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1. Introduction 

 
Solid urea exist in different forms: prills, granules and pastilles. Further there is micro grade urea and 
super grade urea. This paper discusses the different forms of solid urea, its production process and its 
physical properties.  
Caking is an important physical property of solid urea as it can destroy the free flowing property 
leading to significant extra costs to recover the product a. In this paper the theoretical background of 
the urea caking process is presented and discussed in detail. The process of caking between two urea 
particles is followed in detail and the diameter and strength of caking bridges between these two 
particles is measured and discussed. 
In a next paper caking in practice and the main parameters to minimize urea caking will be discussed. 
 
 
 
2. Different forms of Urea 
 
As a fertilizer, urea is a convenient form for fixed nitrogen and has the highest nitrogen content (46% 
by weight) available in a solid fertilizer. It is easy to produce in different solid forms and easily 
transported in bulk or bags with no explosive hazard. It dissolves readily in water and leaves no 
salt residue after use on crops and can often be used for foliar feeding. 
 
 
Prills 
 
When produced in modern plants, prilled urea is a pure crystalline non-porous salt of low moisture 
content (0.15 to 0.25 wt%). Prills are essentially spherical, have a smooth surface and if produced by 
modern, efficient prilling devices, they are regularly sized, have a narrow size distribution with only 
small fraction of small or oversize. The typical average diameter is between 1.5 and 1.9 mm and 90 to 
95 % of the prills between 1.2 and 2.2 mm.  
Prills are produced in a prill tower where in the top urea melt is distributed via a rotating bucket or 
static sprayers (kind of shower heads). The urea melt droplets fall down by gravity and are cooled by 
the air flowing upwards. Prill towers can be natural draft or forced draft. The maximum average 
diameter is typically determined by the free falling height of the prilling tower. When prills are to be 
exported in bulk typically a large average diameter is chosen and formaldehyde is added to avoid/limit 
caking problems.  
Typically large amounts are involved in this technology leading to rather difficult and thus expensive 
measures to limit ammonia and dust emissions. 
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Pictures: A Prill tower from the outside (left) and from the inside (right)  
 

Urea prills are typically smaller and have 
a lower strength compared to urea 
pastilles or granules.  
 
The lower strength of prills is caused by 
the fact that cooling of prills starts at the 
outside side of the urea melt droplets and 
proceeds to the centre of the prill. As the 
density of solid urea is somewhat lower 
than the density of urea melt, a hole will 
form in the prill, obviously leading to a 
weak point with a lower strength in the 
product. 
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Granules 
 
Urea granules typically are produced in fluid bed granulators and drum granulators (typically upto 500 
mtpd). Granules have a larger size and strength than prills and are therefore preferred when urea is 
to be transported in bulk. 

 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Picture: A urea fluid bed granulation 
  

 
Picture: Urea drum granulation plant 
 



  

 

5 

 
During the production of granules formaldehyde is added to limit dust 
formation in the fluid bed granulator and to avoid caking problems. 
Stamicarbon fluid bed granulation technology can allow a lower 
formaldehyde content than other fluid bed granulation technologies.  
Also here typically large amounts are involved in this technology leading to 
rather difficult and thus expensive measures to limit ammonia and dust 
emissions, although somewhat easier as the dust is more coarse than the 
dust from prill towers. 
In a granulation granules are formed via agglomeration of small particles or 
via a layered covering of particles. This the granule does not have a hole 
and therefore is intrinsically stronger. 
 
 
 

Picture: Urea Granules 
 
 
Pastilles 
Pastillisation of urea is a relatively new but very promising technology. Sandvik Process Systems 
successfully developed the Rotoformer technology and several units are in operation. The product 
quality of pastilles is significant better than prills as the pastilles have a high strength, low moisture 
content, a very narrow size distribution and can be produced at any required size. 
The Rotoformer technology does require a low power consumption only and the pastilles can be 
produced free of any ammonia and dust emissions as no large air amounts are necessary. 
 

   
Pictures: Urea Pastilles (left) produced with Sandvik Process Systems Rotoformers (right) 
 
Another important advantage of this technology is that very easily different fertilizer grades can be 
produced, for example Urea+S, Urea+AS, Urea+micronutrients, Urea+nitrification inhibitors etc. At 
any moment one can decide to produce for a certain period a certain amount of these specialties 
whenever the market situation is asking for it. 
Finally the Rotoformer technology does not need formaldehyde, so also technical urea can be 
produced with this technology.  
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Picture: Urea Pastilles production on a cooling steel belt 
 
The solidification of the melt droplets on the steel belt starts from the bottom side and slowly 
progresses to the topside. Also with pastilles no hole is formed in the final product. 
Although the shape of pastilles is half round (hamburger form), farmers have very well accepted the 
product as fertilizer and even are prepared to pay a premium above prills. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Picture: Urea Pastilles are very well 
accepted by farmers  
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Table 1 provides an overview of the product properties of the three main different types of solid urea. 
 
Table1: Typical properties prills, granules and pastilles 
 
 

 
Prills 

 

 
Granules 

 
Pastilles 

 

 
Unit 

Average diameter 
between 

1.5 … 1.9 
 

2 … 4 2 … 5 mm 

Moisture 
 

0.15-0.30 0.10 0.10 wt% 

Formaldehyde 
content 

0.1-0.3 (in case of 
export) 

0.3-0.55 Only when required wt% 

Shape 
 

Round with hole Round Hamburger shape  

Crushing strength 
 

12 (1.7 mm) 40 (3 mm) 40-75 (3 mm) N 

Product temperature 60-80 
 

50-60 
 

40-45 oC 

 
From Table 1 one can conclude that granules and pastilles have some significant advantages over 
prills: Granules and pastilles can be produced with larger average diameter which can be chosen more 
or less freely in a relatively wide range plus granules and pastilles are significantly stronger than prills.  
 
Micro grades[3] 

Micro Grade Urea is a feed supplement for cattle, sheep and 
goats that is converted to carbon dioxide and ammonia, a 
source of nitrogen which ultimately is transformed into 
protein by microorganisms in the rumen. Most of the urea is 
mixed into the concentrate portion of the animal’s total 
ration.  
Poor mixing of urea can lead to uneven consumption and 
may result in high levels of ammonia in the animal. Overflow 
to the blood results in ammonia toxicity to the brain and 
quite possibly, death to the animal. 
Experiments proved that both the large prills from the 
fertilizer grade urea and the medium prills from the 
conditioned urea did not mix well. A precise and uniform 
amount of urea into the feed mix is important and micro 
grade urea provides a consistent blend, leading to a safe and 
nutritional balance in the feeder. Typically micro grade urea 
has an average diameter of 0.9 to 1.0 mm. 

Picture: Feed grade urea  
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Super grades[4] 

 
The efficiency of applied urea has been reported to be very low. The placement of urea near to the 
root system of rice or trees has been found to be a better method of nitrogen application since the 
surface application of nitrogen is invariably associated with enormous losses. 
Nommik (197O) studying the volatilisation loss of nitrogen from surface applied urea fertilisers on a 
forest soil reported a greater NH3 volatilisation loss from the prilled urea compared to urea briquette 
of 2 gm size. The same author, Nommik (197O) further observed that when the size of urea pellet is 
increased there was a corresponding reduction in the volatilisation loss. 
 

 Experiments conducted in India have shown that 
there is a high concentration of ammonia at the 
site of placement. Such high concentration of 
ammonia is found to be toxic to nitrifiers and the 
creation of high concentration of ammonia by the 
placement of urea super grades may act by itself 
as nitrification 
inhibitor. The most important advantage with urea 
super grades is that this involves placement of 
nitrogen below soil surface and there it is near 
perfect placement. 
The International Fund for Agricultural 
Development (IFAD) and IFDC have put a lot of 
effort and book a lot of successes in promoting and 
developing the use of urea super granules for rice 
production in several Asian countries. 
 
A national survey in Bangladesh during 2004 
showed that more than 1800 briquette-making 
machines have been manufactured and sold and 
that more than 550.000 rice farmers were using 
Urea Deep Placement (UDP) technology in their 
fields. The latest evaluation of 530 on-farm trials 
comparing this technology and the farmers’ 
practice of broadcasting urea clearly demonstrates 
how UDP technology can help farmers produce 
more rice, decrease the amount of urea fertilizer 
that they are applying, and improve their standard 
of living. During 2000-2004 the UDP technology 
increased paddy yields by 900-1100 kg/ha 
(depending on the cropping season), decreased 
urea use by 78-150 kg urea/ha, and subsequently 

increased profits by US $116-$137/ha. Affordable briquette-making machines are continually being 
manufactured and sold in Bangladesh, which is helping to meet new demand as more farmers adopt 
the technology.   
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Pictures: Farmers applying Super Grade Urea
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3. Background of the caking process 
 
Caking is a process by which a fertilizer loses its desirable free flowing property.  
One can consider caking as the agglomeration among prills, pastilles or granules with tendency to 
form more or less hard concrete lumps of large dimension and varying mechanical resistance to 
disintegration. 
If disintegration of lumps is only possible by application of strong mechanical forces and/or impact we 
have the case of a severe or hard caking. In this case disintegration of lumps is difficult and time 
consuming and usually results in partial destruction of the particles leading to the formation of fines 
and dust. Caking is light if lumps disintegrate relatively easily to free flowing condition again, 
practically without dust or fines formation. 
 

Pictures: Different examples of caking of urea 
 
 

Urea shows a hygroscopic behavior, it attracts water. 
Urea is one of the simplest molecules in biology, but 
one of the most important. In particular, the urea-
water system has been extensively studied because of 
its significance in living beings. However, the behavior 
of urea in water is still not clearly understood. In 
recent publications concerning the urea-water system, 
attempts have been made to determine intermolecular 
potentials, however, the predictions concerning the 
stability of the urea dimer and the nature of the 
interaction between urea and water remain 
controversial. Some research indicates that the 
interaction between urea and water is due to strong 
dipole-dipole interactions, rather than to the formation 
of hydrogen bonds between urea and its aqueous 
solvent.[5] 

 
Caking of urea is caused by formation of crystal bonds between particles. Internal moisture or 
externally absorbed water is attracted, by capillary or thermal action forces, to the contact surface 
area of the particles. Saturated solutions will be then formed at the contact surface of the particles. 
Due to temperature increase of urea as a result of thermal action, water in the liquid phase can 
evaporate, and by crystallization process, crystals are formed at the contact area of the particles, 
creating a more or less strong bond between the particles. 
The evaporation due to thermal action will increase the water vapor content of the warmed up air, 
which can diffuse through the heap. When in contact again with a layer of urea of a lower 
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temperature, the vapor is cooled down and moisture is re-condensed and absorbed again at the 
contact area of the particles. In this way caking can take place through a large volume of a heap. 
 
 
Now let’s look at the caking process between two urea particles. 

 
Figure 2: Caking of urea prills: Diameter = 1.6 mm, 30 °C, 67% Relative Humidity, left before and right 
after 4 hours.[2] 
 
Figure 2 shows two urea particles mounted in a laboratory test instrument before and after storage in 
an environmental chamber. The particles are prills and nearly round with a diameter of 1.6 mm. After 
storage, the almost point contact of the left-hand picture has changed into a wide solid looking bridge. 
The particles were stored for 4 hours at 30 °C and 67% relative humidity, which is well below the 
critical humidity at this temperature. The particle surface appears to be rougher after storage than 
before. This is attributed to the adsorption and subsequent drying off of moisture during storage and 
after removal from the environmental chamber. 
 

 
Figure 3. Overlay of pictures taken before and after storage for urea prills.[2] 
 
The differential picture from a microscope shown in Figure 3 illustrates this process. Material was 
dissolved mainly at the perimeter of the particles halfway between the contact point and the glue 
point that fixes the particles to the loading pins of the laboratory test instrument. These two points are 
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also the receivers of the dissolved and re-crystallized material. This pattern suggests that the particles 
must have been covered with a moisture layer thick enough to actually allow flow along the particle 
surface. 
The size of the crystal bridge can be easily deduced from Figure 4.  
 
 

 
 
Figure 4. Development of bridge diameter over storage time; urea prills, 1.6 mm, 30 °C, 70% relative 
humidity, 7.5 kPa. 
 
Figure 4 shows the development of this bridge over time for urea prills stored at 70% Relative 
Humidity, 30 °C and loaded equivalent to 7.5 kPa. Even for short storage times, the bridge quickly 
reaches a size of about 0.9 mm and grows to no more than 1.1 m. Since the pins of the double 
particle systems (= laboratory test instrument) do not move — at least not measurably — during 
storage, all this material must be taken from the perimeter of the particles. 
Therefore the particles in the double particle system become less and less round and eventually the 
system might end up as “a cylinder”. This cylinder would be around 1.2 m in diameter. Wahl et al. 
show that similar behavior can be found for other temperatures and relative humidities.  
 
Judging from the very small increase of the bridge size over time, the development of the bridge 
strength shown in Figure 5 is rather surprising.  
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Figure 5. Tensile strength of the crystal bridge; urea, 1.6 mm, 30 °C, 70% relative humidity, 7.5 kPa.[2] 
 
After 4 hours at 30 °C, 70% Relative Humidity and 7.5 kPa, the bridge supports a tensile force of 
about 20 mN. After 150 h, this has increased six-fold to almost 120 mN. 
The reason for this behavior can be seen in Figure 6.  
 

 
 
Figure 6. Contact geometry after 4 hours (left) and 72 hours of storage; urea, 1.6 mm, 30 °C, 70% 
relative humidity and 7.5 kPa. 
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It shows a cut through the crystal bridge between the two particles. The laser scanning microscope 
shows that after 4 hours (left-hand picture) a hollow bridge has formed which leaves a ring wall of re-
crystallized material around the contact point. Inside the ring, the particle surface seems undisturbed. 
After 72 hours, the contact has filled out and two solid contact areas representing the bridge can be 
found in the laser scanning microscope picture.  
This suggests that the size of the initial liquid bridge between particles is mainly defined by the 
humidity level in the gas phase. The amount of material dissolved in it, however, increases over time. 
This material is mainly from surface asperities and diffused in this moisture film coating the particles 
during storage towards the contact area. It is unclear whether the crystal bridge forms already during 
storage or only in the subsequent drying stage.  
 
Figure 7 shows a state diagram for the caking of urea. The figure shows three distinct areas in a 
temperature vs. relative humidity plot. 
 

 
 
Figure 7. State of matter diagram for caking of urea.[2] 

 
For every temperature, the critical relative humidity (CRH) gives the humidity level above which the 
particles start to dissolve. Above this level, there will be no particles in the laboratory test instrument 
after a couple of hours. Instead a puddle of urea solution will be found below it. Below CRH, a region 
can be seen where urea particles show caking. For this material, the width of this region seems to be 
10% of relative humidity over the entire temperature range investigated. At even lower relative 
humidities, no caking could be detected. Figure 7 shows clearly further the strong dependency of 
temperature on the caking behavior of urea; the higher the temperature the more easy (meaning at 
lower relative humidities) caking will occur. 
  
To determine the meaning of the crystal bridge size and strength measured in the laboratory test 
instrument, small bulk experiments were carried out in a laboratory uniaxial caking tester. 
Figure 8 shows a typical result for these measurements. The two diagrams show the dependence of 
the unconfined compressive yield strength on time, temperature and relative humidity.  
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At 25% relative humidity, caking occurred only at 80 °C, and at 25 °C the sample was so weak that 
no strength could be measured, meaning that no caking occurred.  
At 75% relative humidity, however, caking was much stronger and occurred even at the lowest 
temperature. 
 

 
 
 
Figure 8. Uniaxial caking tests, 11.5 kPa and 25% relative humidity (left) and 11.5 kPa and 75% 
relative humidity (right). 
 
In a next paper caking in practice and the main parameters to minimize urea caking will be discussed. 
 
 
 
 
 
References 
1. IFA Technical Conference, Chennai, India, 24-27 September 2002, UREA CAKING PROBLEMS, HOW 

TO AVOID THEM, Pan Orphanides, Orphanco, Greece. 
2. Powder Technology 188 (2008) 147–152, Understanding powder caking: Predicting caking strength 

from individual particle contacts, M. Wahl, U. Bröckel, L. Brendel, H.J. Feise, B. Weigl, M. Röck, J. 
Schwedes. 

3. PCS Nitrogen, The Size of the Prill Matters, www.potashcorp.com 
4. www.IFDC.org 
5. Journal of Molecular Structure 349 (1995) 141-144, Dynamics of urea-water complexes, X. Hoccart 

and G. Turrell, Laboratoire de Spectrochimie Infrarouge et Raman, CNRS (UPR A263 lL), University 
des Sciences et Technologies de Lille, 59655 Villeneuve d’Ascq, France 

 



  

 

16 

Mark Brouwer was born on July 6, 1966 in Groningen, The 
Netherlands. He graduated in 1988 at the Technical University of 
Eindhoven at the faculty of Chemical Engineering. His thesis was about 
the production of ethylene by partial oxidation of natural gas. 
After University Mark joined Military Services, Dutch Royal Navy where 
he was working at the Prins Maurits Laboratory of TNO in Rijswijk. In 
this period he was involved in Process simulation studies on the 
absorption of poisonous gasses on active carbon. 

In 1990 he joined DSM, working for the Ethylene Plant No.4 as a 
Process Engineer. In these seven years he was involved in the Basic 
Engineering of a debottlenecking project at Stone & Webster in London 
and in the implementation of the DSM Extraction Styrene project (from 
Conceptual Engineering up to the successful start up) . 

In 1997 he joined Stamicarbon, the Licensing subsidiary of DSM as Licensing Manager Urea Revamps. 
Later he became Manager Stamicarbon Services responsible for all Stamicarbon’s activities in existing 
urea plants, such as After Sales, Plant Inspections, Debottlenecking Projects, Reselling projects etc. In 
these nearly twelve years he did visit nearly one hundred urea plants worldwide and was involved in 
numerous revamp, relocation, debottlenecking and grass root projects. 

Since January 1, 2009, Mark Brouwer left Stamicarbon and started up UreaKnowHow.com. 
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Please feel welcome at UreaKnowHow.com, the website where the urea industry meets. 

www.ureaknowhow.com 
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 Largest network in the urea industry with more than 350 engineers from over 165 urea plants 
 Monthly distribution of two Technical Papers 
 World’s largest Urea E-Library with more than 400 technical documents including 350 patents 
 Round Table discussions including ammonia and other fertilizers 
 Job Portal for urea engineers 
 Partnership with UreaNet.cn: the Chinese urea network 
 Partnership with Stainless Steel World 
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 Market Intelligence Survey with a complete overview of all the urea plants in the world 
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