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ABSTRACT: Fertilizers contain essential nutrients for agricultural growth and development. However, most nitrogen fertilizers
are substances with high solubility of ions and are very susceptible to leaching and volatilization. To minimize these losses, an
alternative is the creation of a physical barrier around granules. One way is to coat granules with polymers. In the present work
urea granules were coated with polyhydroxybutyrate and ethyl cellulose in various conditions in the presence of emulsifiers. The
original granules and the final products were characterized by scanning electron microscopy, Fourier transform infrared
spectroscopy and thermogravimetry, to evaluate the surface morphology, the interaction between the granules and the coating,
and the rates of mass change. The rates of urea release in distilled water were measured with a commercial enzyme kit. It is
shown that those polymers are effective for coating of granules, leading to reduction of rates of urea dissolution in water.
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B INTRODUCTION

Urea is by far the most used fertilizer in agriculture. The
worldwide production of urea in 2012 was about 184 million
metric tons." The popularity of urea is due to important
characteristics, such as its high nutrient content (46.6 wt % of
nitrogen), low production costs, solubility in water, non-
corrosive properties, and easy mixing with other com-
pounds.>™*

A main problem associated with the use of urea as a fertilizer
is the high rate of loss to the environment through leaching and
volatilization.>™'® Environmental losses can represent about
half of the total amount of applied urea fertilizer, depending on
the climate, soil conditions, and application technologies,
thereby causing environmental pollution and increasing the
costs of crop production.''™'* A possible alternative to reduce
nutrient losses is the development of slow-release or controlled-
release fertilizers, by coating urea granules with materials that
present lower water solubilities.%'*"*

Coating of urea particles can be performed using a physical
process (for example, by casting with a polymer solution) or a
chemical process (for example, by promoting a surface reaction
between urea and formaldehyde). The selection of the coating
materials determines the final quality of the controlled-release
tertilizer. Coatings should be cheap, present good coating
properties, and not contaminate the environment.’
Particularly, biodegradable polymer materials (polyacid lactic,'®
ethyl cellulose,'” starch,'® chitosan'®) have often been used for
the coating of urea granules mainly because they can be
degraded by microorganisms.”® Furthermore, they allow for
improved retention of macro- and micronutrients in the coated
particles, reducing dissolution rates in water and consequently
environmental losses.”' However, the efficiency of the polymer
coating depends significantly on the physical and chemical
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interactions between the polymer material and the fertilizer and
on the homogeneity of the produced polymer shell. This
efficiency may be improved by modifying the polymer or by
adding additives, such as compatibilizing agents.

Surprisingly, the effects of adding compatibilizers to the
polymer solutions used to coat urea particles with biodegrad-
able polymer films have not been studied in detail. This is
particularly true when solutions of polyhydroxybutyrate (PHB)
and ethyl cellulose (EC) are considered. For this reason, the
commercial compatibilizers Triton X-100, cetyl trimethylam-
monium bromide (CTAB), and sodium lauryl sulfate (SLS) are
added to PHB and EC solutions to analyze how the
compatibilizers affect the characteristics and morphology of
polymer films produced during coating of urea granules
through distinct processes.

On the basis of the previous remarks, the main objective of
the present work is to coat urea granules with PHB, a
biodegradable polymer currently used for the production of
biomedical implants, drug coating, and packaging devices,” or
EC, a biodegradable Ipolymer already used for film coating of
agricultural products,'” in the presence of different commercial
compatibilizers. To achieve a proper coating, the effects of the
commercial compatibilizing agents Triton X-100, CTAB, and
SLS (emulsifiers that act at the interfaces of immiscible
materials, reducing the interfacial tension) and operation
conditions (production process) are analyzed for the first
time. The original urea granules and the obtained coated
products are then characterized through scanning electron

Received: April 29, 2013

Revised: ~ September 19, 2013
Accepted: September 23, 2013
Published: September 23, 2013

dx.doi.org/10.1021/jf401185y | J. Agric. Food Chem. 2013, 61, 9984—9991


pubs.acs.org/JAFC

Journal of Agricultural and Food Chemistry

Table 1. Details of Product Preparation

product solvent

IM-PHB

IM-PHB/T X-100
IM-PHB/SLS
IM-PHB/CTAB
IM-PHB/SLS+CTAB
PL-PHB
PL-PHB/CTA
IM-PHB+EC
IM-PHB//EC
IM-PHB/SLS//EC
IM-PHB/CTAB//EC

polymer

PHB
CHCI,

PHB and EC

EC CH,(CO)CH,

5% (w/v)

2.5% (w/v) PHB and 2.5% (w/v) EC
5% (w/v)

concn of polymeric solution CA % coating

<0.35
<0.35
<0.35
<0.35
<0.35
3.82
441
1.38
137
1.09
1.79

Triton X-100
SLS

CTAB

SLS and CTAB

CTAB

microscopy (SEM) to evaluate the surface morphology of the
granules, Fourier transform infrared spectroscopy (FTIR) to
determine possible interactions between the components of the
coating and the urea granules, and thermogravimetry (TGA) to
evaluate the rate of mass change as a function of temperature.
Kinetic urea release experiments in distilled water are also
performed to determine the rate of urea release in aqueous
solution. It is shown that the addition of compatibilizers to the
casting polymer solutions affects significantly the morphology
of the coated urea granules and that the compatibilizer effect
depends on the particular analyzed coating process. The best
coating results were obtained when CTAB was added to
solutions of PHB sprayed onto urea granules, which includes
slower rates of urea release in water.

B MATERIALS AND METHODS

Materials. Industrial urea (46.4% nitrogen) was provided as
granules (average particle size = 1.84 mm) by Petréleo Brasileiro S.A.
(Unit Operations Nitrogen Fertilizer Factory in Camagari, Bahia).
PHB (high purity, My = 5 X 107 g mol™") was purchased from Usina
da Pedra (Sio Paulo, Brazil). EC was purchased from Dow Chemical,
with trade name Ethocel (bulk density = 0.4 g/cm?®). Chloroform
(99.8%, My = 119.38 g mol™") was purchased from Synth, Brazil.
Acetone (99.5%, My, = 58.08 g mol™") was obtained from Nuclear,
Brazil. Triton X-100 or polyethylene glycol p-(1,1,3,3-
tetramethylbutyl)phenyl ether (M, = 625.0 g mol™'), CTAB (M, =
364.45 g mol™), and SLS (My 28838 g mol™'), used as
compatibilizing agents, were obtained, respectively, from Sigma-
Aldrich, Vetec Fine Chemical, and Reagen Quimibras, Brazil. The
enzyme urease and other reagents used in the hydrolysis of urea to
determine its released amount are part of the kit Uréia 500 from Doles
Ltda., Brazil. All reagents and solvents used were of analytical grade
and had not undergone any prior purification and were used directly as
purchased. The only exception was the urea granules, which were kept
at 70 °C for 1 h prior to removal of water.

All experiments were performed in triplicate.

Coating. PHB and EC were used for coating of urea in solutions of
chloroform and acetone, which also contained some additives. Two
distinct strategies were used for the production of coated particles:

(a) Immersion. Urea granules were immersed directly into the
chloroform solutions under continuous magnetic stirring, filtered, and
left to dry on a glass plate, as discussed below.

(b) Spraying. Urea granules were sprayed with a manual pulverizer
with triggler (output between 0.6 and 0.9 mL/spray). To hinder the
formation of agglomerates, granules were mixed manually and dried as
described below.

To produce urea granules coated with PHB, 1.50 g of polymer was
solubilized in 30 mL of chloroform. To produce coatings with PHB
and EC, 0.75 g of PHB and 0.75 g of EC were solubilized in 30 mL of
chloroform.The solutions were maintained under magnetic stirring at
380 rpm at 40 °C for 10 min. When a compatibilizing agent (CA) was
used, 1.50 g of CA was added to the polymer solution under the same
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conditions. Twenty grams of urea granules was added to the solution,
and the mixture was kept in a closed system under magnetic stirring at
100 rpm at 24 °C for 1 h.

To produce urea granules coated with EC through immersion, 0.75
g of EC was solubilized in 30 mL of acetone and maintained under the
same aforementioned conditions. Twenty grams of urea granules
previously coated with PHB was used as a core for coating with EC.

In the spraying process, 1.50 g of PHB was solubilized in 30 mL of
chloroform (380 rpm, 40 °C, and 10 min), and 20.0 g of urea was
sprayed with the polymeric solution under continuous manual mixing
at 70 °C.

After coating, granules were sieved and placed in a vent chapel for 2
h for the slow evaporation of the solvent. Finally, the coated urea
granules were placed in an oven at 70—80 °C for 1 h to ensure the
complete removal of the solvent.

The coating efficiency was characterized by placing a known mass of
product, M., (g), in 100 mL of distilled water at room temperature
(24 °C), ensuring that the mass of urea was below the saturation limit.
After complete dissolution of the nutrient, the obtained polymer
dispersion was filtered with a quantitative paper filter and washed with
distilled water. The filter was dried at 120 °C for approximately 4—6 h,
and the residual material was weighed, M,y (g). The coating
efficiency was calculated as

Mpolym (g)
Mtotal (g) (eq 1)

where % polym is the percentage of polymer added to the urea
granules, M., (g) is the mass of residual polymer, and M, (g) is
the total mass (urea + polymer) of the analyzed product.

Table 1 describes the products prepared.

Characterization. Analyses were performed with a scanning
electron microscope, model Quanta 200, manufactured by FeiCom-
pany (Hillsboro, OR, USA), operating at 20 kV. Previously, the
products had been metalized with gold in a sputtering device, model
JFC-1500, manufactured by JEOL (Peabody, MA, USA), with current
in the range between 4 and 5 mA. The thickness of the deposited gold
was approximately 300 A.'®

Fourier Transform Infrared Spectroscopy. The products were
analyzed using two different IR instruments. A direct analysis of
products was performed at room temperature in an mid-IR
spectrophotometer, model Nicolet 6700, manufactured by Thermo-
Electron Corp. (Waltham, MA, USA). In addition, analysis of the KBr
pellets was performed at room temperature in an FTIR spectropho-
tometer, model Spectrum 100 FTIR, manufactured by Perkin-Elmer
(Shelton, CT, USA). Prior to the analyses, the KBr and product
samples were ground (about 400 mg of KBr and between 2 and 4 mg
of sample). The homogeneous powder mixture was used for the
preparation of tablets (about 13 mm in diameter), which were inserted
into the analyzer.'®*’

Thermogravimetry. Analyses were performed with a calorimeter,
model STA 6000, manufactured by Perkin-Elmer. Analyses were
performed with a heating rate of 10 °C/min under a continuous flow

of nitrogen at a pressure of 40 psi.'**

% polym =
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Release Profile of Urea in Distilled Water. In vitro tests were
prepared by placing known masses (0.25 g) of product in 100 mL of
distilled water at 24 °C. The system was homogenized with slight
manual agitation before the withdrawal of portions (1 mL) for analysis.
Samples were withdrawn at defined time intervals (0, 0.5, 1,2, 3, 5, 10,
30, and 60 min). The system volume was kept constant by adding
distilled water immediately after sampling. The samples were diluted
(1 mL of aliquot for 4 mL of water) to maintain the absorbance values
in the calibrated range of the spectrophotometer. After dilution, the
samples were prepared for analyse using the reagents from kit Uréia
500, manufactured by Doles (Goidnia, Brazil). The kit enables the
indirect enzymatic determination of the urea concentration, according
to the following reaction:

NH,—-CO-NH, + H,0 — CO, + 2NH, (rxn 1)

The urea concentrations were determined by using a calibration
model built for a UV—visible spectrophotometer, model Lambda 35,
manufactured by PerkinElmer, operating in the wavelength range of
§70—720 nm.**

B RESULTS AND DISCUSSION

Scanning Electron Microscopy. Figure 1 shows the
characteristic surface morphologies of the urea granule and of
the final products. The surface morphology of urea (Figure 1a)
presents a uniform and wrinkled appearance.

Different coated products were prepared through immersion
in PHB solution. IM-PHB (urea granules immersed into 5% w/
v PHB solution) (Figure 1b) presents a surface morphology
with an appearance that is similar to the surface morphology of
urea granules, suggesting that the granules were not coated
efficiently; IM-PHB/T X-100 (urea granules immersed into 5%
w/v PHB and 5% w/v Triton X-100 solution), IM-PHB/SLS
(urea granules immersed into 5% w/v PHB and 5% w/v SLS
solution), IM-PHB/CTAB (urea granules immersed into 5%
w/v PHB and 5% w/v CTAB solution), and IM-PHB/SLS
+CTAB (urea granules immersed into 5% w/v PHB, 2.5% w/v
SLS, and 2.5% w/v CTAB solution) (Figure lc—f) showed
different surface morphologies, which suggests the presence of
PHB. These products were characterized by the irregular
coating, especially the one prepared with CA Triton X-100. The
use of CTAB, alone or in combination with SLS, resulted in the
most regular and uniform coating morphology.

The products prepared through spraying with PHB solution
(PL-PHB, urea granules sprayed with 5% w/v PHB solution;
and PL-PHB/CTAB, urea granules sprayed with 5% w/v PHB
and 5% w/v CTAB solution) can be observed in Figure 1gh.
These photomicrographs show that both products do not have
the characteristic wrinkled aspect observed with urea granules,
suggesting the presence of PHB. The particle surfaces are also
compact, indicating that coatings produced by spraying result in
a regular morphology, especially in the presence of CTAB.

The product IM-PHB+EC (urea granules immersed into
2.5% w/v PHB and 2.5% w/v EC solution) showed a porous
surface morphology, as shown in Figure 1i, possibly because of
a nonhomogeneous coating formation between PHB and EC,
as these materials are not compatible.>®

The results were similar even when granules had been coated
previously with PHB, using CA or not, and coated with EC
afterward (IM-PHB//EC, urea granules immersed previously
into 5% w/v PHB solution and then immersed into 5% w/v EC
solution; IM-PHB/SLS//EC, urea granules immersed pre-
viously into 5% w/v PHB and 5% w/v SLS solution and then
immersed into 5% w/v EC solution; and IM-PHB/CTAB//EC,
urea granules immersed previously into 5% w/v PHB and 5%
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Figure 1. Scanning electron photomicrographs at 10 ym of (a) urea
(magnif 9072%); (b) IM-PHB, urea granules immersed into 5% w/v
PHB solution (magnif 8000x); (c) IM-PHB/T X-100, urea granules
immersed into 5% w/v PHB and 5% w/v Triton X-100 solution
(magnif 8000%); (d) IM-PHB/SLS, urea granules immersed into 5%
w/v PHB and 5% w/v SLS solution (magnif 8000X); (e) IM-PHB/
CTAB, urea granules immersed into 5% w/v PHB and 5% w/v CTAB
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Figure 1. continued

solution (magnif 8000X); (f) IM-PHB/SLS+CTAB, urea granules
immersed into 5% w/v PHB, 2.5% w/v SLS, and 2.5% w/v CTAB
solution (magnif 8076x); (g) PL-PHB, urea granules sprayed with 5%
w/v PHB solution (magnif 7263x); (h) PL-PHB/CTAB, urea
granules sprayed with 5% w/v PHB and 5% w/v CTAB solution
(magnif 6772x); (i) IM-PHB+EC, urea granules immersed into 5%
w/v PHB and 5% w/v EC solution (magnif 8000x); (j) IM-PHB//
EC, urea granules immersed previously into 5% w/v PHB solution and
then into 5% w/v EC solution (magnif 8000x); (k) IM-PHB/SLS//
EC, urea granules immersed previously into 5% w/v PHB and 5% w/v
SLS solution and then into 5% w/v EC solution (magnif 8000X); and
(1) IM-PHB/CTAB//EC, urea granules immersed previously into 5%
w/v PHB and 5% w/v CTAB solution and then into 5% w/v EC
solution (magnif 8000x).

w/v CTAB solution and then immersed into 5% w/v EC
solution), as presented in Figure 1j—1. The porous nature of the
EC coats was observed also in the production of controlled-
release herbicides.'”*

Fourier Transform Infrared Spectroscopy. The prod-
ucts IM-PHB, IM-PHB/T X-100, IM-PHB/SLS, IM-PHB/
CTAB, IM-PHB+EC, IM-PHB/SLS//EC, and IM-PHB/
CTAB//EC were analyzed by the direct method, whereas the
products IM-PHB/SLS+CTAB, PL-PHB, and PL-PHB/CTAB
were analyzed by the KBr pellet method.

Figure 2 shows the FTIR spectrum of urea. The products
prepared by immersion in a PHB solution presented all of the
characteristic bands of urea. IM-PHB/T X-100, IM-PHB/SLS,
and IM-PHB/CTAB presented some bands that were not
observed in pure urea of C—H stretching (between 3000 and
2840 cm™') and of C—O stretching (between 1300 and 1000
cm™'), suggesting the presence of surfactant and/or PHB
around of the fertilizer. However, just IM-PHB/CTAB showed
considerable variations in the characteristic bands of N—H
bonds, indicating interactions between the fertilizer and
surfactant (Figure 3a).

The interaction between the coating and the urea granules
was evaluated with respect to the procedure for coating
preparation. The products prepared by spraying with PHB
solution also exhibited displacements of the bands related to
N-H bonds (Figure 3b,c), but with more intense displace-
ments than those observed in materials prepared by immersion.

These observations indicate that the process has some influence
on the physical interaction between urea and PHB, represented
by the greater amount of coating adhered to the granules (3.82
and 4.41%, respectively).

The infrared data of products prepared with CTAB as CA
confirmed the morphological results observed previously,
indicating that the more effective interaction promoted by
this surfactant leads to formation of more regular coatings,
without failures. The supplementary research material presents
the infrared bands observed in the range between 3000 and
2840 cm™', related to the CH, and CH; bonds of CTAB,”
confirming its interaction with the urea granules.

The product prepared by immersion of urea granules in a
polymeric solution of PHB and EC and the products prepared
by soaking granules of urea previously coated with PHB in EC
solution showed all of the characteristic bands of urea.
However, only IM-PHB/CTAB//EC showed significant
variations of the characteristics bands of N—H bonds and
indicated the presence of characteristic bands of C—H
stretching and C—O stretching bonds (Figure 3d). These
results indicate that these bands are provided from the
interaction between fertilizer and surfactant, confirming that
PHB and EC are not compatible.”>**

The spectral analyses allow us to infer that the use of CTAB
as CA in the PHB solution provides an efficient interaction
between the granule fertilizer and the coating and that the
process used for production of the coating can be manipulated
to increase the amount of polymer that can adhere to the
surface of the granule.

Thermogravimetry. Figure 4 shows the thermal decom-
position of urea, where two main stages of mass loss can be
observed, one at 66.5% and another one at 32.8%.

This decomposition can be divided into regions of reaction
known by different chemical processes associated with the
stages of mass loss. Significant loss in the first stage can be
observed at approximately 140 °C, associated with the
beginning of urea vaporization and the beginning of its
decomposition, producing biuret, NH(CO),(NH,),. Up to
approximately 250 °C, urea continues to decompose; at higher
temperatures, biuret starts to decompose and more complex
products start to be produced from these decompositions and
from self-condensation of biuret.” The region defined as the
second stage, with temperatures above 250 °C, is illustrated by
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Figure 2. FTIR spectrum of urea.
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Figure 3. FTIR spectrum of (a) IM-PHB/CTAB (urea granules immersed into 5% w/v PHB and 5% w/v CTAB solution), (b) PL-PHB (urea
granules sprayed with 5% w/v PHB solution), (c) PL-PHB/CTAB (urea granules sprayed with 5% w/v PHB and 5% w/v CTAB solution), and (d)
IM-PHB/CTAB//EC (urea granules immersed previously into 5% w/v PHB and 5% w/v CTAB solution and then into 5% w/v EC solution).

another stage of significant decrease of mass in the TGA of
urea, which can be associated with loss caused by the
continuous sublimation and decomposition of the remaining
products until complete chemical vaporization and degradation.

The first stage of thermal decomposition of urea is the most
important for the purposes of the present study, as this region is
related to urea volatilization. Consequently, detailed analysis of
the second stage will not be pursued here. All products
analyzed showed the characteristic first stage of degradation,
always very similar to the first degradation stage of the
uncoated urea granules. It can be concluded that the
manufacturing process and the coating polymer material
influenced the amount of polymer deposed on the granules,
but did not affect the original consistency of the fertilizer
(core). Similar effects were observed in other products
described in the literature and assigned to the low amounts
of coating incorporated onto the granules.”” It can be
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concluded that the amount of polymer aggregated onto the
granule surfaces is too small to modify the characteristic rates of
decomposition of urea.

Release Profile of Urea in Distilled Water. Figure 5
shows the release behavior of urea fertilizer and some of the
products in distilled water at 24 °C. At the analyzed conditions,
>50 wt % of the urea was released within 30 s, whereas
complete dissolution was observed after 2 min of analysis. It
can also be observed that only products prepared with CTAB in
the PHB solution, either alone or in combination with SLS, led
to slower rates of urea release, when compared to the other
products. However, complete release of urea was observed for
these products between 3 and S min, with inefficient release
rates for applications in the agricultural industry. The fast
dissolution of the active agent can be related to the low
amounts of polymer adhered onto the granules and to the large
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Figure 5. Comparative release profiles of (a) urea, IM-PHB (urea
granules immersed into 5% w/v PHB solution), IM-PHB/SLS (urea
granules immersed into 5% w/v PHB and 5% w/v SLS solution), and
IM-PHB/T X-100 (urea granules immersed into 5% w/v PHB and 5%
w/v Triton X-100 solution) (n = 3) and (b) urea, IM-PHB/CTAB
(urea granules immersed into 5% w/v PHB and 5% w/v CTAB
solution), and IM-PHB/SLS+CTAB (urea granules immersed into 5%
w/v PHB, 2.5% w/v SLS and 2.5% w/v CTAB solution) (n = 3).

number of pores and failures observed on the surfaces,
depending on the manufacturing process used.

On the basis of the observations, it can be concluded that
CTAB concentration is a possible candidate variable for
optimization of the production process and final product
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properties. To evaluate the influence of the process used to
produce the coating on the final product characteristics,
products prepared by spraying PHB solution, with or without
CTAB, were analyzed. Rates of urea release of final products
can be seen in Figure 6. The release behavior showed again the

100% —{
= e .
£ e .
§ o | grmerreeem T - =
R Y S — - -
; i ,,J
2 H
g 60% - ",' | |
: ! . 5 10
o 40% |l Time (min)
g
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g - ——Urea
o
" —+—PL-PHB (3,82%
o | ! ! ' ' coating)
0 10 20 30 40 50 60 ~aPLPHBICTAB (4.41%
Time(min) coating)

Figure 6. Comparative release profiles of urea, PL-PHB (urea granules
sprayed with 5% w/v PHB solution), and PL-PHB/CTAB (urea
granules sprayed with 5% w/v PHB and CTAB solution) (n = 3).

efficiency of CTAB as a ligand for urea/PHB. The results
showed that the spraying procedure was effective in producing
a good polymer coating. In this case, half of the urea in the
product PL-PHB/CTAB was released in approximately 3 min,
whereas 90% of the available urea was dissolved after 1 h in
water. These much slower rates of urea release can be
associated with the enhanced interaction provided by CTAB
and the best utilization and dispersion of the polymer over the
granule surface due to the selected production process, which
resulted in a much larger percentage of polymer adhered to the
granules and a more compact coating.

As CTAB contains nitrogen in its molecule, enzymatic tests
were carried out with a solution of 5% w/v of CTAB in water to
determine if the CTAB nitrogen could cause interferences
during the determination of rates of urea release. As observed
experimentally, CTAB tests led to the identification of 0.0005 g
of urea, which can be regarded as a very low value. Therefore,
CTAB interference on urea release tests can be neglected.
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In Figure 7, it can be observed that the product obtained
after immersion of urea granules in PHB and EC solution (IM-
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Figure 7. Comparative release profiles of urea, IM-PHB+EC (urea
granules immersed into 5% w/v PHB and 5% w/v EC solution), IM-
PHB//EC (urea granules immersed previously into 5% w/v PHB
solution and then into 5% w/v EC solution), IM-PHB/SLS//EC (urea
granules immersed previously into 5% w/v PHB and 5% w/v SLS
solution and then into 5% w/v EC solution), and IM-PHB/CTAB//
EC (urea granules immersed previously into 5% w/v PHB and 5% w/v
CTAB solution and then into 5% w/v EC solution) (n = 3).

PHB+EC) showed initial urea dissolution rates that were
similar to the ones of uncoated urea, with >50 wt % of urea
released in 30 s. This can be associated with irregular surfaces,
resulting from the lack of interaction between the fertilizer and
the polymer materials. On the other hand, the product obtained
after immersion of the previously coated granules with PHB
and CTAB in the EC solution presented lower rates of urea
release than the uncoated granules due to enhanced interaction
provided by the surfactant. Even with the larger amounts of
coating incorporated on the granules, products quickly released
the active agent, which may be linked to the process used for
coating. In these cases, nutrient release was completed after S
min.

Previous studies have proposed the coating of urea granules
by pumping EC solution into a fluidized bed."> Although this
procedure can provide better distribution of the polymer
material on the surface of the granules, it can potentially lead to
slower rates of urea release. According to the available
information, complete release of urea was obtained after 35—
50 h for coated products, which can be compared to about 3 h
for uncoated urea (10—15 times slower for coated materials).
Release rates were very different because release tests were not
performed in pure water and because as much as 10—20 wt %
of coating was used." In the present case, release rates were
almost 60 times slower for urea granules coated with PHB and
CTAB, using much lower amounts of polymer, indicating that
the analyzed products and processes can find use in real
agricultural applications.

With regard to the comparison between in vitro release tests,
as those made in this work, with releasing tests in soil, studies
showed that the release rates presented similar profiles,
although slower in soil."* Thus, it can be assumed that the
release profiles of the materials produced in this work should
provide representative information for soil release tests.

The results indicated that the interaction between the
fertilizer granules and PHB was only enhanced with the
addition of CA to the polymer solution, producing more
uniform films on particles of in natural urea. The CTAB was
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the compatibilizing agent that presented the highest incorpo-
ration efficiency of PHB on urea, providing slower release rates.

According to the results, we can conclude that the process
used in the production of coatings influenced the morphology
and the release profiles of the active agent, because the
production process is one factor that suggests how the polymer
will be organized around the granules. The spraying proved to
be the most effective method for the production of coating urea
granules. This may be associated with greater use of the
polymer, as well as the split atomization of the polymer
solution with simultaneous drying, which allows the formation
of a coating more uniform and without formation of
agglomerates. The results of PL-PHB/CTAB characterization
implied that the use of a fluidized bed in fertilizer coating will
present better results once coating properties such as film
thickness, temperature, and surface profile can be con-
trolled.** > Furthermore, it will offer the possibility of
expanding the scale of production.

Thereby, the coating of urea granules with films of PHB and
using CTAB as CA through the spraying method were shown
to be promising to reduce nitrogen losses.
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