulk density of fertiliser mixtures. The results presented in this thesis 
suggest that bulk density thresholds could be set instead of or in addition to composition 
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regulations and detonation testing. As an approximate adequate limit,  0.8 kg/dm3
 is 

suggested. Loose bulk density values lower than 0.8 would be required in order to justify 
the need for a DRT. Such a limit is strongly recommended so as not to allow the use of 
technical LDAN in agriculture. DRT should not be required for products with a loose bulk 
density in excess of 0.85 kg/dm3

 as, in these cases, tests cause only additional costs and 
delays. Products with a density in the range 0.8-0.85 kg/dm3

 should satisfy the DRT before 
being placed on the market. Products with a density below 0.8 kg/dm3

 should not be 
commercialised as fertilisers. The thesis also suggests that further definition of 'uniform,
non-segregating mixtures' is required and that strict requirements regarding the quality of 
ammonium nitrate to be used in blends need to be applied. 
 
Possible intentional misuse of certain fertilisers tends to confuse the safety discussion. 
This involves the modification of a product and the addition of other materials. Essential 
elements for preventing misuse are good-quality fertiliser with a high bulk density and 
hardness. The high bulk density is an important safequard against detonation resistance. 
 
UN classification appears to consider both theoretical calculations, expert experience, as 
well as test data that together result in a perhaps overly careful impression of the safety of 
different fertiliser mixtures. For example, mixtures with ammonium nitrate and ammonium 
sulphate are 'over-regulated', but on the other hand give high safety margins. With modern 
EC DRT and high amounts of sample mass, no failures in the test were seen. The older 
experiments seem to have been conducted with densities far below the densities obtained 
in modern fertilisers. On the other hand, experience shows that only a few incidents have 
occurred when transporting classified products, which in fact supports the present 
classification categories.  
 
The main hazard is the behaviour of a fertiliser in a fire situation requiring high discipline 
through the life cycle of the product. Product stewardship is a systematic, disciplinary 
programme for managing all HSE matters throughout the life cycle of a product. There are 
different approaches between and within companies. These differences, particularly 
between companies, are not always visible to end customers, and it is perhaps morally 
unwise to use HSE issues to gain a market advantage. It has not been the intention of this 
paper to suggest that all grades within the existing classification are either safe or unsafe. 
In order to develop inherently safer products, there are clear needs to have entries in 
various regulations, which can be used to ensure that products are properly handled and 
tested. If this is done, then there will be confidence that they could be transported and 
stored safely with reference to their ’real’ rather than ’perceived’ hazards.  
 
Good physical quality and product safety can be managed through the fertiliser life cycle 
through knowledge of salt reactions!  
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