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Abstract

Nitrogen (N) is the most widely used nutrient in agriculture in the form of urea, yet it is one of the
least efficient in terms of application due to losses through volatilization and leaching. The
combination of urea with micronutrient sources, especially in the form of nanoparticles, is a
promising technology to reduce these losses. Two greenhouse experiments were conducted with the
objective of evaluating the influence of coating urea with zinc oxide nanoparticles (NPZnO) and iron
oxide nanoparticles (NPFe,Os), associated with elemental sulfur (S°), on the leaching of mineral
nitrogen and the production of dry mass and accumulation of N in young corn plants.The coating
(0.26% w/w) of urea with elemental sulfur (5°) and NPZnO and NPFe,O; reduced N losses through
leaching (-21.3%) and delayed the nitrification process of N in the soil (-71.8%). This coating increased
the efficiency of nitrogen fertilization in young corn plants, boosting the production of dry mass in
leaves (+39.4%), stems (+68.8%), and roots (+61.6%), as well as the absorption of N in the above-
ground biomass (+64.1%), compared to conventional urea. The use of urea coated with NPZnO and
NPFe,O; associated with S° is an environmentally sound solution for supplying N and
micronutrients such as Fe and Zn in a more efficient and sustainable manner, especially in sandy soils
with low organic matter content, which are common in the semi-arid region of Brazil.

Keywords: ammonification; nutritional efficiency; nitrification; nitrogen leaching; nanofertilizers; Zea
mays

1. Introduction

Global consumption of fertilizer urea in 2023 was 59.25 million tons, while in Brazil, the
consumption of this input reached 3.46 million tons [1]. Nitrogen (N) is the nutrient most demanded
by crops and, consequently, the most used in agriculture, predominantly in the form of urea.
However, it is also one of the least efficient in terms of soil use, mainly due to losses through
volatilization and leaching [2—4]. These N losses can range from 20% to 70%, depending on the soil's
chemical and physical attributes, such as cation exchange capacity and clay content, respectively [5].

Despite its low efficiency, food production is highly dependent on nitrogen fertilization. This
dependence is even greater in semi-arid regions, where organic matter levels — the main natural
source of nitrogen in the soil — are low or very low [6,7]. The inadequate application of N in
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agriculture, however, causes negative environmental impacts, directly or indirectly, as a result of
leaching and volatilization processes [4].

After application to the soil, nitrogen is subject to various processes, such as mineralization (in
the case of urea and organic fertilizers), nitrification, leaching, immobilization, and denitrification [6].
The nitrification process, mediated by bacteria, is responsible for generating nitrate (NOs"), the
predominant mineral N form in aerated soils [8]. In acidic or waterlogged soils, the predominant
form is ammonium (NHy*) [6]. In soils with a low degree of weathering, N losses in the form of NOs-
tend to be higher than in more weathered soils [4]. This occurs because the former have a higher
density of negative charges, which disfavors the adsorption of this anion, increasing its concentration
in the soil solution and, consequently, its losses through leaching [6,9]. Nitrate leaching represents
not only a loss of soil nutrients but also pollution of surface and groundwater. Additionally, the
nitrate generated in the soil can be lost to the atmosphere as nitrous oxide (N.O) gas through the
denitrification process, which occurs in reducing environments [10].

One strategy to mitigate N losses through leaching and volatilization is to delay or suppress the
generation of NO;~ by inhibiting the nitrification process [11,12]. Several effective synthetic
nitrification inhibitors are available on the market, such as nitrapyrin, dicyandiamide (DCD), and
dimethylpyrazole phosphate (DMPP) [11,13]. However, the high cost of these products often makes
their use unfeasible, and their effects are not always consistent.

Alternatively, coating urea with metals such as boron, copper, iron, and zinc has shown promise
in increasing the efficiency of nitrogen use by plants and increasing crop productivity [14-17].
Coating urea with CuO, ZnO, and NiO, with particles of about 44 um at a rate of 0.8%, resulted in a
significant reduction in N losses through volatilization and a higher mineral N content in the soil [16].
Urea coated (261 kg ha™') with a combination of 2.0% FeSO,7H,O and 2.9% ZnSO,-H,O decreased N
losses through volatilization and increased the efficiency of N use in onion bulb production [18]. It is
presumed that these metals act by inhibiting the urease enzyme, responsible for the hydrolysis of
urea into ammonium, thus reducing the generation of ammonia and its subsequent volatilization
[18,19].

Other authors have investigated the potential of zinc oxide nanoparticles as a coating for urea
granules, aiming to delay the release of N in the soil and increase its efficiency [13,20-23]. In this
context, Thabit [13] observed that urea coated with 3% zinc oxide nanoparticles reduced mineral N
losses by 22% and nitrate levels up to the eighth day of incubation in a clay-sandy soil. Furthermore,
coating urea with nanoparticles containing micronutrients can improve crop performance through
better utilization of micronutrients such as zinc and iron [20]. These effects are particularly beneficial
in soils with low clay content, where the leaching of nitrate and ammonium promotes significant N
losses [9,21,24].

This study sought to address a fundamental gap by investigating the synergistic effects of
coating urea with a combination of iron oxide nanoparticles (NPFe,Os) and zinc oxide nanoparticles
(NPZnO) associated with elemental sulfur, aiming not only to reduce nitrogen leaching in sandy soil
but also its impact on the performance and nitrogen use efficiency in corn plants, an aspect still
scarcely explored in the literature.

Given the above, the present work aimed to evaluate the influence of coating urea with iron
oxide and zinc oxide nanoparticles, associated with elemental sulfur, on the leaching of mineral
nitrogen, and on the production of dry mass and accumulation of N in young corn plants.
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2. Materials and Methods

2.1. Description of the Experiments

Two experiments were conducted in a greenhouse belonging to the Center for Technology and
Natural Resources at the Federal University of Campina Grande, from March 26 to May 9, 2024,
located at coordinates -7.21483°, -35.90653° and an altitude of 551 m.

The first experiment consisted of evaluating the influence of coating fertilizer urea with iron
oxide nanoparticles, zinc oxide nanoparticles, and elemental sulfur on the leaching of ammonium
and nitrate in a sandy soil. The second experiment evaluated the effect of the coated urea on biomass
production and nitrogen accumulation in young corn plants.

2.2. Obtaining the Coated Urea

Commercial granular urea, containing 46% N, was used as the N source. For the urea coating,
zinc nanoparticles, iron nanoparticles, elemental sulfur, and a binding agent were used. As the
ZnONP source, zinc oxide (ZnO) nanoparticles (product code 544906-10G, batch number MKCP6471,
CAS-No 1314-13-2) from Sigma Aldrich® (Sigma-Aldrich®Co Ltd, Darmstadt, Germany) were used,
with 97% purity, particle size <100 nm, and a specific surface area of 10.8 m? g7. As the Fe,O;NP
source, iron oxide (Fe,Os) nanoparticles (product code 544884-5G, batch number MKCS3534, CAS-
No 1309-37-1) from Sigma-Aldrich® (Sigma-Aldrich®Co Ltd, Darmstadt, Germany) were used, with
98% purity, particle dimensions <50 nm, and an average specific surface area of 50-245 m? gL
Commercial elemental sulfur 995, containing 99% S (Heringer® Fertilizers, Rio Grande, Brazil), and
canola vegetable oil as a binding component were used.

The urea coating method was based on Dimkpa et al. [20] with minor adjustments in the
proportion of components used. The urea particle size was standardized by sieving to sizes between
2.5 mm and 3 mm. Before weighing, the NPZnO and NPFe,Os were dried in an oven at 60 °C to 70 °C.
Subsequently, a coating paste for the urea granules was prepared by adding into a 200 mL beaker:
0.35 mL of canola vegetable oil (LIZA®, Bunge Foods Co Ltd, Sao Paulo, Brazil), 1.75g of elemental
sulfur, 0.175g of NPZnO, and 0.175g of NPFe,Os. The components were mixed manually using a glass
rod until a homogeneous paste was formed. Then, 27.17g of standardized granulometry urea was
added to the obtained paste to form the coating. For the control urea, a coating was prepared using
only 0.35 mL of canola vegetable oil. Both mixtures (urea plus paste) were transferred to a digital
orbital shaker at 32 rpm where they remained for 12 hours to cure the formed coating. This resulted
in the nanoparticles-coated urea and the control urea. After the curing process, the coated urea was
weighed again to obtain the percentage of coating mass (0.26%) compared to the initial urea mass.

2.3. Experiment with Mineral Nitrogen Leaching

2.3.1. Experiment Setup

The test soil for the experimental assay was collected from the 0-20 cm layer, samples of a
Regolithic Neosol (Entisol), considering it is a soil with low levels of organic matter and nitrogen and
susceptible to mineral nitrogen leaching. After being air-dried, crushed, and passed through a 2.0
mm mesh sieve, the samples were sent for their chemical and physical characterization (Table 1)
according to procedures described in Embrapa [25].

Table 1. Chemical and physical attributes of the soil used in the experiment.

Chemical attibutes Value Physical attibutes Value
Ca?" (cmolc dm3) 1.45 Sand (g kg?) 93.66
Mg? (cmolc dm?) 1.30 Silt (g kg 1) 5.02
Na*(cmole dm3) 0.04 Clay (g kg™) 1.33
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K* (cmolc dm3) 0.13 BD (g cm) 1.56
H* (cmolc dm3) 0.00 PD (g cm?) 2.71
TP (%)
Al¥*(cmolc dm3) 0.00
4243
V (%) 100.00 e Soil moisture------------
CO (g kg 1.33 0.10 atm 16.59
SOM (g kg™) 2.30 0.33 atm 12.87
N- total (gkg") 0.07 1.00 atm 9.47
P (mgdm?) 8.10 5.00 atm 5.96
pH H:0 (1:2.5) 6.05 10.00 atm 5.64
CEu:5 (uS cm™?) 0.18 15.00 atm 5.34

P, K*, Na*, Fe and Zn- Mehlich 1 extractant, H* + Al** - 0.5 mol L calcium acetate extractant at pH 7, Ca*2, Mg*?
-1 mol L' KCl extractant, SOM - soil organic matter, V - Base saturation, BD - bulk density, PD - soil particle
density, TP - total porosity, FC - field capacity, PWP - permanent wilting point, AWC - available water content.

The experiment consisted of a completely randomized design in a 4 x 6 factorial scheme,
comprising four treatments: ON- No nitrogen as control, T2- 500 mg N dm™ as conventional urea (U),
T3: 500 mg N dm™ as urea (Heringer® Fertilizers, Rio Grande, Brazil) coated with elemental sulfur
(U+5°), T4-500 mg N dm™ as urea coated with NPZnO + NPFe,O; and elemental sulfur (U+S°+NP),
and six evaluation periods (5, 10, 15, 20, 25, and 30 days after incubation) with 5 replications. Each
experimental unit consisted of a pot containing 5 dm? of soil.

A drain was inserted at the base of each pot to collect leachate resulting from the irrigation
process. The urea granules were placed in the soil of the pots at a depth of 5 cm, distributed in a circle.
Subsequently, the soil in the pots was maintained at a moisture level corresponding to 70% of field
capacity, according to the water retention curve (Table 1). This moisture level was maintained
through daily weighings using a digital scale with a capacity of 10 kg and appropriate precision (LS10
MARTE, Marte Scales and Weighing Instruments Ltd, Sao Paulo, Brazil). During the incubation
period, air temperature and relative humidity data were recorded (Figure 1).
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Figure 1. Records of maximum (T max) and minimum (T min) air temperature and maximum (RHmax) and

minimum (RHmin) air relative humidity on greenhouse during the experimental period.

2.3.2. Mineral Nitrogen Leaching Analysis

At each evaluation period, a volume of water was applied to achieve a volume corresponding
to twice the soil's field capacity. After drainage ceased, the volume of leachate was collected and
measured. Subsequently, a 50 mL aliquot of the leachate was taken, to which 5 mL of a 3.0 mol L™!
KClI solution was added, and then stored in a refrigerator.

In the leachate samples collected each period, the levels of ammonium (N-NH4*) and nitrate (N-
NO;) were determined using the Kjeldahl nitrogen micro-distillation method (Marconi Co Ltd.,
Londrina, Brazil), as described by Tedesco et al. [26]. According to this method, 0.2g of calcined MgO
(Vetec Fine chemistry Co Ltd., Duque de Caxias, Brazil) was initially added to each distillation tube.
After distillation, the ammonium levels were obtained by titration with 0.01 mol L' HC], after being
collected in flasks containing boric acid indicator. Nitric nitrogen was determined using the same
extract (the same tube) used for ammonium distillation, by adding 0.2g of Devarda's alloy (Vetec Fine
chemistry Co Ltd., Duque de Caxias, Brazil) and proceeding to a new distillation. The distillate was
then titrated with the same acid used for ammonium. Using the concentrations of ammonium and
nitrate in the leachate and the leachate volume, the quantities of leached mineral nitrogen (nitrate +
ammonium) for each collection period and the ammonium/nitrate ratio were calculated.

2.3.3. Initial Growth and Nitrogen Uptake by Young Corn Plants

To evaluate the fertilizer efficiency in terms of plant nitrogen utilization, an experiment was
conducted in a greenhouse using a completely randomized design, comprising four treatments: ON-
No nitrogen as control, T2- 300 mg N dm™ as conventional urea (U), T3: 300 mg N dm™ as urea coated
with elemental sulfur (U+5°), T4-300 mg N dm™ as urea coated with NPZnO + NPFe,O; and elemental
sulfur (U+5°+NP), with 6 replications totaling 24 experimental units. Each experimental unit
consisted of a pot containing 5 dm? of soil.

Corn was used as the test plant due to its rapid growth and high nutrient extraction capacity.
The genotype used was the green corn hybrid with VT PRO 3 technology, BM 3066
(DEKALB/Biomatrix, Bayer® Co Ltd, Sdo Paulo, Brazil), one of the preferred choices of most
producers in the Northeast region for green corn and/or silage production. After placing the soil in
the pots, the treatments were applied to each pot, followed by irrigation and sowing, placing 3 seeds
per pot. After seedling emergence, thinning was performed, leaving one plant per pot.

All pots received a baseline fertilization with macro and micronutrients (except N, Fe, and Zn,
which were applied according to the treatments) based on Marcelino et al. [27] with the following
doses in mg dm™3: P = 200; K = 300; Ca = 200; Mg =50; S=50; B =0.5; Cu=1.5; Mn = 4; Mo = 0.15. The
following p.a. reagents were used for this fertilization: KH,PO, (monopotassium phosphate), KCI
(potassium chloride), calcium phosphate [Ca(H,PO.),2H,0O], magnesium sulfate (MgSO,7H,0),
boric acid (H3BOs), copper sulfate (CuSO,4-5H,0), manganese sulfate (MnSO,-4H,0), and ammonium
molybdate [(NH4)sMo;0,4-H>O]. All sources used were from Vetec (Vetec Fine chemistry Co Ltd.,
Duque de Caxias, Brazil). Throughout the experimental period, the soil was maintained at 70% of
field capacity. Moisture control was performed daily by weighing, using distilled water to replenish
water loss. The plants remained in the greenhouse for 45 days after thinning. Subsequently, they were
harvested and separated into shoots and roots, which were dried in a forced air circulation oven (SL-
102/1575, SOLAB® Co Ltd., Piracicaba, Brazil) at 60 °C to 65 °C to obtain the leaf dry mass (LDM),
stem dry mass (CDM), and root dry mass (RDM), and by their sum, the total dry mass (TDM). In the
leaf and stem dry mass, the total nitrogen content was determined according to the methodology
described in Tedesco et al. (1985). In this analysis, 0.1g of plant tissue was digested in 3 mL of
concentrated sulfuric acid in a digestion block at 350°C, followed by distillation in a Kjeldahl micro-
distiller (Marconi Co Ltd., Londrina, Brazil) and subsequent titration. Using the total N content and
the produced dry mass, the quantities of this nutrient accumulated in the leaves, stems, and shoots
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(leaves + stems) were estimated. Based on the N accumulated in the shoots and the respective dry
mass production, the nitrogen utilization efficiency (NUE) was calculated using the following
expression proposed by Siddiqi and Glass [28]:
(SDM)?

Nac

NUE =

Where SDM corresponds to the shoot dry mass (g/pot) and Nac is the amount of N accumulated
in the shoots (stem + leaves) in mg/pot.

2.4. Statistical Analyses

The data were initially subjected to the Shapiro-Wilk normality test [29]. The obtained data were
subjected to analysis of variance, followed by comparison of means using Tukey's test (p < 0.05).
These statistical analyses were performed using R statistical software [30].

3. Results

3.1. Mineral Nitrogen Leaching Experiment

Over the 30-day incubation period, the cumulative amount of ammonium (N-NH,*) in the
leachate was practically zero in the control treatment. In contrast, under the application of N at a rate
of 500 mg N dm=, the accumulated amounts varied according to the type of urea coating (Figure 1a).

The leached ammonium quantity tended to stabilize at 30 days after the start of incubation (DAI)
and corresponded to 41.5% of the applied N (2,500 mg per pot) for the uncoated urea (U). The lowest
values were obtained with urea coated with elemental sulfur (U+S) and urea coated with iron oxide
NPs + zinc oxide NPs (U+5+NP). At 10 DAL the leached N-NH,* quantities in the U, U+S, and U+S+NP
treatments corresponded to 67.8%, 49.0%, and 55.1%, respectively, of the total accumulated by 30
DAL By the end of the 30 DAI period, coating urea with sulfur (U+S) and with sulfur plus NPs
(U+S+NP) reduced ammonium leaching by 18.2% and 20.3%, respectively, compared to uncoated
urea.

In contrast to the pattern observed for N-NH,*, the cumulative quantities of nitrate (N-NOj3")
were small up to 20 DAI and increased suddenly at 25 and 30 DAI, showing a tendency to increase
further from this period onward (Figure 1b). At 30 DAI, the U+S and U+S+NP treatments reduced N-
NO;~ leaching by 12.7% and 28.4%, respectively, compared to conventional urea (Figure 1c).
Consequently, the U+S and U+S+NP treatments decreased total mineral N leaching by 17.6% and
21.3%, respectively.

The N-NH4*/N-NOs™ ratio reached its maximum at 15 DAI and declined sharply by 30 DAI
(Figure 1d). At 15 DAL the NP-coated urea (U+S+NP) increased the proportion of ammonium in the
mineral N by 71.8% compared to conventional urea, indicating a significant retardation of the
nitrification process.
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Figure 1. Changes in net cumulative leachate of ammonium nitrogen- N-NHq* (a), nitrate nitrogen -N-NOs" (b),
N-NH4* + N-NOs, and N-NHa* to N-NOsration in leachate (d), as a function of coating urea treatments and days
after soil incubation. ON: control (no nitrogen application); U: Standard urea (uncoated); U+S: Sulfur-coated urea
(elemental sulfur); U+S+NP: Sulfur-coated urea with iron oxide and zinc oxide nanoparticles. Data represent
means * S.E. Different letters above columns indicate significant differences between means at the 5% level by
Tukey’s test.

According to the analysis of variance, at the end of 30 days after the start of the nitrogen source
incubation, the urea coating treatments differed significantly from each other regarding the
accumulated amounts of ammonium (NHy4*), nitrate (NOs~), NHs* + NOs-, and the N-NHy4* to N-NOs5~
ratio (Table 2).

Table 2. Summary of analysis of variance for amounts of ammonium (NHa4"), nitrate (NOs"), NHs*+ NOs- and N-
NH4* to N-NOsration.

Mean square and F test

SV DF NH4* NOs- NH4t+ NOs- NHs*/ NOs
Treatments 3 383355.86 ** 3871.20%* 549686.81** 64.40**
Error 16 4064.72 20.02** 1144,52** 1.20**
CV (%) 7.55 16.18 7.55 7.22 18.86

SV - source of variation; CV - Coefficient of variation; **p < 0.01 by F test; ns - non-significant data at p < 0.05;

DF - Degrees of freedom.

At 30 DAI, the amount of leached N-NH4* was significantly higher in the treatment containing
only conventional urea (41.5%). On the other hand, the U+S (33.9%) and U+S+NP (33.0%) treatments

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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resulted in lower values compared to treatment U, but showed no significant difference between each
other (Figure 2a). For N-NOs-, the urea coating with NPs promoted the lowest proportion of leached
N compared to both the U treatment and the U+S treatment (Figure 2b). The quantities of leached
mineral nitrogen (N-NH4* + N-NOs") at 30 DAI corresponded to 47.2%, 38.9%, and 37.1% of the total
N applied to the soil for the U, U+S, and U+S+NP treatments, respectively (Figure 2c). The U+S and
U+S+NP treatments resulted in a lower percentage of mineral N leaching compared to conventional
urea, but showed similar effects to each other. At the end of the incubation period, the N-NH,4*/N-
NO;™ ratio was lowest in the treatment without N application and in the U+S treatment, while the
other treatments did not differ from each other (Figure 2d).
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Figure 2. Amounts of leached nitrogen at 30 days from incubation as ammonium nitrogen- N-NHq* (a), nitrate
nitrogen -N-NOs (b), N-NH4+* + N-NOs;, and N-NHs* to N-NOsration (d), as a function of coating urea
treatments. ON: control (no nitrogen application); U: Standard urea (uncoated); U+S: Sulfur-coated urea
(elemental sulfur); U+S+NP: Sulfur-coated urea with iron oxide and zinc oxide nanoparticles. Data represent
means * S.E. Different letters above columns indicate significant differences between means at the 5% level by

Tukey’s test.

3.2. Dry Mass Production and Nitrogen Uptake by Corn

According to the analysis of variance and F-test (Table 3), the urea coating treatments
significantly influenced the production of leaf dry mass (LDM), stem dry mass (SDM), shoot dry
mass, and total dry mass (TDM), as well as the root-to-shoot ratio (RDM/SDM). Furthermore, the
treatments significantly affected accumulated nitrogen in leaves (N-LDM), stems (N-SDM), shoots
(N-SDM), and nitrogen use efficiency (NUE).
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Table 3. Summary of analysis of variance for leaves dry matter (LDM), stem dry matter (SDM), shoot dry matter
(SDM), total dry matter (TDM), RDM-/SDM ratio and accumulated nitrogen in leaves (N-LDM), stems (N-CDM),
shoots (N-SDM) and nitrogen use efficiency (NUE).

Mean square and F test

Sv DF LDM CDM RDM SDM TDM
Treatments 3 206.189** 466.609** 510.660** 1249.693** 3276.553**
Error 16 2.40 3.57 10.671 6.251 24.599
CV (%) 12.99 12.96 16.51 9.43 10.71
RDM/SDM N-LDM N-CDM N-SDM NUE
Treatments 3 1.284** 189116.033** 138763.855** 598951.640** 2.648**
Error 16 0.024 6372.272 5018.015 10106.729 0.0863
CV (%) 16.19 23.66 31.72 17.92 22.75

SV - source of variation; CV - Coefficient of variation; **p < 0.01 by F test; ns - non-significant data at p < 0.05;

DF - Degrees of freedom.

The production of leaf dry mass (Figure 3a), stem dry mass (Figure 3b), root dry mass (Figure
3c), shoot dry mass (Figure 3d), and total dry mass (Figure 3e) was highest in the U+S+NP treatment.
In the ON treatment, plant growth was severely affected by the lack of soil nitrogen, as demonstrated
in the leaching experiment, leading to the lowest dry mass production in all plant parts. Compared
to the U treatment, the U+S+NP treatment promoted increases of 39.4%, 68.8%, and 61.6% in leaf,
stem, and root dry mass production, respectively. The U and U+S treatments resulted in similar
effects on leaf dry mass, root dry mass, shoot dry mass, and total dry mass, but differed in stem dry
mass production.

The root-to-shoot ratio (Figure 3f) was highest in the ON treatment and lowest in the U+S
treatment. The U and U+S5+NP treatments showed similar effects on the root-to-shoot ratio, and did
not differ significantly from each other in this aspect. The lack of soil nitrogen increased the root-to-
shoot ratio by 2.4 times compared to plants that received the 300 mg N dm= dose.
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Figure 3. Leaf dry matter-LDM (a), shoot dry matter-SDM (b), root dry matter-RDM (c), shoot dry matter-SDM
(d), aerial dry matter-TDM (e) and total dry matter-TDM (f) as a function of coating urea treatments. ON: control
(no nitrogen application); U: Standard urea (uncoated); U+S: Sulfur-coated urea (elemental sulfur); U+S+NP:
Sulfur-coated urea with iron oxide and zinc oxide nanoparticles. Data represent means + S.E. Different letters

above columns indicate significant differences between means at the 5% level by Tukey’s test.

The accumulated quantities of N in the leaves (Figure 4a) were higher in the U+S and U+S+NP
treatments, which did not differ significantly from each other. These treatments increased nitrogen
accumulation in the leaves by 33.2%. The U+S+NP treatment resulted in the highest quantities of
accumulated N in the stem dry mass (Figure 4b) and in the shoots (leaves + stems) (Figure 4c), with
increases of 126.6% and 64.1%, respectively, compared to the uncoated urea treatment. Similarly, the
U+S+NP treatment promoted the highest nitrogen use efficiency index (NUE) (Figure 4d), followed
by the U and U+S treatments, which did not differ significantly from each other.
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Figure 4. Nitrogen accumulation in leaves (a), stems (b), aerial part (c), and nitrogen use efficiency NUE (d) as a
function of coating urea treatments. ON: control (no nitrogen application); U: Standard urea (uncoated); U+S:
Sulfur-coated urea (elemental sulfur); U+S+NP: Sulfur-coated urea with iron oxide and zinc oxide nanoparticles.
Data represent means + S.E. Different letters above columns indicate significant differences between means at
the 5% level by Tukey’s test.

4. Discussion

4.1. Mineral Nitrogen Leaching

Nitrogen (N) losses through volatilization and leaching in sandy soils represent a major
constraint on agricultural production, especially for demanding crops like corn. Uncoated urea (U)
resulted in the leaching of 41.5% of the applied N. Nitrogen losses exceeding 50% have commonly
been reported in the literature [13,19], particularly in sandy soils [31,32]. Coatings with sulfur (U+S)
and sulfur plus NPs (U+S+NP) reduced N-NH,* losses by 18.2% and 20.3%, respectively, compared
to uncoated urea. This indicates that elemental sulfur was probably the main factor responsible for
reducing the leaching of this cation, likely by decreasing the urea mineralization rate, leading to a
lower rate of ammonium generation in the soil [33,34]. Coating urea granules with elemental sulfur
acts as a barrier to urease activity — which catalyzes urea hydrolysis — thereby reducing its activity
and losses of mineral nitrogen [35].

Nitrate (N-NOs") leaching was low until 20 days, increasing suddenly thereafter. Coating urea
with S and S+NP decreased nitrate losses by 12.7% and 28.4%, respectively. The oxidation process of
elemental sulfur (5) occurs mainly through the action of bacteria of the genus Acidithiobacillus [36],
which oxidize S to SO42~ and, after reaction with H* from water hydrolysis, produce sulfuric acid,
reducing soil pH [37,38]. The acidification of the soil solution due to this process certainly inhibited
the nitrification of ammonium, reducing its leaching [39]. The addition of zinc oxide nanoparticles,
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along with S, contributed to inhibiting the nitrification process of urea-N, thus decreasing its leaching
losses, as observed by Jadon et al. [19]. Reduced N losses from the addition of metals in urea coatings
have been observed in other studies [16,19,21]. This result indicates that, contrary to the findings of
Yang et al. [18], the NPs did not act as a urease inhibitor but enhanced the nitrification inhibition
process provided by elemental sulfur. In flooded rice soil, urea coated with Zn or Zn+Cu was more
effective than sulfur in reducing nitrate generation and consequently N losses through denitrification
[13,40]. The addition of only 0.5 mg Zn L' in drinking water was sufficient to inhibit nitrification [41].
Indeed, metals like Zn and Cu effectively inhibit the nitrogen nitrification process [16]; however, the
fundamental mechanisms of how these metals affect the activity of enzymes and groups of
microorganisms (genera Nitrosomonas and Nitrobacter) involved in these processes require further
study.

The 21% reduction in leached mineral nitrogen (N-NH4* + N-NOs") at 30 DAL, due to coating
urea with S+NP compared to conventional urea, although modest, indicates that this coating can
effectively contribute to more efficient management of nitrogen fertilization using urea as an N
source, helping to increase nitrogen fertilization efficiency [42].

4.2. Dry Mass Production and Nitrogen Uptake by Young Corn Plants

The growth and development of young corn plants, especially high biomass and grain-yielding
varieties like corn, are highly dependent on nitrogen fertilization [1,10]. After 45 days of cultivation,
there was a drastic reduction (78.5%) in the dry mass production of young corn plants without
nitrogen fertilization compared to the treatment receiving 300 mg N dm™ as conventional urea (U).
Nitrogen is an essential constituent of proteins, nucleotides, and nucleic acids DNA and RNA [43,44].
Low N availability also results in a lower photosynthetic rate due to the breakdown of thylakoid
membranes, affecting light energy capture and, consequently, carbon fixation and plant growth and
development [44,45]. The increase in the root-to-shoot ratio under N deficiency observed in this study
is a typical plant response to N stress [45—-47]. Under N deficiency, both shoots and root systems are
negatively affected [46-48]. Although the increase in the root-to-shoot ratio is also associated with
soil clay content [48], under N deficiency, plants appear to prioritize root development at the expense
of shoots, mediated by increased hormonal flux from shoots to roots [45,49].

On the other hand, the U+5+NP treatment promoted increases of 54.5% in shoot dry mass (leaves
+ stems) and 36% in total dry mass compared to conventional urea. Coating urea with Zn sources has
increased the growth and yield of wheat [20,22] and rice [50], and with Zn and Fe sources in onion
[17]. Adding Zn and Fe to urea seems to make fertilization with these micronutrients more efficient
than when using conventional sources of these nutrients [20,51]. In younger soils under semi-arid
climates, these micronutrients become unavailable to plants due to precipitation processes and
eventually leaching in sandy soils with low organic matter content [6,7,52]. In this sense, urea and
elemental sulfur have acidic reactions that help prevent this precipitation process and keep these
nutrients in forms available to plants [36,37].

Compared to conventional urea, urea coated with S+NP promoted a significant increase (64.1%)
in N accumulation in the shoots of young corn plants, but coating urea with S alone (U+S) had an
effect similar to uncoated urea. Coating urea with Zn+Fe, as well as CuO, ZnO, and NiO, decreased
N volatilization as NHj3 in other studies [16,18]. In the present study, considering that irrigation was
controlled to prevent leaching losses in the corn cultivation experiment, this indicates that coating
urea with S+tNP may have reduced volatilization losses, increasing the efficiency of nitrogen
fertilization. Alternatively, it can also be considered that the addition of Zn and Fe in NP form may
have increased the N uptake capacity of young corn plants. Iron and Zn are fundamental
micronutrients in plant nutrition. The addition of 500 mg N dm3 coated with Fe and Zn corresponded
to an application in the soil of 5.7 mg Zn dm= and 5.0 mg Fe dm™3. Iron acts in cellular processes such
as respiration, chlorophyll biosynthesis, and photosynthesis, in addition to serving as a cofactor for
enzymes related to electron or oxygen transfer processes [53-56], while Zn acts in cell division,
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ribosome stabilization, structural and functional integrity of membranes, and participates in growth
regulation processes (tryptophan synthesis) and enzymatic activation [57-59].

The findings of this work reveal that coating urea with zinc oxide and iron oxide nanoparticles
associated with elemental sulfur constitutes an important strategy for increasing the efficiency of
nitrogen fertilization with urea and supplying micronutrients to plants [60-62]. The modest yet
significant reduction in mineral N leaching losses and the substantial increase in dry mass production
and N accumulation in corn shoots demonstrate the potential of this technology for more sustainable
nitrogen management, especially in sandy soils. However, there is a need to validate these benefits
under diverse field conditions and in the long term, as well as to evaluate the bioavailability of Fe
and Zn applied to the soil in this NP form, aiming to consolidate its application on a commercial scale
as a robust tool for the sustainable intensification of agriculture.

5. Conclusions

Coating urea with elemental sulfur (S°) and zinc oxide nanoparticles (NPZnO) and iron oxide
nanoparticles (NPFe;O;) decreased nitrogen (N) losses through leaching and delayed the nitrification
process of N in the soil. This coating increased the efficiency of nitrogen fertilization in young corn
plants, enhancing shoot and root dry mass production and N uptake in the above-ground biomass
compared to conventional urea. The use of urea coated with NPZnO and NPFe,O; associated with S°
could become a practical and promising solution for supplying N and micronutrients like Fe and Zn
in a more efficient and sustainable manner, especially in sandy soils poor in organic matter. Despite
the promising results of this study under controlled conditions, validation on a commercial scale
requires comprehensive field studies. These future investigations should examine nitrogen dynamics
and, crucially, the actual bioavailability of zinc and iron for plants, in the NP form, supplied together
with urea, under different edaphoclimatic conditions, soil types, and agricultural cropping systems.
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