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Abstract

The extensive utilization of nitrogen (N) fertilizers within maize cultivation systems has resulted in
diminished nitrogen use efficiency (NUE) and contributed to nitrogen pollution on a global scale. To assess
the ecological repercussions of excessive fertilization, it is imperative to clucidate both the nitrogen use
efficiency and the fate of nitrogenous fertilizers upon application. The current research evaluated the potential
of a newly developed slow-release nitrogen fertilizer on maize growth and its behavior in soil under controlled
conditions. Six different levels of urea fertilizer (UF) and slow-release nitrogen fertilizer (SRNF) were
administered within the field, representing 100%, 85%, and 70% of the recommended application rates. The
slow-release nitrogen fertilizer (SRNF) exhibited superior performance regarding growth, yield and nutrient
retention in comparison to urea fertilizer (UF). Moreover, minimal ammonia emissions were detected with the
employment of the slow-release nitrogen fertilizer (SRNF), while other urea-based fertilizers proved inefficient
in mitigating ammonia emissions, despite enhancing various growth and yield parameters. The efficiency in
nutrient recovery followed a distinct pattern, with polymer-coated fertilizers demonstrating superiority. The
plots treated with SRNF displayed significantly higher growth and yield characteristics compared to those
treated with urea fertilizer. In terms of NHj volatilization, the urea fertilizer (UF) treatment at 100%
application rate showed higher emissions (1.99 mg g") after a 27-day incubation period, as opposed to the slow-
release nitrogen fertilizer (SRNF) treatment (1.68 mg g'). Leaching data indicated that urea fertilizer
treatments led to greater losses of NO3-N (2.01 mg L") compared to SRNF treatments (0.88 mgL™).
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Introduction

Climate change and environmental issues are becoming alarming situation for globe. Environmental
pollution poses a particularly formidable challenge due to its broad impact on various life forms (Schwartz ez
al.,2020). With the increase of global population, the pressure on farmers and food producers to meet growing
demands is increasing (Noort ez 4/., 2022). Consequently, the agricultural sector has significantly increased its
use of fertilizers to enhance crop yields over recent decades. Since 2015, there has been a yearly rise in the
demand for nitrogen, phosphorus, and potassium fertilizers at a rate of 1.9% (Sinha ez 4/., 2020). Chemical
fertilizers are now prevalent in all forms of intensive farming, including field crops, vegetable gardens, and
ornamental and forestry nurseries (Bisht ez 4/, 2020). This is especially true in Pakistan, where chemical
fertilizers play a crucial role in crop production (Khan ez 4., 2023). Nitrogen fertilization is a proven method
to boost and sustain crop yields, with its importance growing as the global population expands and available
cropland diminishes, making nitrogen fertilization critical for food security (Su ez al., 2023). Unfortunately,
over 50% of nitrogen fertilizer is not effectively utilized by crops (Karapatzak e 4/., 2023). Nitrogen losses
through leaching, runoff, and gasecous emissions (such as NHs, N,O, and NOx) pose risks to water and air
quality and contribute to global warming (Jeon ez 4/., 2023). Nitrogen-containing fertilizers are widely used
due to the vital role of nitrogen in plant growth, but their increasing use has significant environmental
repercussions (Powlson ez al., 2022). Between 40% to 70% of nitrogen fertilizers are lost to the environment
through volatilization, denitrification, or nitrate leaching, further worsening groundwater contamination and
surface water quality (Abbasi ez al,, 2023). Astonishingly, only a small fraction of the nitrogen used in
nitrogenous fertilizers makes its way into the human body, whether one follows a vegetarian (14%) or non-
vegetarian (4%) diet, from fertilizer manufacturing to the food chain (Yaseen ez al, 2023). Inefficient
utilization and high nutrient losses, particularly of nitrogen and phosphorus, result in the excessive use of these
fertilizers in agriculture to achieve optimal crop yields, with substantial losses occurring through runoff and
groundwater systems (Duan ez a/., 2021).

In recent years, there has been a growing interest in the use of slow-release nitrogen fertilizers (SRNF)
as a means to address several environmental and agricultural challenges. Previous studies have explored the
potential of SRNF in mitigating groundwater pollution, lowering greenhouse gas emissions, and mitigating the
impacts of climate change (Puertas ez al., 2023). However, the majority of these inquiries have centered on
coatings for fertilizers crafted from materials that are not only costly but also have the potential to damage soil
microorganisms, such as sulfur, waxes, polyethylene, and synthetic polymers (Tyagi ez 4l.,2022). An alternative
approach that has shown promise is the use of plant-based polymers for fertilizer coatings. These polymers offer
a more controlled and eco-friendly release of nutrients into the soil, making them a preferable choice for
sustainable agriculture (Sahu ez al.,, 2022). Moreover, such value-added fertilizers not only enhance nutrient
uptake by crops but can also provide essential elements like zinc and iron. However, the outcomes of studies
examining the application of these value-added fertilizers and their release patterns in the soil have often been
inconclusive. Some research has failed to demonstrate clear environmental and agronomic advantages of coated
fertilizer technologies in terms of reducing nitrous oxide and ammonia emissions (Ribeiro ¢z al., 2020).
Furthermore, these coated fertilizers may not always release nutrients in alignment with the specific needs of
plants, creating a potentially stressful environment for the crops (Yaseen ez al., 2023). In response to these
challenges, recent research has seen extensive application of slow-release nitrogen fertilizers in various crops,
including rice, maize, and other field crops, owing to the development of more efficient and eco-friendly
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fertilizers (Javed e al., 2022). To optimize the use of slow releasing nitrogenous fertilizer, there has been a
particular focus on a blended fertilizer known as UNS (Ultum Nature System), which combines urea with a
slow-release nitrogen fertilizer. This approach aims to reduce fertilizer costs while enhancing economic benefits
by addressing the issue of slow nutrient release during the early stages of crop growth (Heidari ez 4/., 2022).
Ultum nature system not only reduces labor and fertilizer expenses but also ensures a steady supply of nitrogen,
minimizes soil nutrient leaching, and ultimately leads to increased crop yields.

Therefore, there is an immediate necessity to assess the effectiveness of these micronutrient-enriched
fertilizers when compared to polymer-coated fertilizers across various cropping scenarios, as the efficiency of
micronutrients may fluctuate with changes in cultivation practices (Suman ez 4/, 2023). In an effort to enhance
the utilization of mineral nutrients and reduce nitrogen losses, this study seeks to evaluate a novel generation
of slow-release nitrogen fertilizers that are coated with biodegradable polymers. Agricultural soils typically
contain low concentrations of nitrogen, prompting the application of chemical nitrogen fertilizers to meet the
demands of crops. Some commonly employed nitrogen fertilizers available in the market include urea,
diammonium phosphate (DAP), calcium ammonium nitrate (CAN), and ammonium nitrate (Pajura et 4/,
2023). The application of nitrogen fertilizers leads to nitrogen loss through various mechanisms, including (i)
ammonia volatilization (NH3), (ii) nitrate leaching (NO3), and (iii) the release of nitrous oxide (N.O) and
nitrogen dioxide (NO,) (Qiu ez 4/., 2022). Excessive application of nitrogen fertilizers can result in issues such
as poor nitrogen utilization efficiency, environmental pollution, and contributions to global warming (Jiang ez
al,2022).

The cultivation of maize (Zea mays L.) holds significant importance in global agriculture (Mangani ez
al.,2019). In Pakistan, maize is cultivated across 1.720 million hectares, with an average yield of 5922 kilograms
per hectare, leading to an annual production of 4.3383 million tonnes (GOP, 2023). Maize is favored for its
high yield potential, shorter growth cycle, adaptability to various environmental conditions, economic value
for both human consumption and livestock feed, making it a cost-effective option for the agriculture and
related industries. In this investigation, we examined the effects of Urea and its modified counterparts,
specifically slow-release nitrogen fertilizers, on the performance of maize (Zea mays L.). The slow-release
nitrogen fertilizers variants were subjected to different treatments, involving (i) rinsing with hydrochloric acid
(HCI) to eliminate ash, (ii) washing with ethanol to eliminate organic compounds, or (iii) loading with soluble
nutrients from maize digestate. The primary objectives of this study were to assess the influence of SRNF and
urea on NH3-N volatilization and NOs-N leaching and to evaluate their impact on nitrogen uptake and maize
growth under field conditions. We posited that the application of value-added and coated fertilizers might
result in a trade-off between nutrient utilization efficiency and NHj volatilization. However, the effects on
crop performance could vary depending on the specific type and release pattern of the applied fertilizers and
the prevailing soil conditions.

Materials and Methods

The field experiment for maize cultivation involved six distinct treatments: T} = 100% recommended
urea fertilizer (UF), T, = 85% UF, T5 = 70% UF, T4 = 100% slow-release nitrogen fertilizer (SRNF), Ts = 85%
SRNF, and T = 70% SRNF. This experiment took place at the agronomy experimental field of the University
of Agriculture Faisalabad, Pakistan, from March to June 2022. The area experiences semi-arid climatic
conditions characterized by high temperatures, elevated relative humidity, heavy rainfall, and occasional strong
winds. The soil's physicochemical properties were assessed in the Soil and Chemistry laboratory at UAF (Table
1). The experiment employed a randomized complete block design with three replications, and the data were
analyzed statistically as per Steel e al. (1997) guidelines. Recommended doses of NPK and specific fertilizer

sources were utilized. The crop received irrigation five times with canal water. In total, there were 18 plots for
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each independent experiment, each covering a half-acre area with a size of 12 m* for every plot. The maize
variety ‘DK4622’ (Hybrid variety) was sown at a rate of 25 kg ha™' on March 19, 2021. Prior to commencing
the experiment, soil samples were collected from the field using an auger at a depth of 12 inches for
physicochemical analysis, which encompassed various parameters. For each plot, grain and biological yields
were recorded. The soil at the experimental site exhibited a sandy clay loam texture with an electrical
conductivity of 1.5 dS m™ (ECe), a pH of 7.7, an organic matter content of 0.64%, total nitrogen content of
0.04%, Olsen phosphorus of 6.2 mgkg " soil, and extractable potassium of 128 mgkg ™' soil (Table 1). Chemical
Characteristics of Slow-Release Nitrogen Fertilizer (SRNF) was given in (Table 2). The concentrations of
various ions, such as Ca,+ + Mg+, SO, CI'", HCO;'", CO5>, and soluble Na* in the soil extract, were
determined, with their values provided. Morcover, total nitrogen, available phosphorus, and available
potassium were assessed using established methods, and their respective concentrations were reported (Table
3). The total productivity of crops was worked out while biological yield was calculated by formula given below:

Biological Yield = Total biomass of plants in plot (grain + straw yield)

The total N in the soil and shoots was measured using the Kjeldahl method (1) nitrogen uptake for each
plot was calculated by multiplying the plant N with the dry matter (yield) for each plot, and the N use efficiency
of the fertilizers was calculated. Nitrogen use efficiency (NUE) was determined by subtracting the grain yield
of control plot from grain yield of fertilized plot and then divided by the amount of fertilizer applied in
kilograms (Barber, 1976):

NUE = (Grain yield from fertilized plot — Grain yield from control plot) / Amount of fertilizer used (kg)

Table 1. Physio chemical properties in soil
Parameter Unit Values

Textural class Sandy clay loam
Organic matter % 0.72

pH (1:5 soil water) 7.7
Total nitrogen % 0.04
Available phosphorous mg kg 6.9
Extractable potassium mg kg 146

Table 2. Chemical characteristics of slow-release nitrogen fertilizer (SRNF)

Sr. No Parameters Unit Value
1 Total nitrogen % 22
2 Phosphorous % 2.6
3 Iron % 0.16
4 Organic carbon % 17
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Table 3. Properties of the experimental soil
Treatme Carbonate Bicarbonate Chloride Ca+Mg EC 0.C Sodium Potassium N in Residual
nt (mmol. L") (mmol. L") (mmol. L") (mmol. L") ! (dsm™) (%) (mmol. L) (mgkg") soil (%)
UF 0.70+ 8.1+ 30+ 5.96+ 7.96+ 2296+ 17.38+ 0.01+ 0.009+ 0.076+
100% 0.11 0.15 2.50 0.18 0.09 0.04 0.26 0.00 0.000 0.00
UF 0.70+ 72+ 18.33+ 5+ 7.82+ 221+ 17.04+ 0.01+ 0.006+ 0.075+
85% 0.05 041 0.44 0.17 0.02 0.04 0.25 0.00 0.00 0.00
UF 0.40+ 6.06+ 1473+ 473+ 7.54% 1.88+ 1622+ 0.06+ 0.004+ 0.071%
70% 0.20 0.58 1.268 0.14 0.04 0.03 0.13 0.02 0.00 0.00
SRNF 0.93+ 9.7+ 44.66+ 623+ 8.03+ 2.54+ 17.78+ 0.015+ 0.01+ 0.077+
100% 0.17 036 1.76 0.14 0.06 0.1 0.15 0.00 0.00 0.00
SRNF 0.66+ 753+ 275+ 5.63+ 7.8+ 2.03+ 16.63+ 0.01+ 0.007+ 0.072+
85% 0.08 0.31 3.04 0.20 0.06 0.02 0.22 0.00 0.00 0.00
SRNF 0.53+ 6.83+ 1633+ 4.83+ 7.70+ 2.02+ 1679+ 0.04+ 0.005+ 0.073+
70% 0.066 0.44 0.60 0.20 0.06 0.04 0.19 0.02 0.00 0.00

*The data expressed as means + standard deviation (n = 3). Urea and SRNF represent ammonium nitrate, enriched
urea with ammonium nitrate, and modified slow-release nitrogen fertilizers (SRNF), respectively. OC = organic
carbon of the soil, OM = organic matter, CO3? HCO?* = carbonate and bicarbonate in the soil and SRNF, Ca+Mg
= calcium and magnesium present in the soil and SRNF.

Measurement of plant chemical parameters

For the chemical analysis, the wet digestion method was employed to determine the nitrogen and
phosphorus content. Nitrogen (N) levels in both grains and straws were assessed using Kjeldahl’s method as
described by Page ez /. (1982). In this method, a 10 ml digest solution was placed into the distillation tube, and
an additional 10 ml of 40% NaOH was introduced. Simultaneously, 10 ml of 4% boric acid (HsBO3) was placed
in a conical flask, positioned beneath the condenser outlet of the distillation apparatus. The mixture was heated
to induce boiling, allowing the resulting vapors to enter the distillation tube containing the sample. Ammonia
gas fumes were generated and then directed through the condenser into the 4% boric acid until the boric acid
solution became colorless. The resulting distillate was subsequently titrated with standardized 0.01 N H.SOx4
until a change in color was observed. The volume of acid used during titration was carefully recorded. The
amount of nitrogen was then calculated using the following formula:

(V-B)xNV1x14.01
N (%) - WtxV2x1000 x 100

Preparation of the fertilizer (SNRF)

The process of manufacturing the slow-release nitrogen fertilizer (SRNF) involved pyrolysis, after which
the end product was finely ground into a powder. To create SRNF-coated urea, a pan granulator was employed,
which featured an agjtator at the top of the pan, capable of stirring the materials as needed. During the
granulation process, a liquid binder was sprayed onto the mixture of urea and coating material, enabling the
granules' surface to absorb the coating material. The chemical properties of the slow-release nitrogen fertilizer
(SRNF) are detailed in Table 2. For crop planting, the seeds were sown on seed beds at a rate of 25 kg per
hectare, with row-to-row and plant-to-plant distances maintained at 12 cm and 20 cm, respectively. In the trial
sowing, the recommended row-to-row and plant-to-plant distances were observed on ridges. Three levels of
urea and SRNF were applied, starting with the full recommended dose of urea at 100%, followed by 85% and
70% doses. The application of SRNF followed a similar pattern. Once the seedlings had been established, a
plant-to-plant spacing of approximately 12 ¢m was maintained through thinning. To prevent competition
from weeds, the crop was hoed three times. A total of sixteen irrigations were provided for the crop's water
requirements, with the first irrigation taking place seven days after sowing, followed by subsequent irrigations.

NH;5-N volatilization and column study for NOs N leaching measurement

To measure NHj volatilization, we took 100 grams of soil, which had been amended with either UF or
SRNF, and placed it into a 250 ml Schott bottle (respiration jar). Within the Schott bottle, we suspended 20
ml scintillation vials, each containing 10 ml of 0.2 M sulfuric acid (H.SO4), to capture the NH; that volatilized
from the soil treatments. The NHj; collected was quantified by conducting a back titration with 0.4 M sodium
hydroxide (NaOH) to determine the amount of unconsumed acid. Throughout the course of the experiment,
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maintained one control setup, which involved soil without any treatment. During the initial 9 days, we
measured NH; volatilization on a daily basis, and then, from day 10 to day 19, we conducted measurements
every two days as part of the incubation study. The amount of NH; volatilized was calculated by using the
following eq.

A=2X{Y x (1-2)xX}] X (3)

*where A = NHj; emission (mg g’ soil), B = weight of soil (g), C = volume of NaOH used for blank
titration (ml), D = volume of NaOH used for soil titration (ml), Y = volume of H,SO4used to capture NH;
emission both in the soil and blank (ml), X = molarity of H,SO; used to capture NH; from the soil (M), and
17 = molecular mass of NH; (g mol™).

Column experiment of N leaching

Set up a column experiment to investigate the leaching of nitrogen (N) from UF and SRNF. The
experiment involved using a plastic column with a diameter of 5 centimeters and a height of 25 centimeters. At
the base of the plastic column, we attached a 100-mesh nylon sheet, which had three small holes to facilitate
drainage. Within each column, we evenly distributed 20 grams of acid-washed quartz sand at the bottom, upon
which we packed 150 grams of test soil to a height of approximately 10 centimeters before applying the
treatments. The experimental treatments consisted of soil with urea fertilizer as a control (UF) at a rate of 0.04
grams per column and soil with slow-release nitrogen fertilizer (SRNF) at a rate of 0.11 grams per column (with
the N rate matching that of UF). For each treatment, we carefully weighed the specified amount of test fertilizer
and placed it on top of the soil in the column. We then added another 100 grams of soil evenly and finally
covered it with an additional 20 grams of quartz sand. Each treatment was conducted in triplicate. Distilled
water was introduced into the columns to reach the soil's field capacity, allowing the soil to stabilize for one day
before the leaching process began. In the leaching test, the soil within the column was irrigated with distilled
water, with each irrigation totaling 100 milliliters, and the flow rate was set at 3.0 milliliters per minute. This
irrigation was accomplished using a container regulated by a needle valve positioned at the top of the column.
The leaching process was carried out from day 1 to day 14 after the application of the fertilizer, and the resulting
leachate was collected in 250-milliliter glass bottles. After each leaching event, all collected leachates were
passed through 0.45-micron nylon filters and stored in a dark, temperature-controlled environment at 4°C
until they were ready for analysis. For each column, we made daily measurements of leachate water volume,
ponding water depth, and evaporation.

A spectrophotometer was utilized to measure the nitrate (NO3") levels in the samples. It's worth noting
that the samples should contain no more than 2.5 ppm of nitrate-nitrogen (NO3-N) but should have more
than 2 grams of chloride per liter. In cases where the NO3"' concentrations in samples exceeded the specified
limit, they were diluted with 0.1 M HCL. To analyze the samples, we placed 10 ml of each sample into stoppered
test tubes and added 0.1 ml of hydrazine sulfate solution. Subsequently, 10 ml of acid, dispensed from a burette
with a tap lubricated only with HoSO4, was added to each test tube. Care was taken to prevent excessive mixing
that could cause the solution to boil. The tubes were then sealed and cooled under running water. The
absorbance was measured at 410 nm, and the difference between two readings was indicative of the NO;"
concentration. A calibration factor was established by processing samples with a known addition of NO;"
through the same procedure. In addition, a blank test using H,SO4, employing 0.1 M HCI both with and
without NoH-HaSOy4, was performed to ascertain the presence of NOs™ in the acid in significant quantities.
The presence of traces of organic matter in the H,SOj substantially increased its ultraviolet absorption,
necessitating the elimination of these traces by boiling the acid prior to use.
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Results

Agronomic traits of maize

Application of urea fertilizer (UF) and slow-release nitrogen fertilizer (SLNF) exhibited significant
difference (P<0.05) for plant height, biological yield, grain yield and stalk yield in Figure 1. Results regarding
plant height, tallest plant height was achieved by 70% application of slow release that was statistically at par
with 70% UF and 85% SRNF whereas the shortest plant height was taken in 100% UF application treatment.
As far as biological yield and grain yield the maximum biological and grain yield was recorded in 70% SLNF
that was statistically similar with 85% SLNF and the minimum was gathered by 100% Urea fertilizer
application treatment. For stalk yield, the highest stalk yield was measured in 70% SRNF application treatment
that was statistical at par with 70% urea fertilizer application and 80% slow-release nitrogenous fertilizer
whereas the lowest stalk yield was recorded in 100% urea fertilizer application treatment (Figure 1).

Plant height (cm) a Biological yield (kg ha'!)
240 24000
a
180 18000
120 12000
60 6000
0 0
SRNF| UF SRNF| UF UF SRNF| UF SRNF| UF SRNF
100% 85% 70% 100% 85% 70%
Grain yield (kg ha'!) Stalk yield (kg ha'!)
10000 b a 12000 a
be be a: N cd a-c ab
7500 9000
5000 6000
2500 3000
0 0
UF SRNF| UF SRNF| UF SRNF
100%

Figure 1. Effects of urea fertilization (UF) and slow-release nitrogen fertilizer (SRNF) treatments on Plant
height (cm), biological yield, grain yield and stalk yield of maize
Different letters indicate significant differences at a level of significance of p <0.05%.

Nitrogen concentration

Figure 2 revealed that the nitrogen concentrations in leaf, root, shoot and grains were significantly
affected by different levels of urea fertilizer (UF) and slow-release nitrogen fertilizer (SRNF). For nitrogen
percentage the maximum nitrogen concentration (0.07%) was achieved in which SRNF-70% was applied
whereas the minimum was recorded in SRNF-100% (0.03%) was applied respectively. Plots treated with
SRNF; nitrogen concentration was found statistically at par with plots treated with conventional urea. Urea
fertilizer treated plots showed poor nitrogen contents and it significantly decreased by lowering urea doses.
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Urea fertilizer 100% (0.01%) and nitrogen concentration (0.02%) in treatment where Urea fertilizer-70% was
applied which was the lowest value.

N % in leaf N % in Shoot
0,08

0,06

0,04
0,02
0

UF SRNF UF SRNF| UF SRNF

100% 85% 70%
(A)
N % in Root N % in Grain
a
0,08 002, d cd bd ac O
sk ke
ab a
006 | ¢ ca b be 0,015
0,04 0,01
0.02 0,005
0 0
UF SRNF| UF SRNF| UF SRNF UF SRNF| UF SRNF| UF SRNF
100% 85% 70% 100% 85% 70%
(©) (D)

Figure 2. Impact of slow-release nitrogen fertilizer (SRNF) and urea fertilizers (UF) on (A) Nitrogen
concentration in leaf of maize, (B) = Nitrogen concentration in shoot of maize, (C) = Nitrogen
concentration in roots of maize, (D) = Nitrogen concentration in grains of maize, (E) = Plant height of
maize (cm)

Different letters indicate significant differences at a level of significance of p <0.05%.

It was observed by analysis of variance and HSK (P<0.05) test that nitrogen percentage in root was
maximum after application of product 70%. The nitrogen percentage after product application 100% was
significantly different from both urea fertilizer 100% and slow-release nitrogen fertilizer 70%. Hence minimum
amount of nitrogen was observed after urea fertilizer (UF) application 100%. These results clarified that
application of slow-release nitrogen fertilizer (SRNF) significantly enhanced maize N concentration, and its
70% application was most effective. 0.34% N was observed as maximum after 70% product application and
least value for N concentration in percentage 0.24% after applying urea fertilizer 100%. Product application
enhanced 10% N as compared to urea fertilizer application. These results suggested that slow-release nitrogen
fertilizer (SRNF) was most cffective as compared to urea for N concentration in maize root. It was statistically
observed that nitrogen percentage in maize shoot increased with application of slow-release nitrogen fertilizer
in comparison with urea fertilizer (Figure 2).

For nitrogen content in shoot, it was revealed that there had been significant differences in N percentage
in maize shoot under different treatments. The highest percentage of N concentration in shoot was observed
after application of slow-release nitrogen fertilizer 70%. The lowest N percentage in shoot was observed after
urca-fertilizer 100% application. The highest value of N percentage was 0.7% and lowest was 0.4% observed
after slow-release nitrogen fertilizer 70% and urea 100% application respectively (Figure 2). Figure 3 revealed
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that the nitrogen use efficiency (NUE) was significantly affected by different levels of urea fertilizer and slow-

release nitrogen fertilizer (SRNF). Maximum NUE was observed in SRNF plots. The nitrogen use efficiency
(NUE) for SRNF 100% dose was 33%, more significant than that of urea fertilizer100% (17%) (Figure 3).

1 [ UF 100%[l UF 85%[llll UF 70%|

a

N
o

=Y
=)}

10

Agronomic N use efficiency (NUE)

-5

SRNF 100% SRNF 85% SRNF 70%

Figure 3. Impact of slow-release N fertilizer (SRNF) and urea fertilizer (UF) on agronomic nitrogen use
efficiency of maize

Different letters indicate significant differences at a level of significance of p <0.05%.

Laboratory experiment

Ammonia volatilization from urea fertilizer (UF) and slow-release nitrogen fertilizer (SRNF) under
maize

Ammonia volatilization increased steadily in the urea treated soil during the early incubation period
until about 9 days after which no further NH; emission took place. Interaction of different coating thicknesses
of urea fertilizer and slow-release nitrogen fertilizer and days were statistically analyzed and found significant
effect. Urea fertilizer was found less efficient in slowing down nitrogen release as maximum nitrogen contents
were released within first 1 to 9 days (1.8 mg g” of soil). compared to different number of coatings of SRNF
(1.68 mgg"). While the nitrogen release from SRNF was slow and consistent because coatings of polymer hold
the nutrient and slowed down rate of its release. Among days, maximum nitrogen release was observed in SRNF
after 11 days interval as this coating thickness was comparatively less firm than other number of coating layers
on SRNF fertilizer. After 13 to 16 days of incubation, SRNF showed almost constant nitrogen release from
one time interval to another up to a certain limit except urea fertilizer. Maximum nitrogen content was
observed in 70% SRNF. 85% SR slow releasing nitrogen fertilizer also showed a significant increase in nitrogen
content compared to previous determination, but release was slow compared to 70% slow releasing nitrogen
fertilizer. After 16 days of incubation period there was increased nitrogen concentration in soil treated with
SRNF followed by urea fertilizer. From slow releasing nitrogen fertilizer the nitrogen release was decreased.
After 19 and 26 days of incubation 70% slow-release nitrogen fertilizer showed least nitrogen release among
the urea fertilizer treatments, but it was still significantly higher than other treatment fertilizer. In case of 85%
slow-release nitrogen fertilizer concentration in soil was also significantly higher from the 100% treatment
incubation period. Moreover, nitrogen concentration in soil was also more than that of 100% urea fertilizer
and slow-release nitrogen fertilizer, because of the presence of urea fertilizer (Figure 4).
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mg L. Whereas in slow-release nitrogen fertilizer (SRNF), leaching occurred at the rate of 0.88 mg L which
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Urea fertilizer (UF) and slow-release nitrogen fertilizer (SRNF) on NO;-N leaching

Urea fertilizer was applied, nitrate (NO5) leaching occurred at a greater rate. Leaching increased from

shows that SRNF is effective in controlling NO5 losses (Figure 5).

Ammonia volatilisation (%)
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Days

Figure 4. Ammonia volatilization under ordinary urea vs. slow-release nitrogen fertilizers (SNFR)

Error bars indicate standard deviation of means (n=3). 100% recommended urea show high volatilization as compared
to the urea 100% SRNF this shows that NH; volatilization is higher in 100% urea fertilizer as compared to slow-

released nitrogen fertilizer; while the 85% recommended urea show moderate losses and the 70% recommended urea
fertilizer and SRNF show the less NH3 volatilization under maize crop. Tukey’s test was used to test the effect of
different treatments, and the least significant difference (LSD) was calculated to compare the differences between
means in each treatment. Values are the means + SD of three replicates. The values followed by the different letters
show statistically significant differences at P<0.05.
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Figure 5. NO;" leaching under ordinary urea fertilizer (UF) vs. slow-release nitrogen fertilizers (SNFR)
Error bars indicate standard deviation of means (n=3). 100% recommended urea show high volatilization as compared
to the urea fertilizer (UF) 100% SRNF this shows that NH3 volatilization is higher in 100% urea fertilizer (UF) as
compared to slow-released nitrogen fertilizer (SRNF); while the 85% recommended urea show moderate losses and
the 70% recommended urea fertilizer (UF) and SRNF show the less NHj3 volatilization under maize crop.
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Results from Pearson corvelation and principal component analysis

Significant positive and negative correlations were observed among plant growth (plant height, shoot
dry weight, root dry weight, and grains weight) and physiological (internal carbon dioxide concentration, and
SPAD index) parameters along with N, P and K contents of maize in soil and plant tissues in plots treated with
slow-release nitrogen fertilizer (SRNF) (Figure 6). The score and loading plots of a principal component
analysis (PCA) are presented in Figure 7. Within the dataset, the first two components of PCA revealed
maximum 86.21% (A) and 73.43% (B) variations among all the studied parameters, of which PC1 explained a
8.59% (A) and 87.87% (B) variation whereas PC2 explained 3.62% (A) and 10.55% (B) variation. Moreover,
all of the applied treatments were successfully displaced with the first two components. This displacement of
treatments provided a clear indication that the application of coated urea slow-release nitrogen fertilizer and
urea fertilizer along with MOP had a significant ameliorative effect on all the studied attributes of maize plants
relative to the control. Here, PC1 was positively influenced by variables PCA having parameters photosynthesis
rate, P and K in root, N in shoot, N in root, dry biological yield, dry straw yield, leaf area, dry cob yield, grain
yield, cob diameter, cob length, plant height and SPAD), whereas PC2 was positively influenced by
observations PCA containing (slow-release nitrogen fertilizer). The relationship between N volatilization and
N use efficiency for various slow-release nitrogen fertilizer combination. However, it is depicted that the
maximum N use efficiency and minimum N volatilization were seen with slow-release nitrogen fertilizer

(SRNFF) (Figure 8).
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Figure 6. Pearson correlation for agronomic, physiological and biochemical characteristics of maize, as well
as maize grain nitrogen contents under the influence of applied slow-release nitrogen fertilizer fertilizers

(SRNF), have a significant connection (p = 0.05).
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urea fertilizers (UF) in a principal component analysis of observations and variables. Observations are UF
100%, UF 85%, UF 70% and SRNF 100%, SRNF 85%, SRNF 70
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Figure 8. Relationship between Nitrogen volatilization and Nitrogen use efficiency (NUE) for value-
added and conventional N fertilizers

Discussion

The loss of nitrogen in the form of ammonia (NHj3) volatilization from applied fertilizers is typically
estimated to range between 20% and 30%. This loss can become more pronounced as soil pH and temperature
increase, as observed in the study by Wolf ez 4/. (1982). NH; volatilization results in the creation of reactive
nitrogen compounds, which are known to contribute to environmental pollution. When NHj volatilization
occurs, urea-based fertilizers lose a significant amount of nitrogen (N), leading to both environmental pollution
and reduced crop yields and nutrient utilization efficiency. In response to the challenge of minimizing nitrogen
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losses and improving the effectiveness of fertilizer use, various strategies have been implemented in the past.
One of the notably successful approaches, as discussed by Gagnon ez 4/. (2010) and further supported by
Gagnon ez al. (2018), involves enhancing conventional nitrogen fertilizers. This method entails integrating
micronutrients and beneficial microorganisms into the fertilizers, which can enhance crop performance by
interacting with essential nutrients and improving soil health. Research has demonstrated that the use of
polymer-coated nitrogen fertilizers can effectively reduce ammonia losses and leaching during specific periods.
For instance, the application of coated fertilizers, known as slow-release nitrogen fertilizers (SRNF), has been
shown to substantially decrease NH; emissions when compared to the traditional urea fertilizer (UF)
application approach in crops. This reduction can be attributed to reduced exposure of ammoniacal nitrogen
to the atmosphere, which minimizes further reactions, as observed in Barker ez 4/. (2016) study. However, it's
worth noting that ammonia emissions from urea fertilizer tend to be relatively higher than those from slow-
release nitrogen fertilizers, possibly due to inadequate coating on SRNF granules, leading to quick rupture,
especially in standing water conditions in crops like maize. Moreover, when agricultural plants efficiently utilize
the supplied fertilizer, the risk of undesirable outcomes is significantly reduced. This maximum utilization of
nitrogen can result in minimal ammonia emissions, as evidenced in our study, where polymer-coated nitrogen
fertilizer exhibited greater recovery and use efficiency compared to other value-added fertilizers, a finding
supported by research from Junejo ez al. (2011) and Bryant-Schlobohm ez 4/. (2020). It's important to note
that once applied, nitrogen fertilizer undergoes a series of transformations, including conversion to
ammonium, which is taken up by plants, nitrification into nitrate, fixation in soil colloids, leaching, and
potential volatilization as ammonia. Compared to the standard surface application of uncoated nitrogen (N)
fertilizer, polymer-coated fertilizers demonstrated significantly enhanced plant growth parameters in maize
crops, as illustrated in Table 2. The improved performance is largely attributed to the enhanced availability of
nitrogen, which, when optimal, supports increased carbohydrate production. These carbohydrates contribute
to the development of the upper portions of the plants when nitrogen is readily accessible to them over an
extended period. Consequently, the utilization of coated nitrogen fertilizers can be credited as the primary
reason for the sustained availability of nitrogen to crop plants, resulting in heightened growth performance.

A higher number of tillers and greater wheat yields were documented when utilizing slow-release
nitrogen fertilizers (Ghafoor ez 4/., 2021). The favorable results achieved with various slow-release nitrogen
fertilizers, particularly when administered in varying quantities, can be ascribed to their capacity to reduce the
release of nutrients into the atmosphere. Furthermore, research has suggested that deep placement of nitrogen
fertilizers is linked to augmented plant growth and increased biomass. Notably, when compared to urea
fertilizer, treatments with slow-release nitrogen fertilizers (SRNF) led to elevated chlorophyll levels in maize
leaves at the point of physiological maturity. (Figures 2 and 3). A steady supply of N is required for the improved
chlorophyll molecules, because N is a structural component of the molecule. According to the results of this
study, the synthesis of chlorophyll in maize may have been affected by the slow release of N by recommended
N fertilizers. The chlorophyll contents of wheat and fine rice were increased by using coated N fertilizers and
the deep placement of N fertilizer (Oad ez al., 2004; Khalofah ez al., 2021). Slow releasing nitrogen fertilizer
outperformed standard urea fertilizer (UF) in increasing maize yields across the board, including grain yield,
straw yield, and biological output (Table 3). Zinc as a micronutrient have interaction with other plant nutrients
like N and P. Slow-release nitrogen fertilizer have an additive effect for iron coating that may have synergistic
interactions with other nutrients, especially N and P, that accounted for better crop yields. Nitrogen
contributes directly to increased crop yields, but its synergistic interactions with other nutrients magnify its
impact Liezal. (2021). Slow releasing nitrogen fertilizer was found to increase crop yields in this study, probably
due to the minimal damage that N fertilizer grain can do to seedlings, as described by Yaseen ez 4/. (2021) and
Azeem et al. (2014), as toxic levels of a vital nutrient near the seedling’s roots might damage its growth, resulting
in a lower crop yield. Increased nutrient concentrations in soil can stunt plant growth if roots are exposed to it
directly without the covering layer protecting them. Therefore, it is possible that coated N fertilizer is
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responsible for the increased production. Coated N fertilizers were found to greatly increase maize yields when
compared to uncoated N fertilizers Dong ez a/. (2016). When coated fertilizers were used, the plant’s ability to
absorb nutrients was improved, so N, P, and K concentrations were higher in different plant sections of maize
in coated treatments than in uncoated ones (Figures 5-7). Nitrogen uptake is directly influenced by the
application of recommended N fertilizers, as demonstrated in this study. Uncoated urea fertilizer (UF) showed
the lowest concentration of N in all plant sections examined, whereas coated urea showed a higher
concentration. This could be due to increased N availability in the root zone soil, as well as low N losses to the
environment. An increase in N fertilizer uptake by field crops was reported by Folina ez al. (2021). Deep N
fertilizer placement also increased rice crop N uptake Rea ez 4/. (2019). Another intriguing finding was the
influence of different urea fertilizer value application on the concentrations of P and K in plant parts, with the
maximum concentrations in plant parts being seen with polymer-coated fertilizers followed by slow-release
fertilizer NPK and urea fertilizer treatment (Table 3). This may be due to the effect of the interactive effect of
nutrients in the soil, which alters the soil microenvironment. A cationic form of N known as ammonium can
be used by plants to mobilize P from organic sources and fixed P complexes. Hachiya ez a/. (2017). Because of
the exchange mechanism that occurs when plants take in cationic form, the soil rhizosphere becomes acidic. In
addition, urea to ammonium conversion results in acidic soil conditions. Burton ez 4/. (2001). Consequently,
the plant parts may have a larger concentration of P due to the solubilization of the fixed P in the soil. Because
of urea fertilizer and ammonium nitrate fertilizer, soil pH has fallen Tian e 4/. (2015). Similarly, a decrease in
soil pH has a significant effect on plant nutrition (Neina ez 4., 2019). Increasing the concentration of K in
plant parts may be a result of this interaction between N and K, as N plays a function in the acquisition of K in
higher plants Fageria ez a/. (2014) and Milford ez 4/. (2009) found that N and K interact synergistically in rice,
wheat and other field crops.

Slow-release nitrogen fertilizer (SRNF) have shown the highest agronomic and recovery N usage
efficiency in this study (Figures 7 and 8), which may be related to the minimal N losses and maximal
consumption of N released from fertilizer granule. Increased crop N absorption is a result of increased soil N
availability, which has a direct impact on plant physiological and metabolic processes. An increase in yield can
be achieved by cultivating plants that have more metabolic and physiological activity. When more N is ingested,
the efficiency of reusing N is increased Wu e 4l. (2017). Slow-release N fertilizer enhanced sunflower N
utilization efficiency in a study. Perveen ez al. (2021). The activation of indigenous P and K solubilizing bacteria
in the soil may have influenced the efficiency of P and K consumption in the study, as urea fertilizer NPK
contains plant growth promoting rhizobacterial strain in the coating material that boosts microbial activity in
the soil. P and K fixation with counter ions and clay colloids can be minimized by microbial activities in the
soil. Slow releasing nitrogen fertilizer might be due to the iron coating performed better than standard urea
fertilizer in improving N use efficiency. In a similar study, Imran ez a/. (2018) proved that the simultaneous
application of plant nutrients resulted in higher nutrient use efficiencies. In the experiments, slow releasing
nitrogen fertilizer outperformed urea fertilizer (UF) sources in terms of performance. Moreover, water and
counter ions react with the covering substance, preventing the internal contents from being exposed to these
ions or water molecules. Therefore, it is possible that coated fertilizers enhanced growth, yield and nutrient use
efficiency with lower ammonia emissions due to the coating layer’s ability to protect nutrients. Using slow-
release nitrogen fertilizer (SRNF) wheat and other field crops were able to use their N more efficiently because
of the slower release of N. Folina ez al. (2021) Hegab ez al. (2018). It was found that SRNF with standard urea
fertilizer (UF) in terms of plant growth, yield and nutrient usage efficiency. This might be due to the better
lower nutrient exposure to the atmosphere, as both these fertilizers were coated. A reduction in N gaseous loss
and an increase in maize biomass and yield were both achieved by applying N fertilizer deeply. Adjetey ez 4l.
(1999) and Can ez /. (2021) However, SRNF fertilizers performed better in comparison to the standard UF
sources, while SRNF ideally improved growth, yield, and nutrient utilization efficiency with a considerable
decrease in ammonia volatilization. As a result of the current approach, farmers’ income and food quality can
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be improved, and the environment can be protected from dangerous gas emissions like ammonia from the use
of N fertilizers. Borchard ez 4/. (2019) used slow-release nitrogen fertilizer for reducing NOs leachingand N,O
emissions. The overall N,O emissions reduction was 38%, while NOj leaching was reduced by 13% with slow-
release nitrogen fertilizer application. Slow-release nitrogen fertilizer had the strongest N>O emission reducing
effect in paddy soils (Anthrosols) and sandy soils (Arenosols). The use of slow-release nitrogen fertilizer
reduced both N,O emissions and NO;- leaching in arable farming and horticulture. Sika ¢z a/. (2014) showed
that slow-release nitrogen fertilizer has the potential in reducing inorganic N leaching losses from inorganic
and organic fertilizer sources in coarse-textured soils. Laboratory columns containing sandy soil and slow-
release nitrogen fertilizer (0, 0.5, 2.5 and 10.0% w/w) were leached weekly over a period of six weeks simulating
heavy winter rainfall. Slow-release nitrogen fertilizer (0.5, 2.5 and 10.0% w/w) significantly reduced the
cumulative amount of ammonium (NH4*) (12, 50 and 86%, respectively) and NO; (26, 42 and 96%,
respectively) leached relative to the control soil. Despite the strong reduction in inorganic N leaching was
observed, the leached slow-release nitrogen fertilizer amended soils contained only small amounts of
exchangeable NH4* (0-7.3 mgkg') and NO; (5.8-8.0 mgkg"). The results showed that slow-release nitrogen
fertilizer can strongly reduce not only the amount of NH;" and NOj' leached from sandy soils, but also the
amount of recoverable exchangeable NH;" and NOs after leaching.

Conclusions

Slow-release nitrogen fertilizer (SRNF) has a strong impact on the growth and yield of maize crops; these
fertilizers improve the nutrition of crops very effectively. We found that polymer-coated N fertilizers were
more efficient in reducing volatilization losses in comparison to the commercially available sources like urea
fertilizer (UF). Moreover, Slow-release nitrogen fertilizer (SRNF) was very effective in improving fertilizer use
efficiency in addition to the reduction in N losses. We thus concluded that the utilization of slow-release
(polymer-coated) fertilizers in maize extensive cropping systems not only improves crop production via
increased nutrient use efficiencies but is also environmentally friendly, owing to their biodegradability and
reduced ammonia and volatilization losses. Additional studies are required to compare the efficacy of coated
fertilizers with those of commercially available fertilizers to perform a precise cost benefit evaluation on long-
term field trials.
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