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ABSTRACT: The development or blending of new products represents a common
practice of improvement for the efficiency of existing commercialized fertilizers. The
physicochemical characteristics of new formulations differ from those of raw materials.
These characteristics directly influence the quality of the fertilizer, as they can alter the
storage and application requirements. It is hypothesized that molybdenum (Mo) can
be added to urea without affecting urea characteristics and N-(n-butyl) thiophosphoric
triamide (NBPT) efficacy. The objective of this study was to characterize the addition
of Mo sources and rates to urea treated or not with NBPT at 530 mg per kg of urea. A
total of 30 fertilizers were formulated by combining three factors: three types of urea
(untreated urea, NBPT-coated urea, and NBPT-incorporated urea), two sources of Mo
(ammonium molybdate and Mo trioxide), and five rates of Mo (0, 1.5, 3.0, 6.0 and 12.0
g kg™ N). Unless the degradation rate of NBPT was not measured, the granules were
evaluated in terms of nutrient content salinity, hardness, hygroscopicity, and angle of
repose. The physical quality of the fertilizer was affected at Mo rates exceeding 6 g kg™’
N, particularly with soluble Mo sources, resulting in the formation granules with lower
hardness and higher hygroscopicity. The addition of ammonium molybdate (Am) was
observed to exert a lesser impact on the characteristics of the granules, particularly at
Mo rates below 6 g kg™ N. The interaction between Mo and NBPT remains unclear, and
further research is necessary to elucidate the underlying mechanism and the stability
of the inhibitor.

Introduction

The quantitative yield of agricultural products
has increased significantly over the past 80 years,
with nitrogen fertilizers representing a significant
contributing factor. The global trade of nitrogen (N) is
118,763 Tg (FAO, 2021), and there are numerous sources
from which this nutrient can be supplied to plants.
The variability of sources and the need to increase the
efficiency of fertilizers, which currently stands at less
than 50 %, has required the industry to improve them
(Trenkel, 2010). This has resulted in various formulations
and characteristics (Guelfi, 2017).

In Brazil, urea is the most utilized and researched
fertilizer (IFA, 2018). It is the most cost-effective source
of N but exhibits the most substantial losses, primarily
through volatilization, reaching 32 % (Trenkel, 2010;
Silva et al., 2017). The enzyme urease is present in
large quantities in plant waste. This enzyme hydrolyzes
urea, forming ammonium, which is then converted into
ammonia and potentially volatilizes to the atmosphere.
Consequently, the search for new products has been
driven forward, including urea-bearing chemical
inhibitors (Mira et al., 2017), polymer coating (Xu et al.,
2013), and the addition of micronutrients (Cancellier
et al., 2016; Rech et al., 2017). The use of N-(n-
butyl) thiophosphoric triamide (NBPT), a chemical that
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inhibits urease (Pan et al., 2016}, has been shown to
result in significantly reduced N losses from urea, with
reductions of up to 50 % reported (Silva et al., 2017).

It has been reported that molybdenum (Mo,
a nutrient that plays a role as a cofactor of nitrate
reductase, has the potential to inhibit the activity of
the urease enzyme (Tabatabai, 1977). Nevertheless,
the precise mechanism by which this inhibition occurs
remains unclear. Consequently, the addition of Mo to
urea fertilizers may exert a dual effect on plants: firstly,
reducing the loss of N and enhancing its availability for
absorption, and secondly, increasing the absorption rate
by modulating N metabolism. However, it is important
to note that product mixtures can alter the chemical
and physical properties of fertilizers, often leading to
a reduction of the critical moisture content or granule
hardness.

The physical properties of fertilizers are often
overlooked in academic research, with greater focus on
how plants respond to newly formulated mixtures. An
understanding of the physical properties of handling,
transport, and application can facilitate the interpretation
of results related to fertilizer use efficiency by plants.
The hardness of a fertilizer is related to its resistance to
abrasion and the quality of the coating formed around
it. Conversely, wet fertilizers can melt even at low
humidity, forming blocks that cannot be distributed.
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These gaps prompted an investigation into the
physicochemical characteristics of a new series of urea
+ NBPT + Mo fertilizers. Therefore, we hypothesize
that Mo can be added to urea at a maximum rate of
6 g kg' N, regardless of the source of urea employed.
The rate was determined in accordance with the most
recent fertilizer guideline for sugarcane. This study aims
to characterize laboratory-produced urea treated with
NBPT and Mo sources, thereby providing a foundation
for future studies on formulation and its impact on
fertilizer efficiency.

Materials and Methods

Experimental site and design

The study used a 3 x 2 x 5 factorial design, wholly
randomized with three repetitions. The factors under
investigation were as follows: (i) three types of urea,
namely common urea, urea with NBPT coating, and urea
with NBPT incorporation (granulated) into the granules;
and (ii) two sources of Mo, specifically ammonium
molybdate (soluble - solubility product constant (kps):
430gL™", 54.4 % of Mo) and nanoparticulate molybdenum
trioxide (low solubility-kps: 1 g L™, 66.7 % of Mo); and
(iii) five rates of Mo: 0, 1.5, 3.0, 6.0, and 12.0 g kg”' N
(Table 1). All sources used were pure analysis reagents.

Molybdenum (Mo) was incorporated into the urea
granules using the same process employed for NBPT. In
the first two types of urea, namely untreated urea and
NBPT-coated urea, Mo was coated, while in the third
type, Mo was incorporated into the granule. In fertilizers
containing Mo and NBPT, the coating was initially
applied using NBPT, followed by adding adhesive and
Mo in that order. However, two strategies were employed
for the incorporation of Mo. Ammonium molybdate
(Am) was added to a urea solution and subsequently
dried and granulated, while Mo trioxide (Mt) was added
to the powder. The trioxide was homogenized with urea
by progressive dilution of a constant mass to ensure
uniformity.

The molybdenum was coated onto the granule
using the adherent Pearl Forti product in a proportion of
13 mL kg™ of N. When the urea was also treated with
NBPT, it was applied before the Mo application. The
NBPT used was provided by Koch™ Agronomic Services.
The rate used for the coating of urea was 530 mg of NBPT
per kg of urea, following commercial products.

Measurements

The initial step was to ascertain the dimensions of
the nanoparticles, which were measured through the
dynamic light scattering technique, as outlined by
Hackley and Clogston (2011). For the measurements,
an aliquot of 1 mL of Mt suspension was transferred
to a seven-polystyrene cuvette and directly loaded
into the equipment. The granules exhibited an average
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Table 1 — Chemical properties of nitrogen (N) fertilizers formulated
with N-(n-butyl ) thiophosphoric triamide (NBPT) and molybdenum
(Mo) sources and rates

Urea type Mo source Mo rate N Mo*
gkg'N e Yo =mmmmmmmm
Untreated urea Am 0 45 0
Untreated urea Am 15 45 96
Untreated urea Am 3.0 44 95
Untreated urea Am 6.0 44 100
Untreated urea Am 12.0 44 100
NBPT-coated urea Am 0 46 0
NBPT-coated urea Am 15 45 100
NBPT-coated urea Am 3.0 45 100
NBPT-coated urea Am 6.0 45 101
NBPT-coated urea Am 12.0 44 101
NBPT-incorporated urea Am 0 44 0
NBPT-incorporated urea Am 1.5 44 95
NBPT-incorporated urea Am 3.0 44 101
NBPT-incorporated urea Am 6.0 45 96
NBPT-incorporated urea Am 12.0 44 95
Untreated urea Mt 0 45 0
Untreated urea Mt 1.5 44 96
Untreated urea Mt 3.0 44 95
Untreated urea Mt 6.0 45 100
Untreated urea Mt 12.0 45 96
NBPT-coated urea Mt 0 46 0
NBPT-coated urea Mt 1.5 45 100
NBPT-coated urea Mt 3.0 45 100
NBPT-coated urea Mt 6.0 48 97
NBPT-coated urea Mt 12.0 44 100
NBPT-incorporated urea Mt 0 45 0
NBPT-incorporated urea Mt 1.50 45 95
NBPT-incorporated urea Mt 3.0 44 101
NBPT-incorporated urea Mt 6.0 44 102
NBPT-incorporated urea Mt 12.0 44 101

*Percentage of Mo recovered in relation to that expected in the
determination by Inductively Coupled Plasma Optical Emission
spectroscopy (ICP-OES). Molybdenum trioxide as nanoparticulate.
Ammonium molybdate and Molybdenum trioxide (MoO;) exhibit 81.0 %.
and 99.5 % of MoOQ;, respectively.

particle size of 64.10 nm, thus meeting the criteria for
classification as nanofertilizers (Figure 1).

The total N content of the fertilizers was determined
by wet digestion (Kjeldahl) using H,SO,, CuSO,.5H,0,
NA,SeO,, K,SO,, and Raney's alloy in a block digester
for 5 h, followed by steam distillation and titration with
standardized H,SO, (Alcarde, 2009; MAPA, 2017). The
atomic absorption spectrometric method (MAPA, 2017)
determined the total Mo content, whereby the samples
underwent acid digestion using hydrochloric acid (HCI).
The amount of Mo in the granule was expressed as a
function of the amount added using the Eq. (1) below:

Mo (%) = (Mo, | Mo,) x 100 (1)

where % of Mo is the percentage of molybdenum
recovered in the determination, Mo, is the amount of
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Figure 1 — Scanning electron microscope images of molybdenum trioxide for nanoparticle characterization. The numbers on both blades

indicate the longest particle length. The arrow indicates a particle.

Mo determined after digestion, and Mo, is the amount
of Mo added (Table 1).

The salinity of the fertilizer was determined using
the MAPA (2017) method. First, 1 g of each fertilizer was
weighed and placed in a 100 mL volumetric flask. The
volume was completed with deionized water, and the
solution was shaken until the samples were dissolved
and homogenized. After this process, the solution
was transferred to a beaker and rested for 10 min to
determine the conductivity.

The determination of hygroscopicity was
conducted in accordance with the methodology
proposed by Alcarde et al. (1992) and subsequently
adopted by Faria et al. (2014). For each sample, 10 g
of each fertilizer was added to a Petri dish (4 cm in
diameter and 1 cm high). The fertilizers were subjected
to a 24-h drying process at 50 °C in an oven in order to
obtain their dry mass. Subsequently, the samples were
introduced to desiccators with relative air humidity
levels of 38, 55, 76, 86, and 92 %. The desired humidity
levels were achieved by adding sulfuric acid in varying
concentrations. At each humidity level, the samples
were weighed at 3, 6, 12, 24, and 48 h after placement
in the desiccator. The amount of water absorbed was
calculated in relation to the weight of the dry sample,
that is, after 24 h in the oven.

The hardness of the fertilizer granules was
evaluated in accordance with the procedures outlined in
the Manual for the Determination of Physical Properties
of Fertilizers (IFDC, 1986) using an Ethink Technology
compression and traction meter, model 298 DGP. Each
treatment comprised 21 granules, with seven granules
analyzed per repetition. The fertilizer was poured at a
constant speed to determine the resting angle, which was
used to calculate the height and length of the heap. The
resting angle was then calculated using trigonometric
equations. The angle is equivalent to the tangent inverse,
obtained by height divided by the length of the heap
(MAPA, 2017).
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Following the preparation of the fertilizers, a
reaction was observed, as evidenced by a change in
coloration. Specifically, a blue hue was formed between
urea, Mo and NBPT. The Fourier-transform infrared
(FTIR) analysis was conducted on six fertilizers to
identify any changes that may have occurred. The
fertilizers subjected to analysis were untreated urea,
NBPT-coated urea, NBPT-coated urea + Am600, NBPT-
incorporated urea + Am600, NBPT-coated urea +
Mt600, and NBPT-incorporated urea + Mt600. The
FTIR spectra of the fertilizers were obtained using an
FTIR instrument (FT/IR-4100, Jasco Inc.). The pellets of
fertilizer were prepared for analysis, and the infrared
spectra were recorded in transmission mode within the
range of 4000-400 cm™. This analysis was conducted
with the average Mo rate, as the hypothesis is that
the reaction remains consistent with only a change in
intensity.

Data processing and statistical analysis

The statistical analysis was performed using the R
statistical computing environment (version 4.0.0) and
the Python programming language (version 3.8.3). The
assumptions of homogeneity of variance and normality
of residues were evaluated through the implementation
of the Bartlett and Shapiro-Wilk tests, respectively.
Outliers were removed when identified by the Grubbs
test, based on a normal distribution calculated from the
most extreme data point.

The mean experimental data for the hardiness,
saline index, response angle, and hygroscopicity were
analyzed using the k-means clustering algorithm
(unsupervised learning). The data were separated into
two clusters (cluster 1: 60 observations; cluster 2: 30
observations) by the Silhouette method, which is based
on a comparison of tightness and separation (Rousseeuw,
1987). The Euclidean distance was employed to quantify
the dissimilarity between the observations and a given
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cluster. A total of 90 samples were subjected to k-means
testing, a fundamental technique in machine learning
due to its simplicity in organizing complex data. The
k-clustering algorithm was selected due to the absence
of pre-existing group labels. The mean values of the
aforementioned variables within each cluster were
compared using a t-test (p < 0.05) in addition to a Pearson
correlation analysis (p < 0.05).

The hardiness, saline index, angle of repose, and
hygroscopicity (at 38, 55, 76, 86, and 92 % of humidity)
were subjected to an analysis of variance (ANOVA)
based on the F-test. In instances where the F-test yielded
a statistically significant result (p < 0.05), the means of
fertilizers treated or not with NBPT and Mo sources
were subjected to a least significant difference (LSD)
test with Bonferroni correction (p < 0.05). Additionally,
Mo rates were analyzed using regression techniques,
specifically quadratic and linear models.

Figure 2 — Visual aspect of formulated nitrogen fertilizers formulated with or without N-(n-butyl) thiophosphoric triamide (NBPT) (U
Untreated urea; Uc = NBPT-coated urea; Ui = NBPT-incorporated urea), molybdenum (Mo) sources (Am = ammonium molybdate; Mt

molybdenum trioxide) and rates (0, 1.5, 3.0, 6.0, and 12.0 g kg™" N).
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Results
Visual aspect of the fertilizers

Some products exhibited visual alterations three days
following the granulation and coating processes. The
base of all formulated compounds was urea, which
was white and devoid of impurities (untreated urea +
Am, untreated urea + Mt) (Figure 2). An adhesive was
required to bind Mo to urea, which exhibited a slight
yellow hue. This process resulted in yellowish granules,
regardless of the source and rate of Mo, as illustrated
in Figure 2. These granules were observed in untreated
urea + Am150-1200 and untreated urea + Mt150-1200
samples.

The combination of urea, adhesive, NBPT, and Am
resulted in the formation of green products, exhibiting
slight yellowing and elevated Mo rates in the granules.
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In contrast, urea treated with Mt resulted in products
with a bluish coloration, which was more intense as the
Mo rate increased (Figure 2). The observed coloration
changes following the production process suggest
unexpected chemical reactions. The same reactions
were observed for urea treated with Mt and NBPT
incorporated in the granules, but to a lesser extent,
indicating that the process was more intense between
Mt and NBPT when both additives were located in the
outer layer of the granule.

To elucidate the changes in functional groups
resulting from the addition of NBPT and Mo, FTIR was
employed to assess the NBPT oxidation (Figure 3). The
transmittance of the untreated urea differs from that of
the other fertilizers, exhibiting distinct bands within the
amides group region (1600 + 50 cm™). It is possible to
suggest the formation of specific bonds in the fertilizers
that underwent a color change. The FTIR spectra
revealed notable changes in the absorption bands of
the organic phosphates group region (1350-1250 cm™')
compared to NBPT-coated urea and NBPT-coated urea
+ Mt600, as illustrated in Figure 3. Another point of
interest is in the region between 1420 and 1370 cm™,
where the organic sulfates (S = O) group can identify
reduced NBPT. As the same band is observed with low
energy in untreated urea, it can be assumed that the
reduction in absorption energy observed in the S = O
indicates the interaction between the NBPT and Mo,
particularly with Mt.

Figure 3 — Fourier-transformed infrared analysis with spectra of
the untreated urea (U), NBPT-coated urea (Uc), NBPT-coated
urea + Am600 (UcAm600), NBPT-incorporated urea + Am600
(UiAm600), NBPT-coated urea + Mt600 (UcMt600), NBPT-
incorporates urea + Mt600 (UiMt600), formulated fertilizers.
Functional groups identified were: 1650 + 50 cm™ = asymmetric
(C = 0) of amides - a region of urea groups; 1350-1250 = organic
phosphates (P = O) - group belonging to oxidized NBPT; 1420-
1370 = organic sulfates (S = O) - a group for identifying reduced
N-(n-butyl) thiophosphoric triamide (NBPT). Am = ammonium
molybdate; Mt = molybdenum trioxide.

Sci. Agric. v.82, 20230295, 2025

Mo and NBPT reaction in urea-fertilizer

Fertilizer characterization

The angle of repose exhibited three notable double
interactions (p < 0.05; Figure 4A-C). Adding Mo rates
to both sources of Mo and NBPT treated-urea exhibited
linear responses in the angle of repose (R* > 0.36; p
< 0.001). This resulted in an increase of 11, 13, 25,
and 22 %, when comparing the control to the rate of
12 g kg' N, respectively. These results were obtained
using the general average in untreated urea, NBPT-
coated urea, Am, and Mt. However, the incorporation
of NBPT into urea yielded a quadratic response, with
an optimal Mo rate of 7 g kg N (Figure 4A). The angle
of repose was consistently higher for Mt, with a 13 %
increase compared to Am (Figure 4B). The combination
of Mt with NBPT-treated urea resulted in a greater
angle of repose, with an increase of 11, 5, and 15 %
in U (untreated urea), Uc (NBPT-coated urea), and Ui
(NBPT-incorporated urea), respectively, compared with
the associations of Am and types of urea (Figure 4C).

The hardiness, saline index, and hygroscopicity at
38, 55, 76, and 86 % humidity demonstrated a triple
interaction (p < 0.05; Figures 5A-D and 6A-]J). In Am,
the untreated urea exhibited a higher level of hardiness
with an average value of 1.5 kg m s (Figure 5A and
B). The NBPT-coated urea and NBPT-incorporated urea
exhibited quadratic responses, with the highest reduction
in hardiness observed at Mo rates of 9 and 11 g kg™
N, respectively (Figure 5A). In Mt, the untreated urea
and NBPT-coated urea demonstrated higher hardiness,
representing an increase of 23 % compared to NBPT
incorporated urea (Figure 5B).

The saline index demonstrated a notable increase
with the application of Mo rates (Figure 5C and D). In
the case of Mt, a clear distinction was observed in the
saline index of NBPT-treated urea, which exhibited a
higher index than NBPT-incorporated urea, followed by
NBPT-coated urea, and untreated urea with a general
mean of 59, 52, and 30 uS cm™, respectively (Figure
5D). The saline index exhibited minimal variation in
Am, with an overall mean ranging from 59 to 61 pS cm™
(Figure 5C).

The hygroscopicity of fertilizers was observed
to average -3.1, 3.7, 29.3, 48.7, and 39.3, respectively,
in 38, 55, 76, and 86 to 92 % humidity (Figure 6A-]).
Specifically, the hygroscopicity of the untreated urea
was higher in Am than that of Mt, across all rates of Mo.
Furthermore, in both sources of Mo, the hygroscopicity
of the untreated urea was observed to be higher than
that of the NBPT-coated urea and NBPT-incorporated
urea (Figure 6A and B). The humidity of 55 % exhibited
minimal variation between Am and Mt (Figure 6C
and D). As humidity increased from 76 to 86 %, the
hygroscopicity of the untreated urea decreased in all
associations, with an overage of 14 and 24, respectively,
and a decrease of 55 and 44 % compared to NBPT-coated
urea and 66 and 69 % compared to NBPT-incorporated
urea (Figure 6E-H). Conversely, the hygroscopicity of
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Figure 4 — Angle of repose of nitrogen (N) fertilizers formulated
with or without N-(n-butyl) thiophosphoric triamide (NBPT) (U =
Untreated urea; Uc = NBPT-coated urea; Ui = NBPT-incorporated
urea), molybdenum (Mo) sources (Am = ammonium molybdate;
Mt = molybdenum trioxide) and rates (0; 1.5; 3.0; 6.0; 12.0 g
kg™ N). There were three double-interactions between A) NBPT-
treated urea and Mo rates, B) sources and rates of Mo, and C)
NBPT-treated urea and Mo sources (p < 0.05), according to the
regression test (p < 0.05; Mo rates), and the least significant
difference test with Bonferroni correction (p < 0.05; Mo sources,
uppercase letter; treated-urea, lower case). ‘linear models;
®quadratic models;“non significant effects; R? = coefficient of
determination. Vertical bars represent the standard error of the
mean.
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NBPT-incorporated urea was observed to be higher in
all rates and sources of Mo, with a general average of
42 and 78, and an increase of 25 and 45 % compared to
Ugc, respectively, in the humidity range of 76 to 86 %.
An exception is observed in the case of Am and Mt,
where NBPT-coated urea exhibited a higher degree of
humidity in the Mo rates of 3.0 (86 % humidity) and
3.0 and 6.0 (76 % humidity), respectively, as illustrated
in Figure 6E-H. Notably, no treatments demonstrated a
discernable impact from the humidity of 92 %, with a
general average of 39 (Figure 61 and J).

Formulated fertilizer clusters

The one-dimensional plane formed with two clusters,
which collectively accounted for a sum of squares of
63 %, was represented by the sum of 24,328 and 19,824,
respectively, in clusters 1 and 2 (Table 2). The high
values of the sum of squares indicated a high degree of
variability within cluster 1, which was composed of all
treatments with treated urea and sources of Mo at the
rates of 1.5 and 3.0 g kg™! of N, as well as the untreated
urea, NBPT-coated urea, and NBPT-incorporated urea.
In contrast, Mo-treated urea at 6.0 and 12.0 g kg' N
were associated with cluster 2 (Figure 7).

Cluster 2 exhibited superior averages of the saline
index, angle of repose, and hygroscopicity, with an overall
mean of 94 pS cm™, 33.2°, and 28 %, respectively. These
values were considered 64, 10, and 23 % higher than
the respective averages in cluster 1. Hardiness exhibited
no discernable difference between the clusters, with a
general average of 1.2 and 1.1 kg m s7 in cluster 1 and
2, respectively (Table 2).

In cluster 1, a negative correlation was observed
between hardiness and saline index (r = -0.34; p < 0.05)
and hygroscopicity (r = -0.41; p < 0.05). This indicates
that increased hardiness was associated with decreased
saline index and hygroscopicity. Conversely, a positive
correlation was observed between the angle of repose
and the saline index (r = 0.53; p < 0.05), while a negative
correlation was evident between the angle of repose
and hygroscopicity (r = -0.34; p < 0.05). Therefore, the

Table 2 — Values of hardiness, saline index, angle of repose, and
hygroscopicity of nitrogen fertilizers (n = 90) formulated within
clusters (clusters 1 and 2).

Variable Cluster 1 Cluster 2
Hardiness (kg m s72) 1.2+02a 1.1+02a
Saline index (uS cm™) 33+10b 94+13a
Angle of repose (°) 30£3b 33t2a
Hygroscopicity 21+6b 28+8a
Sum of squares 24328 19824
Number of members 60 30

Sum of squares within the cluster. The averages of variables within
clusters were compared by the t-test (p < 0.05). Hygroscopicity represents
the mean of 38, 55, 76, 86, and 92 % humidity. Cluster: obtained by
unsupervised learning (k-means clustering) and separated by the
Silhouette method.
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Figure 5 — A and B) Hardiness, C and D) saline index of nitrogen (N) fertilizers formulated with or not N-(n-butyl) thiophosphoric triamide
(NBPT) (U = Untreated urea; Uc = NBPT-coated urea; Ui = NBPT-incorporated urea), molybdenum (Mo) sources (ammonium molybdate
and molybdenum trioxide) and rates (0; 1.5; 3.0; 6.0; 12.0 g kg™ N). The effect of Mo rates was tested by the regression test (p < 0.05), and
the results were fitted by ). linear models; °quadratic models; “non-significant effects; R? = coefficient of determination. NBPT-treated urea
and sources of Mo were tested by the least significant difference test with Bonferroni correction (p < 0.05), and results were represented by
uppercase and lowercase letters, respectively. Symbols represent the mean value, while vertical bars represent the standard error of the

mean.

increase in the angle of repose had a beneficial influence
on the saline index, whereas it negatively impacted on
hygroscopicity. Notably, in cluster 2, no correlation
was observed between hardiness, saline index, angle of
repose, and hygroscopicity (Table 3).

Discussion

The visual characteristics of the fertilizers, including
their color formation, were influenced by the presence
of nanoparticles and the mode of their addition. Adding
Mt to NBPT-treated urea resulted in the formation of a
blueish color, particularly at high Mo rates (Figure 2). It
is crucial to highlight that the NBPT molecule contains
phosphorous (N-(n-butyl) thiophosphoric triamide),
which is well-established to react with Mo (Crouch
and Malmstadt, 1967). A number of potential reactions
between Mo and P were identified, with the reaction
rate dependent on the Mo rate, oxidation state, pH, and
medium reaction (Nagul et al., 2015). Furthermore, the
reaction between Mo and P is dependent upon their
ratio (Mo:P), which is intense above 12:1, with the
rate of 6.0 g of Mo a relation between the elements of
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Table 3 — Pearson correlations coefficients of nitrogen fertilizers
as related to hardiness, saline index, angle of repose, and
hygroscopicity in clusters 1 and 2.

Variable Saline index  Angle of repose  Hygroscopicity
Cluster 1

Hardiness —-0.34 (= 0.05) —0.06 (0.60) -0.41 (< 0.05)
Saline index - 0.53 (= 0.05) 0.11 (0.39)
Angle of repose - - —0.34 (< 0.05)
Cluster 2

Hardiness 0.17 (0.36) —-0.15 (0.40) —0.31(0.09)
Saline index - —0.26 (0.15) 0.22 (0.22)
Angle of repose - 0.27 (0.14)

Significant correlations are highlighted in bold according to Pearson
correlation (p < 0.05). Cluster: obtained by unsupervised learning
(k-means clustering) and separated by the Silhouette method.

8.6, while in the rate of 3.0 g of Mo, the relation was
only 4.3, making the reaction unfeasible (van Veen et
al., 1986). Specifically, adding Mt to NBPT-treated urea
resulted in an intense blue coloration. However, it is not
possible to infer whether a new molecule was formed
from the reaction of this micronutrient and NBPT-
derived P, as the degradation of the urease inhibitor
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Figure 6 — Hygroscopicity of nitrogen (N) fertilizers formulated with or without N-(n-butyl) thiophosphoric triamide (NBPT) (U = Untreated
urea; Uc = NBPT-coated urea; Ui = NBPT-incorporated urea), molybdenum (Mo) sources (Am = ammonium molybdate; Mt = molybdenum
trioxide) and rates (0, 1.5, 3.0, 6.0, and 12.0 g kg™ N at A-B = 38 %, C-D = 55 %, E-F = 76 %, G-H = 86 % and I-J) 92 % of humidity). The
effect of Mo rates was tested by the regression test (p < 0.05), and the results were explained by ‘linear models; °quadratic models; “non-
significant effects; R? = coefficient of determination. NBPT-treated-urea and sources of Mo were tested by the least significant difference test
with Bonferroni correction (p < 0.05), and the results were represented by uppercase and lowercase letters, respectively. Symbols represent
the mean value, while vertical bars represent the standard error of the mean. The red line represents a zero-point.
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Figure 7 — Distribution of nitrogen fertilizers formulated with or
without N-(n-butyl) thiophosphoric triamide (NBPT) (U = Untreated
urea; Uc = NBPT-coated urea; Ui = NBPT-incorporated urea),
molybdenum (Mo) sources (Am = ammonium molybdate; Mt =
molybdenum trioxide) and rates (0, 1.5, 3.0, 6.0, and 12.0 g kg™
N) in clusters 1 and 2. A total of 90 observations were separated
into 60 and 30 observations in clusters 1 and 2, respectively.
Labels in black and blue represent the Am and Mt, respectively.

was not assessed. Furthermore, there is uncertainty
regarding the effect of Mo on NBPT. Therefore, caution
is recommended when combining Mo and NBPT until
further knowledge is required. Future research must
address the role of Mo on NBPT stability, as well as
the efficiency of the molecule in mitigating ammonia
losses from urea. Conversely, in treatments without
blue coloring, the lack of S and P (no NBPT added),
even when the adherent was used (Figure 2), evidenced
the suggested interaction of Mo and NBPT.

Many studies have been conducted to assess the
efficacy of nano fertilizers in delivering nutrients to
plants. The majority of these studies have focused on
evaluating the performance of the particles after they
have been absorbed or applied to the plants (Lin and
Xing, 2007; Stampoulis et al., 2009; Lin and Xing, 2008;
Shah and Belozerova, 2009; Taran et al., 2014; Thomas
et al., 2017). The colorimetric reaction indicated that the
use of nanofertilizers can result in chemical interactions
among additives. In favorable environmental conditions,
nanoparticles exhibit high reactivity due to their large
specific surface area (Dreizin, 2009; Mudunkotuwa et
al., 2012; Faivre and Bennet, 2016). Additionally, they are
commonly utilized as reaction catalysts. In this instance,
the reaction between the nanoparticles and NBPT
rendered the mixture infeasible. The FTIR results did
not exhibit a clear distinction between the treatments,
which differed from the findings of McCarty et al. (1989).
In their study, the authors reported alterations to the
NBPT structure, specifically at the urease inactivation
site, and the absence of peaks for P and S (Figure 3).
However, it is possible to verify minor spectral changes,
which suggest modifications to existing structures.

The physicochemical changes that occur can
result in a reduction in the quality of the fertilizer,
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an increase in the complexity of the transport and
application processes and alterations in the utilization of
the plants depending on the stability of the compound
formed (Faria et al., 2014). The angle of repose is
primarily affected by the granules’ shape, size, and
coating (Rutland and Polo, 1951), a phenomenon that
was also observed in this experiment. This is because
alterations in the coating material and the method of
adding NBPT to urea influenced the response to this
variable. Moreover, it was determined that the flow
of the granules produced with Am could be classified
as free flow. In contrast, those with Mt were classified
as easy flow (Gaylord and Gaylord, 1984), indicating
that the mixture of Am with urea exhibited the most
favorable physical characteristics., This finding was also
observed for the other parameters.

Given that the benchmark N commercial urea
exhibits a saline index below 30 pS cm™, an angle of
repose exceeding 25°, and a hygroscopicity of less than
20, these attributes align with those typically observed
in common urea. The Am urea in conjunction with
untreated urea at 1.5 g kg™ N and Mt in conjunction
with untreated urea at 1.5 and 3.0 g kg™' N are presented
as highly efficacious fertilizers capable of supplying
both N and Mo to plants. In the event that increased
Mo rates are required, the data demonstrate that Mt
represents a superior Mo source when associated with
untreated wurea, exhibiting favorable characteristics
with regard to the angle of repose and hygroscopicity,
although with a saline index exceeding 30 pS cm™
(Figure 8). The data indicate that rates exceeding 6.0
¢ Mo resulted in lower hardness and a higher angle of
repose, thereby rendering transportation and application
of these products more challenging. Furthermore,
elevated salinity and hygroscopicity, or lower critical
moisture, were observed, suggesting that these products
possess a greater capacity to absorb moisture from the
environment. When application is made near the root,
this may result in root dehydration (Mahmoud et al.,
2020).

Incorporating additives (i.e., Mo and NBPT) into
urea resulted in fertilizer sources exhibiting heightened
susceptibility to undesirable changes (Figures 5A-D
and 6A-]). This phenomenon can be attributed to
the discrepancy in the granule formulation process.
The incorporation of NBPT into urea resulted in the
granule not undergoing high-temperature drying after
granulation due to the thermo-sensitivity of the NBPT
molecule. Consequently, the discrepancy between
the formulation processes was expected, and further
solutions to this bottleneck in the formulation should be
sought to incorporate NBPT into the urea granule.

It is feasible to combine Mo with urea without
inducing substantial physicochemical modifications,
regardless of the source of Mo employed. However,
the rate of Mo must not exceed 6.0 g kg N to ensure
the viability of the formulated product for utilization
and commercialization. The addition of Mo at rates
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Figure 8 — Nitrogen (N) fertilizers formulated with or without N-(n-
butyl) thiophosphoric triamide (NBPT) (U = Untreated urea; Uc =
NBPT-coated urea; Ui = NBPT-incorporated urea), molybdenum
(Mo) sources (Am = ammonium molybdate; Mt = molybdenum
trioxide) and rates (0, 1.5, 3.0, 6.0, and 12.0 g kg™' N). Vertical
bars represent the standard error of the mean.

exceeding 6.0 g kg N resulted in a reduction in
hardness, increasedsalinity, and enhanced water
absorption from the environment, regardless of the Mo
source. The formulations of urea with NBPT and Mo
demonstrated that Mt underwent an apparent change
in the granule color in response to NBPT, with this
effect being less pronounced at rates below 6.0 g kg™ N.
Consequently, the formation of this association should
be avoided due to the potential for NBPT degradation.
It is, therefore, essential to assess ammonia losses, as
this analysis can inform the viability of this mixture.
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