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Abstract

The main objective of the present work is to produce and characterize urea granules coated with polymers prepared with 
aqueous solutions of acrylic acid and glycerol. Both coating and drying of urea granules were performed in a fluidized 
bed reactor. Fourier transform infrared spectroscopy analyses indicated the presence of poly(acrylic acid) and acrylic 
acid / glycerol copolymers on the granule coating and the formation of chemical bonds between urea and the polymer 
coating. Scanning electron microscopy images showed that the original and coated urea granules presented different 
characteristics, reinforcing the idea that coating occurs in the fluidized bed. Finally, rates of urea release showed that 
the coated granules presented slightly slower rates of urea dissolution in water due to the presence of the coating layer. 
Therefore, it is shown that it is possible to produce coated urea granules through in-situ polymerization onto the granule 
surface using a fluidized bed.
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1. Introduction

Urea is the fertilizer used most often in agriculture; for this 
reason, the worldwide production and consumption of urea 
has steadily increased in recent years. Urea is characterized 
by its high nitrogen content (46 wt%), low production cost 
and high water solubility. In addition, urea is noncorrosive 
and can be easily mixed with other compounds[1-3]. The main 
problem associated with the use of urea as a fertilizer is the 
high rate of loss to the environment through leaching and 
volatilization[3-5]. Losses can reach 50 wt% of the applied 
urea fertilizer, depending on the climate, soil conditions and 
application technologies, causing environmental pollution 
and increasing the costs of crop production[6-10].

A possible alternative to reduce nutrient losses is the 
development of slow-release fertilizers by coating urea granules 
with materials that feature lower water solubility[5,9,10] or by 
using materials that allow for the slow release of urea[8,11-14]. 
Particularly, the production of slow-release urea products 
with help of polymer coatings constitutes a promising 
technological solution for many applications[7,9,15].

The use of poly(acrylic acid), PAA, obtained through 
free-radical polymerization of acrylic acid in aqueous medium 

presents a number of comparative advantages in various 
applications, including the low cost, biodegradability and 
good biocompatibility. PAA-based resins can also exhibit 
high capacity of water absorption and retention and can be 
possibly used for production of superabsorbent coatings 
and manufacture of slow-release fertilizers[16-22]. It is also 
important to observe that glycerol can act as a chain transfer 
agent, esterification and/or a crosslinking agent in some 
free‑radical and functional polymerizations, and particularly 
in aqueous free-radical acrylic acid polymerizations, leading 
to formation of chain branches and modifying the molecular 
weight distributions of the final products[23,24]. For this 
reason, glycerol has been used frequently as a comonomer 
in aqueous free-radical acrylic acid polymerizations.

Based on the previous remarks, the main objective of 
the present study was to produce coated urea granules in a 
fluidized bed reactor, using polymer materials produced in‑situ 
and ex-situ through aqueous free-radical polymerizations 
of acrylic acid and glycerol. The coated and uncoated urea 
granules were characterized by Fourier transform infrared 
spectroscopy (FTIR), scanning electron microscopy (SEM) 
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 and rates of urea release in distilled water. The obtained results 
indicated that polymer coating was performed successfully 
in all analyzed cases, confirming that in-situ polymerization 
of the monomer solution on the urea granules is possible in 
fluidized bed reactors. Particularly, FTIR analyses indicated 
the presence of poly(acrylic acid) and acrylic acid / glycerol 
copolymers on the granule coating and the formation of 
chemical bonds between urea and the polymer coating. 
SEM  images showed that the original and coated urea 
granules presented different characteristics, reinforcing the 
idea that coating occurs in the fluidized bed. Finally, rates 
of urea release showed that the coated granules presented 
slightly slower rates of urea dissolution in water due to the 
presence of the coating layer.

2. Materials and Methods

2.1 Materials

Urea (CO(NH2)2, with minimum purity of 99.5 wt%, 
containing 46.4 wt% of nitrogen, with Mw of 60.07 g.mol-1) 
was provided in the form of granules (average particle 
size of 1.84 mm) by Petrobras (Camaçari, Bahia, Brazil). 
Acrylic acid (C3H4O2, with minimum purity of 99.5 wt% 
and Mw of 72.02 g.mol-1), glycerol (C3H8O3, with minimum 
purity of 99.5 wt% and Mw of 92.1 g.mol-1) and potassium 
persulfate (K2S2O8, with minimum purity of 99.0 wt% and 
Mw of 270.32 g.mol-1) were acquired from Vetec (Duque 
de Caxias, Brazil). The enzyme urease and other reagents 
used to hydrolyze urea and determine the urea content of 
analyzed samples were provided by Doles (Goiânia, Brazil) 
as the enzymatic kit Urea 500. All reagents and solvents used 
for polymer characterization were purchased at analytical 
grades from Vetec (Duque de Caxias, Brazil). All chemicals 
were used as received.

2.2 Coating of urea granules

The coating of urea granules was conducted in two 
ways. First, a copolymer was produced prior to coating 
in the fluidized bed. In the second, copolymerization and 
coating occurred simultaneously in the fluidized bed.

Detailing the first way, the copolymerization reactions 
were performed in an Atlas Sodium reactor (Syrris, United 
Kingdom). Copolymerization reactions were conducted 
in distilled water by mixing 100 g of the aqueous initiator 
solution and 200 g of the aqueous monomer solution. 
The final reacting mixture contained 3.00 g of potassium 
persulfate, 39.80 g of urea, 23.86 g of acrylic acid and 3.00 g 
of glycerol. Reactions were performed in a 500-mL glass flask, 
with mechanical stirring of 300 rpm, temperature of 80 °C 
and time of 2 h, in accordance with previous experimental 
studies[18,25-28]. As the final copolymer medium was biphasic 
(a lighter and less viscous liquid phase and a heavier viscous 
liquid phase, which contained the copolymer), continuous 
stirring of the copolymer feed was necessary to prevent 
heterogeneous and varying feed conditions.

Detailing the second way, the monomer solution used 
to perform the coating of urea granules through in-situ 
copolymerization inside the fluidized bed reactor contained 
3.00 g of potassium persulfate, 63.66 g of acrylic acid, 3.00 g 
of glycerol and 230.34 g of distilled water.

Coating and drying of the urea granules were performed 
in a Midi Model Fluidized Bed Reactor (Glatt, Germany) 
with height of 900 mm, width of 700 mm and length of 
740 mm. The coating process in the fluidized bed reactor 
was conducted with 300 g of urea granules and 100 mL of 
the respective coating solutions. In all cases, the fluidization 
pressure was kept constant and equal to 0.8 bar. The atomization 
pressure was equal to 0.5 bar and 1.0 bar, when the monomer 
and polymer solutions were used for coating, respectively. 
The feed flow rate of the coating solution was constant and 
equal to 5 mL/min. The temperature of the fluidizing air 
was equal to 80 °C. The blow down rate was 1 every 4 s. 
The height of the cylindrical partition, which was parallel 
with the largest mouth of the bed, was 6.5 cm.

The coating process was conducted with intermittent 
interruption of the feed flow rate of the coating solution 
in order to prevent particle agglomeration, as described 
elsewhere[29-31]. Usually, feed flow rates were kept constant 
for periods of 20 s and stopped for periods of 1 min and 40 s. 
Coating operations were performed as presented in Table 1.

2.3 Fourier Transform Infrared Spectroscopy (FTIR)

Coated and uncoated samples of urea granules were 
analyzed by FTIR using a Vertex 70 Spectrophotometer 
(Bruker, United States), equipped with Attenuated Total 
Reflectance (ATR) probe and operating in the range of 
4000-600 cm-1. Spectral data were reported as averages of 
50 readings obtained with resolution of 2 cm-1 at 16 ± 1 °C. 
The backgrounds were collected using uncoated urea granules 
in order to reduce the effect of the urea signal.

2.4 Scanning Electron Microscopy (SEM)

Coated and uncoated samples of urea granules were also 
evaluated by SEM. Granules were placed onto double-sided 
carbon tapes and affixed to gold-coated aluminum carriers. 
A Quanta 400 model SEM Microscope (FEI Company, 
United States), with maximum operation voltage of 30 kV 
and nominal resolution of 1.2 nm in high vacuum and 
equipped with a SE (secondary electron) detector, was used. 
In all cases, the voltage was set at 20 kV and the images 
were acquired with the SE detector.

2.5 Urea release in water

Analyses of urea release profiles were performed in 
distilled water in order to compare the relative performances 
of coated and uncoated urea granules. Coated and uncoated 
urea samples were weighed to provide 0.80 mg of urea per 
mL of water. Tests were performed in 25 mL of distilled 
water at 30 °C. The aqueous solution containing the sample 
was kept under continuous magnetic stirring of 100 rpm. 
10-μL samples of the aqueous solutions were withdrawn for 
analyses at time intervals of 1, 5, 10, 20, 30, 60 and 90 min. 

Table 1. Coatings performed in the fluidized bed reactor.
Coating Solution Pauses in solution feed

1 Monomer No
2 Monomer Yes
3 Polymer No
4 Polymer Yes
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The total volume of the system was kept constant through 
addition of distilled water immediately after sampling.

The urea concentration was determined enzymatically 
with help of the Urea 500 kit. Ammonia concentrations 
(and therefore, concentrations of urea) were obtained at 
room temperature with help of a calibration model, using 
a UV-visible spectrophotometer (Lambda 35 model, Perkin 
Elmer, United States) operating in the wavelength range of 
570 to 720 nm. The wavelength considered for calculation 
and determination of the released urea content was equal 
to 600 nm.

3. Results and Discussions

3.1 Fourier Transform Infrared Spectroscopy (FTIR)

Figure 1 shows the FTIR spectra of coated and uncoated 
urea granules. One can observe the characteristic urea peaks 
at 3430-3336 cm-1, which correspond to the symmetrical 
stretching of NH. The peak placed at 1675 cm-1 corresponds 
to the stretching of the double bond C=O, while the peak 
positioned at 1590 cm-1 is related to the stretching of bonds 
in NH or NH2. The peaks placed at 1460 cm-1 and 1003 cm-1 
correspond to the shortening of the CN bond, while the peak 

positioned at 1149 cm-1 is due to the symmetrical stretching 
of NH. The peak placed at 787 cm-1 corresponds to the 
out‑of-phase bending of OCNN, while the peak placed at 
714 cm-1 corresponds to the bending of the NH bond. These 
results were reported in previous studies[32-34].

With regard to the coated urea granules, it is worth 
noting that all spectra showed the characteristic NH peaks 
of urea (near 3430-3336 cm-1), although with lower intensity. 
This indicates the existence of additional materials, changes 
of the chemical structure of the urea and new bonds of the 
NH group of urea with acrylic acid. The appearance of the 
peaks at 3472 cm-1 and 3225 cm-1 and the analysis of some 
peaks in the range of 1700-1100 cm-1 justify this statement.

Coating 1 presented a peak of high intensity at 1614 cm-1, 
revealing the presence of the bond C=C of acrylic acid 
and the appearance of low-intensity peaks at 1403 cm-1, 
1337 cm-1, 1260 cm-1 and 1112 cm-1. These peaks indicate 
the presence of acrylic acid and formation of PAA and 
acrylic acid / glycerol copolymers, indicating the in-situ 
polymerization of the monomer solution and the physical 
interaction of polymer materials with the urea granules.

Coating 2 presented two new peaks in the characteristic 
NH spectral region of urea. In addition to the peaks placed 
at 3421 cm-1, 3329 cm-1 and 3252 cm-1, peaks positioned 
at 3472 cm-1 and 3225 cm-1 showed that the NH group of 
urea interacted with the polymer coating. The peak placed 
at 1693 cm-1 showed the formation of the group CONHR 
between the urea granules and the carboxylic group of 
the monomer. The peak placed at 1159 cm-1 indicated the 
formation of the COC group, through reaction of acrylic 
acid and glycerol. Therefore, it seems clear that both in‑situ 
polymerization and chemical interactions between the 
polymer coating and the urea granules took place in the 
fluidized bed.

The FTIR spectrum of Coating 3 was similar to the 
FTIR spectrum of Coating 1. As the coating operation 
was performed with the polymer solution in this case 
supports the idea that in-situ polymerizations did occur 
during preparation of Coatings 1 and 2. The peak placed at 
1160 cm-1, which was also present in the first two coatings, 
indicates the existence of COC groups due to reaction 
between acrylic acid and glycerol. Furthermore, the peak 
positioned at 1620 cm-1 indicates the formation of NH3

+ 
and HCOO- groups, formed through reaction of carboxylic 
groups of acrylic acid and amino groups of urea during the 
polymerization reaction or coating.

Coating 4 also showed the characteristic peaks that 
reveal the presence of the copolymer on the urea granules 
(1612 cm-1, 1335 cm-1, 1232 cm-1). In particular, the peak 
placed at 1684 cm-1 may indicate the formation of a CONHR 
group between the urea and the copolymer, due to reaction 
between the carboxylic groups of acrylic acid and amino 
groups of urea during the polymerization reaction or coating.

3.2 Scanning Electron Microscopy (SEM)

Figures 2, 3, 4, 5 and 6 show SEM images of uncoated 
and coated urea granules with various levels of magnification 
in order to provide better visualization and allow for proper 
comparison of the images.Figure 1. FTIR spectra of the uncoated and coated urea granules.
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As one can observe in Figure 2, urea granules present 
spherical geometry, crystalline structure and irregular 
surfaces, with large pores. When the magnification reaches 
5,000× and 10,000×, the presence of canes can be observed 
in several directions on the surface of the urea granules. 

Costa et al.[35] described the surface of the urea as having a 
uniform and wrinkled appearance.

Samples prepared through Coating 1 featured fairly 
regular surfaces with small pores. First, this indicates the 
presence of the coating on the surfaces of the urea granules. 

Figure 2. Images of uncoated urea obtained by SEM at magnifications of (a) 50×; (b) 100×; (c) 500×; (d) 1,000×; (e) 5,000×; and (f) 10,000×.
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The characteristic canes of urea granules disappeared, 
indicating good level of particle finishing. Furthermore, the 
high regularity and low roughness of the surface possibly 
indicate that the monomers were converted to copolymers 
during coating.

Samples prepared through Coating 3, which used the 
polymer solution, presented a rather uneven and rougher 
surface and also exhibited a darker region, where coating 
could not be applied or was applied to a lesser extent. 
These characteristics of the coating were probably due to 

Figure 3. Images of coating 1 (monomeric solution; without pauses) obtained by SEM at magnifications of (a) 50×; (b) 100×; (c) 500×; 
(d) 1,000×; (e) 5,000×; and (f) 10,000×.
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Figure 4. Images of coating 2 (monomeric solution; with pauses) obtained by SEM at magnifications of (a) 50×; (b) 100×; (c) 500×; 
(d) 1,000×; (e) 5,000×; and (f) 10,000×.

the higher viscosity of the copolymer solution, which can 
prevent the uniform distribution of polymer material on the 
granule surface, leading to formation of a less regular and 
rougher surface during drying. In addition, it can be seen 
that the geometry of the urea granules was less spherical, 

as there was larger concentration of coating in some parts 
of the urea granules than in others.

Samples prepared through Coating 4 were similar to 
samples prepared through Coating 3, with uneven covering 
of the granule surfaces and formation of rough coating 
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Figure 5. Images of coating 3 (polymeric solution; without pauses) obtained by SEM at magnifications of (a) 50×; (b) 100×; (c) 500×; 
(d) 1,000×; (e) 5,000×; and (f) 10,000×.

layers. The dark regions of the surface presented lower 
degree of coating and granules lost the characteristic 
spherical geometry of urea particles, due to accumulation 
of coating on some parts of the urea granule. However, 
in this case, irregularity and roughness of the outer layer 

seemed to be smaller to some extent, indicating that 
the pauses in the flow rate during coating and the more 
regular drying operation allowed for better uniformity 
and distribution of the copolymer over the entire surface 
of the urea granules.
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Figure 6. Images of coating 4 (polymeric solution; with pauses) obtained by SEM at magnifications of (a) 50×; (b) 100×; (c) 500×; 
(d) 1,000×; (e) 5,000×; and (f) 10,000×.

Samples prepared through Coating 2 exhibited intermediate 
characteristics between samples prepared through Coating 
1 (using the monomer solution) and Coatings 3 and 4 (using 
the polymer solution). In this case, samples presented 

spherical and regular geometry (although slightly rough). 
This indicated that interruption of the flow rate allowed for 
higher conversion of the monomers into the copolymer, as 
also observed by FTIR analyses.
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Figure 7. Release profiles of coatings 1, 2, 3, 4 and uncoated 
urea granules.

3.3 Urea release profile in distilled water

Figure 7 shows results of urea release tests in distilled 
water. It can be observed that the rate of dissolution of 
coated products was slower than observed for uncoated 
urea granules, indicating the existence of a polymer coating 
layer on urea granules after processing in the fluidized 
bed reactor.

Coatings 1 and 2, which used monomer solutions, 
apparently allowed for more efficient coating than Coatings 
3 and 4, which were performed with the polymer solution, as 
also revealed by the slower urea release curves. This result 
is in accordance with the FTIR analyses, which revealed the 
formation of bonds between urea and the coating material, 
and the SEM analyses, which showed more regular coating 
in the first two cases.

It is important to note that these urea release tests were 
led out in an environment of extreme concentration, in pure 
water. In addition, the results obtained in this work seem 
promising for some agricultural applications, such as the 
prevention of ammonia evaporation.

4. Conclusions

Coated urea granules were produced in a fluidized 
bed reactor through in-situ copolymerization of acrylic 
acid and glycerol and addition of acrylic acid / glycerol 
copolymers in water. Coated and uncoated urea granules were 
characterized by Fourier transform infrared spectroscopy, 
scanning electron microscopy and rates of urea release in 
water. The obtained results indicated that it is possible to 
coat urea granules with polymer materials using the two 
proposed solutions. In particular, FTIR analyses indicated 
the formation of polymer layers and chemical interaction 
between urea and the polymer material. Besides, coating 
of the urea granules significantly reduced the number of 
pores on the surface and allowed for production of more 
regular and smoother surfaces, particularly when the in‑situ 
polymerization scheme was applied. The rates of urea 
release in water showed that the coated granules exhibited 
slightly slower rates of dissolution due to the presence of the 
coating layer and reduced porosity of the granule surfaces. 

Therefore, it was shown that it is possible to produce coated 
urea granules through in-situ polymerization onto the granule 
surface using a fluidized bed.
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