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Abstract: The increased use of fertilizers in agriculture and forest and horticulture nurseries con-
tributes to the pollution of water resources and greenhouse gas emissions. The objective of this study
is to evaluate a new generation of fertilizers coated with new biodegradable polymers in terms of
physical quality, release kinetics, and their effect on reducing nitrate leaching and N2O emissions and
compare them to uncoated fertilizers (Urea, monoammonium phosphate (MAP), and KCl) having
the same mineral nutrient concentration. In a peat-based substrate, the release of mineral nutrients
was similar in both types of fertilizer. Two hours after application, Urea released 34% more urea than
Biodrix N, the difference disappearing after one day. The leaching of cumulative ammonium nitrogen
after 20 days was reduced by 40% and 26% respectively by Aminaex and Biodrix N compared to
Urea. In a peat-based substrate containing 30% (v/v) of compost, the cumulative nitrate leaching was
reduced by 54% by Biodrix N and by 41% by Aminaex compared to Urea. The highest average N2O
flux was observed on the first day for Urea, whereas for Aminaex and Biodrix N, N2O emissions
increased on the third day, reaching a peak of efflux on day 10. A 10-day delay of the N2O efflux
emissions and a longer period of emissions were observed in treatments containing Aminaex and
Biodrix N compared to Urea. Cumulative N2O efflux was 142, 154, and 171 mg m−2, respectively,
for Urea, Aminaex, and Biodrix N over a 20-day period. These new biodegradable polymer-coated
nitrogen fertilizers can reduce mineral nutrient leaching in the event of heavy rainfall and lower
maximum N2O emissions in comparison with conventional nitrogen sources.

Keywords: coated fertilizers; leaching; greenhouse gases; N2O emissions; fertilization; climate change

1. Introduction

Global agriculture is currently facing a major challenge: ensuring food security to
meet the growing demand for agricultural products while limiting the negative effects of
agriculture on the environment [1]. In recent decades, the agricultural sector has consumed
increasingly large volumes of fertilizer to boost crop yields. In fact, global demand for key
fertilizers (N, P, K) has increased annually by 1.9% on average since 2015 and is estimated
to reach 201.7 million tons in 2020 [2].

Synthetic fertilizers are currently used in every intensive agricultural production
system, namely field crops, vegetable crops, horticulture, arboriculture, and horticultural,
ornamental, and forestry nurseries [3–5]. Nitrogen fertilizers are the most widely used in
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the world, as nitrogen is a major mineral nutrient and is a limiting factor of growth, plant
development, and the achievement of the anticipated yields [6]. The application of nitrogen
fertilizers (N) has rapidly increased in recent decades. For example, according to Statistics
Canada [7], urea production increased by 18.2% in 2016–2017 in Canada compared to the
previous year.

The increased application of fertilizers has been known to have a negative impact on
the environment and could exacerbate the effects of climate change. That is in part because
nitrogen fertilizers are likely to release nitrous oxide (N2O) through denitrification. Nitrous
oxide is a very powerful greenhouse gas, almost 300 times more than the CO2 found in
the atmosphere [8]. Agricultural soils are recognized as the main source of anthropogenic
N2O emissions, contributing to about 60% of global anthropogenic N2O emissions [9].
In addition, nearly 3% of Canada’s greenhouse gas (GHG) emissions come directly from
agricultural N2O emissions [10]. These emissions are mainly caused by the application
of nitrogen fertilizers (N) since approximately 1–4% of the nitrogen applied to the soil
is lost as N2O [9]. Other studies have shown that nearly 40–70% of nitrogen fertilizers
applied are lost in the environment either by volatilization, denitrification, or leaching of
nitrates (NO3

-), which further aggravates groundwater pollution and the quality of surface
water [11]. Mineral nutrient leaching, particularly nitrates, is a global issue because of its
contribution to groundwater pollution and the contamination of drinking water in wells.
A study conducted in five regions of Quebec on groundwater sampling in potato-growing
areas indicates that nitrate concentrations were above the drinking water threshold of
10 mg (N-NO3) L−1 in 40% of wells [12].

The excessive application of nitrogen and phosphoric fertilizers on agricultural lands
leads to the loss of a large fraction of these elements in runoff water or by leaching and
percolation to the groundwater. This results in the proliferation of algae and aquatic
plants in rivers and lakes, causing eutrophication, a phenomenon known to negatively
impact drinking water quality and treatment, animal and human health, and the aquatic
ecosystem [13,14].

Several studies have focused on slow-release fertilizers as a solution to reduce ground-
water contamination, decrease GHG emissions and mitigate the effects of climate
change [15–17]. These studies usually address fertilizer coatings composed of various
materials such as sulfur, waxes, polyethylene, synthetic polymers, etc., and most of these
materials are non-degradable, expensive, and toxic to soil microbial activity [18]. In con-
trast, biodegradable plant polymers have shown better-controlled release [18,19]. Such
polymers represent a better fertilizer coating alternative to ensure sustainable agriculture is
conducted with respect to the environment.

The overall objective of this study is to evaluate a new generation of controlled-
release fertilizers, coated with new biodegradable polymers, as an innovative solution to
improve mineral nutrient utilization efficiency and reduce nitrogen leaching and oxide
(N2O) emissions. The specific objectives are (i) to assess the coating homogeneity of four
coated fertilizers and controls (uncoated fertilizers) using several specific variables of their
physical characteristics; (ii) to determine the release kinetics of the mineral nutrients of
fertilizers with and without coating in a solution and a peat-based substrate; (iii) quantify
the effect of the new generation of coated fertilizers on N leaching and N2O emission
reductions.

2. Materials and Methods

For this study, four different fertilizers were coated with new biodegradable polymers
under laboratory conditions (Younès Messaddeq and collaborators, personal communica-
tions): two urea-based nitrogen fertilizers (Aminaex and Biodrix N (46-0-0)), one phosphate
fertilizer (Biodrix P (11-48-0)) and one potassium fertilizer (Biodrix K (0-0-60)). The coatings
are composed of biodegradable polymers specifically designed to reduce N2O emissions
and leaching. The exact composition of these polymers is not specified to protect trade se-
crets for patent purposes. Control treatments are conventional uncoated fertilizers with the
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same concentration of mineral nutrients as the coated fertilizers: urea (Urea), phosphorus
(MAP), and potassium (KCl).

2.1. Substrate Characteristics

The substrate used in this study is peat-based (80% peat + 20% vermiculite v/v). It is
composed of 43.3% of large and medium fibers (between 0.850 mm and 2.00 mm), 55.4%
of short fibers (between 0.075 mm and 0.850 mm), and 1.3% of fine particles (<0.075 mm),
determined after drying substrate samples in the oven at 65 ◦C and sieving using a Tylers®

mechanical sieve (using fraction < 2 mm). The substrate pH(H2O) is 3.80 and its cationic
exchange capacity is 106.3 mEq/100 g. The substrate’s volumetric water content before
watering was 0.08 cm3 cm−3, determined after drying three samples at 105 ◦C for 24 h.

2.2. Assessment of the Quality and Physical Characteristics of Coated and Uncoated
(Control) Fertilizers

Three fertilizer samples were randomly selected (3 g per sample; 7 treatments: Am-
inaex, Biodrix N, Biodrix P, Biodrix K, Urea, MAP, KCl). The particles of each sample
were spread on a Plexiglass plate and measured using WinSeedle™ software (Instruments
Régent Inc., Quebec, QC, Canada). Several physical parameters were thus determined,
namely projected area, straight length, curved length, diameter, volume, perimeter, and
shape factor (SF) [SF = 4π*area/(perimeter)2]. The latter is a homogeneity indicator vary-
ing between 0 and 1. The closer this coefficient is to 1, the greater the fertilizer particle
homogeneity.

2.3. Release Kinetics of the Mineral Nutrients Contained in the Coated and Uncoated Fertilizers

In the absence of substrate, four coated fertilizer samples (Aminaex, Biodrix N, Biodrix
P, and Biodrix K) were solubilized in a demineralized water solution at 0.1 g per 75 mL of
deionized water in 120 ml Erlenmeyer. Sulfuric acid (H2SO4) was subsequently added to
each sample at a concentration of 0.1 g per 75 mL. After 24 h of mechanical stirring at a
constant temperature of 25 ◦C, the following physicochemical parameters were measured:
pH using a pH meter (Accumet pH meter 50, Fisher Scientific, Houston, TX, USA), elec-
trical conductivity using a conductivity meter (model CDM83, Radiometer, Copenhagen,
Denmark), and mineral nutrient concentration in each solubilized fertilizer [20]. The N-
NO3 and N-NH4 concentrations were measured by colorimetry using a continuous flow
spectrometer (model QuickChem 8000, Lachat Instruments, Milwaukee, WI, USA). The
remaining elements, namely P, K, Ca, and Mg, were dosed using a plasma atomic emission
spectrometer (ICAP 9000, Thermo Instruments, Franklin, MA, USA). The urea dosage was
determined by liquid chromatography (model HPLC 1200 series, Agilent Technologies,
Santa Clara, CA, USA).

The release kinetics of the mineral nutrients contained in the coated fertilizers were
then assessed in the peat-based substrate (80% peat + 20% vermiculite v/v). Five treatments
were studied (Urea, Biodrix N, MAP, Biodrix P, and a control without fertilizer) in com-
pletely randomized blocks using three repetitions per treatment (one repetition per block)
and sampling date (8 dates). Each sample was placed in a 250 mL Erlenmeyer with peat
substrate and demineralized water (peat and vermiculite:water 3:1, v/v). A homogenized
mixture containing 46 g of peat substrate and 0.1 g of fertilizer (except for the control) were
placed in each Erlenmeyer with 175 mL of demineralized water to maintain a relatively
high volumetric water content (approximately 0.60 cm3 cm−3) throughout the 10-day
experiment. The Erlenmeyer were sealed with parafilm to avoid evaporation water loss.
Three Erlenmeyers per treatment and sampling date were collected after 1, 2, 3, 4, 7, 8,
9, and 10 days. To determine the mineral nutrient concentration in each sample, the soil
solution was extracted using the soil-saturation extract method. The substrate was first
saturated with demineralized water, then the charged water was extracted by vacuum
filtering [21]. Mineral nitrogen was determined by colorimetry using a continuous flow
spectrophotometer (Quickchem 8000®, Lachat Instruments, Milwaukee, WI, USA) while
the other elements (P, K, Ca, Mg) were determined by plasma atomic emission spectrometry
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(model ICAP 9000, Thermo Instruments, Franklin, MA, USA). The pH and electrical con-
ductivity (CE) were measured directly in the extracted solution [20,22,23]. The urea dosage
was determined by liquid chromatography (model HPLC 1200 series, Agilent Technologies,
Santa Clara, CA, USA).

2.4. Mineral Nutrient Leaching with Coated and Uncoated Fertilizers in Two Growing Media

The leaching experiment was carried out using perforated pots containing a volume
of 600 cm3 (height of 9 cm, diameter of 12.5 cm). Two substrates were used: (i) S1, a mixture
of peat and vermiculite (3:1, v/v); and (ii) S2, a mixture composed of 70% (v/v) S1 + 30%
(v/v) of Fafard BioSol compost (1.2-0.7-0.6). Both substrates were previously moistened to a
volumetric water content of about 0.60 cm3 cm−3. For urea-based nitrogen fertilizers, eight
treatments were tested: two substrates (S1 and S2) × four fertilizer treatments (control,
Urea, Biodrix N, and Aminaex). For phosphate, three treatments (Biodrix P, MAP, and
control) were tested in substrate S1 only (1 g per pot). The leaching of potassium was
not evaluated because this element does not constitute a major pollutant either of the
atmosphere or groundwater.

Pots were set up according to a completely random design, with four replicates per
treatment. In each pot (except for controls), 10 g of fertilizer were spread in a single layer at
about 2/3 of the height of the pots filled with substrate. A 250 cm3 container was placed at
the bottom of each pot to recover the leachate. The same amount of demineralized water
(50–70 mL) was added to each pot at every sampling date to generate a leachate of about
40 mL. Phosphorus was sampled on days 1, 4, and 10, and nitrogen was sampled on days
1, 4, 5, 7, 15, and 20. The leached soil solution was collected in 50 mL tubes two hours
after irrigation. The electrical conductivity was immediately measured. The samples were
then placed in the freezer at −20 ◦C [24] prior to measuring the mineral nutrients in the
laboratory. The volumetric water content of the pots was measured by gravimetry and
adjusted around 0.60 cm3 cm−3 during the experiment.

2.5. Assessment of Nitrogen Protoxide (N2O) Emissions from Coated and Uncoated Fertilizers

The experiment was carried out using the static closed-chamber method [25]. Four
treatments were examined: Aminaex, Biodrix N, Urea, and a control without fertilizer.
Substrate S2, consisting of 70% (v/v) of a mixture of peat and vermiculite (3:1, v/v) and 30%
(v/v) of Fafard BioSol compost (1.2-0.7-0.6) was used. Compost was added to this mixture
to enhance microbial activity. Three replicates per treatment were used for a total of 12 pots
as described by Marble et al. [26]. Plastic horticultural pots with a diameter of 15 cm and
a volume of 1.33 L were used. The perforations at the base of each pot were sealed with
insulating tape to prevent gases from escaping. For each treatment before potting, 10 g of
fertilizer were mixed with the substrate to optimize denitrification conditions [26]. The
mixture was then placed into pots and covered with 50 g of fertilizer-free S2 substrate. The
volumetric water content was maintained at 0.60 cm3 cm−3 using the gravimetric method.

Polyvinyl chloride cylinders (PVC; diameter = 10.5 cm and height = 4.5 cm) were
placed 3 cm deep into the substrate 24 h before the start of the experiment and left in
place for the duration of the study. Closed PVC chambers (diameter = 9.3 cm and height
= 13.5 cm) equipped with a rubber septum and a hole (to maintain atmospheric pressure
without any significant gas loss) were placed on these cylinders at each sampling date to
collect N2O. Soil CO2 efflux was measured using a gas exchange system (LI-6400, equipped
with a soil flux chamber, 6400-09; LI-COR Biosciences, Lincoln, NE, USA) at each sampling
date one hour before the first N2O gas sampling.

N2O emissions were measured on days 1, 3, 5, 7, 10, 13, 15, and 20 by manually
collecting 10 mL air samples at 0, 2.5, 5, and 7.5 h using a highly gas-tight hypodermic
syringe (10 mL, Becton-Dickinson 309643, Franklin Lakes, NJ, USA) through the septum.
The samples were immediately transferred to 11.1 mL glass vials (Agilent, 20 mm, 5 182-
20388). The vials were pre-evacuated to minimize atmospheric gas concentration [27]. The
evacuation was carried out using a vacuum pump (CRB Cat. Betsy, QC, Canada) connected
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to a helium pressure vessel (5.0 Ultra High Purity, Praxair, QC, Canada). Gases contained
in the vials were sucked three times at −100 kPa, and helium was injected after every
other evacuation. After the last evacuation, the vials were tightly closed with 2-W-C septa
(Helvoet-Pharma Wheaton cat. 224 100-194, Milleville, NJ, USA), specifically selected for
N2O [27] and aluminum joints (20 mm, 224178-01, Wheaton, Milleville, NJ, USA). 2008).
The controls were prepared using the same procedure [25,28].

Gas samples were analyzed within seven days of sampling using a gas chromatograph
(model 6890 N Agilent, Wilmington, DE, USA) equipped with an electron capture detector
with a 30 m HP-PLOT-Q column (19095P-QO4PT) and a Combi-Pal autosampler. Helium
(UH-T 5.0, Praxair, Darbury, CT, USA) was used as carrier gas. N2O fluxes (FN2O, µg
N2O m−2 h−1) were calculated using a flux model for variable gas concentrations in the
chamber [25], with the following formula:

FN2O = b × (VCH/ACH) × [(1 − (ep/P)]

where b is the concentration increase (µg N2O ml−1 h−1); VCH is the volume of the measur-
ing chamber (cm3); ACH is the surface of the base of the measuring chamber (m2), ep is the
partial pressure of water vapor in the chamber (kPa), and P is atmospheric pressure (kPa).
The partial pressure of water vapor determined with the LI-6400 during soil respiration
(CO2) measurements was used as the ep value at time 0 (t0).

2.6. Statistical Analyses

The physical quality of coated and uncoated fertilizers was compared using Student’s
t-test for mean comparisons [29]. For nitrogen, variance analysis was performed followed
by Tukey’s multiple comparisons test. The assumptions of residue normality and variance
uniformity for the different variables measured were verified using the UNIVARIATE
procedure of SAS (SAS Institute Inc., 2011, SAS/STAT® 9.3 User’s Guide, Cary, NC, USA).
The threshold of statistical significance was set at p ≤ 0.05 for all analyses.

Regression using the SAS REG procedure was used to assess the release kinetics of
mineral nutrients as a function of time and treatment and their interaction, as well as
to evaluate the quantity of phosphorus leached overtime per treatment. The regression
function parameters were then compared using a PROC GLM procedure. A repeated-
measures ANOVA with the PROC MIXED procedure was used to compare mean mineral
nutrient quantities leached for each sampling date. The same approach was used to assess
the effects of treatment on pH and the electrical conductivity of the substrate.

To compare the N2O emissions and nitrogen leached between the coated and uncoated
fertilizers at each sampling date, a repeated-measures ANOVA was performed. Cumula-
tive N2O efflux estimates were calculated by integration over time using the trapezoidal
rule [26]. For unsampled days, linear interpolation was performed [30] after having con-
firmed the linear increase of efflux for at least 24 h during preliminary tests. On day 20,
the cumulative fluxes and accumulated nitrogen were compared using the PROC MIXED
procedure with Tukey’s means comparisons test.

3. Results
3.1. Physical Characteristics of Fertilizer Particles

For nitrogen fertilizers, the difference was not significant between Urea, Aminaex,
and Biodrix N for all physical parameters measured except the shape factor. For the latter,
a significant difference (p < 0.0001) was observed between the three nitrogen fertilizers
Biodrix N, Aminaex, and Urea (Table 1). The shape factor of uncoated Urea particles
was 0.96, which is slightly higher than that of the other two fertilizers and closer to 1,
indicating slightly greater homogeneity in Urea particles. Significant differences were
observed between phosphate and potassium fertilizers (coated and uncoated) for both
mineral nutrients (P and K) for all physical parameters analyzed (Table 1). The shape factor
of KCl and Biodrix K was 0.87 and 0.86, respectively, similar to those of Biodrix P and MAP
(0.89 and 0.93, respectively).
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Table 1. Physical characteristics of coated (Aminaex and Biodrix N) and uncoated (Urea) nitrogenous fertilizers, potassium
fertilizers (Biodrix K vs. KCl), and phosphate fertilizers (Biodrix P vs. MAP).

Physical Characteristics

Fertilizers

Nitrogen Potassium Phosphorus

Aminaex Biodrix N Urea Biodrix K KCl Biodrix P MAP

Shape factor 0.94 ± 0.04 b 0.94 ± 0.04 b 0.96 ± 0.05 a 0.86 ± 0.06 b 0.87 ± 0.06 a 0.89 ± 0.06 a 0.93 ± 0.07 b

Projected area (mm2) 7.00 ± 1.51 a 6.83 ± 2.15 a 6.83 ± 2.51 a 10.58 ± 3.49 b 8.98 ± 3.09 a 10.45 ± 3.28 a 4.93 ± 2.26 b

Straight length (mm) 3.26 ± 0.45 a 3.19 ± 0.55 a 3.15 ± 0.61 a 4.33 ± 0.80 b 3.97 ± 0.73 a 4.10 ± 0.73 a 2.75 ± 0.65 b

Curved length (mm) 3.37 ± 0.47 a 3.32 ± 0.57 a 3.36 ± 0.61 a 4.57 ± 0.81 b 4.28 ± 0.75 a 4.33 ± 0.78 a 3.04 ± 0.66 b

Circular volume (mm3) 13.49 ± 4.19 a 13.45 ±6.46 a 14.37± 7.71 a 24.31 ± 12.24 b 20.30± 11.04 a 25.33 ± 12.46 a 9.26 ± 6.41 b

Cercle area (mm2) 22.81 ± 4.93 a 22.47 ±6.93 a 23.40 ± 8.21 a 34.93 ± 11.21 b 30.97± 10.50 a 34.92 ± 11.17 a 17.63 ± 7.66 b

Ellipsoidal area (mm2) 16.62 ± 3.60 a 16.38 ±5.05 a 17.05 ± 5.98 a 25.46 ± 8.17 b 22.57 ± 7.65 a 25.45 ± 8.14 a 12.85 ± 5.58 b

Projected perimeter (mm) 9.62 ± 1.12 a 9.45 ± 1.53 a 9.30 ± 1.77 a 12.33 ± 2.06 b 11.26 ± 1.92 a 12.07± 2.02 a 7.99 ± 1.90 b

Nitrogen fertilizers: Mean (n = 9) ± standard deviation. The average number of particles per sample was slightly variable among the 3
samples: Aminaex (n = 211–222), Biodrix N (n = 201–241), Urea (n = 198–216). For each of the physical characteristics, the same letter
indicates a non-significant difference between the three fertilizers according to a Tukey test at α = 0.05. Potassium and phosphorus
fertilizers: Mean (n = 6) ± standard deviation. The average number of particles per sample (3 samples) was: Biodrix K (n = 97–98), Biodrix
P (n = 83–104), MAP (n = 228–289) and KCl (n = 124–128). For each of the physical characteristics, the same letter indicates a non-significant
difference between the two types of fertilizer (conventional vs. coated: KCl vs. Biodrix K; MAP vs. Biodrix P) according to a Student’s t-test
at α = 0.05.

3.2. Release Kinetics of Coated and Uncoated Fertilizers

After 24 h in deionized water (25 ◦C), 98% and 97% of urea were released by Biodrix N
and Aminaex, respectively, while 45.5% of P2O5 was released by Biodrix P. Based on initial
mineral nutrient concentrations contained in the fertilizers, the solubilization of coated
fertilizers was complete after 24 h (Table 2). When nitrogen fertilizers were incorporated
into a peat-based substrate, the release of urea and N-urea by Biodrix N and Urea followed
the same release kinetics for both forms of nitrogen (Figure 1). The regression curves
for coated nitrogen (Biodrix N) and the standard uncoated fertilizer (Urea) did not differ
significantly. As expected, there was no release in the control treatment because the peat
substrate did not contain nitrogen (Figure 1). A significant difference was observed between
Urea and Biodrix N two hours after the beginning of the experiment (repeated measures
ANOVA, p < 0.0001). At that time, Biodrix N released 34% less and N-urea than Urea
(Figure 2). In this relatively wet substrate, the difference disappeared after day one and
no significant difference was observed thereafter in regard to the release kinetics of the
two fertilizers (p = 0.5829). For mineral nitrogen (NH4 and NO3), there was no significant
difference between the two fertilizers (p = 0.3505). Based on the regression analysis, the
mineral nitrogen concentration of the substrate varied linearly with time for Biodrix N
and Urea treatments (Figure 3). The release kinetics of phosphorus with Biodrix P and
MAP were also similarly based on a quadratic model (Figure 4). However, no significant
difference (p = 0.3824) was observed between these two fertilizers during the 10-day period
of the study.

The release of nitrogen by Biodrix N and Urea led to a significant increase (p < 0.0001)
in pH and electrical conductivity (EC) of the peat substrate when compared with the
control (pH(H2O) of 5.0 vs. 4.3; EC of 100 vs. 80 µS cm−1, respectively; Figure 5). In addition,
the change in pH and electrical conductivity in the substrate followed a similar trend
throughout the study with both fertilizers (Urea and Biodrix N). The pH(H2O) increased
from 5.0 to 5.7 (repeated measures ANOVA, p = 0.0549) and the EC from 100 µS cm−1

to 240 µS cm−1 (p = 0.0964) (Figure 5). In contrast to nitrogen, phosphorus significantly
decreased pH (pH(H2O) in regards to the control from 4.35 to 4.10; Figure 6). However, the
electrical conductivity of the substrate was four times higher in Biodrix P and MAP than in
the control treatment (mean EC of 325 vs. 80 µS cm−1). Repeated measurements showed
that Biodrix P and MAP had a similar effect on pH (p = 0.3334) and electrical conductivity
(p = 0.4247) of the peat-based substrate throughout the experiment (Figure 6).
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Figure 1. Relationships between (i) N-urea and (ii) mineral nitrogen substrate concentrations and
time (days) for Biodrix N, Urea, and control.
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Figure 2. Urea substrate concentrations (mean ± standard error; n = 3) for the two treatments Biodrix
N and Urea after 2 h and 9 days. The same letter indicates non-significant differences between
treatments according to a Tukey’s test at α = 0.05.

Figure 3. Relationships between mineral nitrogen substrate concentration and time (days) for Biodrix
N, Urea, and control.
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Figure 4. Relationships between phosphorus substrate concentration and time (days) for Biodrix P, MAP, and control.

Table 2. Percentage of mineral nutrients contained in coated fertilizers released after 24 h in deminer-
alized water.

Mineral Nutrients
Fertilizer

Aminaex Biodrix N Biodrix P Biodrix K

N-NH4 (%) 0.04 0.04 10.40 0.17
N-NO3 (%) 0.01 0.01 0.01 0.10

P (%) 0.01 0.01 20.30 ± 0.07 0.02 ± 0.29
K (%) 0.04 ± 0.29 0.05 ± 0.08 0.10 ± 0.16 40.70 ± 0.09
Ca (%) 0.71 ± 0.12 1.25 ± 0.10 1.84 ± 0.17 1.25 ± 0.32
Mg (%) 0.30 ± 0.13 0.10 ± 0.10 0.20 ± 0.35 0.30 ± 0.27
Cl (%) 0.03 ± 0.17 0.04 0.06 ± 0.37 44.70 ± 0.05

NO3 (%) 0.02 0.02 0.03 ± 0.57 0.25 ± 0.09
SO4 (%) 0.02 ± 0.25 0.03 ± 0.22 8.01 ± 0.07 0.08 ± 0.25

HPO4 (%) — — 57.40 ± 0.02 0.11 ± 1.20
Urea (%) 97.00 ± 0.02 98.00 ± 0.04 — —

Mean (n = 4) ± standard deviation. This solubilization test aimed to verify the initial concentrations of mineral
nutrients in each coated fertilizer. The release kinetics of these fertilizers were evaluated during leaching tests.

3.3. Mineral Nutrient Leaching by Coated and Conventional Fertilizers

Nitrogen leaching in substrate S1, which contained no compost, revealed that the
leached quantities of N-NO3 over 20 days were very low and negligible (<1 mg). Con-
versely, the amount of N-NH4 in leached solutions was moderately high, reaching a
maximum value of about 53 mg on day 4 with the Urea treatment. A delay in mineral
nitrogen leaching was observed with the Aminaex and Biodrix N treatments. Indeed, after
fertilizer applications, the quantity of mineral nitrogen found in the form of ammonium
was significantly lower than that observed with Urea on days 4 and 5 (p < 0.0001; Figure 7).
Maximum leaching for Aminaex and Biodrix N was observed on day 7 with ammonium
nitrogen levels 48% and 20% lower than Urea, respectively. After 20 days, Aminaex signifi-
cantly reduced cumulative nitrogen leaching in the form of ammonium (p = 0.0277) by 40%
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compared to Urea, whereas a non-significant reduction of 26% was observed in Biodrix N
compared to Urea (p = 0.1469).

Figure 5. Effect of nitrogen fertilizers (Urea, Biodrix N) on the pH(H2O) and the electrical conductivity of the substrate. Error
bars represent standard errors.

Figure 6. Effect of phosphate fertilizers (MAP, Biodrix P, and Control) on the pH(H2O) and the electrical conductivity of the
substrate. Error bars represent standard errors.

In substrate S2, where compost was added to stimulate microbial activity, the amount
of N-NH4 in leached solutions increased continuously in the Urea treatment (Figure 8).
On the first sampling day, the amount of N-NH4 was significantly lower (p < 0.0001) with
Urea than Biodrix N and Aminaex. The latter reached maximum N-NH4 leaching values
on days 4 and 5, respectively, followed by a gradual decrease. Along with this decrease,
significantly higher amounts of N-NH4 were observed on days 15 and 20 for Urea. On the
other hand, there was no significant difference in terms of cumulative N-NH4 losses after
20 days for all three treatments (p = 0.2038; Table 3). The quantity of N-NO3 in the leached
solutions of the Urea treatment was high during the first days, reaching a maximum on day
4. In addition, the difference in leached nitrates between Urea and the two other treatments
(Aminaex and Biodrix N) was significant at each sampling day (p < 0.0001). For these last
two treatments, the leaching of N-NO3 increased after day 5. However, the cumulative
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quantity of nitrates leached after 20 days with the Urea treatment was significantly higher
than those leached by Aminaex (p = 0.0026) and Biodrix N (p = 0.0004), with 41% and 54%,
respectively (Table 3).

Figure 7. Quantity of N-NH4, Urea, and N-Urea in the leached solution from the peat-vermiculite substrate (S1) according
to the treatment and time (days). Error bars represent standard errors.
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Figure 8. Quantity of N-NH4, N-NO3, Urea, and N-Urea in the leached solution from the peat-vermiculite-compost
substrate (S2) according to the treatment and time (days). Error bars represent standard errors.

Table 3. Cumulative amounts of mineral nitrogen, Urea, N-Urea, N-NH4, N-NO3 leached over 20 days for the 4 treatments
(Aminaex, Biodrix N, Urea, and Control) in substrates S1 and S2.

Aminaex Biodrix N Urea Control

Substrate S1

Cumul. Urea (mg) 1540.44 ± 0.20 a 1683.96 ± 0.09 a 2019.11 ± 0.25 a 4.80 ± 1.07 b

Cumul. N-Urea (mg) 719.45 ± 0.20 a 787.45 ± 0.09 a 942.31 ± 0.25 a 2.24 ± 1.07 b

Cumul. mineral
nitrogen (mg) 50.29 ± 0.40 b 61.82 ± 0.20 ab 84.08 ± 0.13 a 3.37 ± 0.24 c

Substrate S2

Cumul. Urea (mg) 1345.21 ± 0.10 b 1263.72± 0.15 b 1874.19 ± 0.13 a 1.29 ± 0.85 c

Cumul. N-Urea (mg) 627.79 ± 0.10 b 590.42 ± 0.15 b 874.65 ± 0.13 a 0.60 ± 0.85 c

Cumul. N-NH4 (mg) 198.74 ± 0.30 a 173.05 ± 0.16 a 231.60 ± 0.07 a 10.03 ± 0.08 b

Cumul. N-NO3 (mg) 39.36 ± 0.26 b 31.08 ± 0.14 b 67.08 ± 0.13 a 25.16 ± 0.10 b

Cumul. mineral
nitrogen (mg) 238.80 ± 0.24 ab 202.60 ± 0.13 b 297.32 ± 0.06 a 35.22 ± 0.10 c

Means (±standard deviation) were separated using Tukey’s least significant difference test (α = 0.05). The same letter indicates non-
significant differences among treatments. Total volumes of leached water over the six samplings (days 1, 4, 5, 7, 15, and 20) were
approximately 250 mL in each of the treatments. The quantity observed in the S2 substrate control indicates the nitrogen provided by the
compost.
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3.4. N2O Emissions from Coated and Uncoated Fertilizers

The highest mean N2O flux was observed on the first day in the Urea treatment
(1140 µg m−2 h−1), whereas Aminaex (60.5 µg m−2 h−1) and Biodrix N (57.9 µg m−2 h −1)
exhibited significantly lower N2O fluxes at that time and did not differ between one another
(p = 1.0000; Figure 9). The differences between the mean N2O fluxes of all three fertilizers
were significant at each sampling date (p < 0.0001), except for days 0 and 20. The release of
N2O by Aminaex and Biodrix N was similar over the course of the 20 days (p = 0.9778),
with the maximum N2O flux detected at day 10, ten days later than that observed in the
Urea treatment. In addition, this maximum N2O flux from Aminaex and Biodrix N was
lower by 55% and 38%, respectively, compared to Urea. On the other hand, although
the cumulative N2O flux difference after 20 days was not significant between the three
fertilizers (p = 0.1504), Aminaex emitted 8% more N2O than Urea, while Biodrix emitted
17% more than Urea (Table 4).

Table 4. Cumulative N2O efflux per treatment after 20 days.

Treatment Cumulative N2O Efflux (mg m−2)

Aminaex 154.0 ± 6.6 a

Biodrix N 171.0 ± 3.8 a

Urea 142.2 ± 9.5 a

Control 39.8 ± 3.4 b
Means (±standard deviation) were separated using Tukey’s least significant difference test (α = 0.05). The same
letter indicates non-significant differences among treatments.

Mean CO2 emissions from fertilized pots were significantly higher than the unfer-
tilized control (p < 0.0001) (Figure 10). In addition, the difference among fertilized pots
(Aminaex, Biodrix N, and Urea) was not significant for the entire duration of the experi-
ment (20 days; p = 0.6622). The highest CO2 efflux in the fertilized pots averaged 15.4 µmol
CO2 m−2 s−1 and was observed on day 7. On the same day, the CO2 efflux in the control
treatment was 2.74 µmol CO2 m−2 s−1.

Figure 9. Variations in N2O efflux (µg m−2 h−1) at the soil surface over time (days) for the Aminaex, Biodrix N, Urea, and
control treatments. Error bars represent standard errors.
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Figure 10. Variations in CO2 efflux (µmol m−2 s−1) at the soil surface over time (days) for the Aminaex, Biodrix N, Urea,
and control treatments. Error bars represent standard errors.

4. Discussion

Despite some differences between the fertilizers coated with biodegradable polymers
and the uncoated fertilizers, the use of polymers did not negatively affect the release of
mineral nutrients in a water solution and in peat-based substrates under optimal solu-
bilization conditions. However, the shape factors of the polymer-coated particles were
slightly lower than those of the conventional fertilizers. This may be due to the structural
characteristics of the coating such as thickness and uniformity between particles. Coating
thickness likely varies among particles and on different areas of the same particle [31]. This
lack of coating uniformity slightly decreased the shape factor ratio, which was significantly
lower for coated fertilizers than conventional fertilizers for the three nutrients (N-P-K).

The coated fertilizers were solubilized after 24 h in a demineralized water solution.
The biodegradable polymer coating is therefore relatively soluble and did not impede the
release of mineral nutrients. Regarding the release kinetics of nitrogen in a relatively wet
peat-based substrate (volumetric water content of 60%), the Biodrix N fertilizer released 34%
less urea and N-urea than Urea (uncoated control) after 2 h. This difference disappeared
after one day. This could be considered a positive feature, given that conventional urea
is quickly solubilized when water is not a limiting factor and the biodegradable coating
inhibits the instant solubilization of urea. In practice, this coating could be used as an
immediate source of certain mineral nutrients and to partially protect against leaching
losses, particularly in the event of heavy rainfall. Applying coated fertilizers to the soil may
lengthen the period of protection and increase the gradual release of mineral nutrients.

The effect of coated fertilizers on substrate pH and electrical conductivity was the
same as that of uncoated or conventional fertilizers. Both coated and uncoated urea
increased substrate pH. As protons are used up during urea hydrolysis, the environment is
alkalinized, but pH will eventually decrease and the environment will be acidified in the
long term [6]. As such, soil enrichment with soluble salts during the 10-day experiment
coincided with the progressive release kinetics of mineral elements in coated and uncoated
fertilizers. Therefore, the composition of the biodegradable polymer coating did not affect
the physicochemistry of the soil solution, contrary to other coating materials known to
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modify the soil solution’s pH or salinity, thereby inhibiting the uptake of mineral nutrients
by plant roots [32,33].

Leaching from the S1 peat-based substrate (without compost) contained high quanti-
ties of N-NH4 but little amount of N-NO2+NO3. These results suggest that nitrification did
not occur, possibly indicating low microbial activity in the substrate. This was confirmed
by low microbial respiration rates in the substrate (0.6 µmol CO2 m−2 s−1). The coating,
therefore, delayed leaching by gradually releasing mineral nutrients, which then reduced
the maximum amount of mineral nitrogen leached. Although the leaching period was
longer with coated fertilizers (with a smaller and later peak than that of Urea), cumulative
nitrogen leaching in the form of ammonium by Aminaex and Biodrix N was reduced
by 40% and 26%, respectively, after 20 days, in comparison with the nitrogen (N-NH4)
leaching observed in the Urea treatment.

In the second substrate (S2), the addition of compost led to increased microbial
activity, with average respiration rates in the unfertilized control of 2.7 µmol CO2 m−2

s−1 (compared to 0.6 µmol CO2 m−2 s−1 for S1). N-NH4 was therefore nitrified, which
increased the quantity of leached nitrates compared to the S1 substrate. The quantities of
N-NO2+NO3 were high in the Urea treatment during the early days of the experiment due
to the rapid hydrolysis of Urea and the immediate availability of N-NH4. Furthermore,
an accumulation of ammonium was observed in the S2 substrate, possibly due to (i) high
water content (0.60 cm3 cm−3), which would have limited the availability of oxygen needed
for ammonium nitrification; or (ii) a large quantity of ammonium ions in the substrate,
which inhibited Nitrobacter activity [6]. Leached solutions from the Aminaex and Biodrix
N treatments contained more N-NH4 and less N-NO2+NO3 than those from the Urea
treatment during the first 5–6 days. Under the same edaphic conditions, Aminaex and
Biodrix N released mineral nutrients slowly compared to Urea. With less N-NH4 in the
substrate (due to the accumulated leaching mentioned above), ammonium nitrification was
delayed, which also reduced nitrate leaching. Cumulative nitrate leaching was reduced by
approximately 54% with Biodrix N and by 41% with Aminaex in comparison with Urea.
These results are in line with those obtained by other studies examining the effect of coated
fertilizers on nitrate leaching. Among these, Wilson et al. [34] found that polymer-coated
urea significantly reduced nitrate leaching and increased nitrogen use efficiency. Similar
results were obtained by Zvomuya et al. [35] in a study on the use of polyolefin-coated
urea in potato crops.

The N2O flux emitted by the Urea treatment reached a maximum value on the first
day due to the abundance of nitrates in the soil. This is supported by the quantities of
N-NO2+NO3 observed in the substrate during the leaching experiment (carried out under
the same conditions). N2O fluxes then decreased, in parallel with a depletion of nitrates
from the peat substrate and an accumulation of N-NH4 produced by urea hydrolysis. A
10-day delay in peak N2O efflux with the coated fertilizers Aminaex and Biodrix N relative
to Urea was also observed. This delay was due to the small quantities of nitrates in the peat
substrate during the early days of the study. However, Aminaex and Biodrix N emitted N2O
over a longer period than the Urea treatment, which contributed to a higher cumulative
N2O flux after 20 days for the two coated fertilizers compared to the Urea treatment.
Several studies have demonstrated the efficiency of urea polymerization in reducing N2O
emissions [36,37]. In our case, coating urea with biodegradable polymers did not lead to a
reduction in cumulative N2O emissions. This may be due to the physicochemical conditions
of the substrate, which affect denitrification, such as the accumulation of ammonium or the
low initial pH of the soil.

The small CO2 fluxes observed in the unfertilized (control) treatments are attributable
to lower heterotrophic soil microbial respiration rates, likely limited by low nitrogen
levels in the control substrate relative to the fertilized pots. The average daily CO2 flux
was, however, similar for the treatments containing Aminaex, Biodrix N, and Urea; the
same quantity of nitrogen fertilizer was used for all treatments. The addition of compost
increased the C:N ratio, thereby improving microbial activity, which increases the rate of
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denitrification [38]. In the unfertilized pots (control), N2O fluxes were low, similarly to the
lower CO2 fluxes observed in the same pots, indicating low microbial activity relative to the
other treatments. The addition of nitrogen fertilizer increased heterotrophic respiration and
CO2 efflux. This raised denitrification rates, suggesting higher biological activity among
denitrifying bacteria [39].

Biodrix N and Aminaex had contrasting effects on the reduction of leaching and N2O
emissions. Biodrix N was more effective than Aminaex in reducing nitrate loss via leaching,
which dropped by 54% compared to Urea and by 13% compared to Aminaex. However,
regarding the reduction of N2O emissions, Aminaex, and Biodrix N similarly delayed
peak N2O flux, by 10 days, whereas Aminaex produced an N2O emission peak that was
17% lower than the one observed in the Biodrix N treatment. Although the Biodrix N
and Aminaex fertilizers were both coated with biodegradable polymers, this variation is
attributable to a difference in their coating compositions, which makes Aminaex more
effective in reducing N2O emissions.

The results of the leaching experiment demonstrate that the quantities of leached am-
monium and nitrates vary depending on substrate composition (with or without compost).
Nitrate leaching was greater in the S2 substrate (containing 30% compost) than the S1
substrate, which did not contain any compost. These results suggest that the addition of
compost to organic crops could lead to significant nitrate leaching. Considering that com-
post increases the water holding capacity of the substrate [40], irrigation must be properly
managed when using fertilizers coated with biodegradable polymers. In organic crops that
use compost, for example, water volumes may be reduced or intervals between consecutive
irrigations lengthened to minimize nitrate leaching and water use. Additionally, the effect
of compost on the form of nitrogen present in the soil should be properly addressed, since
nitrogen plays a direct role in crop development and growth. When nitrates are abundant
in the soil, better root development is observed than when ammonium is abundant, since
this nutrient supports aerial plant growth [41].

In a peat-based substrate with a relatively high volumetric water content
(~0.60 cm3 cm−3), the release kinetics of phosphorus by Biodrix P were the same as those
of MAP. This result contrasts with other studies that have confirmed the effectiveness of
phosphorus polymerization [42], particularly in gradually releasing mineral nutrients and
reducing the absorption of P by soil colloids. In our case, this coating did not delay the
release of phosphorus or subsequently reduce phosphorus loss through leaching [43]. This
may be attributable to the high CEC and low pH of the peat substrate (~4.3), which further
decreased after the addition of phosphate fertilizers, as it is an ammonium fertilizer that
acidifies the soil during nitrification. The low pH could have decreased the polymer’s
efficiency by saturating its exchange sites with H+ ions, likely contributing to phosphorus
solubilization [42]. These results were obtained in peat-based substrates with a low pH,
suggesting that this coated phosphate fertilizer may be less effective in soils with an acidic
pH. Future studies should be performed to determine the effect of Biodrix P in mineral
soils.

Based on the initial concentrations of mineral nutrients contained in the potassium
fertilizer, it can be seen that the solubilization of this coated potassium fertilizer was
complete after 24 h (Table 2). These results indicate that the biodegradable polymers used
for the coating did not adversely affect the release of potassium under optimal solubilization
conditions. As for leaching, unlike nitrogen and phosphorus which constitute a major
problem given their effects on the pollution of groundwater, human health, the proliferation
of algae, and suffocation of aquatic life [6], there is no known negative effect of potassium
on human health or the environment even at levels well above those commonly observed
in soils and rivers [44].

5. Conclusions and Research Needs

Nitrogen fertilizers coated with biodegradable polymers (Aminaex and Biodrix N)
inhibited the instant solubilization of Urea and reduced nitrate leaching by 41% and 54%
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compared to Urea. These two coated nitrogenous fertilizers (Aminaex and Biodrix N)
delayed maximum N2O efflux by 10 days while also lowering the emissions peak. Biodrix
N was the most efficient at reducing leaching, but the peak of N2O efflux was much
lower for Aminaex than for Biodrix N. In practice, since nitrogen fertilizers are applied in
intervals, these coated fertilizers can provide mineral nutrients over a long period, contrary
to conventional urea (Urea) [37,44]. This will therefore reduce mineral nutrient leaching
in the event of heavy rainfall and lower maximum N2O emissions in comparison with
conventional urea.

Further work is needed to assess and better understand the potential of this new
generation of nitrogen fertilizers. First in the presence of plants, to follow the synchro-
nization of the release kinetics of the mineral nutrients of each fertilizer with the “timing”
of the absorption of the mineral nutrients by the roots. Our study was able to confirm
that a biodegradable polymer coating does not affect the physicochemistry of the soil
solution, and therefore the absorption of mineral nutrients is not expected to be adversely
affected. Furthermore, water was certainly not a limiting factor in the present study since
the substrate used had a relatively high volumetric water content (~0.60 cm3 cm−3) [23,24].
Thus, to optimize the use of coated fertilizers, future experiments should be carried out to
further assess the effect of different substrate water contents (low to high) combined with
the same amount of coated and conventional fertilizers, on the kinetics of urea hydrolysis
and the release of mineral nutrients, as well as on nitrate leaching and N2O emissions.

To further reduce N2O emissions, it would be interesting to explore the possibility
of integrating nitrification inhibitors into the coating of these fertilizers. These inhibitors
work by interfering with the activity of Nitrosomonas bacteria, which are responsible for
converting the ammonium ion (NH4

+) into nitrite (NO2
-), which is then converted into

nitrate (NO3). The efficacy of nitrification inhibitors has been demonstrated by several
studies cited by Chen et al. [45].

In addition to reducing adverse environmental effects, the effect of these coated fertiliz-
ers on productivity and crop yields will determine the level of success in implementing this
new technology. However, the consequences of agricultural practices aimed at reducing
N2O emissions on crop yields remain largely unexplored [39]. Thus, it is essential to under-
stand the quantitative relationship between crop yield, N2O emissions, and nitrate leaching
to effectively guide strategies related to food security and climate change mitigation.
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