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Introduction

The growth of the global human population
directly affects the demand for food, increasing the
challenge faced by agriculture to deliver efficient and
sustainable production. This necessitates adequate
applications of fertilizers while minimizing nutrient
losses (Manzatto et al., 2002; Yan et al., 2008). Urea
is the most widely used conventional fertilizer, main-
ly because of its high N content and low cost (Ni et
al., 2009). However, N loss due to NH, volatilization
can account for as much as 50 % of the applied urea
(Chen et al., 2008; Ni et al., 2014; Suter et al., 2013).
When incorporated or applied to the soil surface,
urea is hydrolyzed to ammonium (NH,) by urease en-
zymes at a rate that depends on the amount of active
enzyme and factors that influence their activity, such
as temperature, humidity, soil pH, and urea concen-
tration (Abalos et al., 2014; Soares et al., 2012; Wang
et al., 2004). Subsequently, nitrification results in oxi-
dation of NH, to NO, and NO,, which can be read-
ily lost from agricultural soils due to leaching and
denitrification (Krajewska, 2009). These losses have
important economic and environmental implications

(FAO, 2017).

ABSTRACT: Polymer coatings are used to control the rate of release of plant available nutri-
ents from fertilizers as well as to reduce nutrient losses such as ammonia (NH,) volatilization.
Although the literature presents several examples of materials used to coat urea, little is known
about nitrogen (N) release properties such as the mechanism involved and phenomena (e.g.,
pore opening) in the polymer coating. Thus, this study investigated urea release from polyure-
thane (PU) derived from two renewable raw materials (castor oil and soybean oil), to explain
how the oil structure and coating microstructure influence release and urea-N dynamics in soil.
The results demonstrated that the profile of urea release and the urea-N mineralization in the
soil could be controlled by altering the thickness of the coating on the urea granules. Coating
by eco-friendly polymer was efficient in controlling urea release in soil to reduce volatilization of
ammonia and increase the availability of N in the soil.
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there is a lack of information in the literature about
the effect of coatings on nitrogen release kinetics. In
addition, few authors have studied the role of fertilizer
coatings on nitrogen release and how the kinetics mea-
sured in the laboratory compare with release in soil.
The literature is not conclusive about the feasibility of
coating for this purpose. Furthermore, its structure and
properties are not correlated to the laboratory and soil
results, as in studies by Shaviv et al. (2003), Xiaoyu et
al. (2013); and Halvorson et al. (2010). In soil, environ-
mental factors and dynamic changes in the forms of N
may strongly influence the effectiveness of a coating
strategy and hinder interpretation of the processes oc-
curring, which can be problematic in terms of product
design. The structure, solubility, and biodegradability
of the coating can play important roles that are yet to
be clarified.

Thus, the aim of our study was the evaluation of
the kinetics of urea release from granules coated with
polyurethanes prepared from two oil sources - polyols
from soybean oil and castor oil. Our aim is to improve
knowledge about the effectiveness of polyurethanes
(PUs) by quantifying the rate of urea release, changes
in the form of N, and reduction of losses by volatil-
ization in soil, using different proportions of urea and

Technological strategies are required for over- coating.

coming the problem of NH, volatilization loss from urea
(Bremner, 1996; Estiu and Merz, 2007). One option is
the application of a polymer coating to urea granules to
create a physical barrier. Previous studies have shown
that coatings can be prepared to control the release
rate of nutrients (Bortoletto-Santos et al., 2016; Cruz et
al., 2017; Lan et al., 2011; Liu et al., 2008). However,
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Thus, we were interested in explaining how the
oil structure and coating microstructure influence N re-
lease as well as the results which showed that despite
similar chemical structures, the quality of the coat-
ing was important in controlling urea release and was
determined by the production procedure and the oil
source used.
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Materials and Methods

Coating of urea

Urea granules were coated using two systems
based on polyurethane resins derived from modified
biobased oils (castor oil or soybean oil). The process fol-
lowed the methodology of Bortoletto-Santos et al. (2016)
and in both cases involved a reaction with commercial
4.4'-diphenylmethane diisocyanate (MDI), from Bayer.
The mass ratio was fixed at 60:40 (0il:MDI) and the
quantities of polyurethane used were calculated so as
to represent a certain percentage, on a mass basis, of
the amount of urea used. For example, a coating con-
taining 50 g of resin per kg of urea (5 %) was prepared
by dispersing the resin among the urea granules (typical
diameter 3 mm). Coatings were prepared at a strength
between 2 % and 8 % polyurethane (w/w), for both sys-
tems studied. The coating process was performed at 50-
70 °C using a metal turntable with 20 cm side shields
and a 1 kg sample capacity, rotating at 30 rpm under a
flow of air.

Characterization of the granules

The total amount of N in the materials was deter-
mined by elemental analysis as well as being performed
in three replicates. The results and their respective stan-
dard deviations are presented in Table 1 as well as the
samples’ nomenclature.

Analysis of the morphology of the urea and coating
was performed by X-ray microtomography. The images
were acquired under the following conditions: 3.94 pm
spatial resolution (voxel size), 0.2° rotation step, 180° ro-
tation, and an averaging of 10 frames. The reconstruction
of the tomographic images was performed using NRecon
SkyScan software.

Release of urea and N transformation in soil

The soil used in the study was an Oxisol collected
from the surface layer (0-20 cm) of an agricultural plot in
the region of Sdo Carlos, in the state of Sdo Paulo, Brazil
(22°01' S, 47°54' W; 856 m above sea level). The soil (par-
ticle size < 2 mm) had the following characteristics: 433
g kg sand, 35 g kg silt, and 532 g kg™! clay, according
to textural analysis by the pipette method (Kilmer and Al-
exander, 1949); water holding capacity (WHC) (Embrapa,
1979) of 200 g kg™'; pH (H,0) 5.18, measured with a glass
electrode; organic C content of 7.56 g kg™!, as measured

Table 1 - Sample nomenclature and percent N.

Material Nomenclature Total N (%) + Standard Deviation
Urea u 43.1 £0.1
Soybean 2 % US2% 41.5+0.1
Soybean 5 % US5% 40.1 £0.1
Soybean 7 % US7% 39.7+0.2
Castor 2 % UC2% 424 +0.1
Castor 5 % UC5% 40.7 +0.1
Castor 7 % UC7% 40.6 + 0.1
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by the Walkley-Black method (Nelson and Sommers,
1996); total N 1.15 g kg!, as measured by the Kjeldahl
method (Bremner and Chai, 1986); cation exchange ca-
pacity (CEC) of 4.23 cmol kg™ and urease activity of
7.12 mg N kg~ ! h! (Tabatabai and Bremner, 1972).

Samples of urea, with or without polymeric coat-
ings, were incubated in 10 g portions of soil, using a ratio
between 0.9 and 1.1 g N kg’ soilin 125 mL polyethyl-
ene bottles. Bottles were placed in an incubation system
similar in design to the unit described by Bremner and
Douglas (1971) according to the modifications proposed
by Guimaries et al. (2016). The urea fertilizers were ap-
plied to the soil surface and the soil moisture content was
brought to 80 % WHC (1.6 mL in 10 g soil) by adding
deionized water. A 5 mL acid trap containing 4 % boric
acid was attached to the polyethylene bottles to capture
the NH, volatilized during the incubation. The samples
were incubated in bottles in a constant-temperature room
maintained at 25 °C for 0, 1, 3, 7, 14, 28, and 42 days.

The ammonia volatilized was determined by titra-
tion of boric acid using HCI (0.01 mol L!). The urea gran-
ules remaining after the incubation period were collected
for determination of the urea-N by elemental analysis.
Inorganic N was extracted from the soil by shaking 100
mL of 1 mol L! KCl + 5 mg L! phenylmercuric acetate
as a urease inhibitor for 1 h. The suspension was filtered
using a slow filter (diameter 12.5 cm) and the ext stored
in 100 mL polyethylene bottles at 5 °C.

Ammonium (NH,) and nitrate (NO,) contents in the
soil extracts were determined by a colorimetric method,
using the formation of a substituted indophenol with so-
diumsalicylate in the presence of nitroprusside as a cata-
lyst (Kempers and Zweers, 1986; Yang et al., 1998). The
surfaces of granules collected after each incubation pe-
riod were evaluated using scanning electron microscopy
(SEM) to observe decomposition of the coatings.

The N content of each fraction was expressed as
a percentage relative to the N applied as urea. A logis-
tic model was adjusted using the values of the release of
urea-N or volatilized NH, to examine the kinetic parame-
ters of these two processes. The data fit the logistic model
for both processes as well as for all materials. The release
of urea-N (§,, in Eq. 1) and volatilized NH, (., in Eq. 2)
following the adjusted logistic model:

Yy = (100/(1+ (t/a))) (1)
Gy = (59.6/(1+ (t/a)*)) (2)
where ¥, 9, are a % of the total N, where "a” repre-

sents the time to inflection (or for %__/2); and "b" is the
rate of urea release or NH, volatilized, respectively.

The values of kinetic parameters and mineral N
(NH, and NO,) formed in the soil were calculated in
terms of means and differences between the fertilizers
and assessed by analysis of variance (ANOVA). Where
the F-test showed significance, differences between
treatments were compared using Tukey's test (p < 0.05).
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Results and Discussion

After formation of the PU/urea granules, the mor-
phology of the coated fertilizer surface was evaluated
using X-ray microtomography (micro CT). The images
showed that both the soybean and castor oil coatings were
uniform and cohesive. However, it was observed that the
soybean oil-based coating had defects such as pores and
voids between the coating and the granule, which could
affect urea release behavior (Figure 1A). The castor oil-
based coating was much more uniform and exhibited low
porosity (Figure 1B). In addition, we analyzed groups of
at least ten different measurements in each sample, ob-
taining an average value for each coating condition. The
results are presented in Table 2.

As seen in Table 2, there is a variation of approxi-
mately 10 % (U-S 2 %) to 20 % (U-S 7 %) in thickness,
which had been expected due to granule irregularity.
However, this interval is similar for different samples, in-
dicating that the variation in coating thickness can be as-
sumed to have an average value for the purpose of these
discussions.

Figure 2 shows the total urea-N content of the
granules during the soil incubation. The uncoated urea
was completely solubilized in the first 24 h, so it was not
possible to quantify the urea-N. The coatings at a ratio
of 2 % (U-C 2 % and U-S 2 %) provided poorer control
of urea release compared to the granules with higher

Biodegradable polymeric coatings on urea

Table 2 - Thickness average for each coating condition.

Material Thickness (um) + Standard Deviation
US2% 16+ 2
U-S5% 213
US7% 41 + 8
UC2% 17+3
UC 5% 203
UC7% 40+ 5
U-S2%
100 :u-oz %
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Figure 2 - UreaN recovery from the granules coated with
polyurethane derived from soybean oil (U-S) or castor oil (U-
C), after aerobic incubation in the soil. The curves shown were
estimated from the equation (logistic model) of the form § = (100/
(1+(t/a)?). Vertical bars are standard deviations.

Figure 1 — A) Microtomography image of urea granule with soybean oil polyurethane coating; B) Microtomography image of urea granule with

castor oil polyurethane coating.

Sci. Agric. v.77, n.1, e20180033, 2020
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polymer contents during the first seven days of incuba-
tion. This behavior was confirmed by parameters of the
adjusted model for urea-N recovery from the granules
coated, presented in Table 3. The data fit the logistic
model for all materials well (Eq. 1 and 2).

The release of urea from the U-C 2 % formula-
tion increased on the first day of incubation, while U-S 2
% showed increased release on the third day. However,
both coatings showed similarities in the release of urea
after seven days, and over 60 % release of urea after 14
days of incubation (Figure 2). For these treatments, the
release rate decreased after 14 days, with the release of
urea extending up to 42 days, when the granules showed
urea-N contents of 9 % (U-S 2 %) and 5 % (U-C 2 %).

Table 3 — Parameters of the adjusted model “a” and “b” for urea-N
recovery from the granules coated with polyurethane derived
from soybean oil or castor oil; time urea was released (start of
release), and time required to release 25 % of urea (Time 25 %)
after aerobic incubation in the soil.

Treatments a* bi Start of release  Time 25 % R?
days days

UC2% 10dt 1b Oc 5d 0.98
UC5% 3¢ 2b 4¢ 20¢c 0.99
UC7% 47 b 7a 25a 40 a 0.99
US2% 13d 2b lc 7d 0.99
US5% 47 b 1b 2¢c 22 ¢ 0.99
US7% 58 a 2b 7b 35b 0.99

Logistic model: § = (100/(1+(t/a)), R? > 0.9 for all adjusted models;
*Parameter “a” represents the time to inflection or for %, /2 of urea release;
TParameter “b” is related to the rate of urea release; 'Mean values reported
from triplicate incubations. Values within a column followed by the same letter
do not differ significantly by Duncan’s test at a significance level of 0.05.

D7

D14

D42
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As expected, increasing the thickness of the coat-
ing delayed the initial release of urea and provided a
rate of release that was slower and more homogeneous
throughout the incubation period, compared to un-
coated urea and urea coated using a proportion of 2 %
PU. This can be seen in Table 3 and SEM images of the
coated surfaces of granules with higher PU contents
are shown in Figure 3. It is important to note that the
coatings produced from soybean oil showed evidence of
channel formation in the polymeric structure during the
first seven days of incubation, while the coatings pro-
duced using castor oil remained intact until the seventh
day of incubation.

As seen in Table 3, the release of urea from the
U-S 5 % and U-C 5 % materials started after two and
four days, respectively, and was maintained throughout
the incubation period, up to 42 days, at which time these
treatments showed urea-N content in the granules of 55
and 45 %, respectively. Further increases in the coating
proportion resulted in urea release starting after seven
days (U-S 7 %) and 25 days (U-C 7 %), also shown in
Table 3, with evidence of the formation of pores and/
or channels in the polymer barrier (Figure 3). The high
coating proportions in these treatments provided low re-
lease of urea during the incubation period, with an aver-
age of 32 % of the urea-N (N remaining) in the granules.
In addition, it can be seen that the coatings exhibited no
alterations (Figure 3).

The profiles of urea release from the coated urea
granules could be divided into three groups, according
to the proportion of coating. The first group (U-S 2 %
and U-C 2 % - thin coating) showed 90 % urea release
after 42 days in the soil. The second group (U-S 5 % and

U-S7% UC 7%

Figure 3 — SEM images of the coatings of the U-S (2 % and 7 %) and U-C (2 % and 7 %) granules during incubation in the soil. All the SEM images
are under the same magnification.
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U-C 5 %) showed > 45 % release of urea after 42 days.
The third group (U-S 7 % and U-C 7 %) showed 30 %
release of urea during the evaluation period.

Since the coating process involves sequential layer
deposition, as explained in the experimental part, it was
expected that the second layer would partially cover the
residual porosity in the first layer, leading to subsequent
covering in the third layer and so forth. This behavior is
different from that expected for a thicker layer applied
in a single step, were porosity strictly dependent on the
interface urea-coating. However, we may consider that
the subsequent coatings are better described as coating-
coating interfaces, with independent porosity - which
would, at least, imply higher tortuosity. This indicates
that thicker coatings probably have lower interconnect-
ed porosity (the use of which is appropriate for perme-
ation). In fact, a number of studies such as Cruz et al.
(2017) and Bortoletto-Santos et al., 2016, have indicat-
ed that a small amount of coating (and, consequently,
thinner layers) probably results in failures in coating
granules which leads to poor performance. Therefore,
according to this hypothesis, the faster release shown
by the first group might be explained by the thinner
layer of the polymeric coating, which was less complete,
having more pores and voids than the thicker layers.
Rapid polymer degradation in the soil could result in
the opening of new pores or channels, despite the fact
that the polymeric capsules could still be identified in
the soil after the incubation period. Another contribut-
ing factor could be the coating imperfections observed
for the granules with 2 % polyurethane coating, since
such imperfections decreased as the coating thickness
increased. Degradation of the coating on the urea gran-
ules was likely to be initiated by the action of soil mi-
croorganisms, producing pores that enabled the urea to
diffuse into the soil. Figure 4 shows urea crystals emerg-
ing from a pore on the surface of the coating after incu-
bation of U-C 2 % for seven days. The SEM images of
granules collected after each incubation period showed
that irregularities and porosity in the coating surfaces
increased over the period studied.

After determining the urea-N content of the urea
granules, an investigation was made into the process
leading to the loss of N from the fertilizer. The first step
was to quantify the volatilized NH, and construct volatil-
ization curves (Figure 5). The losses of N due to volatil-
ization are shown in Table 3. In addition, the volatiliza-
tion model of NH, was also well adjusted to all material,
following a logistic model § = (59.6/(1+ (t/a)®)), where
a is the time to inflection (or for %__ /2 of NH, volatil-
ized), and b the rate of NH, volatilized. By comparing
Figure 4 and Table 4, it can be seen that the coating was
able to effectively control the release of urea, thereby
decreasing the hydrolysis rate and significantly reducing
the loss of N by volatilization. The volatilization of NH,
from uncoated urea (U) increased up to 14 days of incu-
bation, at which time 59 % of the N applied to the soil
had been lost in the form of NH,. This rapid loss could
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Figure 4 - SEM image of the surface of the U-C 2 % coating after 7
days of incubation (blue — urea; yellow — coating).
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Figure 5 - Volatilization of ammonia (NH,) during the aerobic
incubation in soil of uncoated urea (U) and urea coated with PU
derived from soybean oil (U-S) or castor oil (U-C). The data shown
was estimated from the equation (logistic model) of the form § =
(59.6/(1+(t/a))), followed by standard deviations.

be attributed to the rapid solubilization of urea (started
in 3 days) and increased hydrolysis from the third day
of incubation onwards. A high rate of urea hydrolysis
in soils with low CEC and low capacity for buffering of
acidity favors the volatilization of NH, (Guimaraes et al.,
2016). Thus, the control of urea release provided by the
polymer coating was effective in reducing losses of N by
volatilization, also shown in Table 4.

The coating of the urea granules with polyure-
thane inhibited NH, volatilization over four days of incu-
bation, independent of the source of the polyurethane or
the thickness of the coating. The uncoated urea showed
a more intense N loss after 14 days, at which time 47 %
of the N applied to the soil in the form of urea had been
lost to volatilization. However, during this same period,
the coatings with 5 and 7 % proportions of soybean oil-
based polyurethane, or 5 and 7 % proportions of castor
oil-based polyurethane, showed no significant losses of N
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(volatilization beginning at 17, 21, 19 and 33 days, respec-
tively). On the other hand, the use of 2 % proportion of
polyurethane resulted in significant losses starting at 14
days of incubation, and this was greatest for the polymer
derived from soybean oil. The urea granules coated with
5 % of polyurethane, derived from soybean oil and castor
oil, showed low volatilization up to 28 days of incubation.
After 42 days of incubation, the uncoated urea showed
a volatilization loss of 59 % of the N applied to the soil,
while in the case of the polyurethane-coated granules, the
loss of N as NH, decreased in proportion to the thickness
of the coating. Greater coating efficiency was observed
for the castor oil-based polyurethane, compared to the
polyurethane derived from soybean oil. After 42 days of
incubation, low release of N from the urea, in the form
of volatilized NH, (average of 10 %), was observed for
the U-S 7 % and U-C 7 % samples. The results (Table 4)
might be attributable to the control of urea release. The
intensity of NH, volatilization was directly related to the
rate of urea release.

Table 5 shows the profiles of formation of NH,
in the soils incubated with uncoated urea or with urea
coated with the polyurethane polymers. The exchange-
able NH, content of the soil during the incubation peri-
od was related to the rate of release of urea into the soil.
The soil treated with uncoated urea showed the highest
NH, content after seven days of incubation, due to rapid
solubilization. However, from 14 days onwards, the NH,
content decreased due to increased loss of N by NH,
volatilization. The controlled release of urea provided by
the coating delayed the formation of NH, in the soil and
therefore provided greater control of NH, release. The
formation of ammonium in the soil was directly related
to the urea released. Thus, a higher polymer ratio used
for the urea coating extended the formation of NH, in
the soil during the course of the incubation period.

Table 5 also shows a comparison of the recover-
ies of NH, for the soils treated with uncoated urea and
urea coated with polymers, after incubation for between
seven and 42 days. The soil treated with uncoated urea
showed the highest NH, recovery after seven days, while
after 14 days, the soils treated with urea coated with
both types of polyurethane at a proportion of of 2 %
showed the same ammonium content. This finding indi-
cated that a ratio of 2 % provided control of the release
of urea and ammonium formation, and consequently
controlled volatilization during the 14 days following ap-
plication of the urea to the soil. The coating of urea with
polyurethane in proportions of 5 % enabled control of
ammonium formation up to 42 days of incubation, with
NH, recovery values after 42 days similar to the value
obtained with uncoated urea (in the range from 29 to
33 % of applied N). At the end of the period, the soils
treated with U-S 5 % and U-C 5 % showed 54 % and 45
% of urea-N in the granules, respectively (Figure 2). Low
NH, contents in the soils treated with U-S 7 % and U-C
7 % might be attributable to the slow release of urea,
indicating that the coating of urea with these polymers
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Table 4 - Parameters of the adjusted model “a” and “b" for
volatilization of ammonia (NH,), time when volatilization initiated
(start of volatilize), and total nitrogen volatilized during aerobic
incubation in the soil of granules uncoated urea (U) or coated with
polyurethane derived from soybean oil or castor oil.

Treatments a* b1 Start of volatilize Total N volatilized R?
days days %

U (uncoated) 10b! -3a 3e 59 ¢ 0.99
UC2% 21b  -3a 4 cd 52¢ 0.96
UC5% 46a Ha 19b 24 b 0.99
UC7% 50a -10b 33a 9a 0.99
US2% 21b  Ha 9cd 57 ¢ 0.99
US5% 47a Ha 17 be 22b 0.99
US7% 6da -4a 21b 9a 0.99

Logistic model: § = (59.6/(1+(t/a)), R? > 0.9 for all adjusted models;

*Parameter “a” represents the time to inflection or for %__ /2 of NH, volatilized;

Parameter “b” is related to the rate of NH, volatilized; 'Mean values reported
from triplicate incubations. Values within a column followed by the same letter
do not differ significantly by the Duncan’s test at a significance level of 0.05.

Table 5 - Recovery of N after the incubation period (days)? in the
form of ammonium (% N- NH,) during the aerobic incubation of
uncoated urea (U) and urea coated with polyurethane derived from
soybean oil (U-S) or castor oil (U-C), following application to the
soail.

Treatments % N-NH, recovered after the incubation period (days)®
1 3 7 14 28 42
U] 3b* 13c 3¢ 39b 34c 33b
US2% 0.8a 2ab 12b 35b 3¢ 32b
UC2% 0.8a 3b 13b 36 b 33¢c 3lb
US5% 05a 0.6ab 3ab 12a 21b 31b
UC5% 04a O04a 0.1a 7a 21b 29b
US7% 04a 06ab 2 ab 6a 14b 26 ab
UC7% 04a 03a 0.la la la 19a

*Mean values followed by the same letter in the column do not differ
significantly (Tukey's test, p < 0.05).

at proportions higher than 7 % should provide effective
control of N availability for longer than 42 days.

During the study period, we observed that urea
release and the availability of N-NH, in the soil (Table
5) exhibited slight differences between the two types of
polyurethane. Slight variations were noted, but there
were no clear trends for the different proportions of
polyurethane during the period evaluated. The differ-
ences observed can be attributed to coating imperfec-
tions associated with the coating process, as well as the
residual porosity - which leads the coating to act as
a permeation membrane, where its microstructure is
more important than the oil precursor. It is important
to mention that this is valid for both materials since
they have been shown to be adequate for PU formation
as well as the fact expectation that their biodegradation
will not take place during these release intervals. Thus,
other PU-base materials may present faster releases in
similar conditions if showing biodegradation in this pe-
riod, even with similar microstructures.
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Table 6 - Recovery of N after the incubation period (days)® in the form of nitrate (% N-NO,) during the aerobic incubation of uncoated urea (U) and
urea coated with polyurethane derived from soybean oil (U-S) or castor oil (U-C), following application to the soil.

Treatments % N-NO, recovered after the incubation period (days)
1 3 7 14 28 42

U 0.17~ (0.05) 0.09 (0.04) 0.50 (0.22) 1.23(0.17) 1.51(0.17) 0.14 (0.04)
US2% 0.31 (0.04) 0.12(0.02) 0.34 (0.08) 1.14(0.39) 1.32(0.20) 0.62 (0.15)
UC2% 0.78(0.18) 0.75(0.15) 0.34(0.12) 1.21 (0.22) 0.88(0.07) 0.42 (0.22)
US5% 0.15(0.07) 0.29 (0.06) 1.14(0.28) 1.05 (0.04) 1.21(0.27) 0.43 (0.06)
UC5% 0.03 (0.00) 0.34(0.11) 0.35(0.08) 0.47(0.16) 0.39(0.11) 0.27 (0.00)
US7% 0.25(0.14) 0.17(0.10) 0.18 (0.06) 0.21(0.19) 0.38 (0.09) 0.47(0.13)
UC7% 0.02 (0.00) 0.38 (0.04) 0.21 (0.15) 0.97(0.10) 0.00 (0.00) 0.17 (0.05)

*Mean values reported from three replicate soil cores, with standard deviations in parentheses.

There was no significant formation of NO, in the
soils treated using urea with or without coatings, dur-
ing the incubation period studied (Table 6). The recov-
ery of N in the form of NO, ranged from 0 to 2 % of
the N applied to the soil and did not present a consis-
tent profile of nitrification in this period. This may be
explained by the low nitrification capacity of this soil,
under the conditions of the experiment with high am-
monia concentration in the soil. According to Firestone
(1982), the high concentration of NH, inhibits the ac-
tivity of bacteria of the genus Nitrobacter responsible
for nitrification from NO, to NO, (Firestone, 1982). The
same result was reported by Guimaraes et al. (2016) in
an experiment using the same incubation system. In
addition, the total balance of N forms was included in
Table 7. As observed, we can consider that NH,, NH,
and NO, represents the majority of available N forms
for all the fertilizers since all the materials are higher
than 80 %, in fact approximately 100 % for almost all
the samples (considering the intrinsic errors). It is im-
portant to consider the intrinsic experimental errors,
but the balance is very consistent with our hypothesis
of N dynamics.

Conclusions

Controlled release and consistent availability of
nutrients in the soil over time are desirable character-
istics of fertilizers. In this study, the coating of urea
granules with biodegradable (oil-based) polymers was
shown to be an important strategy for controlling the
release and availability of N in the soil. The kinetics of
urea release and the transformations of urea-N in the
soil can be controlled by the thickness of the coating
on the urea granule. The coating of urea using a 2 %
proportion of polyurethane provided control up to an
incubation time of 14 days, while proportions of 5 %
enabled greater conservation of urea-N in the soil for
up to 42 days. Furthermore, proportions of 7 % showed
potential for control over periods exceeding 42 days.
Both castor oil and soybean oil can be used to synthe-
size biodegradable polymers suitable for conserving
urea-N in the soil.
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Table 7 - Total balance of N forms during the aerobic incubation of
urea coated with polyurethane derived from soybean oil (U-S) or
castor oil (U-C) with standard deviations in parentheses.

Material Time NH, NH, NO, ureaN Total

D1 00 08 03 955 96.6 (9.8)
D3 0.0 21 01 93.5 95.8(9.8)
US 2 % D7 04 118 03 749 87.42(9.3)
D14 84 353 11 45.0 89.9(9.5)
D28 476 345 1.3 19.8  103.2(10.2)
D42 574 321 0.6 9.5 99.6 (10.0)
D1 00 05 0.2 100.0 100.6(10.0)
D3 00 06 03 980 98.8(9.9)
US 5 % D7 0.0 28 1.1 93.6 97.5(9.9)
D14 02 122 11 84.7 98.1(9.9)
D28 47 206 12 676 94.1(9.7)
D42 222 315 04 542 108.3(10.4)
D1 00 04 03 100.0 100.7(10.0)
D3 00 06 02 1000 100.8(10.0)
US 7% D7 00 24 02 992 101.8(10.1)
D14 0.0 56 0.2 9.2 102.0(10.1)
D28 20 141 04 840 100.5(10.0)
D42 93 258 05 676 103.1(10.2)
D1 00 08 08 96.6 98.2 (9.9)
D3 03 34 08 8.7 90.0(9.5)
UC 2% D7 26 130 03 660 82.0(9.1)
D14 143 36.1 1.2 399 91.5(9.6)
D28 408 328 0.9 19.8 94.2 (9.7)
D42 518 308 0.4 12.1 95.2(9.8)
D1 00 04 0.0 100.0 100.4(10.0)
D3 03 04 03 993 100.3(10.0
UC 5 % D7 03 01 04 93 97.0(9.9)
D14 09 7.0 05 864 94.8 (9.7)
D28 56 208 04 611 87.8(9.4)
D42 238 292 03 408 94.1(9.7)
D1 00 04 0.0 100.0 100.4(10.0)
D3 00 03 04 100.0 100.7(10.0)
UC 7% D7 00 01 0.2 100.0 100.3(10.0)
D14 0.0 1.0 1.0 100.0 102.0(10.1)
D28 0.2 1.0 00 978 99.0(9.9)
D42 87 192 0.2 688 96.8 (9.8)
7
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