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Abstract

Ammonia volatilization after nitrogen fertilization represents a major pathway of reactive nitrogen
loss in cropping systems, reducing nitrogen use efficiency and contributing to environmental
impacts. This review analyses fertilizer-based strategies to mitigate these losses from a mechanistic
perspective, focusing on the processes governing ammonia formation and emission under field
conditions. Approaches such as urease inhibition, pH regulation, ammonium retention, and
controlled-release formulations are examined in relation to their effects on hydrolysis, chemical
equilibria, and mass transfer. Evidence from field studies and meta-analyses shows strong variability
in mitigation performance across soils, climates, and management practices, indicating a high
dependence on local conditions. The analysis also identifies trade-offs between nitrogen loss
pathways, where reductions in ammonia emissions may influence nitrous oxide emissions or nitrate
leaching. A process-based framework is proposed to guide the selection of mitigation strategies
according to dominant loss mechanisms, supporting more efficient and context-specific nitrogen
management in cropping systems.

Keywords: agricultural soils; controlled-release fertilizers; emission dynamics; fertilizer
management; nitrogen cycling; nitrogen use efficiency; reactive nitrogen; soil processes; urease
inhibitors

1. Introduction

Ammonia volatilization is a major pathway of reactive nitrogen loss in agricultural systems,
occurring shortly after fertilizer application and limiting the efficiency of nitrogen use in crops.
Mineral nitrogen fertilizers sustain a substantial share of global food production, with estimates
indicating that nearly half of crop output depends on synthetic nitrogen inputs [1], while future
demand is expected to continue increasing [2]. Despite this importance, less than half of the applied
nitrogen is typically recovered by crops, reflecting significant inefficiencies in current fertilization
practices [3]. Nitrogen losses occur through several pathways, including volatilization, denitrification
associated with nitrous oxide (N20) emissions, and nitrate leaching, making their control essential
for sustainable nutrient management [4]. Figure 1 illustrates these pathways within the agricultural
nitrogen cycle, highlighting the main transformation processes and loss routes following fertilizer
application.

Within this framework, ammonia emissions represent a particularly critical component due to
their high variability and strong dependence on soil, climatic, and management conditions.
Volatilization is especially relevant for urea-based fertilizers, where rapid hydrolysis can lead to
substantial nitrogen losses at the soil surface. Reported emission rates vary widely across
agroecosystems, highlighting the importance of understanding the underlying mechanisms that
control ammonia formation and transfer rather than assuming uniform mitigation performance [5,6].

Beyond agronomic inefficiency, ammonia emissions have important environmental and societal
implications. Once released, ammonia contributes to atmospheric processes that lead to soil
acidification and eutrophication after deposition [7]. It is also a key precursor of secondary inorganic
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aerosols and fine particulate matter (PM2.5), which are associated with adverse human health effects,
including respiratory and cardiovascular diseases [8-10]. Reducing ammonia emissions is therefore
not only an agronomic priority but also a relevant strategy for improving air quality and mitigating
broader environmental impacts [10].
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Figure 1. Nitrogen cycle in agricultural systems.

From an agronomic perspective, ammonia losses directly reduce the nitrogen available for crop
uptake, lowering nitrogen use efficiency and economic returns. Recent estimates suggest that a
significant fraction of nitrogen applied as urea is lost through volatilization at global scale,
representing substantial economic losses for farmers [6]. These combined environmental and
economic drivers have stimulated the development of enhanced-efficiency fertilizers and related
technologies aimed at reducing nitrogen losses while maintaining crop productivity [11].

Current mitigation approaches target key processes controlling ammonia emissions, including
urea hydrolysis, pH-dependent chemical equilibria, ammonium retention, and nitrogen release
dynamics. Urease inhibitors, nitrification inhibitors, and controlled-release fertilizers are among the
most widely studied strategies, although their effectiveness varies depending on soil properties,
weather conditions, and management practices [8,12-14]. In addition, increasing attention has been
given to interactions between nitrogen loss pathways, as reducing ammonia emissions may influence
N20 emissions or nitrate leaching, highlighting the need for integrated evaluation frameworks [8,15].

A major challenge in the field lies in the discrepancy between controlled experimental results
and field-scale performance. While laboratory studies provide mechanistic insights, they often
overestimate mitigation potential compared to field conditions, where variability in climate, soil
properties, and management practices plays a dominant role [6]. This has led to a growing emphasis
on field-based evidence and context-specific assessment of mitigation strategies.

In this context, this review aims to analyse ammonia volatilization from a process-based
perspective, linking the main mechanisms governing nitrogen transformations with the performance
of fertilizer-based mitigation strategies under real conditions. The work seeks to identify the key
factors controlling variability in mitigation outcomes and to provide a structured framework to
support the selection of appropriate strategies according to dominant loss processes. By integrating
mechanistic understanding with practical considerations, this study contributes to improving
nitrogen use efficiency and reducing environmental impacts in cropping systems.
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2. Mechanisms Governing NHs Volatilization in Agricultural Soils

Ammonia volatilization in fertilized soils results from the interaction between rapid biochemical
transformations of nitrogen, physicochemical equilibria, and transport processes at the soil surface.
In cropping systems, the highest risk is typically associated with urea and other readily hydrolysable
fertilizers, as nitrogen is temporarily concentrated in localized reaction zones rather than evenly
distributed. Conceptually, volatilization involves three sequential steps: formation of an ammoniacal
nitrogen pool, partitioning between NHs* and NHs, and transport of NHs from the soil to the
atmosphere. Urea hydrolysis has been identified as the critical initial step in this process, linking
volatilization to subsequent nitrogen transformations such as nitrification and denitrification [16].
This mechanistic sequence explains why mitigation performance varies across soils, climates, and
management conditions. Table 1 summarizes the main control points governing NHs volatilization
and their associated mitigation levers.

Table 1. Key processes influencing NHs volatilization and corresponding mitigation strategies.

Conditions increasing

Process Main field drivers .. Mitigation approaches
NH; emissions 5 PP
Urea hydrolysis  Urease activity, soil Surface-applied urea, Urease inhibitors, soil
and formation of moisture, fertilizer warm conditions, incorporation, timely
NHs* hotspots placement localized concentration irrigation or rainfall
. . . Local pH adjustment
NH4/NHs Soil pH, temperature, High pH soils, elevated . Pt ad)
i . . (acidifying amendments),
equilibrium buffering capacity, surface temperature, water .
- . avoid surface water
(speciation) water accumulation .
accumulation
Ammonium . . .
tenti Soil texture, cation Low CEC soils, sandy  Use of adsorbents (e.g.,
retention . . : :
. exchange capacity, organic textures, surface zeolites, clays), improve
(adsorption and L . .
CEQ) matter application soil-fertilizer contact

Windy conditions,

Wind speed, turbulence, .
exposed soil surface,

Soil incorporation, surface
Transport of NHs . . P L
soil moisture, boundary- . cover, application under
. low resistance to . ..
layer resistance low-wind conditions

diffusion

to the atmosphere

CEC: Cation Exchange Capacity.

The first key driver is the enzymatic hydrolysis of urea by urease, which rapidly generates
ammonium near fertilizer granules or bands. This process creates localized zones with high
ammoniacal nitrogen concentrations and elevated pH, conditions that favor NHs formation.
Although microscale pH dynamics are rarely measured in field conditions, urea is widely considered
a high-risk nitrogen source due to the short but intense emission window following application.
Conditions that promote the conversion of ammonium to ammonia directly enhance emissions,
showing that mitigation depends on controlling both the timing and location of nitrogen
transformations [17].

A second controlling factor is the equilibrium between NHs" and NHs, which is strongly
influenced by pH and temperature. As pH and temperature increase, the proportion of nitrogen
present as gaseous ammonia also rises. Ammonium may be retained through adsorption or microbial
uptake, but when present in soil solution or surface water, it can readily convert to NHs and be lost
to the atmosphere [18]. This identifies two complementary mitigation targets: shifting the equilibrium
toward NHas* through pH control and increasing ammonium retention within the soil matrix.

The third driver is mass transfer, which determines whether NHs formed at the microsite reaches
the atmosphere. Emissions depend on diffusion through soil pores, transport across the boundary
layer, and atmospheric turbulence. Environmental factors such as temperature, wind speed, and soil
moisture influence these processes by modifying both reaction rates and transport resistance [19]. For
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example, wind reduces boundary-layer resistance and enhances emissions, while soil moisture can
either promote hydrolysis or restrict gas diffusion depending on soil structure and timing.
Temperature acts as a key accelerator of both biochemical and physicochemical processes, explaining
the frequent association between warm conditions and high volatilization rates [20].

Soil properties strongly influence baseline susceptibility to volatilization. Soil pH and buffering
capacity determine the NH4*//NHs equilibrium and the extent of alkalinization following urea
hydrolysis. Texture and cation exchange capacity (CEC) control the retention of ammonium through
adsorption processes. Soils with high pH and low CEC tend to exhibit higher volatilization losses
due to reduced capacity to retain NHs+* away from the soil-air interface [8]. These properties explain
why mitigation performance is highly site-dependent and why uniform emission factors are often
unreliable.

Management practices further modify volatilization dynamics by influencing the spatial
distribution of nitrogen and its exposure to the atmosphere. Fertilizer placement is particularly
important, as surface application creates direct pathways for NHs loss, whereas incorporation
increases diffusion distance and enhances ammonium retention. Field studies show that urease
inhibitors are generally more effective under surface application conditions, where volatilization risk
is highest [21]. Incorporation reduces emissions even without additives and may also limit the
additional benefit of some mitigation technologies.

These interacting controls lead to the high variability observed in ammonia losses. Volatilization
is governed by a nonlinear system in which small changes in pH, temperature, or placement can
significantly alter emission outcomes. Global syntheses indicate that ammonia volatilization
represents a substantial share of total nitrogen loss, with average losses from urea around 18%, but
with reported values ranging from less than 1% to over 60% depending on conditions [5,22].

From a mitigation perspective, these mechanisms can be grouped into a limited number of
intervention points. One approach is to slow urea hydrolysis, reducing the formation of ammonium
and delaying the development of emission-prone conditions. Urease inhibitors operate through this
mechanism, allowing urea to move into the soil before hydrolysis occurs and thereby reducing
volatilization [6,23]. A second intervention targets pH at the fertilizer microsite, shifting the
equilibrium toward NHs" and lowering NHs formation. Acidifying amendments, including sulfur-
based materials, are particularly effective in alkaline soils [24].

A third strategy focuses on ammonium retention through adsorption and cation exchange.
Materials such as zeolites and clays increase the residence time of NH4* in the soil, reducing its
availability for volatilization [25]. This mechanism is especially relevant in soils with low CEC or
under surface application conditions [26]. A fourth intervention involves controlling nitrogen release
dynamics. Controlled-release fertilizers reduce peak ammonium concentrations and distribute
nitrogen availability over time, lowering volatilization potential and improving synchronization with
crop uptake [27].

The effectiveness of these strategies depends on how well they align with local conditions.
Variability in soil properties, weather, and management explains the wide range of reported
mitigation outcomes and should be interpreted as a predictable response rather than inconsistency
in the literature. This reinforces the need for site-specific approaches tailored to dominant loss
drivers, such as high pH soils, warm and windy conditions, or surface fertilizer application in
residue-covered systems [28].

Ammonia volatilization must also be considered within the broader nitrogen cycle. Emitted
ammonia contributes to atmospheric reactions leading to particulate matter formation, linking
fertilizer management to air quality impacts [29]. At the same time, retaining nitrogen in the soil may
increase the substrate available for nitrification and denitrification, influencing nitrous oxide
emissions. This creates potential trade-offs between nitrogen loss pathways, where reducing NHs
emissions may increase N2O emissions or vice versa [30,31]. As a result, mitigation strategies are
increasingly evaluated in terms of their multi-pathway effects rather than single-emission reductions.
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3. Fertilizer-Based Strategies for Reducing NHs Emissions

Fertilizer amendment technologies designed to reduce ammonia volatilization operate by
modifying, during the critical post-application period, one or more of the processes governing NHs
formation and transfer in soils. These include the rate of urea hydrolysis, the acid-base conditions
within the fertilizer microsite, ammonium retention through adsorption or cation exchange, and the
kinetics of nitrogen release and exposure at the soil surface. The effectiveness of each approach
depends on its ability to sustain these modifications under field conditions, which is influenced by
formulation properties, environmental conditions, and fertilizer placement.

Figure 2 provides a conceptual classification of fertilizer amendment strategies based on their
dominant mechanisms of action. These range from chemical inhibition and controlled-release
systems to mineral, organic, and biological approaches. The framework emphasizes that mitigation
efficiency is determined not only by the strength of the mechanism but also by its persistence and
alignment with the temporal window of maximum emission risk. Accordingly, the following sections
discuss amendment technologies in relation to their dominant mechanisms, while maintaining
conventional functional categories for comparison across agronomic contexts.

NH, Mitigation Strategies

Fertilizer Amendment Technologies

Chemical Control Strategies B Material & Formulation Strategies [l Bio-based & Surface Strategies
[ [ )

® Urease Inhibitors | ® Controlled-Release / Coated Fertilizers ® Organic Waste-Derived
@ Nitrification Inhibitors @ Mineral & Inorganic Additives : Amendments
® Combined Inhibitor Systems | | # Biological & Surface-Mediated
3 Approaches |

Figure 2. Fertilizer amendment strategies for NHs mitigation.

3.1. Urease Inhibitors

Urease inhibitors are the most extensively studied fertilizer amendment for reducing ammonia
volatilization from urea-based fertilization. Their effectiveness is supported by a substantial body of
field data, allowing robust quantification of mitigation performance across a wide range of soils,
climates, and management conditions. A large-scale synthesis of field experiments across 14
countries, including 48 studies and 256 comparisons, reported average reductions in NHs
volatilization of 61% for N-(n-butyl) thiophosphoric triamide (NBPT) (95% CI: 57-64; n = 165), 70%
for N-(2-nitrophenyl) phosphoric triamide (2-NPT) (95% CI: 63-76; n = 19), and 75% for combined
NBPT + N-(n-propyl) thiophosphoric triamide (NPPT) formulations (95% CI: 58-82; n = 32), while
methyl-phosphoric acid tri-isopropyl ester (MIP) showed no consistent mitigation effect at field scale
(0.3%, 95% CI: -8 to 9; n=40) [6].

The performance of urease inhibitors is governed primarily by their persistence during the
period of highest volatilization risk. Rather than inhibition intensity alone, the duration of delayed
hydrolysis determines cumulative NHs reduction. Field evidence indicates that the effective half-life
of NBPT varies widely depending on soil pH, texture, and moisture, leading to substantial variability
in mitigation outcomes. When inhibitor persistence overlaps with the peak emission window,
significant reductions are achieved; when degradation is rapid, mitigation benefits are limited.

NBPT remains the reference compound within this class and has been widely tested across
cropping systems [31]. Field studies demonstrate strong interactions with soil properties. For
example, reductions of 32.3% in sandy loam and 71.4% in silty clay soils have been reported under
comparable nitrogen rates, reflecting the influence of texture and cation exchange capacity on
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ammonium retention [32,33]. Higher mitigation efficiencies have been observed when urease
inhibitors are combined with other amendments. The joint application of NBPT and dicyandiamide
has been reported to reduce ammonia volatilization by up to 90%, illustrating the potential of multi-
mechanism approaches under high-risk conditions [34].

Alternative urease inhibitors show variable performance. Benzoylthiourea- and benzimidazole-
based compounds have been associated with reductions of approximately 10% and 22%, respectively,
while commercial formulations such as Limus® can achieve reductions of 55-60% under favorable
conditions [35]. These differences reflect variations in formulation stability and soil interactions rather
than differences in mode of action. Yield responses are generally modest but positive, typically in the
range of 4-6%, consistent with improved nitrogen retention rather than direct stimulation of plant
growth.

Urease inhibitors provide a practical and scalable option to reduce ammonia volatilization from
urea-based fertilization, particularly under conditions of surface application, elevated temperatures,
and limited incorporation. However, their performance in practice depends strongly on site-specific
factors that control inhibitor persistence and the timing of emission processes.

3.2. Nitrification Inhibitors and Combined Strategies

Nitrification inhibitors represent a second major category of fertilizer amendments, although
their direct impact on ammonia volatilization is generally limited and highly dependent on context.
Global meta-analyses indicate that compounds such as dicyandiamide (DCD) and 3,4-
dimethylpyrazole phosphate (DMPP) reduce nitrous oxide emissions by approximately 40-50%, but
do not produce consistent reductions in NHs volatilization under field conditions [36]. In some
controlled studies, increased ammonium residence time has been associated with higher NHs
emissions; however, this effect is typically moderated in field environments by adsorption, plant
uptake, and transport constraints.

A comprehensive synthesis of 366 observations from 149 studies confirmed that while DCD and
DMPP significantly reduce N20 emissions (47% and 39%, respectively), their overall effect on NHs
volatilization is not statistically significant under field conditions [37]. Increases in NHs emissions
observed in laboratory or incubation studies are not consistently reproduced at field scale. Field
experiments further highlight the importance of environmental context. Studies under varying soil
textures and moisture regimes show that the impact of nitrification inhibitors on ammonia
volatilization is strongly influenced by water availability and soil physical properties. Similarly,
incubation experiments demonstrate that interactions between inhibitors, soil pH, and organic matter
can lead to divergent outcomes, including cases where NHs volatilization increases in acidic soils
when inhibitor combinations are applied [38].

The primary role of nitrification inhibitors in ammonia management therefore lies in integrated
strategies. When combined with urease inhibitors, they help prevent the redistribution of retained
nitrogen into other loss pathways. Dual-inhibitor systems have been reported to reduce NHs
emissions by 45-55% and N20 emissions by 35-45% compared with untreated urea, providing more
balanced control of reactive nitrogen losses [39]. These combinations may also reduce nitrate leaching
and improve nitrogen uptake under favorable conditions.

The performance of nitrification inhibitors varies across soils and cropping systems. Evidence
suggests that DMPP may be more effective than DCD in reducing nitrate leaching and N2O emissions
in some environments, although both compounds can be associated with increased NHs emissions
under specific conditions, such as high soil moisture, elevated pH, or interactions with amendments
like biochar [40]. These findings reinforce that nitrification inhibitors are not direct NHs mitigation
tools, but components of broader nitrogen management strategies that integrate multiple processes
to reduce overall nitrogen losses.
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https://doi.org/10.20944/preprints202604.0036.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 April 2026 d0i:10.20944/preprints202604.0036.v1

7 of 20

3.3. Fertilizers Designed for Controlled Nitrogen Release

Controlled-release and coated fertilizers, typically classified as enhanced-efficiency fertilizers
(EEF), reduce ammonia volatilization by limiting the intensity and duration of ammoniacal nitrogen
exposure at the soil surface. Their primary mechanism is kinetic, as they decrease peak ammonium
concentrations during the early post-application period and distribute nitrogen release over time [27].
Reported average reductions in NHs volatilization reach 78.4% for sulfur-coated urea, 82.7% for
thermoplastic resin-coated urea, and 69.4% for polyolefin-coated urea [13]. Field data compiled in the
same analysis show reductions of 60.7-68.8% in maize systems and up to 77.7-83.1% in vegetable
cropping systems, although values range widely depending on coating performance, soil moisture,
and crop type.

Recent field studies confirm that mitigation is largely driven by suppression of the initial
emission peak. In a two-year experiment, cumulative NHs volatilization was reduced by 80.8% with
controlled-release fertilizer and by 53.2% with sulfur-coated fertilizer relative to conventional urea,
alongside a clear reduction in peak emissions [41]. These results illustrate that effective mitigation
depends on maintaining controlled nitrogen release under field moisture conditions during the
critical volatilization window.

Advances in coating materials are moving toward engineered systems that improve resistance
to physical damage, regulate water diffusion, and maintain stable release under fluctuating wet—dry
cycles. Silicone-modified polymer coatings, for example, have shown reductions in ammonia
volatilization of approximately 76% relative to uncoated urea, demonstrating that optimized release
control can approach the performance of highly effective urease inhibitors [42]. In addition,
combining release control with complementary mechanisms has shown potential to reduce
sensitivity to site conditions. For instance, polymer-coated and gypsum—sulfur-coated fertilizers have
been reported to reduce NHs volatilization, with improved performance when combined with urease
inhibition functionality [43]. These findings indicate that coatings can act not only as physical barriers
but also as platforms for integrating multiple mitigation functions.

Environmental considerations are increasingly relevant in the development of coated fertilizers.
Studies have identified the generation of microplastics from polymer coatings as a potential concern,
with evidence of biological effects in soil-plant systems [44]. Additional work has shown that such
materials may adsorb heavy metals, with reported capacities of up to 54.64 mg g for Cd(II) and 30.77
mg g for Pb(Il), suggesting possible secondary environmental interactions [45]. These concerns are
driving the development of biodegradable coatings that maintain performance while reducing long-
term persistence in soils.

3.4. Inorganic and Mineral Additives for Ammonia Mitigation

Mineral and inorganic amendments reduce ammonia volatilization primarily by enhancing
ammonium retention and moderating the transient increase in pH that follows urea hydrolysis.
Adsorptive materials increase the fraction of nitrogen held as exchangeable NH+*, while acidifying
components shift the equilibrium away from gaseous NHs. In laboratory conditions simulating
surface application, nano-clinoptilolite mixed with urea reduced cumulative NHs losses by 8.57—
37.13% [46]. Under field conditions, stronger effects are observed when retention is combined with
pH control. For example, gypsum-based treatments reduced volatilization by 58% relative to urea,
while sulfur-coated urea achieved reductions of 42-74% across seasons [47].

Field studies in alkaline calcareous soils provide further insight into the magnitude and
agronomic implications of these effects. In an irrigated maize system (soil pH 8.23), gypsum
application reduced NHs losses by 58% at 150 kg N ha and 42% at 200 kg N ha!, while sulfur-coated
urea achieved reductions of 74% and 65%, respectively [47]. These reductions were accompanied by
increases in grain yield (4-17% for urea plus sulfur and 25-28% for sulfur-coated urea) and higher
nitrogen uptake (7-13% and 26-31%, respectively), reflecting improved nitrogen retention. Nitrogen
use efficiency also increased substantially, with reported improvements of up to 72% under sulfur-
coated urea relative to conventional fertilization at higher nitrogen rates [48].
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For mineral sorbents, field-scale evidence shows that increasing ammonium retention can
progressively reduce volatilization losses. In a two-year paddy field study, replacing urea with nano-
clinoptilolite-based fertilizer resulted in NHs loss reductions of 8.6%, 20.6%, 30.3%, and 37.1% as
substitution rates increased from 20% to 50% [47]. This was accompanied by reductions in nitrogen
runoff (23.3-43.8%) and increases in crop yield (5.1-15.3%), indicating that retention mechanisms can
contribute to broader nitrogen loss control. However, diminishing returns were observed at higher
substitution levels, suggesting practical limits for this approach.

These results indicate that mineral amendments act through two main pathways: acidification
of the fertilizer microsite, which reduces NHs formation, and enhancement of ammonium retention,
which limits its availability for volatilization. The strongest and most consistent mitigation is
achieved when both mechanisms operate simultaneously within the same soil-fertilizer
environment, particularly under conditions of surface application and high volatilization risk [48].

3.5. Waste-Derived Organic Amendments

Organic amendments derived from waste streams, particularly biochar and hydrochar, show a
wide range of effects on ammonia volatilization because their properties vary significantly depending
on feedstock and processing conditions. Materials grouped under the same category can differ in pH,
ash content, and surface functionality, which determines whether they suppress or enhance the
NH«—NHs shift during the post-application peak.

Field evidence illustrates this variability. In a two-year rice experiment, nitrogen-enriched
biochar applied at 10-20 t-ha™ and combined with 75% of the conventional urea rate reduced
cumulative NHs volatilization by 13.3-21.0% while maintaining yield stability [49]. However, the
same study reported that conventional biochar may increase NHs emissions in paddy systems,
highlighting the importance of controlling alkalinity and nitrogen availability.

Long-term studies reinforce this dual behavior. A 12-year field experiment showed that repeated
biochar applications can increase soil pH and, under certain conditions, enhance NHs volatilization
and reactive nitrogen losses, potentially reducing nitrogen availability and crop performance [50].
These findings indicate that the effect of biochar may evolve over time rather than remaining
constant.

Recent work has focused on engineered or nutrient-modified carbon materials designed to avoid
these limitations. Enriched rice husk biochar, for example, has been associated with reduced NHs
losses and improved nutrient uptake, with reported increases exceeding 80% for N, P, and K uptake
in some treatments [51]. This suggests that controlling amendment composition can significantly
influence performance.

Hydrochar, produced by hydrothermal carbonization, is increasingly treated as a distinct
category due to its lower ash alkalinity and different functional groups. Comparative studies show
that hydrochar and pyrochar can influence NHs volatilization differently, particularly in flooded or
saline systems where dissolved organic matter and pH dynamics are critical [52].

Interactions with other amendments can further modify outcomes. Experimental evidence
indicates that combining biochar with nitrification inhibitors such as DMPP can increase NHs
volatilization under certain moisture conditions, due to enhanced ammonium accumulation near the
soil surface [53]. This demonstrates that combining mitigation strategies does not necessarily produce
additive benefits and may shift nitrogen losses toward volatilization if interactions are not carefully
managed.

To contextualize these materials within their technological origin, Table 2 compiles
representative conversion pathways for char production from secondary raw materials, including
pyrolysis, torrefaction, and hydrothermal carbonization systems. The table highlights how feedstock
type and processing conditions determine key properties such as ash content and surface chemistry,
which ultimately control the behavior of these amendments in relation to NHs volatilization.
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Table 2. Char production from secondary raw materials and resulting products.
Technology Feedstock Process description Output products Development
Lignf)cellulosic ' I?yr.olysis un(.i?r oxygen- Fine or granulated
. fractions from fruit limited conditions (350-700 | . .
Rustica . biochar for soil
. ., _.and vegetable °C), followed by cooling, . TRL 7
biochar pilot . . . conditioning and
residues (stems, sieving and optional . ) .
. microbial carriers
cores, peels) enrichment
Abfallwirt
2 wu.' * Green waste from  Small-scale pyrolysis under _. .
haftsbetrieb . Biochar for potential
. garden and park  oxygen-free conditions at . TRL 7
e Munster maintenance elevated temperature soil amendment use
(AWM) P
. Solid-liquid separation, Biochar, ammonia
AgroAmeric Pig manure and dryin, rolysis with heat solution, potassium
& digestate from YINg, Pyrolysis P TRL 9
a X . recovery, ammonia recovery concentrate, treated
organic residues . .
and potassium extraction = water
CarbonFX Forestry and Torrefaction in cyclonic . .
. . . . . Biocoal, biochar,
(Airex agricultural biomass reactor with pre-drying and biocoke TRL9
Energy) residues densification steps
TerraNova Dewatered sewage Hydrothermal carbonization Hydrochar, Ca-based
Ultra sludge (5-30% dry (~200 °C, pressurised), heat P products, Not specified

matter) recovery and dewatering ~ ammonium sulphate

3.6. Biological and Surface-Mediated Approaches

Biological amendments, including microbial inoculants and algae-based systems, can reduce
ammonia volatilization by modifying nitrogen transformations or altering conditions at the soil or
water interface. Reported average reductions of approximately 50% have been described for
biofertilizers in compiled studies [13].

Microbial inoculants such as Bacillus amyloliquefaciens have shown measurable mitigation
potential under alkaline conditions. Field studies report reductions in NHs volatilization of up to
68%, together with increases in crop yield and nitrogen recovery of around 19% [54]. These effects
are associated with reduced urease activity and enhanced ammonia oxidation, indicating a shift away
from the volatilization-prone ammonium pool. Other studies report more moderate reductions of
around 20%, accompanied by decreases in soil pH during the emission peak and changes in microbial
activity consistent with faster NHs* turnover [55].

In flooded systems, strategies that act directly on the water—-air interface are particularly
effective. Floating plant covers such as duckweed (Lemna minor) reduce NHs volatilization by
lowering floodwater pH, temperature, and total ammoniacal nitrogen concentration. Field
experiments report reductions of 20.0-53.7% at moderate nitrogen rates and 19.0-33.2% at higher
rates, together with yield increases of approximately 9-10% [56].

Azolla-based systems show similar effects when combined with optimized nitrogen
management. Reductions in NHs volatilization of 50.3-66.9% have been reported relative to full
nitrogen application, along with improved nitrogen recovery efficiency [57]. These results indicate
that biological surface strategies are most effective when they directly modify the key drivers of
volatilization in flooded environments, particularly floodwater pH and ammoniacal nitrogen
concentration.

A related group of approaches involves algae-based systems for nutrient recovery from
wastewater, producing biomass that can be used as biofertilizer. These systems are currently more
developed in terms of nutrient capture than standardized fertilizer production, and their contribution
to NHs mitigation depends on biomass characteristics and application conditions. As such, they are
best interpreted as enabling platforms whose effectiveness is linked to downstream use and system
integration. Table 3 summarizes representative algae-based systems, including feedstocks,
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cultivation modes, and product pathways, providing an overview of their current technological
maturity and application scope.

Table 3. Algae-based nutrient recovery systems and products.

Technology Feedstock Process description Output products Development
Microalgae cultivation using
Greenhouse nutrients (N, P) in water, Algal biomass for
REALM runoff and supported by solar energy andbiostimulants and TRL 7
drainage water CO2 capture; treated water  aquaculture feed
reused
Marine water . . Biostimulants,
enriched with Cultivation in thin-layer biopesticides, feed
SABANA . cascade and raceway pond pe . TRL 8
nutrients from additives and
systems . I
waste streams biofertilisers
Hybrid cultivation combinin, Microalgal biomass
WALNUT pilot Industrial y . & for fertiliser, feed or
photoautotrophic and . TRL 6
system wastewater . bio-based
heterotrophic growth modes L
applications
. Closed heterotrophic
Saline ltivation, biom
LIFE wastewater from zlel a:;lti(())n,ang dfsisn Treated water and TRL 8
ALGAECAN  food processing . P © arying microalgae powder
. ) integrated with renewable
industries
energy
EXTRAALGAE Mar.me and Supercritical CO2 ext.ract%on A.Igafe-based
(NCBR) cultivated algae followed by formulation into biostimulant TRL 7
species stable emulsions formulations

4. Technology-based Control of the NHs*/NHs Equilibrium

Ammonia volatilization following fertiliser or organic amendment application is governed by
the NH4*/NHs equilibrium, which is controlled by pH, buffering capacity and surface moisture
conditions. While most mitigation strategies are applied at field level, upstream technologies can also
influence volatilization by modifying the initial chemical form in which nitrogen is delivered to the
soil.

This pre-conditioning occurs mainly through two pathways. The first involves converting NHs
into stable ammonium salts, typically ammonium sulphate or ammonium nitrate, thereby reducing
immediate volatilization potential. The second consists of generating fertiliser streams with lower
pH, in which total ammoniacal nitrogen remains predominantly in the NHs* form, limiting the
fraction available for volatilization after application.

These approaches do not replace field-based mitigation strategies but instead act by shifting the
initial conditions of the system, reducing the likelihood that the NHs*/NHs equilibrium favours
gaseous losses during the critical post-application period.

4.1. Urease Inhibitor Technologies

Urease inhibitors are widely adopted and, in some regions, supported by regulatory
frameworks. For example, Germany has required either incorporation of urea or the use of urease
inhibitors since 2020 to reduce NHs emissions [58]. Commercial formulations based on NBPT,
NBPT+NPPT and 2-NPT are available for both granular urea and liquid fertilisers such as urea—
ammonium nitrate (UAN), allowing straightforward integration into standard fertilisation practices.

Field studies confirm their effectiveness under practical conditions, with reductions consistent
with those reported previously [6]. However, performance varies depending on soil and
environmental conditions. For instance, NBPT has been shown to reduce cumulative NHs emissions
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by around 77% in sandy soils and 50% in clay soils, illustrating the influence of soil physical
properties on inhibitor performance [59].

From an economic perspective, protected urea is generally more expensive than conventional
urea, but improved nitrogen use efficiency can offset this difference. It remains competitive with
calcium ammonium nitrate (CAN) on a per-unit nitrogen basis [60]. Practical limitations include
dependence on rainfall or irrigation for incorporation, potential degradation during storage, and
compatibility issues with some fertiliser blends [61]. These technologies are particularly effective in
surface-applied systems, while their added value may be reduced when fertiliser placement already
limits volatilization.

4.2. Controlled-Release Fertilisers in Practice

Controlled-release urea (CRU) and coated fertilisers are widely used enhanced-efficiency
fertilisers that regulate nitrogen availability over time. Their influence on NHs* @ NHs equilibrium is
indirect but significant. By preventing high local concentrations of ammoniacal nitrogen, they reduce
the magnitude of the pH increase at the fertiliser microsite and limit the formation of NHs at the soil
surface.

Reported mitigation effects vary across studies. Reductions of around 54% in NHs volatilization
have been observed for CRU on average, with higher values (up to ~79%) reported for resin-coated
fertilisers [62]. Other analyses indicate more moderate reductions (~30%), reflecting differences in
climate, management and product characteristics [63].

In practice, CRU can achieve mitigation levels comparable to urease inhibitors under suitable
conditions. However, higher costs and the need to match release kinetics to temperature and moisture
conditions limit widespread adoption. Typical price increases of around USD 0.18-0.20 per pound of
nitrogen position CRU as a higher-cost option, justified where reduced application frequency,
improved efficiency or regulatory compliance are priorities [64].

Limitations include the risk of under-release under dry or cold conditions and potential
mismatch with crop nitrogen demand. As a result, CRU is more commonly used in high-value
systems such as horticulture, turf and perennial crops, while its use in extensive cropping systems
remains more selective.

4.3. Nitrification Inhibitors and Formulation Effects

Nitrification inhibitors and ammonium stabilisers, including DMPP, DCD, nitrapyrin and 3,4-
dimethylpyrazole succinic acid (DMPSA), are widely used to reduce nitrate leaching and N2O
emissions by delaying the conversion of NH4* to NOs~. Their effect on NHs volatilization, however,
is indirect and highly dependent on conditions.

By prolonging the presence of ammonium in the soil, these compounds can increase the pool of
potentially volatilizable nitrogen, particularly under high pH and surface application conditions.
Field evidence supports this potential rebound effect. For example, DMPP has been reported to
increase cumulative NHs volatilization by 15-39% under different irrigation regimes [65]. Similarly,
in maize systems, dual inhibitors showed NHs losses comparable to untreated urea, whereas urease
inhibitors or coated fertilisers reduced emission peaks more effectively [66].

Despite this, nitrification inhibitors are well established in systems where nitrate leaching and
N20 emissions are dominant concerns. Their role in NHs mitigation is therefore primarily indirect
and most effective when combined with urease inhibitors or placement strategies that reduce surface
exposure of ammoniacal nitrogen.

Fertiliser formulation also plays an important role. Emission factors indicate that urea can result
in NHs losses of around 16% of applied nitrogen under neutral to slightly acidic conditions, compared
to ~2% for ammonium nitrate or CAN [67]. Intermediate values are observed for ammonium sulphate
and UAN. However, under alkaline conditions, these differences are reduced, and volatilization risk
remains high regardless of fertiliser type.
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Liquid fertilisers such as UAN are particularly sensitive to application method and soil
conditions, requiring integration with placement or complementary mitigation strategies. Similarly,
fertilisers with acidifying effects can reduce volatilization under favourable conditions, although
their effectiveness declines in high-pH soils where the equilibrium is already shifted toward NHs.

4.4. Ammonia Recovery and Nitrogen Conditioning Technologies

Upstream nitrogen recovery and conditioning technologies provide an additional route to
influence NHs* 2 NHs equilibrium before field application. These systems are primarily based on
ammonia stripping and scrubbing processes that capture volatilised NHs and convert it into stable
ammonium salts, typically ammonium sulphate.

Table 4 summarises representative technologies operating at commercial scale. Most systems
rely on stripping-scrubbing processes, where ammonia is volatilised from waste streams and
captured using acidic solutions. A smaller number of technologies also involve pH conditioning or
plasma-based nitrogen fixation, producing fertiliser streams with controlled acidity and reduced
volatilization potential. These approaches generate fertilisers in forms that are less prone to
immediate NHs loss upon application, either by stabilising nitrogen chemically or by delivering it in
a solution with lower pH. While they do not eliminate the need for field-level mitigation, they
contribute to reducing volatilization risk by modifying the initial chemical conditions under which
nitrogen is applied.

Table 4. Representative technologies for nitrogen recovery and conditioning.

Technology Feedstock Process description Output products Development
. Chemical air scrubber used . . .
Mixture of manure, to capture ammonia from Liquid ammonium
i
Biogas Bree organic wastes p . sulphate (~8% N; TRL9
the solid fraction of
and/or energy crops . ~25% SO4)
digestate
Animal manure; Ammonia stripping
BTS Biogas agricultural residuesfollowed by acid scrubbing Ammonium sulphate
. . . . . . TRL9
NITROStrip and agro-industrial after heating and aeration of solution
by-products digestate
Pie manure and Separation (NF/RO) Ammonium sulphate;
H2-VOLAZ digestZt: ca combined with ammonia  clean water; nutrient TRL 9
& recovery via scrubbing concentrates
Liquid fracti £
e ra? ono Stripping and scrubbing .. e
. manure, digestate or . Liquid fertiliser based
Detricon .. system for nitrogen recovery . TRL 9
similar waste . on ammonium salts
from liquid waste streams
streams
Livestock sl ; Pl - it
. .1ve.s oc. slurry; . asr.na based nitrogen Liquid fertiliser based
N2Applied liquid digestate fixation converting slurry TRL9

. . . e on ammonium nitrate
fraction into enriched fertiliser

5. Variability and Nitrogen Trade-offs
5.1. Main Drivers of Variability

Ammonia volatilization is controlled by a combination of soil, climatic and management factors
whose relative influence varies across agroecosystems. Among these, soil pH consistently appears as
a dominant factor. In Mediterranean systems, pH has been identified as the most influential variable,
with emissions increasing sharply above values around 8.2 [68]. However, its effect depends strongly
on buffering capacity, which determines the extent of local alkalinisation following fertiliser
application. Both modelling and experimental studies show that pH response is governed by initial
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soil conditions and buffering components linked to clay content, organic carbon and mineralogy
[26,69].

Soil physical properties also influence volatilization through their effects on ammonium
retention and chemical buffering. Although higher cation exchange capacity (CEC) and finer textures
generally favour NHs* retention, recent evidence indicates that these relationships are not strictly
linear and depend on interactions with moisture and pH [26,68,69]. In particular, studies in acidic
and neutral soils suggest that organic matter can dominate buffering behaviour in sandy systems,
meaning that clay content alone is not a reliable predictor of volatilization risk [70].

Meteorological conditions act as short-term controls that determine whether volatilization peaks
occur. Temperature and pH jointly define high-risk situations, while water inputs influence nitrogen
redistribution within the soil profile. Studies in Mediterranean environments indicate that
temperature and pH are more decisive than precipitation alone, with management practices often
determining whether favourable meteorological conditions actually lead to emission events [71-73].

At a broader scale, geographic variability reflects not only climate but also cropping system
characteristics. Volatilization patterns are largely shaped by fertilisation intensity, irrigation regime
and application methods, rather than climate alone [74]. This supports the view that volatilization
risk is best understood as a system-level outcome arising from the interaction between soil, weather
and management.

5.2. Trade-offs between Nitrogen Loss Pathways

Ammonia mitigation cannot be evaluated in isolation, as nitrogen retained in the soil may be
redistributed to other loss pathways, particularly nitrous oxide emissions and nitrate leaching. Meta-
analyses consistently show contrasting effects across technologies: urease inhibitors are most effective
for reducing NHs losses, whereas nitrification inhibitors primarily reduce N20 emissions and nitrate
leaching [8,14].

This differentiation implies that mitigation strategies should be selected according to the
dominant loss pathway under specific conditions. Urease inhibitors are more suitable in systems with
high volatilization risk, whereas nitrification inhibitors are more relevant where leaching or N2O
emissions dominate. However, interactions between pathways are not always straightforward.
Maintaining nitrogen in ammoniacal form can reduce nitrate formation but may also increase NHs
volatilization risk under certain conditions, especially when surface exposure and high pH coincide
[65,75,76].

Enhanced-efficiency fertilizers illustrate these trade-offs clearly. At global scale, urease inhibitors
maximise NHs reduction, whereas nitrification inhibitors and combined formulations are more
effective in controlling N2O emissions and nitrate leaching [77]. At the same time, technologies that
regulate nitrogen release, such as coated fertilisers, can reduce peak losses across multiple pathways,
although their effectiveness remains strongly dependent on local conditions [63].

These findings highlight that mitigation strategies do not eliminate nitrogen losses but
redistribute them across pathways. As a result, evaluation should be based on overall nitrogen
balance rather than single-emission indicators.

5.3. High- and Low-Risk Conditions

A useful way to interpret variability and trade-offs is to distinguish between high- and low-risk
conditions for ammonia volatilization. High-risk situations are typically associated with surface
application of urea or ammoniacal fertilisers under alkaline conditions, limited buffering capacity,
high temperatures and lack of rainfall or incorporation. In contrast, low-risk conditions include rapid
incorporation, lower soil pH and higher retention capacity.

However, low NHs risk does not necessarily imply low environmental impact. Nitrogen retained
in the soil may still be lost through nitrification, denitrification or leaching, depending on moisture
and management conditions. This reflects a key principle in nitrogen management: reducing one loss
pathway does not automatically reduce total nitrogen losses.
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From an agronomic perspective, this variability also affects yield response. In systems where
NHs volatilization is a major loss pathway, mitigation strategies can significantly improve nitrogen
use efficiency and crop productivity. In contrast, when volatilization is limited, controlling nitrate
leaching or N20 emissions becomes more relevant. Accordingly, recent studies emphasise the
importance of selecting mitigation strategies based on the dominant loss pathway, combining urease
inhibition, incorporation or irrigation where NHs dominates, and nitrification control or
synchronisation strategies where nitrate and N2O losses are more important [8,13,77].

This “dominant risk” approach provides a practical framework for linking environmental
performance with agronomic efficiency while accounting for the complexity of nitrogen dynamics in
agricultural systems.

6. Future Research Directions for Sustainable Ammonia Management

Although nitrogen management technologies have advanced considerably, several limitations
still constrain their consistent performance and wider adoption across different soils and climates. A
key challenge is not the lack of solutions, but the difficulty of predicting how they behave under real
field conditions, where multiple factors interact simultaneously [13,78].

One of the main priorities is improving the prediction of NHs volatilization at field scale. While
the underlying processes are well established, their expression depends strongly on local conditions,
including soil structure, organic matter, microbial activity and water dynamics. Current models often
struggle to capture this complexity and tend to perform inconsistently across regions and cropping
systems [79]. Advancing towards more robust predictive tools will require integrating these
interacting variables rather than treating them in isolation.

Another important area is the long-term evaluation of enhanced-efficiency fertilizers. Urease
and nitrification inhibitors have shown clear mitigation potential, but their effectiveness varies
depending on environmental conditions and may involve trade-offs with other nitrogen loss
pathways. For this reason, future studies should move beyond evaluating single emissions and
instead consider full nitrogen balances, including NHs, N2O, NOs™ losses and crop uptake [6,8].

Biological approaches also represent a promising but still developing field. Biological
nitrification inhibition, based on plant-mediated suppression of nitrifying microorganisms, has the
potential to reduce nitrogen losses without relying on synthetic inputs. However, the mechanisms
involved are not yet fully understood, particularly regarding compound release, persistence in soil
and variability between species and environments [80]. Further research is needed before these
approaches can be reliably implemented at scale.

At the same time, improving nitrogen management will depend on better integration of
agronomic practices. Fertilizer performance is closely linked to how and when it is applied, as well
as to soil and water management. Combining different strategies (such as optimized timing,
incorporation, irrigation management or mixed fertilizer systems) has been shown to enhance
nitrogen use efficiency and reduce losses more effectively than single measures applied in isolation
[81].

A particularly relevant direction is the development of circular nutrient systems. Recovering
nitrogen from waste streams such as digestate, manure or wastewater can reduce dependence on
synthetic fertilizers while closing nutrient cycles. Technologies that capture ammonia and convert it
into stable ammonium salts enable its reuse as fertilizer, linking waste treatment with agricultural
production and contributing to both emission reduction and resource efficiency [82-84].

In parallel, digital technologies are opening new opportunities for more precise nitrogen
management. Advances in sensors, remote sensing and data analysis allow better estimation of
nitrogen dynamics and more accurate adjustment of fertilizer inputs to crop demand. These tools can
help reduce over-application and improve efficiency, especially when combined with site-specific
management strategies [85].

Overall, future progress will depend on adopting a more integrated perspective. Rather than
focusing on individual mitigation measures, the objective should be to optimise the entire nitrogen
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cycle within the soil-plant-atmosphere system. This requires considering interactions between
processes, trade-offs between loss pathways, and the balance between productivity and
environmental performance.

7. Conclusions

Ammonia volatilization continues to represent a major limitation for efficient nitrogen use in
agricultural systems. It arises from the interplay between rapid biochemical transformations,
physicochemical equilibria, and environmental conditions at the soil surface. Both the magnitude of
these losses and their variability are largely determined by site-specific factors such as soil pH and
buffering capacity, weather conditions, and fertilization practices, which together regulate the
formation and release of NHs.

Fertilizer-based mitigation strategies can significantly reduce these losses when they are
properly matched to the underlying mechanisms. Urease inhibitors and controlled-release fertilizers
have shown consistent effectiveness under suitable conditions, while mineral, organic, and biological
amendments contribute through complementary processes such as pH adjustment, ammonium
retention, or modification of surface conditions. However, their performance is highly dependent on
context and may involve shifts in other nitrogen loss pathways, including N20O emissions and nitrate
leaching. This confirms that there is no universally effective solution and that mitigation must be
adapted to the specific conditions of each system.

In this context, the concept of a “dominant loss pathway” provides a useful basis for decision-
making, allowing strategies to be selected according to the main nitrogen loss process while
maintaining a balance between agronomic efficiency and environmental impact. Future progress in
sustainable ammonia management will depend on improving the ability to predict volatilization
under field conditions, integrating mitigation technologies within broader nitrogen management
strategies, and strengthening the role of circular nutrient recovery systems. Adopting a systemic
perspective (one that considers interactions across the soil-plant-atmosphere-water continuum) will
be essential to enhance nitrogen use efficiency while reducing environmental losses.
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Abbreviations

The following abbreviations are used in this manuscript:

2-NPT N-(2-nitrophenyl) phosphoric triamide
CAN Calcium ammonium nitrate

CEC Cation Exchange Capacity

CRU Controlled-release urea

DCD Dicyandiamide

DMPP 3,4-dimethylpyrazole phosphate

DMPSA 3,4-dimethylpyrazole succinic acid

EEF Enhanced-efficiency fertilizers

MIP Methyl-phosphoric acid tri-isopropyl ester
NBPT N-(n-butyl) thiophosphoric triamide
NPPT N-(n-propyl) thiophosphoric triamide
PM2.5 Fine particulate matter (particles <2.5 um)
UAN Urea—ammonium nitrate
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