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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
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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

Average diameter
between
Moisture
Formaldehyde
content
Shape
Crushing strength
Product temperature

Prills

Granules

Pastilles

Unit

1.5 … 1.9

2…4

2…5

mm

0.15-0.30

0.10

0.10

wt%

0.1-0.3 (in case of
export)
Round with hole

0.3-0.55

Only when required

wt%

Round

Hamburger shape

12 (1.7 mm)

40 (3 mm)

40-75 (3 mm)

60-80

50-60

40-45

N
o

C

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 ureawater 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

10

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 recrystallized 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.
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