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Highlights 

 The effect of the binder concentration on the granulation performance is studied. 

 Highly concentrated binders improve the coating and granulation efficiency. 

 The temperature limits the binder concentration to be used to avoid 

agglomeration. 

 

 

 

Exhaust air

Compressed 

air

Atomizing 

air
Urea 

melt

Fluidizing 

air

Oil

Fluidized-bed

granulator

ACCEPTED M
ANUSCRIP

T



ABSTRACT 

According to the binder nature, fluidized-bed granulation (FBG) is usually classified as 

wet or melt granulation. In particular, the industrial urea granulation performed in 

fluidized beds, is often called “melt granulation” because a highly concentrated urea 

solution is used as binder (between 95-97 wt%) (Cotabarren et al., 2012). However, 

plant disturbances can cause changes in binder urea concentration and thus granulation 

can shift from melt to wet granulation and vice versa.  

In a previous investigation, the granulation system urea (seeds) – urea (binder) was 

extensively studied in a pilot-scale batch fluidized-bed granulator (Veliz Moraga et al., 

2015). Besides, the effect of seed size, bed temperature, binder flowrate and fluidization 

and atomization air flowrates on process variables as well as on product properties were 

studied. The aim of this work is to analyze the effect of the binder urea concentration on 

the urea granulation performance and product properties. This concentration was varied 

from 87.5 wt% to 98 wt%, while the fluidization air velocity, urea melt flowrate, bed 

temperature set-point and atomization air flowrate were kept constant. The product 

properties (percentage of agglomerates and coated particles, crushing strength and 

moisture content) and granulation efficiency are discussed in terms of the transition 

from wet to melt granulation. The critical urea content was experimentally found; 

indeed, urea concentrations lower than the critical one dramatically affect the product 

quality. Finally, the criterion proposed by Villa et al. (2016) for predicting agglomerates 

formation is used to determine the minimum allowable binder urea concentration. The 

prediction is consistent with the trends experimentally observed, indicating the good 

capacity of the criterion to identify the boundary for agglomeration occurrence. 

 
Keywords: fluidized-bed granulation; coating; agglomeration; urea 

 

7. NOMENCLATURE   
 

𝑨  Agglomerated product mass fraction (-) 

𝑪  Pure coated product mass fraction (-) 

𝒄𝒑𝒖  Urea mass heat capacity (J/kg K) 

𝒅𝒏,𝒈  Gas nozzle orifice diameter (m) 

𝒅𝒏,𝒍  Liquid nozzle orifice diameter (m) 

𝒅𝒏𝒗  Mean number-volume diameter (m) 

𝒅𝒏𝒗,𝒄𝒂𝒍𝒄  Calculated mean surface-number diameter (m) 

𝒅𝟎  Seed arithmetic mean diameter (m) 

𝑫𝑨𝑷  Dimensionless Agglomeration Parameter (-) 

𝑭𝒇  Filter-bags fines mass fraction (-) 
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𝑭𝒑  Product fines mass fraction (-) 

𝑭𝒘  Wall fines mass fraction (-) 

𝒌𝒑  Particles thermal conductivity (W/m K) 

𝑲  Parameter defined in Eq. (7) (-) 

𝑳  Fluidized-bed height (m) 

𝑴̇𝒃𝒊𝒏𝒅𝒆𝒓 Binder mass flowrate  (kg/s) 

𝑴𝒇 Filter-bags fines mass (kg) 

𝑴𝒖𝒇 Final urea mass in the bed (kg) 

𝑴𝒖𝒔  Maximum sprayed urea mass (kg) 

𝑴𝒖𝟎  Initial urea mass in the bed (kg) 

𝑴𝒘 Wall fines mass (kg) 

𝑴̇𝒂  Atomization air flowrate (kg/s) 

𝒕  Time (s) 

𝑻𝒇𝒖𝒔  Fusion temperature (°C) 

𝑻𝒃𝒆𝒅  Bed temperature set-point (°C) 

𝒗𝒎𝒇  Seed minimum fluidization velocity (m/s) 

𝒗𝒇  Superficial fluidization air velocity  (m/s) 

𝑿𝒖  Urea mass concentration (kgurea/kgsolution) 

 

Greek Symbols 

∆𝑯𝒇𝒖𝒔  Urea fusion latent heat (J/kg) 

𝝁𝒂  Air viscosity (Pa s) 

𝜼  Granulation efficiency (-) 

𝝆𝑳  Binder density (kg/m3) 

𝜽  Contact angle (–) 
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INTRODUCTION 

Granulation includes a sequence of events to increase the particle size of granular 

material (Wang et al., 2017). Several technologies are used for particle size enlargement 

with different aims such as improving handling and flowability, obtaining a certain size, 

enhancing product appearance, controlling particle moisture content, reducing dusting 

or material losses, producing structural useful forms, etc. (Barrasso and Ramachandran, 

2015; Schmidt et al., 2015).  

Granules can be obtained in different equipment, among others, rotary drums, high 

shear mixers and fluidized beds (Litster et al., 2004; Osborne et al., 2011; Snow et al., 

1999). These units basically differ in the way they favor particles mixing. The 

advantages of a fluidized bed with respect to other granulation systems include coupling 

of spraying, granulation, drying and cooling stages in one single unit as well as control, 

within certain limits, of the granules physical properties by manipulation of some 

operating variables (Heinrich et al., 2005). 

When the binder used in granulation is a liquid material, the process is classified into 

wet or melt granulation. In wet granulation, the liquid binder is distributed on the seeds 

and, subsequently, the granules are dried to evaporate the solvent. In melt granulation, 

powders are enlarged by using meltable materials. These last binders are added to the 

system either as: 1) powders that melt during the granulation process or 2) atomized 

molten liquids (Zhai et al., 2010). The first melt granulation technique is usually called 

co-melt or in situ melt granulation (Zhai et al., 2010), while the second method could be 

referred as spray-on melt granulation (Osborne et al., 2011).  

The effects of process variables and material properties of the solid and the liquid on 

particle size enlargement in fluidized beds were reported by quite a large number of 

articles (Ennis et al., 1991; Hemati et al., 2003; Iveson et al., 2001; Pont et al., 2001; 

Smith and Nienow, 1983; Tan et al., 2005, among others). These contributions are 

valuable for understanding and quantifying the mechanisms that control granule 

attributes (Suresh et al., 2017).  

Melt granulation presents some advantages with respect to wet granulation: a) the use of 

solvents is avoided, eliminating the disadvantages associated with solvent recovery and 

final disposal and minimizing the energy cost related to solvent evaporation (Abberger 

et al., 2002; Mielke et al., 2016; Walker et al., 2006); b) the amount of liquid added 

during granulation is better controlled since uncontrolled solvent evaporation will not 

occur (Parikh, 2010) and c) for moisture-sensitive materials, granulation can be carried 

out without organic solvents (Parikh, 2010). 

The industrial urea granulation process is considered one of the most significant 

breakthroughs in the fertilizer manufacture and, thus, of great interest (Cotabarren et al., 

2012; Heffer and Prud’homme, 2016). Urea is the most widely consumed nitrogen-

based fertilizer, being critical in the modern agriculture scenario. Industrial urea 

granulation is performed in fluidized beds, by spraying from the bottom a highly 

concentrated urea solution. Urea seeds are quite large (about 2 mm) and, for some 

technologies, the binder droplets are significantly smaller than the initial nuclei (about 

40 times smaller than the urea seeds). In the industrial practice, short granulation times 

are used and coating is preferred over agglomeration for size enlargement. 
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In this context, and taking into account that it is difficult to establish the differences 

between wet and melt granulation because these processes are usually carried out with 

different solid cores (seeds), urea is an attractive system to study both types of 

granulation. The aim of this paper is to explore the effects of the binder concentration 

on process performance and product quality. Particularly, the influence of the binder 

urea concentration (from 98% to 87.5%) on the fraction of agglomerated granules is 

evaluated. Besides, the impact of binder concentration on granulation efficiency as well 

as on granule moisture content, size, morphology and crushing strength is studied.  

 

 

2. MATERIALS AND METHODS 

2.1. Equipment 

A schematic diagram of the experimental device is shown in Fig. 1. The experiments 

were carried out in a batch fluidized-bed granulator (see geometrical parameters in Fig. 

1) constituted by a stainless steel bottom conical vessel (1), and a cylindrical column (6) 

on top of it. The air distributor is a stainless steel perforated plate (2). The fluidization 

air was supplied by a centrifugal blower (3). Before entering the bed, the fluidization air 

flowrate was measured by an orifice flow-meter (4) and preheated by an electrical 

heater (5) to maintain the bed temperature at the desired level. The bed and grid 

pressure drops were manually measured by water U-tube manometers. The elutriated 

fine particles were collected by a set of three filter bags located at the top of the 

fluidized-bed freeboard (6). These filters were periodically blown back by air pulses to 

disengage the particulate matter. The feed (urea melt) was prepared in an oil-heated tank 

(7) by typically adding 1 kg of urea, the required small volume of water to reach the 

desired urea concentration and a tiny amount of food dye to easily monitor the 

fluidized-bed granulation through the unit observation window. The urea melt tank (of 

about 0.002 m3) was placed on a scale and kept at constant temperature (≈130 ºC) by 

means of an oil reservoir (operating at 140 ºC). The urea melt was delivered to an 

internal mixing two-fluid spray nozzle (8), which was located just above the air 

distributor, by means of a given compressed air flowrate (atomization air) that was 

preheated up to 130 ºC before entering into the urea solution tank (9). The atomization 

air was also preheated and its flowrate was controlled and measured by a valve and a 

rotameter, respectively. The external tube-skin temperature of the urea line (from the 

hot container to the spray nozzle) was controlled through an electric heat tracing system. 

A Programmable Logic Control system (PLC) was used to register and control process 

variables (Veliz Moraga et al., 2015). 

 

2.2. Experimental Procedure 

For each run, a batch of approximately 2 kg of urea seeds was initially charged into the 

bed chamber. The seeds had diameters between 2.38 and 2.80 mm, which correspond to 

ASTM meshes #8 and #7, respectively. Thus, the seed arithmetic mean diameter was 

2.59 mm. The seeds were fluidized with hot air until the desired bed temperature level 

was achieved. Then, the urea binder was sprayed at a constant mass flowrate until 1 kg 

of binder has been added. This flowrate (5 g/s) was computed from the linear time 

profile of the recorded urea container weight. Once the binder spraying was stopped, the 
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granules were immediately cooled down using air at room temperature. The collected 

granular product was set aside for further characterization. After each experiment, the 

powder deposited onto the granulator walls and the fines collected in the filter bags 

were weighted for mass balance closure calculations. To identify the binder 

concentration for which the transition between wet and melt granulation takes place, 

experiments at different urea concentrations (87.5, 90.5, 91.8, 92.6, 96.0 and 96.7 %) 

were performed. The urea concentration was measured immediately after granulation 

finished by determination of the water content in the urea melt binder that remained 

unsprayed in the container with a moisture analyzer (Ohaus MB45).   

 

2.3. Granular Product and Process Characterization 

2.3.1. Particle size distributions 

The particle size distributions (PSDs) were evaluated for the solids collected at the end 

of the experiments (i.e., final granular product). A riffle splitter was used to accurately 

divide the total sample (about 3 kg) into representative samples. A batch of 0.8 kg was 

sieved in a vibratory sieve shaker (Zonytest, Argentina). A series of 9 ASTM standard 

sieves (# 4, 5, 6, 7, 8, 10, 12, 14 and 16) was employed. The sample was shaken for 20 

min at about 2400 strokes per minute.  

2.3.2. Process fines mass fractions and mass balance closure 

As aforementioned, in each granulation experiment the binder was sprayed onto the 

urea seeds. At the end of each experiment, three types of particles were identified: 

granules (product), powder deposited onto the granulator walls and powder retained in 

the filters. Therefore, the urea mass balance is given by:  

𝑀𝑢0 + 𝑀̇𝑏𝑖𝑛𝑑𝑒𝑟𝑋𝑢𝑡 = 𝑀𝑢𝑓 + 𝑀𝑓 + 𝑀𝑤          (1) 

where 𝑀𝑢0 is the initial mass of urea seeds, 𝑀̇𝑏𝑖𝑛𝑑𝑒𝑟  is the binder mass flowrate, 𝑋𝑢 is 

the urea mass fraction in the binder and 𝑡 is the granulation time. 𝑀𝑢𝑓 represents the 

collected granular product, 𝑀𝑤 is the mass of powder deposited onto the granulator 

walls and 𝑀𝑓 is the mass of powder retained in the filters. 

To determine which fraction of the atomized binder actually contributes to the granules 

growth, the granulation efficiency is defined as: 

𝜂 =
𝑀𝑢𝑓−𝑀𝑢0

𝑀̇𝑏𝑖𝑛𝑑𝑒𝑟𝑋𝑢𝑡
      (2) 

According to Eq. (2), 𝜂 can vary between 0 and 1, where 𝜂 = 1 indicates that all the 

binder is deposited onto the granules while 𝜂 = 0 indicates that the binder does not 

contribute to the granules size enlargement, being therefore distributed among 𝑀𝑓 and 

𝑀𝑤. Eq. (1) can be rewritten as: 

1 = 𝜂 + 𝐹𝑓 + 𝐹𝑤     (3) 

where 𝐹𝑓 and 𝐹𝑤 represent the mass fractions of powder retained in the filters and 

deposited onto the granulator walls, respectively, with respect to the total sprayed urea. 
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2.3.3. Granular product size fractions 

As schematized in Fig. 2, the granules obtained as product at the end of the experiments 

are classified as coated particles, agglomerates and product fines. For this reason, the 

following three mass fractions were defined:  

 Product fines mass fraction (𝐹𝑝): represents the mass of particles smaller than 

the seeds with respect to the total mass of granular product. Laser diffraction analysis 

of the collected product fines (base case) revealed that their sizes were between 32-

75 µm; i.e. a very fine powder.  

 Product agglomerated mass fraction (𝐴): represents the mass fraction of 

agglomerated particles with respect to the total mass of granular product. When 

agglomeration took place, the total mass retained on some sieves corresponded to 

agglomerated particles while other meshes retained both, pure coated particles and 

small agglomerates. For these cases, a riffle splitter was used to subdivide the 

retained mass, and the agglomerates were recognized by visual inspection and 

quantified by weighting.  

 Product pure coated mass fraction (𝐶): denotes the mass fraction of pure coated 

particles, and was calculated as follows: 

𝐶 = 1 − 𝐴 − 𝐹𝑝     (4) 

 

2.3.4. Granule moisture content (MC) 

Representative granule samples of 10 g (collected immediately after each granulation 

run) were dried at 95 °C for 9 minutes in an Ohaus MB45 moisture analyzer. This 

treatment profile was defined by using some selected samples and in order to reproduce 

the moisture content measured by the Karl-Fisher method. The moisture content was 

determined by triplicate. 

2.3.5. Granule crushing strength (CS) 

A testing machine Instron model 3369 in compression mode at a speed of 2 mm/min 

was used. For each experiment the crushing strength, which is affected by the granule 

size, was measured for the product particles that were trapped in the apertures of mesh 

#7 to ensure the evaluation of equal-size granules. For each sample, twenty 

measurements were performed.   

2.3.6. Particle morphology  

The morphology of the external surface and cross-sectional cuts of some selected 

granules were assessed in an EVO 40-XVP, LEO Scanning Electron Microscope 

(SEM). The samples were previously metalized with gold in a PELCO 91000 sputter 

coater. 

 

3. RESULTS AND DISCUSSIONS 

3.1 Experimental Results 
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In this section, the effect of the binder urea concentration on the urea granulation 

performance and product properties is presented. Table 1 reports the process conditions 

for the base case, which is characterized by high granulation efficiency and granules 

growth by pure coating. The binder urea concentration was varied from 87.5 wt% to 98 

wt%, while keeping the other process conditions constant. For all experiments, it was 

found that 𝜂 + 𝐹𝑓 + 𝐹𝑤 = 1 ± 0.05, indicating that almost all the atomized binder was 

collected at the end of the operation either as granular product, wall fines or filter-bag 

fines (i.e., the mass balance closure was satisfied). 

Fig. 3 shows the granular product size fractions (fines and coated and agglomerated 

granules) as a function of the binder urea concentration. At high urea concentrations, 

coating is the dominant growth mechanism while a combined process of 

coating/agglomeration takes place when the urea concentration is 87.5%. For the 

selected operating conditions (Table 1), agglomeration becomes an important 

enlargement mechanism as the urea concentration in the atomized binder droplets 

decreases. Indeed, below 92%, changes in the urea concentration cause simultaneously 

large variations in the percentages of agglomerates and coated particles that constitute 

the product. However, above 92%, 𝐶 and 𝐴 size fractions have a minor dependence on 

the urea concentration. For the explored conditions, the product fines mass fractions are 

negligible, representing less than 1.3 wt. % of the total granular product.  

Fig. 4 shows the granulation efficiency as a function of the binder concentration. For 

urea concentrations below 92%, the granulation efficiency is lower than 80%, indicating 

that a significant amount of the sprayed material is not collected within the granular 

product. According to Eq. (3), a decrease in the granulation efficiency should be 

accompanied by an increase in the wall and filter-bags fines. In fact, Fig. 5 shows that 

the wall and filter-bags fines increase as the concentration of urea in the binder 

decreases. Besides, the wall fines (𝐹𝑤) are higher than the filter-bag ones (𝐹𝑓). These 

results suggest that the lower the urea concentration, the wetter the particles and the 

greater the loss of material by sticking on the granulator walls. 

Fig. 6 presents the experimental number-volume mean diameter of the product as a 

function of the binder concentration. These values are compared with the theoretical 

𝑑𝑛𝑣, which was calculated under the assumption of pure coating. Indeed, and according 

to Saleh and Guigon (2007), the theoretical 𝑑𝑛𝑣 is computed as: 

𝑑𝑛𝑣,𝑐𝑎𝑙𝑐 = 𝑑0 (
𝑀𝑢𝑓

𝑀𝑢0
)

1

3
     (5) 

 

As it can be seen, the experimental 𝑑𝑛𝑣 increases as 𝑋𝑢 decreases, in agreement with the 

agglomerates formation trend (see Fig. 4). This tendency is not followed by 𝑑𝑛𝑣,𝑐𝑎𝑙𝑐 . 

Therefore, the difference between the experimental and calculated 𝑑𝑛𝑣 is a good 

indicator for deviations from pure coating as the dominant growth mechanism in the 

granulation system. 

Fig. 7 shows the particle moisture content and crushing strength as a function of the 

binder concentration. The moisture content decreases as Xu increases, basically due to 

the diminution in the water content of the droplets deposited on the granules. Regarding 

the crushing strength, it exhibits an opposite trend to that observed for the moisture 
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content. In agreement with the results reported by Walker et al. (1997), the fertilizer 

granules with higher water content have lower crushing strength. Nevertheless, the 

coated particles fulfill the fertilizer granule requirements, i.e., moisture content lower 

than 0.5 wt% and crushing strength higher than 1.5 kgf (UNIDO/IFDC, 1998).  

Concerning the granules morphology, Fig. 8 presents SEM micrographs showing the 

internal structure of the granules obtained with two different binder concentrations. Fig. 

8.a) corresponds to 𝑋𝑢 = 0.89 while Fig. 8.b) to 𝑋𝑢 = 0.93. As it can be seen, an 

increase in the binder water content increases the porosity of the layer of deposited 

binder. This result is in agreement with the decrease in crushing strength observed for 

the granules produced under lower binder urea concentrations. 

It is important to note that for the higher water content, the limits of crushing strength 

and moisture content are reached; therefore, it is expected (if the operating conditions 

are not changed to accelerate the water evaporation process) that solutions with lower 

urea concentration will give granules out of specification. According to Veliz Moraga et 

al. (2015), higher fluidization air velocities give more resistant granules with lower 

moisture content. These results are in good agreement with the expected heat and mass 

transfer enhancement for intense mixed systems. Therefore, if binders with lower urea 

concentration are atomized, it is convenient to operate the granulator at higher 

fluidization air velocities to ensure granules with acceptable moisture content and 

crushing strengths.  

 

3.2 Criteria to Predict the Occurrence of Agglomeration 

 

Although several attempts have been made in the past to establish a parameter that 

allows predicting the growth regimes in different types of granulation processes 

(Akkermans et al., 1998; Ennis et al., 1991), the one proposed by Villa and co-workers 

describes the boundary of agglomeration occurrence for melt granulation (Villa et al., 

2016). This criterion, which is formulated in terms of dimensionless numbers that 

depend on process conditions and take into account mass, heat and momentum transfer 

phenomena, was found to be appropriate to predict the growth regime for fluidized-bed 

spray-on melt granulation of urea. The criterion postulates the existence of a variable 

(called Dimensionless Agglomeration Parameter, or 𝐷𝐴𝑃), which follows an univocous 

trend with the mass fraction of agglomerates.  

The 𝐷𝐴𝑃 is defined as: 

𝐷𝐴𝑃 =
1

𝐾

𝑚̇𝑎(𝑣𝑓−𝑣𝑚𝑓)𝑑0

𝑀̇𝑢(𝑇𝑓𝑢𝑠−𝑇𝑏𝑒𝑑)
     (6) 

where 𝐾 depends on physical properties, geometric dimensions, the minimal 

fluidization velocity and the binder urea concentration: 

𝐾 = 0.028 [
4𝜋𝜌𝐿𝑑𝑛,𝐿𝑋𝑢∆𝐻𝑓𝑢𝑠

2𝐿

9𝑓(𝜃)2𝑐𝑝𝑢𝑘𝑝𝑑𝑛,𝑔 𝑀0
]

0.3

[
[𝑋𝑢𝑐𝑝𝑢+(1−𝑋𝑢)𝑐𝑝𝑤]

𝑋𝑢∆𝐻𝑓𝑢𝑠−(1−𝑋𝑢)∆𝐻𝑒𝑣
]

1.9

𝑣𝑚𝑓
4.6 [106 π𝑑𝑛,𝑔

2𝜇𝑎

4
]

2.6

       (7) 

The 𝐷𝐴𝑃 takes high values for low mass percentages of agglomerates (i.e., for pure 

coating as the dominant growth mechanism). In the paper by Villa et al. (2016), the 

parameter 𝐾 was constant for all the experiments (i.e., the binder concentration was not 

modified) while process conditions (binder flowrate, fluidization air flowrate, bed 

temperature and seeds diameter) were varied. In this work, since the process conditions 
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were not modified, the 𝐷𝐴𝑃 only changes with 𝐾, which depends on the binder urea 

concentration. 

By means of Eq. (6) and (7), Fig. 9 shows the 𝐷𝐴𝑃 as a function of the binder 

concentration. Villa et al. (2016) found that if the maximum allowable value for the 

mass percentage of agglomerates is chosen as 5%, the 𝐷𝐴𝑃 should be greater than 6 

whatever the chosen combination of process variables. By using this criterion, and 

according to Fig. 9, the urea concentration should be greater than 92.2% in order to 

promote particle size enlargement by coating (i.e., minimizing agglomerates formation). 

This result is consistent with the trends experimentally observed, indicating that the 

criterion given by Villa et al. (2016) is proper to determine the boundary for 

agglomeration occurrence even when the binder urea concentration is modified. 

Taking into account that a decrease in the binder urea concentration may be 

compensated with an increase in the water evaporation rate by manipulating operating 

variables, the effect of changes in urea concentration on the size enlargement of the 

particles is investigated for different fluidized-bed temperatures. In this sense, Fig. 10 

shows, for different 𝑇𝑏𝑒𝑑 values, the binder concentration 𝑋𝑢 that gives a 𝐷𝐴𝑃 = 6 (i.e., 

a mass percentage of agglomerates equal to 5%) (Eq. 6). As the bed temperature 

increases, the minimum binder urea concentration necessary to prevent more than 5% of 

agglomerates in the product decreases. Therefore, the thermal condition of the 

granulator limits the water content of the binder to be used to enlarge the granules by 

coating. For example, if the granulator temperature is 100 °C, a urea concentration 

higher than 92% ensures that A<5%. However, if the temperature of the granulator 

reduces to 95 °C, the binder concentration should increase to 95.5% to avoid the 

undesired agglomerates formation. On the other hand, it should be noted that a bed 

temperature of 90 °C is too low for a bottom-spray urea granulator since the nozzles 

should be kept at a sufficiently high temperature (close to the urea fusion temperature, 

133 °C) in order to avoid clogging.  

In industrial fluidized granulators, typically the seeds (which come in a recycle stream 

constituted by product out of specification) are continuously incorporated to the 

granulator while a concentrated urea solution (∼96%) (Nijsten and Starmans, 1998) is 

sprayed from the bottom of the unit. Industrial granulators often have several growth 

chambers, which allow the particle residence time distribution to be moved toward that 

of plug flow (Bertín et al., 2007). The thermal condition of the growth chambers limits 

the recycle operating range of industrial granulators for urea production. The bed 

temperatures have to remain higher than 100 °C (Kayaert and Antonus, 1997) in order 

to avoid melt solidification in the spray nozzles, but should not be close to the melting 

point (about 132 °C) to avoid partial or total quenching of the bed (Kayaert and 

Antonus, 1997). In particular, the granulation unit first chamber has a bed temperature 

lower than the next one because the recycled seeds (coming from the screen that 

classifies the granulator product in oversize, undersize and on specification and the 

crusher that reduces the oversize particles) enter the granulator at a much lower 

temperature. Downstream from this compartment, the temperature increases as a 

consequence of the binder addition that is sprayed at relatively high temperature (Bertín 

et al., 2010). In case the granulator chambers operate at temperatures higher than 100 °C 

and the atomized binder has a urea content of 96%, there will be no considerable 

agglomeration according to Fig. 10. However, if due to an upset condition the binder 

urea concentration decreases to 90%, the chamber temperatures should be higher than 

106.5 °C to avoid agglomeration. Then, for the fluidized-bed temperature control loop, 
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it would be worthy to consider the urea concentration value to define the chamber 

temperatures’ set point to exert the control action. 

 

 

4. CONCLUSIONS 

This paper contributes to a better understanding of the transition between wet and melt 

granulation processes in fluidized beds by varying the binder concentration. For a urea 

(seeds) - urea (binder) system, the binder urea concentration greatly affects the 

granulation efficiency and granules quality. Indeed, for the tested process conditions 

and binder urea concentrations above 92%, the mass fraction of agglomerates in the 

product was lower than 10%, with a relatively high granulation efficiency. Thus, it is 

preferable to operate with highly concentrated solutions (almost molten material) as 

binder to obtain granules grown by coating without losing much material within the 

granulation unit. It is important to note that the critical value of 92% is a consequence of 

the set of operating conditions chosen to carry out the experiments. The criterion 

proposed by Villa et al. (2016) was found to be useful for predicting this critical value. 

Consequently, operating conditions and control strategies to minimize urea lumps 

formation in industrial urea granulators could be better defined by applying the criterion 

developed by Villa et al. (2016).  

 

8. ACKNOLEDGEMENTS 

FONCyT, CONICET and UNS grants support this study. S. Veliz Moraga thanks 

CONICET for her doctoral fellowship. The authors also thank Fernanda Cabrera 

(PLAPIQUI; UNS-CONICET) for technical assistance. 

  

ACCEPTED M
ANUSCRIP

T



REFERENCES 

Abberger, T., Seo, A., Schaefer, T., 2002. The effect of droplet size and powder particle 

size on the mechanisms of nucleation and growth in fluid bed melt agglomeration. 

Int. J. Pharm. 249, 185–197. 

Akkermans, J.H.M., Edwards, M.F., Groot, A.T.J., Montanus, C.P.M., Van Pomeren, 

R.W.J., Yüregir, K.A.R., 1998. Production of detergent granules. Patent 

WO9858046. 

Barrasso, D., Ramachandran, R., 2015. Multi-scale modeling of granulation processes: 

Bi-directional coupling of PBM with DEM via collision frequencies. Chem. Eng. 

Res. Des. 93, 304–317. doi:10.1016/j.cherd.2014.04.016 

Bertín, D., Mazza, G., Piña, J., Bucalá, V., 2007. Modeling of an Industrial Fluidized-

Bed Granulator for Urea Production. Ind. Eng. Chem. Res. 46, 7667–7676. 

doi:10.1021/ie070361o 

Bertín, D., Piña, J., Bucalá, V., 2010. Dynamics of an Industrial Fluidized-Bed 

Granulator for Urea Production. Ind. Eng. Chem. Res. 49, 317–326. 

doi:10.1021/ie901155a 

Cotabarren, I.M., Bertín, D., Veliz, S., Mirazú, L., Piña, J., Bucalá, V., 2012. Production 

of Granular Urea as Nitrogenous Fertilizer, in: Muñoz, C.M., Fernández, A.M. 

(Eds.), Urea: Synthesis, Properties and Uses. NOVA Publishers, pp. 1–63. 

Ennis, B.J., Tardos, G., Pfeffer, R., 1991. A microlevel-based characterization of 

granulation phenomena. Powder Technol. 65, 257–272. doi:10.1016/0032-

5910(91)80189-P 

Heffer, P., Prud’homme, M., 2016. Fertilizer Outlook 2016-2020, in: 84th IFA Annual 

Conference. Moscow. 

Heinrich, S., Henneberg, M., Peglow, M., Drechsler, J., Mörl, L., 2005. Fluidized bed 

spray granulation: analysis of heat and mass transfers and dynamic particle 

populations. Brazilian J. Chem. Eng. 22, 181–194. doi:10.1590/S0104-

66322005000200004 

Hemati, M., Cherif, R., Saleh, K., Pont, V., 2003. Fluidized bed coating and 

granulation: influence of process-related variables and physicochemical properties 

on the growth kinetics. Powder Technol. 130, 18–34. doi:10.1016/S0032-

5910(02)00221-8 

Iveson, S., Litster, J.D., Hapgood, K., Ennis, B.J., 2001. Nucleation, growth and 

breakage phenomena in agitated wet granulation processes: a review. Powder 

Technol. 117, 3–39. doi:10.1016/S0032-5910(01)00313-8 

Kayaert, A., Antonus, R., 1997. Process for the Production of Urea Granules. 5653781. 

Litster, J.D., Ennis, B.J., Liu, L., 2004. The Science and Engineering of Granulation 

Processes, Technology. Particle Technology Series, Kluwer Academic Publishers, 

Dordrecht. 

Nijsten, P., Starmans, M., 1998. Process for Producing Granules. US005779945A. 

Osborne, J.D., Sochon, R.P.J.J., Cartwright, J.J., Doughty, D.G., Hounslow, M.J., 

Salman, A.D., 2011. Binder addition methods and binder distribution in high shear 

and fluidised bed granulation. Chem. Eng. Res. Des. 89, 553–559. 

doi:10.1016/j.cherd.2010.08.006 

ACCEPTED M
ANUSCRIP

T



Parikh, D.M., 2010. Handbook of Pharmaceutical Granulation Technology, 3rd ed, 

Journal of Chemical Information and Modeling. Informa Health Care USA, Inc. 

doi:10.1017/CBO9781107415324.004 

Pont, V., Saleh, K., Steinmetz, D., Hemati, M., 2001. Influence of the physicochemical 

properties on the growth of solid particles by granulation in fluidized bed. Powder 

Technol. 120, 97–104. doi:10.1016/S0032-5910(01)00355-2 

Saleh, K., Guigon, P., 2007. Coating and Encapsulation Processes in Powder 

Technology, in: Salman, A.D., Hounslow, M.J., Seville, J.P.K. (Eds.), Handbook 

of Powder Technology. Elsevier, Amsterdam, The Netherlands. 

Schmidt, M., Rieck, C., Bück, A., Tsotsas, E., 2015. Experimental investigation of 

process stability of continuous spray fluidized bed layering with external product 

separation. Chem. Eng. Sci. 137, 466–475. doi:10.1016/j.ces.2015.06.060 

Smith, P.G., Nienow, A.W., 1983. Particle Growth Mechanisms in Fluidised Bed 

Granulation - I. Chem. Eng. Sci. 38, 1223–1231. 

Snow, R.H., Allen, T., Ennis, B.J., Litster, J.D., 1999. Size Reduction and Size 

Enlargement, in: Perry’s Manual. pp. 20–23. 

Suresh, P., Sreedhar, I., Vaidhiswaran, R., Venugopal, A., 2017. A comprehensive 

review on process and engineering aspects of pharmaceutical wet granulation. 

Chem. Eng. J. 328, 785–815. doi:10.1016/j.cej.2017.07.091 

Tan, H.S., Goldschmidt, M.J. V, Boerefijn, R., Hounslow, M.J., Salman, A.D., Kuipers, 

J.A.M., 2005. Population Balance Modelling of Fluidized Bed Melt GranulationAn 

Overview. Chem. Eng. Res. Des. 83, 871–880. doi:10.1205/cherd.04347 

UNIDO/IFDC (Ed.), 1998. Fertilizer Manual. Kluwer Academic Publishers, Dordrecht, 

The Netherlands. 

Veliz Moraga, S., Villa, M.P., Bertín, D.E., Cotabarren, I.M., Piña, J., Pedernera, M., 

Bucalá, V., 2015. Fluidized-bed Melt Granulation: The Effect of Operating 

Variables on Process Performance and Granule Properties. Powder Technol. In 

press. 

Villa, M.P., Bertín, D.E., Cotabarren, I.M., Piña, J., Bucalá, V., 2016. Fluidized-bed 

melt granulation: Coating and agglomeration kinetics and growth regime 

prediction. Powder Technol. 300, 61–72. doi:10.1016/j.powtec.2016.06.006 

Walker, G.M., Andrews, G., Jones, D.S., 2006. Effect of process parameters on the melt 

granulation of pharmaceutical powders. Powder Technol. 165, 161–166. 

doi:10.1016/j.powtec.2006.03.024 

Walker, G.M., Magee, T.R.A., Holland, C.R., Ahmad, M.N., Fox, N., Moffatt, N.A., 

1997. Compression testing of granular NPK fertilizers 231–234. 

Wang, H., Musta, A., Phan, A.N., Zivkovic, V., Reay, D., Law, R., Boodhoo, K., 2017. 

A review of process intensification applied to solids handling. Chem. Eng. Process. 

Intensif. 118, 78–107. 

Zhai, H., Li, S., Jones, D.S., Walker, G.M., Andrews, G., 2010. The effect of the binder 

size and viscosity on agglomerate growth in fluidised hot melt granulation. Chem. 

Eng. J. 164, 275–284. doi:10.1016/j.cej.2010.08.056 

 

  

ACCEPTED M
ANUSCRIP

T



 

Figure 1. Schematic representation of the experimental set-up (adapted from Veliz 

Moraga et al., 2015). 
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Figure 2. Types of particles found at the end of the experiments. 
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Figure 3. Product mass fractions as a function of the binder urea concentration. 
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Figure 4. Granulation efficiency as a function of the binder urea concentration. 
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Figure 5. Wall and filter-bags fines as a function of the binder urea concentration. 
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Figure 6. Calculated 𝑑𝑛𝑣 for pure coating and experimental number-volume mean 

diameter as a function of the binder urea concentration. 
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Figure 7. Moisture content and crushing strength as a function of the binder urea 

concentration. 
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(a) (b) 

Figure 8. SEM micrographs of granule internal surface for a) 𝑋𝑢 = 0.89 and b) 𝑋𝑢 =

0.93. 
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Figure 9. Dimensionless Agglomeration Parameter as a function of the binder urea 

concentration. 
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Figure 10. Binder concentration 𝑋𝑢 for 𝐷𝐴𝑃 = 6 in Eq. (8), as a function of the bed 

temperature. 
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Table 1. Process Conditions 

Variable Symbol Base case 

Binder flowrate (kg/s) 𝑀̇𝑏𝑖𝑛𝑑𝑒𝑟  0.005 

Fluidization air velocity* (m/s) 𝑣𝑓 3 

Minimum fluidization air velocity* (m/s) 𝑣𝑚𝑓 0.94 

Atomization air flowrate# (kg/s) 𝑀̇𝑎 0.006 

Seed arithmetic mean diameter (m) 𝑑0 0.0026 

Bed temperature (C) 𝑇𝑏𝑒𝑑 100 

Urea fusion temperature (C) 𝑇𝑓𝑢𝑠 133 

Initial mass (kg) 𝑀𝑢0 2 

Maximum sprayed urea mass (kg) 𝑀𝑢𝑠 1 

(*) at standard conditions, (#) at 130 C and 3 bars. 
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