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Abstract

Solid urea is the largest nitrogen fertilizer product, produced in two forms: granules and prills. Although the chemical
properties of both prills and granules remain similar, their differing physical and mechanical properties distinguish them,
making them suitable for different applications, either as fertilizers or raw materials for the chemical industry. This
research aims to understand the differences between prilled and granulated urea by comparing their physical and thermal
properties. The characterizations were conducted using thermal gravimetric analysis, differential scanning calorimety,
Karl-Fischer titration, Scanning Electron Microscopy, High-Performance Liquid Chromatography, sieve analysis, strength
measurements, and pycnometer. Karl Fischer titration revealed that granules contain more moisture (0.48%) compared to
prills (0.34%). The moisture content of a fertilizer during storage and handling affects its overall quality. HPLC analysis on
biuret content showed that the prilled samples contained higher biuret content. The results of the sieve analysis technique
used to determine the size distribution indicated that granules had a larger mean diameter of 2.81 mm compared to prills,
which had a mean diameter of 1.64 mm. SEM images revealed clear differences in terms of shape and structure between
the prills and granules. The outer surface of the prills was smoother and glass-like, while the granules appeared rougher.
Interestingly, on the inside, the granules had a denser and more solid middle layer. In contrast, the prills exhibited cracks
throughout their inner structure.
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Introduction

The rapid increase in the global population over the last
four decades has led to substantial growth in agricultural
activities. Consequently, there has been a significant rise in
the worldwide demand for fertilizers, with nitrogen fertil-
izers being among the most commonly used types in the
field of agriculture (Billen et al. 2013; Craswell 2021; Gal-
loway et al. 2003; JN 1995; Rahmanian et al., 2015; Zhao
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et al., 2025). Nitrogen exists in various forms and origi-
nates from multiple sources (Andrews 1998; Boukef et al.
2020). Among these sources, urea is commonly the primary
nitrogen fertilizer used in agriculture (Howarth et al. 2000;
Lou et al. 2025; Mohamad et al. 2024). Urea, a compound
consisting of ammonia and carbon dioxide (CO(NH,),), is
naturally found in urine and holds historical significance as
the first organic compound ever synthesized. It is classified
as an organic compound due to its carbon content. As a fer-
tilizer, urea is applied in solution and undergoes hydrolysis
by soil urease enzymes, making it available to plants. The
benefits of using urea as a fertilizer primarily stem from its
substantial nitrogen content (around 46%), lack of polarity,
high solubility, and cost-effectiveness in terms of produc-
tion, storage, and transportation (Diehl 2007). Urea can
occur naturally in mammalian urine or be commercially
produced through a reaction involving carbon dioxide and
ammonia under high pressure (up to 21 MPa) and tempera-
ture (180 °C). Two primary reactions take place during the
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formation of urea (Bhogal Bhogal et al. 2003; Rahmanian
Rahmanian et al. 2015).

ONH; + COy +» H,NCOONH,4 (1)

HyNCHOONH, 5 (NHs)>CO + Hy0 @)

The outcome is molten urea, which is solidified through
either granulation or prilling, resulting in a white, odorless
solid in the form of prills or granules (Alamdari et al. 2000).
During the prilling process, a molten substance or a highly
concentrated solution is dispersed into small droplets within
a cooling medium, typically air, where it undergoes solidi-
fication to form particles or prills (Saleh and Barghi 2016).
Production using this technique ensures consistent particle
size, along with excellent spherical shape and durability
(Shoemaker and Smith 1981). In the prilling process, drop-
lets form through three primary mechanisms: (1) the direct
creation of individual droplets, (2) the formation of a liquid
jet that later breaks into droplets, and (3) the formation of
a liquid sheet or film that breaks into multiple ligaments,
which further transform into droplets. At lower flow rates,
the first mechanism is activated. However, with an increase
in flow rate, dominance shifts to the second mechanism. At
even higher flow rates, the third mechanism emerges. The
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Fig.1 Schematic diagram for the prilling tower (Saleh and Barghi
2016)
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second mechanism proves to be more efficient in produc-
ing uniform droplets of size 2.0-2.5 mm prills, as it allows
for easier control of droplet formation. Hence, the primary
mechanism involved in the prilling processes is the forma-
tion of a liquid jet (Saleh and Barghi 2016). The process
operates as follows: the concentrated urea melt is fed into
a perforated rotating bucket or shower-type spray head
located at the top of the prilling tower. The bucket spins rap-
idly, dispersing the urea melt as droplets. These liquid drop-
lets solidify and cool while descending through the tower,
aided by either a forced or natural updraft of ambient air.
The end product is gathered at the tower's base and moved
to a conveyor belt. Further procedures, such as cooling to
room temperature and screening, may be applied before the
product is directed to storage (Gezerman 2020; Mehrez et
al., 2012; Mehrez et al. 2014). Figure 1 shows a conven-
tional prilling tower (Saleh and Barghi 2016). Shamskar
(2012) reported the impact of quenching temperatures on
the mechanical properties of sulfur prills. In the study, sulfur
prills were formed by cooling liquid sulfur in water at tem-
peratures ranging from 20 to 50 °C, followed by an analysis
of their mechanical and structural characteristics. The find-
ings revealed that higher quenching temperatures resulted in
prills with greater porosity, lower mechanical strength, and
larger crystal sizes, while the crystalline phases were unaf-
fected. The research identified approximately 30 °C as the
optimal quenching temperature for producing sulfur prills
suitable for agricultural use.

Research was conducted using computational fluid
dynamics (CFD) simulation to investigate methods for
decreasing the emission of fine particles from prilling tow-
ers. Saleh and colleagues (Saleh and Barghi 2016) devel-
oped a model to examine fluid flow patterns and trajectories
of fluid particles under steady-state operating conditions.
They investigated three distinct design configurations and
discovered that creating a quiescent zone around the spray
head was vital for reducing particle disintegration and the
formation of fine powder. Additionally, they determined
the optimal diameter and placement of the spray, offering
valuable insights for mitigating emissions within the tower.
The simulated results revealed the constraints of the prilling
tower, prompting an increasing number of studies aimed at
addressing the current challenges encountered in the prill-
ing process. Traditionally, producing larger particles neces-
sitates a towering structure, leading to heightened expenses
and logistical complexities in transporting molten urea.
Muhammad and his colleagues (Muhammad et al. 2013a)
conducted CFD of a rotating bucket used in an industrial
plant and found the relationship between orifice size, rotat-
ing speed of the bucket and droplet size. Wu and colleagues
(Yuan et al. 2007) conducted simulations of a novel prill-
ing process that integrated a fluidized bed into the tower,
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significantly reducing the equipment's height. Their math-
ematical model demonstrated the benefits of diverting par-
ticles into a fluidized bed once they acquired a sufficiently
strong shell in the tower. This approach not only reduced
the tower's height substantially but also led to lower energy
consumption due to a decrease in air flow rate. In 2014,
Rahmanian and Homayoonfard compared co-current and
counter-current modes of operation in a urea prilling tower
(Rahmanian and Homayoonfard 2014). By comparing the
models, it was found that the heat transfer performance in
co-current operation is notably lower than that in counter-
current operation, particularly for smaller prill sizes. This
model provides a predictive tool for optimizing operational
control in urea prilling units. The study by (Ali 2019) exam-
ines three urea production methods; prilling, granulation,
and a hybrid system using AHP and TOPSIS techniques.
The findings show that prilling is the most profitable and
reliable method, making it the preferred choice for urea pro-
duction. However, prilling has notable environmental con-
cerns, while granulation, although more environmentally
friendly, is less profitable and reliable. The hybid system
strikes a balance between the two, combining the benefits
of both processes but with higher production costs and
greater dependence on market conditions. Granulation is a
commonly employed unit process for increasing the size of
particles in various systems dealing with particulate materi-
als. Granulation yields granules of precise sizes and shapes,
catering to a range of industries such as pharmaceuticals,
agrochemicals, detergents, and food (Bertin et al. 2007;
Cotabarren et al. 2012; Jange et al. 2023; Villa et al. 2016).
Urea granules, such as those manufactured in Malaysia,
have applications beyond agriculture, including in the pro-
duction of melamine. Generally, the production of granules
requires three components: initial seeds or nuclei, mixing,
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Fig. 2 The granulation process involves increasing the particle size
through the use of melted spray (Moraga et al., 2015)
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and a binder. The seeds are consistently stirred to ensure an
even distribution of the binder. Granulators are commonly
categorized as mechanical (such as pans, drums, and high
shear granulators) or pneumatic (fluidized-bed granulators),
based on the mixing principle (Litster and Ennis 2004;
Salman et al., 2006). Granulation procedures are typically
sorted based on the characteristics of the binder, encom-
passing wet, dry, or melt techniques, which are commonly
categorized based on the type of binder, such as wet, dry,
or melt. Wet granulation involves applying a liquid binder
(solution or dispersion) onto the seeds, followed by dry-
ing to eliminate the solvent. In dry granulation, fine solid
particles are introduced to the stirred seed bed, and powder
adherence is facilitated by Van der Waals or electrostatic
forces. In the process of melt granulation, the enlargement
of powders is achieved through the utilization of materials
that can be melted. The fundamental concept of the proce-
dure entails dispersing molten urea onto seed particles that
are in motion within the granulator. The dimensions of these
seed particles progressively grow as layers of molten urea
accumulate, forming coatings one layer upon another, as
illustrated in Fig. 2 (Moraga et al., 2015). The procedure
continues until the particle achieves the desired size, which
may vary from 1 to 8§ mm (Maxwell 2004).

In the granulation process, a central agglomeration tube
creates a rotating high-velocity air stream. Particles are col-
lected at the tube's base and accelerated by the air stream.
These particles interact with fluid droplets generated from
the spray nozzle located at the base of the tube.

The particles, air, and fluid droplets exhibit a high rela-
tive velocity, ensuring efficient wetting, and drying begins
almost immediately. In the granulation process, urea melt
is sprayed onto the circulating recycled prills (or seed par-
ticles) as air flows through the granulator, solidifying the
melt deposited on the seed material. In certain instances, the
urea melt undergoes conditioning before spraying. This pro-
cess can improve the storage and handling properties of the
granular urea (Muhammad et al., 2013b; Rahmanian et al.,
2013a). A surge in research on granulation process simu-
lations and models has emerged in recent years. This has
significantly improved our understanding of how various
operational factors influence the quality and performance
characteristics of the produced urea granules. In 2010, Roy
et al. (2010) investigated granulation time in fluidized bed
granulators. Their goal was to identify the ideal drying end-
point to prevent granule damage. They recognized that con-
tinuing the fluidization process beyond this point could lead
to attrition (wearing down) and breakage of the granules.

The researchers conducted a model-based study to
explore how different operating conditions affect granula-
tion time and final granule size. Their findings highlight the
importance of identifying the endpoint to minimize attrition
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ofthe dried granules. They proposed using bed pressure drop
and temperature as a function of time as a simple and effec-
tive method to determine the optimal drying endpoint. Mor-
aga et al. (2015) conducted a study to analyze how various
operational factors impact process performance and gran-
ule properties. They manipulated parameters like seed size,
bed temperature, binder flow rate, and fluidization air flow
rates to observe their influence on granulation efficiency and
particle size distribution. The research revealed that altering
these variables had minimal impact on the final median size
due to the significant proportion of coating in the granular
product (over 68%). However, certain operating conditions
notably affected particle size distribution. Decreasing flu-
idization air flow rates and bed temperature led to increased
agglomeration. The study provided important insights for
preventing agglomeration and achieving a finer particle size
distribution. Shirley and colleagues (Shirley et al., 1982)
conducted a pilot plant simulation of the falling curtain pro-
cess. Their analysis revealed that the consistency of particle
size was determined by the ratio of the recycle feed rate to
the melt spray rate. The recycled material consisted only of
undersized granules, which were reintroduced into the pro-
cess at a rate proportional to the spray rate.

This work builds upon the study of urea prills and gran-
ules conducted by Rahmanian and co-workers (Rahmanian
et al., 2015). In the present study, we aim to perform a
comprehensive comparison of the physical, mechanical,
and thermal properties of urea prills and granules produced
through different solidification processes. By utilizing
advanced techniques such as helium pycnometry (HePyc),
scanning electron microscopy (SEM), and thermal analysis,
we seek to uncover the underlying structural and material
differences between prilled and granulated urea. This will
provide deeper insights into how production methods influ-
ence the physical characteristics of urea, including particle
size distribution, moisture content, porosity, strength, and
thermal stability. Our goal is to establish a clear under-
standing of these properties, enabling the optimization of
urea production processes for enhanced performance in
both agricultural and industrial applications. The results of
this study will not only contribute to advancing the current
knowledge in urea fertilizer technology but also offer prac-
tical guidance for improving product quality and reducing
caking tendencies during storage and handling.

Experimental work
Materials

This experiment utilized four urea samples: two granu-
lated from separate Malaysian production plants, sample 1

@ Springer

from Asean Bintulun Fertilizer (ABF) and sample 2 from
Petronas Fertilizer Kedah (PFK), and two prilled samples,
sample 3 from a commercial supplier in the UK and sample
4 from an Iranian plant. For confidentiality purposes, they
are named samples 1, 2, 3, and 4, respectively. The samples
used in this work and the study carried out by Rahmanian
et al. (Rahmanian et al., 2015) are the same, with the only
addition being the fourth sample of prills from Iran.

Sieve analysis

To examine the size distribution of granulated and prilled
urea products, a sieve analysis was conducted by passing
them through a series of progressively finer meshed sieves.
The analysis utilized 13 British Standard (BS) standard
sieves, which were vibrated for 20 min using the Endecotts
D450 digital sieve shaker. Each urea sample (~110 g) was
sieved using the series of BS sieves, and the procedure was
repeated three times to ensure reliability; hence, results are
reported as mean+standard deviation. The sieves had pro-
gressively smaller openings, ranging from 4.75 mm down
to 0.600 mm.

Strength measurement

To understand how the urea samples break under pres-
sure, all the samples were subjected to a compression
test. This test was carried out using an Instron (i.e. Bio-
momentum Mach-1). This machine can apply a maximum
force of 100 N and steadily squeeze the samples at a rate
of 0.05 mm min ™. For reliability purposes, approximately
50 granules were examined for every sample. The selection
process involved randomly picking the granules from their
containers, resulting in variations in size among the gran-
ules of the same type. The granules were placed randomly
on the anvil of the equipment. The Bluehill software of the
Instron instrument was utilized to monitor the failure load
of the granules. The size of each sample was determined
by subtracting the original extension (penetration) from the
machine extension. To calculate the apparent strength, the
applied failure load (force) was divided by the cross-sec-
tional area perpendicular to the force. The full procedure for
strength measurement and analysis has also been reported
elsewhere by Rahmanian et al. in (2013b) and (2009) for
different types of granules, with the same methodologies
applied in this work.

Thermal analysis
Thermal analysis of the urea samples was conducted

using a Q2000 differential scanning calorimeter (DSC).
Approximately 5 mg of each sample was placed in vented
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aluminium pans and purged with dry nitrogen gas flowing
at a rate of 50 mL min ', The temperature range for the
analysis spanned from 25 to 350 °C, with a heating rate of
5 °C min™'. The starting temperature of 25 °C was selected
to reflect ambient conditions and to focus the analysis on
the melting and decomposition events of urea, as no thermal
events are expected below this temperature. To ensure mea-
surement accuracy, the DSC instrument was calibrated with
an empty aluminium pan prior to the experiments.

The samples underwent thermogravimetric analysis
(TGA) using a Q5000 thermogravimetric analyzer to evalu-
ate the thermal decomposition of samples in an O, flow.
Approximately 10 mg of each urea sample was analyzed
under an oxygen atmosphere purge with a flow rate of
200 ml min~!. The temperature range for the analysis was
set from 25 to 500 °C.

Karl-Fischer titration

Karl Fischer titration was used to determine the water con-
tent in urea. This method involves dissolving the sample in
methanol and then adding a precisely measured Karl Fischer
reagent (Hydranal composite 5 K) until a specific endpoint
is reached (indicated by a color change or electrical signal).
The water content is then calculated based on the amount of
reagent used.

High-performance liquid chromatography

The use of HPLC to determine biuret content in urea has
been explored by Grossenbacher et al. Grossenbacher et al.,
(1985) as an established method that has been employed in
previous studies. The analysis used a Waters 2695 HPLC
system, which includes an autosampler and an ultraviolet
variable wavelength detector (UV-VWD).

Helium pycnometry

Granule porosity was determined by analyzing particle
density (pHe) using a helium pycnometer (AccuPyc 1330,
Micromeritics). This technique measures the density of
helium that fills the spaces within the granules, revealing
their porosity. A gas pycnometer uses a method called gas
displacement to measure the true density of a sample. The
equation for calculating the porosity is provided below

(Eq. 3)).

Bulk Density (g/cm?)

= 1 —
¢ True Density (g/em?) )

where ¢ is the porosity of the particle. True density excludes
air pockets within individual particles (open porosity) but

includes any internal cavities (closed porosity). This value
is crucial for calculating the overall porosity of the mate-
rial, and bulk density can be calculated from the measure-
ment of the sample's volume and mass. This can be done
by sieving the sample into a container and then measuring
both. Bulk density is simply the mass of the sample (with-
out tapping it to pack it tighter) divided by its total volume,
which includes the spaces between particles (inter-particle
void volume).

Scanning electron microscopy

Surface morphology and crystalline structure of the urea
prills and granules were observed using scanning elec-
tron microscopy images obtained with the FEI Quanta 400
equipment. Through SEM morphology, the shape and struc-
ture of particles were discovered.

Results and discussion
Sieve analysis

Figure 3a depicts the size distribution graph calculated
for all four samples. Samples 1 and 2, representing granu-
lated urea, exhibit a broader size distribution compared to
samples 3 and 4. The granulated samples 1 and 2 show a
wider range of particle sizes. This suggests inconsistency
among the granules, potentially stemming from the granu-
lation process, during which varying particle—particle con-
tacts may have led to the formation of granules of different
sizes. The narrower distribution observed in prilled samples
3 and 4 suggests that the prilling process minimizes size
variation, which is a crucial factor influencing the tendency
to cake (ZareNezhad 2007). The smaller prilled samples 3
and 4 exhibit a more spherical shape compared to the gran-
ules, resulting in fewer contact points between prills, which
reduces their susceptibility to caking. For samples 3 and 4,
the prilling process employed a rotating bucket as the spray
head. The slightly larger size of the prills in sample 4 can
be attributed to variations in the rotation speed or orifice
size of the bucket. The broader size distribution observed
in granulated urea reflects variability in particle sizes due to
the granulation process. In contrast, prilled urea exhibited a
more uniform particle size distribution, which is beneficial
in reducing caking tendencies. This highlights the impor-
tance of achieving greater consistency in the granulation
process to match the uniformity seen in prilled particles.
Figure 3b illustrates the cumulative particle size distribution
(% over size) calculated for all four samples. Based on the
graphs, it can be observed that ABF and PFK granules have
a higher accumulation in larger sizes compared to the other
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Fig. 3 Size distribution (a) and cumulative prill size distribution (b) of urea samples from sieve analysis

Table 1 Mean diameter and standard deviation of urea samples from
sieve analysis

Sample Mean diameter  Standard devia- Coeffi-
(mm) tion (mm) cient of
varia-
tions (—)
Sample 1 2.82 0.19 0.07
Sample 2 3.06 0.17 0.06
Sample 3 1.65 0.10 0.06
Sample 4 2.00 0.08 0.04

two types of prills. For instance, more than 80% of ABF
and PFK granules are retained in sieves larger than 2 mm.
On the other hand, Shiraz prills and prills 2 have a higher
accumulation in smaller sizes, with over 80% of them being
retained in sieves smaller than 2 mm. The maximum particle
size for prills (sample 2 and 3) is about 3, while this value is
about 4 for granule samples indicating the granulation pro-
cess produces larger particles compared to the prilling pro-
cess. This observation confirms that the granulation process
tends to produce larger particles, as reflected in the higher
maximum particle size of granules (around 4 mm) com-
pared to prills, which generally have a smaller maximum
size (around 3 mm). The difference in particle size distribu-
tion also underscores the greater control the prilling process
offers in achieving smaller, more uniform particle sizes.
Table 1 illustrates that the mean diameter and standard
deviation of the granules are higher than those of the prills.
Larger granules offer enhanced agronomic efficiency since
they can be spread over greater distances. This is particularly
relevant in spreaders such as the high-speed vane (Muham-
mad et al., 2013b). The larger granules, with a higher mean
diameter and standard deviation, provide improved agro-
nomic efficiency due to their ability to be spread over greater
distances, while the prills, with a narrower size distribution
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and lower coefficient of variation, offer greater uniformity
in application.

The coefficient of variation (CV) is defined as the ratio of
the standard deviation to the mean diameter. The lower the
coefficient of variation, the more uniform the size distribu-
tion is. Here, the narrower size distribution is attributed to
the urea prills, sample 4.

Thermogravimetric and differential scanning
calorimetry analysis

The results of the TGA performed on the urea samples are
shown in Fig. 4. For all urea samples, a three-stage ther-
mal decomposition was observed, with the first stage start-
ing at 125 °C. In samples 1 and 2, the main reaction of the
first stage ended at 240 °C, whereas in samples 3 and 4,
it ended at 220 °C. A study on the thermal decomposition
of urea conducted by Chen and co-workers (Chen and IsA
1998) revealed that the early decomposition involved spe-
cies such as ammonia and cyanic acid, which subsequently
form biuret.

The second stage refers to the decomposition of biuret,
implying that the higher starting decomposition temperature
of biuret observed in the granulated samples, 240 °C, indi-
cates a greater formation of biuret in these samples. Fur-
thermore, the second stage of decomposition concludes at
a lower temperature of approximately 340 °C in the prilled
samples compared to approximately 350 °C in the granu-
lated samples. The third stage of mass loss exhibits a more
gradual decline across all samples, indicating the further
decomposition of cyanuric acid and ammelide originating
from biuret. Notably, granulated samples 1 and 2 retain
some mass towards the end of the analysis, while the prilled
samples are entirely depleted.
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While both types of solidified urea exhibit similar decom-
position mechanisms, the lower decomposition temperature
of biuret in the prilled samples indicates that prilled urea
may exhibit better thermal stability than granulated urea,
particularly under extreme thermal conditions.

The results of the DSC performed on the urea samples are
presented in Fig. 5. Across all the DSC curves, two distinct
stages are observed among the samples. The first trough,
appearing at approximately 136 °C, corresponds to the melt-
ing point of urea. Subsequently, a second set of troughs in
the curves indicates the decomposition of urea, which var-
ies between the samples. In sample 1, decomposition com-
mences at around 165 °C, whereas in sample 2, it begins
at 190 °C. This discrepancy between the two granulated
samples may be attributed to impurities in the product, caus-
ing slight shifts in the temperature points. A similar trend is
observed between samples 3 and 4, albeit with a smaller dif-
ference, indicating fewer impurities between the two. The
decomposition of urea in all samples concludes at 250 °C,
suggesting that the thermal characteristics remain compara-
ble between granules and prills. These findings indicate that
while the decomposition temperatures of urea differ slightly
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between the samples, the overall thermal behavior is simi-
lar, implying that both granulated and prilled urea exhibit
comparable thermal properties, despite minor variations in
impurity levels.

Karl-Fischer titration

The results of the Karl-Fischer titration method are pre-
sented in Table 2. Samples 1 and 2 exhibit higher moisture
content than samples 3 and 4. In the case of granulated urea,
the elevated moisture content heightens the tendency to
cake, posing challenges for storage and distribution. Chen
RuGang et al., (2007) and Barneto and Carmona (2007) uti-
lized Karl-Fischer titration to determine moisture content,
revealing that higher moisture content in solidified urea
leads to stronger crystal bridges. It is these crystal bridges,
formed through water interactions, that contribute to the
caking phenomenon.

Moisture absorption in urea products occurs when there
is a significant relative humidity difference between the sur-
roundings and the particles. Fluctuations in humidity can
induce multiple crystallization events, exacerbating caking.

@ Springer



Chemical Papers

0
-5 5
e &)
= =
3 10 g -10
[ [
T T
o o
T T
-154 -154
Sample 1 Sample 2
-20 T T T T T T -20 T T T T T T
50 100 150 200 250 300 3 50 100 150 200 250 300 350
Temperature (°C) Temperature (°C)
0 2
04
54
&) 3 7
s g
& 104 3
w w
3 3
T T 4
15
6]
Sample 3 Sample 4
-20 T T T T T T -8 T T T T T T
50 100 150 200 250 300 3! 50 100 150 200 250 300 350

Temperature (°C)
Fig. 5 DSC results of all samples

Table 2 Results of Karl-Fischer titration

Sample Run  Mass of samples (mg)  Moisture content (%)
Sample 1 1 313.65 0.635
2 313.64 0.475
Sample2 1 313.25 0.544
2 313.75 0.644
Sample3 1 309.58 0.368
2 310.39 0.412
Sample 4 1 310.54 0.378
2 308.60 0.267

Despite variations in process conditions and parameters,
the average moisture content remains relatively consistent
within each pair of samples, suggesting a limited influence
on moisture content due to process variations.

The higher moisture content in granulated urea increases
the likelihood of caking during storage, whereas the lower
moisture content in prilled urea reduces this risk. This high-
lights the role of moisture content in determining the prod-
uct’s stability during storage and distribution. Additionally,
the porosity of the samples plays a crucial role in mois-
ture transfer, as higher porosity allows for greater airflow
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between particles, which helps to regulate moisture absorp-
tion and mitigate caking.

High-performance liquid chromatography

Figure 6 displays the HPLC results. Prilled samples 3 and 4
exhibit a higher biuret content compared to the granulated
sample 1 (Rahmanian et al., 2015). In terms of the applica-
tions of urea as a fertilizer, prills are more likely to damage
crops and interfere with germination and seedlings, which
are crucial in this industry. Granules will be more favored
here due to their lower biuret content. The formation of
biuret is favored by high residence times and temperatures.
Samples 3 and 4 were produced via a prilling tower, indicat-
ing that this process operates at a higher temperature com-
pared to the granulation process. To achieve the necessary
size and strength of the prill, the height of the tower must
be increased, consequently resulting in a longer residence
time for prill formation. The slightly higher biuret content in
sample 4 could be attributed to the elevated temperature and
longer residence times of the molten urea in the production
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Fig. 6 Results of HPLC analysis (Rahmanian et al., 2015)

Table 3 Results of pycnometry analysis

Sample True density Bulk density Porosity (%)
Sample 1 1.336 0.737 44853
Sample 2 1.280 0.723 43.508
Sample 3 1.328 0.727 45.237
Sample 4 1.324 0.641 51.543

plant. This indicates that while prilled urea offers better
control over particle size and shape, the increased biuret
content in prills may limit their effectiveness as a fertilizer
due to its detrimental effects on crop health, making gran-
ules with lower biuret levels more suitable for agricultural
applications.

Helium psychometry

The results of the porosity determination for the samples can
be observed in Table 3. Both prilled samples 3 and 4 exhibit
higher porosity compared to the granules. In a packed bed,
tighter packing results in lower porosity, leading to an
increased number of contact points available for urea par-
ticles to form crystal bridges, thereby causing caking. The
granules do not have uniform shapes like the urea prills;
consequently, the void fraction or porosity between the par-
ticles is smaller. This is further supported by the sieve anal-
ysis, which shows a wider distribution of particle sizes in
the granulated samples, resulting in more potential contact

points. This can pose a significant issue during storage, as
the granules cannot be stacked in large quantities. The ten-
dency for caking is higher in the granules than in the prills.
The porosity results also provide insight into the previously
discussed moisture content. The increased porosity in the
prilled samples allows for the transport of air and moisture
between the particles, which could explain why the mois-
ture content is lower in the prilled samples. The moisture in
the granules is not transported as effectively, thus remaining
trapped in the bulk. This is a disadvantage since surround-
ing conditions, such as in a warehouse, cannot be controlled
to reduce humidity. However, in environments with high
humidity, prills are at a disadvantage as the moisture gradi-
ent causes them to absorb moisture more effectively than
granules. The higher porosity in the prilled samples reduces
the likelihood of caking by allowing better airflow and
moisture distribution, while the denser granules, with their
smaller porosity and less effective moisture transport, are
more prone to caking, particularly in humid conditions. This
highlights the importance of optimizing particle structure to
balance moisture control and handling efficiency.

Strength measurement

Figure 7 displays the failure loads for each sample using
Mach-1 plotting in the whisker plot. Comparing the prill
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samples from this study (Iran) to the results of Rahmanian
et al.’s study (2015), the average failure load of 10.72 N
exceeds the bulk of failure loads ranging between 2 and 4 N
observed in the study. Additionally, the current study reveals
a broader distribution of failure loads despite the narrow
size distribution of the prills. This suggests a potential link
between the irregularity in the internal structure of the prills
and the wider range of failure loads.

A prior study by Rahmanian et al. (2015) investigated
the frequency of granule crushing at different failure loads.
Their findings showed that prilled urea exhibited the most
uniform distribution of failure loads compared to the two
types of granulated urea. This indicates that granules (in that
study) had a less consistent internal structure than prilled
urea, potentially explaining the broader distribution of fail-
ure loads observed in their samples.

The observed variation in failure loads of prilled urea
can be attributed to irregularities in its internal structure,
while granules, with a more uniform internal composition,

demonstrated consistent strength characteristics. This high-
lights the importance of understanding particle strength for
applications in agriculture, where particle durability under
mechanical stress is critical to prevent crushing and sub-
sequent moisture absorption, which can exacerbate caking
tendencies.

The disparity in failure loads observed between the tested
granule sample 4 and the prill sample studied warrants
deeper examination. However, understanding the mechani-
cal characteristics of urea prills and granules, notably par-
ticle strength, is of paramount importance for storage and
application considerations. As shown in studies by For-
ristal (2014), urea particles must be capable of withstanding
increasing loads from other particles and avoid being bro-
ken by high-speed applicators in agriculture. Crushing the
urea particles forms dust, which increases moisture uptake
and exacerbates the caking tendency.
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Fig. 7 Failure load distribution of urea samples
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SEM analysis

The morphology and structural properties of the samples
were investigated using SEM analysis (Fig. 8). Samples 3
and 4 exhibit a more spherical shape compared to samples 1
and 2. This is advantageous because increased uniformity in
particle shape reduces the number of contact points between
particles, thereby decreasing the tendency for caking during
storage.

A closer examination of the surface is presented in
Fig. 9. The surface of the prills is much smoother and has
a glassy, crystalline appearance. Sample 1 exhibits a sig-
nificantly different surface texture compared to the oth-
ers. Its texture is much rougher, with a woven structure of

2.0mm

File
SE Prilles2_SurfacePORE x50 .tif*

crystals visible upon closer inspection. In contrast, samples
2, 3, and 4 appear much smoother and display fewer pore
openings. When comparing granules and prills, the prills
appear cleaner, with minimal residue on the surface. How-
ever, the granules appear to be coated, which could result
from an additional process after granulation or leftover dust
or molten urea that has been layered on the surface. These
findings suggest that granulated sample 1 is more prone
to moisture absorption, thereby increasing its tendency to
cake. Conversely, the solid, non-porous surface of the other
samples inhibits moisture absorption, reducing the tendency
of caking.

Figure 10 illustrates the scans of the internal structure
of particles, which help explain the findings presented in
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Fig. 8 SEM images of samples a sample 1, b sample 2, ¢ sample 3, d sample 4
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Fig. 9 SEM images of the samples' surface a sample 1, b sample 2, ¢ sample 3, d sample 4

this report. The scans of the polished internal structures
reveal some interesting features. In samples 1 and 2, the
seed appears near the center of the granule, similar to those
found by Rahmanian et al. (2013b, 2011) for calcium car-
bonate, unlike samples 3 and 4, which indicate a seeding
mechanism for the formation of granules. The inner surface
of granules 1 and 2 is denser and shows very few imper-
fections (Kitching et al., 2020). In contrast, samples 3 and
4 have a more crystalline appearance with fractures across
their surfaces. Small pores are visible in the samples, raising
questions about why the seed is not visible, which neces-
sitates further investigation. The polishing process has been
quite effective, as evidenced by the visible layers of prills

@ Springer

around the edges in samples 3 and 4. These layered struc-
tures, resembling slates stacked on top of each other, pro-
vide some insights into why the mechanical properties of
the prills are weaker compared to the granules.

The majority of the granule comprises the dense and
solid inner layer, which contributes significantly to its
strength under compression. In contrast, the outer layer,
which appears porous with a weave-like structure, makes
up a smaller portion. Upon closer examination, a mass of
small particles is noticeable just before the outer layer in all
samples. This seems to be dust or finer particles that likely
formed during the solidification process.
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Fig. 10 SEM images of the internal structure of the samples a sample 1, b sample 2, ¢ sample 3, d sample 4

Both granulation and prilling processes generate large
quantities of dust, and during solidification, the urea seed
may have become coated in this dust over time. A thick layer
of dust increases the possible pore space on the outer surface
of both prills and granules, which exacerbates caking due
to the presence of smaller particles. Since the tendency for
caking increases with smaller particles, this issue persists
in both granulation and prilling processes today. The SEM
analysis revealed that the spherical shape and smoother
surface of prilled samples, particularly in samples 3 and 4,
help reduce caking tendencies by minimizing contact points
and moisture absorption. In contrast, the rougher, more
porous structure of granulated samples, especially sample

1, increases the likelihood of moisture absorption, mak-
ing it more prone to caking. These structural differences,
particularly the dense inner core of the granules, enhance
their mechanical strength compared to prills, which exhibit
a more crystalline and fracture-prone surface. Furthermore,
the presence of dust and finer particles on both granules and
prills exacerbates caking by increasing pore space, a chal-
lenge common to both production methods.

Table 4 presents a comparative analysis of various urea
samples based on their physical and thermal properties,
including moisture content, mean diameter, strength mea-
surement, standard deviation, DSC results, and melting
point. A careful examination of these results highlights the
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Table 4 A comparative analysis of the physical and thermal properties of various urea samples

Samples Moisture Mean diameter (mm) Strength measurement DSC (°C) Melting References
content (%) point (°C)
Mixed Granule - D90=2.510 4.740+0.610 MPa 117-122 - Momoniat and
D50=1.643 Rahmanian
D10=1.326 (2022)
Sample 2 - 3.060 2.870+0.170 MPa 160-250 133 Rahmanian et
al. (2015)
Granules Configuration at 75  — 0.5-0.60 3.150+1 MPa 35-70 - (Kitching et
RPM al., 2020)
Binder Core Granules Com- 1.0£0.5 2-2.800 High - - Jange et al.,
pacted @ 100 MPa (2023)
Durcal 65 - D90=0.225 2.3+£0.520 N - - Rahmanian et
D10=0.007 @ Pg;,;=0.5 -0.6 mm al., (2009)
250L granulator - D50=0.317 4.940 N+£1.080 N - - Rahmanian et
@ Pg,.=1-1.180 mm al., (2013b)
Sample 4 0.378 1.996 10.716+3.179 N 136-250 136 This work
exceptional performance of sample 4, which is the outcome ~ Conclusion

of our current study. When compared to other samples, sam-
ple 4 demonstrates significant advantages in multiple key
aspects.

One of the most notable features of sample 4 is its lower
moisture content, which is crucial for preventing caking dur-
ing storage and improving handling efficiency. Lower mois-
ture content ensures that the product remains more stable
and durable, reducing the risk of degradation due to envi-
ronmental factors. Additionally, while the mean diameter of
sample 4 (1.996 mm) is slightly smaller than some of the
other granules, its uniformity and superior strength make
it highly effective for applications, particularly in fertilizer
spreaders. Consistency in particle size is vital for ensuring
precise application, and sample 4 excels in this aspect.

The strength measurement of sample 4 is particularly
impressive, with a value of 10.716 N, significantly higher
than any other sample in the table. This indicates that sam-
ple 4 has greater resistance to crushing and mechanical
breakdown, which is essential for preventing the formation
of dust and minimizing caking tendencies during handling
and transport. Moreover, the DSC results reveal a melting
point range of 136-250 °C, demonstrating superior thermal
stability compared to the other samples. This highlights
sample 4 resistance to decomposition and degradation under
high-temperature conditions, making it ideal for both indus-
trial and agricultural applications. Additionally, the standard
deviation for sample 4 strength measurement is 3.179 N,
indicating consistent performance across all tested units,
ensuring reliable quality during large-scale production and
usage.
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Urea prills and granules find application primarily in agri-
culture as nitrogen fertilizers. They are used for various
crops to provide essential nitrogen nutrients for growth and
yield enhancement. Additionally, urea granules are utilized
as raw materials in chemical industries to manufacture vari-
ous products like resins, adhesives, and plastics. In Iran,
prills are predominantly used, particularly for agricultural
purposes, accounting for over 90% of the usage. However,
farmers often complain about dust-related issues. This study
provides a comprehensive analysis of the physical and ther-
mal properties of prilled and granulated urea, focusing on
the significant differences observed between the two forms.
The results highlight that granulated urea exhibits a broader
size distribution, which could contribute to a higher ten-
dency for caking due to increased contact points between
particles. Prills demonstrated slightly better thermal stability
with lower biuret content, confirmed by HPLC. Karl Fischer
titration revealed a higher moisture content in granules,
potentially promoting caking. The higher biuret content in
prills poses concerns for agricultural use. Prilled samples
had higher porosity, aiding moisture absorption, while gran-
ules had denser inner structures. Strength measurement tests
showed significant discrepancies, which were attributed to
instrument differences. SEM analysis revealed external dif-
ferences, with granules appearing porous and rough, and
prills appearing smooth and glassy. Overall, these findings
emphasize the importance of carefully optimizing produc-
tion processes to achieve the desired physical and mechani-
cal properties, with implications for both agricultural and
industrial applications of urea. Future research should focus
on optimizing granulation and prilling processes to reduce
caking and moisture absorption. Key areas of investiga-
tion include controlling particle size distribution, surface
morphology, and understanding the relationship between
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porosity and moisture absorption. Advanced techniques,
like CFD simulations, could help refine production condi-
tions and improve efficiency. These optimizations will con-
tribute to more reliable, cost-effective, and sustainable urea
production systems, addressing both environmental and
practical challenges.
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