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Abstract: The potential of both plasma and nanotechnology in producing slow-release fertilizer is
immense. These technologies, when combined, may offer green and inexpensive nitrogen fertilizers
made from abundant renewable resources found in local areas. Together, these technologies may
overcome some limitations of conventional synthetic fertilizers, which are currently expensive and
associated with low nitrogen use efficiency and significant environmental concerns. This review
explores the utilization of recent advances in plasma and nanotechnology, which can be leveraged
to create new slow-release nitrogen fertilizers. It emphasizes their crucial role in addressing nitrogen
depletion and improving crop production. Despite the lack of attempts to develop slow-release nano
fertilizers from low-cost liquid nitrate generated by emission-free non-thermal plasma, the
effectiveness of plasma nitrate matches that of conventional fertilizer for crop production. We
propose a more efficient electrocatalytic conversion of plasma nitrate to ammonium salt, then
coating it with plant-based cellulose nanoparticles to create a slow-release form. This set of processes
would synchronize nutrient release with the dynamic N requirements of plants. Formulations using
agro-based, low-cost cellulose nanomaterials could replace high-cost carrier hydrogels associated
with low mechanical strength. The review also highlights the isolation of nanocellulose from various
plant materials and its characterization in different formulations of slow-release nano plasma N
fertilizer. Additionally, we discuss mechanisms of N loss, slow-release, and retention in the soil that
can contribute to the production and use of efficient, sustainable fertilizers to improve food security
and, consequently, the health of our planet.

Keywords: plasma nitrogen fixation; Slow-release fertilizer; Nano delivery; Climate change;
Sustainable agriculture

1. Introduction

Feeding the growing population living on nutrient-depleted soils is increasingly challenging [1].
Attempts to achieve the Sustainable Development Goals (SDGs) of the United Nations [2—-4] have
indicated a direct influence of poor soil fertility on hunger, poverty, poor nutrition, and an interaction
with climate change effects due to global warming. These conditions result from unsustainable
agricultural practices and technologies such as agrochemicals. Chemical fertilizer application is
currently an indispensable and effective option for providing nutrients required for plant growth,
especially nitrogen (N). Nevertheless, fertilizers may be scarce, especially in Africa, expensive, and
frequently unfeasible. These challenges are especially true with more extensive applications and
requirements [5] that are labour-demanding. Moreover, current high capital-cost fertilizer production
technologies result in expensive fertilizers due to their discriminatory use of scarce nonrenewable
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resources restricted to small regions [6-9]. Under such circumstances, soil health and crop production
have remained the same to the desired potential with applying fertilizers.

Globally, crop production must be increased to curb the shortage of food. However, the
increasing depletion and demand for nitrogen nutrients in the soil is the most limiting factor to crop
production [10]. Fortunately, nitrogen is abundant in the Earth’s atmosphere [11]. However, the
inertness of atmospheric N renders it unavailable for direct fixation and assimilation by plants,
especially by non-leguminous crops [12]. As a result, global nitrogen fixation is estimated at 413 Tg/y
from both natural and anthropogenic processes. The primary source is Biological Nitrogen Fixation
(BNF) [7,11], which is considered an environmentally benign process [12]. Nevertheless, the nitrogen
supply by BNF could be slow and can hardly be relied on to cope with the increasing food demand
[6]. Thus, the inability of BNF to provide for all N requirements necessitates industrial fixation to
meet the needs of crops required to support the growing population.

1.1. Current Industrial Fertilizer Production Process

Industrial nitrogen fixation uses the Haber-Bosch (H-B) process via ammonia synthesis. It has
contributed to 44% of the global food increase [11]. The process is, however, energy-intensive
[7,11,13], consuming 2% of the total energy produced worldwide. It also requires large capital-
intensive infrastructure [8,13]. The H-B process consumes 2-5% of the total natural gas and is
responsible for 300 metric tons of CO2 and 42% of industrial greenhouse gas (GHG) emissions
[7,11,14]. Consequently, the current NHs production rate, or NHs partial current density, is meagre
(~0.1 mA cm-?) due to the sluggish dissociation step of the highly stable N=N bond [13]. Remarkably,
this inorganic N fertilizer production process has a low optimum [7,15] to support the ever-increasing
demand that exceeds 150 million tons per annum [4,8,16,17]. A combination of the rise in fertilizer
demand and production process has produced environmental distress in the manifestation of climate
change, resource, and energy depletion. This has led to a worrying duress on the sustainability of
continuous food supply.

Moreover, the solubility of industrially fixed N makes it highly mobile for plant root uptake.
This also makes it mobile to both surface and downward movement. As a result, repeated and
sometimes applications beyond crop requirements of N fertilizers result in a low use efficiency,
mostly below 30%, due to increasing N leaching and volatilization [16,18-21]. This constitutes a
massive economic wastage [6,16,18,20-22]. Excessive nitrogen loss from agriculture causes ecological
issues such as groundwater degradation and can contribute to global warming, leading to significant
health disorders. The H-B process, by implication, is therefore considered a leading cause of pollution
and climate change [4,11,14,18,21,23].

1.2. Greener Nitrogen Fertilizer Production Processes

As a mechanism to overcome fertilizer production and use challenges, applying green,
renewable, and sustainable materials has recently become significant for the decentralized
production of various high-value products [7,13,24,25]. Such materials may be an alternative solution
to the ever-depleting nonrenewable resources, energy crisis, environmental pollution, and climate
change [7]. In this context, commonly abundant nature-friendly atmospheric air, water, solar energy,
[7,11,15,26] (Figure 1), and plant cellulose [25,27,28] may be a sustainable replacement for scarce
nonrenewable resources used in the H-B process [7]. These materials have the potential to be
modified and functionalized for specific industrial uses [29]. Thus, combining technologies that can
utilize these materials as feedstocks may facilitate climate-smart production of higher-value fertilizer
products to complement the H-B process [7,11,25,27,30-33].
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Figure 1. Proposed Model for Green Production of Slow-Release Nano Fertilizer.

Plasma-assisted nitrogen fixation technology can produce liquid nitrate through the
electrochemical oxidation of atmospheric air and reduction of water using solar energy available
worldwide. This fast, one-step NOs generation process has a higher partial density and requires less
dissociation energy than H-B NHs production [11,13,34]. Plasma-assisted fixation, as an alternative
process, can, therefore, supplement H-B and may be domesticated in local areas due to its low capital
cost for the establishment, the potential to generate a significant concentration of N [7,11] and the
benign environment for nitrate production [7]. If so, plasma N processes may offset some of the
challenges associated with unsustainable NHs fertilizer production by H-B. Additionally, nitrate, a
component of plasma, is the most preferred form of N uptake by plants [36] in most aerated plant
production environments. Therefore, applying plasma nitrate to crops as a fertilizer promises to
improve yields as conventional nitrogenous fertilizers [26,37]. If successful, plasma-generated N may
reduce over-dependency on expensive traditional fertilizers, which could be especially important for
resource-constrained subsistence farmers with the most nutrient-depleted soils in geographically
remote regions.

However, despite a vast body of literature on plasma N production techniques, there are few
experimental and field studies on its application to crops [7,11,15,26,37]. This limitation hinders
nutrient use efficiency (NUE) improvements and reduces environmental footprints associated with
plasma nitrogen fertilizer application in crop production. To overcome this challenge and realize the
full potential of this technology, it is crucial to improve the release characteristics to reduce nutrient
losses and increase NUE in crop production.

One potential solution to this issue is converting plasma N into a slow-release form. This
approach may supply nutrients more targeted, potentially reducing losses, increasing nitrogen use
efficiency and crop yield. Nanoscale manipulation technology, exceptionally engineered nanotools,
shows great promise. Nanotechnology is being explored as a potential solution to improve fertilizer
use efficiency using nanofertilizers [22]. Using nutrient-charged porous nanomaterials in form of
polymers like cellulose [32], fertilizers can be applied less frequently [20], with a significant decrease
in fertilizer required. This breakthrough has the potential to reduce environmental degradation
[16,18,21] and increase NUE, water retention ([32,33,38,41], and crop yields [20,42]. Ideally, nano N
fertilizers have nutrient carrier materials with pores in a nanometer scale of 1-100 nm particles. This
helps slowly release essential nutrients to the soil over time, promoting optimal crop growth [40].
This innovative technology has the potential for a cleaner and more sustainable agricultural
production process by enabling the smart production of greener, slow-release nitrogenous fertilizers
with reduced application requirements and environmental footprints, especially in combination with
plasma technology [7,16,26,30,43].

In conclusion, this review highlights the potential of plasma and nanotechnology to
revolutionize the production of eco-friendly nitrogenous slow-release fertilizers. We are paving the
way towards achieving multiple Sustainable Development Goals by developing fertilisers with
cutting-edge nano plasma N-based solutions. This approach addresses food insecurity and effectively
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tackles environmental concerns associated with crop production. By synthesizing a low-cost, slow-
release nanofertilizer that is free of GHG emissions and allows for reduced amount and frequency of
application, we can contribute to sustainable agriculture and boost crop productivity. These
technologies have the potential to lead us towards a greener future, meeting the growing demand for
food while reducing our carbon footprint.

2. Plasma N Fixation and Its Potential as a Fertilizer

Although the atmospheric air consists of 78% nitrogen gas, the triple bonds of N (N=N) make it
chemically inert [13] and unable to be directly assimilated by plants. Research in the last century
focused on developing alternative, greener methods of nitrogen fixation [11,12]. Plasma processes are
currently a priority for intensification and energy savings [7,11,14]. This is an attractive path towards
developing a zero-natural gas consumptive, energy efficient, fast, and environmentally benign
nitrogen fixation process, especially in combination with catalysis [44]. The potential environmental
benefits of this approach are inspiring, providing a ray of hope for a more sustainable future.

The production of nitrogen-based fertilizer in a plasma reactor involves a nitrogen fixation
process. Plasma, the fourth state of matter, consists of ionized atoms and molecules. Plasma is
subdivided into thermal and non-thermal plasma due to differences in reaction mechanisms, the
energy efficiency of these processes, and the equipment required [14]. In a thermal plasma using arc
and torch, electrons, ions, and background gas are at the same temperature of about 10* K [11]. The
high-temperature requirement and low energy efficiency of thermal plasma have limited its
implementation in nitrogen fixation. In contrast, non-thermal plasma using discharges such as Pulsed
corona, Glow discharge, and Dielectric Barrier Discharge (DBD), among others [7,11], offers a more
energy-efficient solution. The fact that electrons are usually at high temperatures of between 10*-10
K is made possible due to the smaller mass of electrons, while ions and background gas can remain
at room temperature, hence, the non-equilibrium [14] is a testament to its energy efficiency. The
extremely high temperature of the electrons drive the reaction and the relatively cool surrounding
gas save energy. This non-polluting, non-thermal plasma technology is not just an attractive
alternative to thermal plasma and the traditional Haber-Bosch processes that require high
temperature, pressure, and energy [13,14] but also a promising outlook for sustainable agriculture.

2.1. Non-Thermal Plasma N Fertilizer Production

Nitrogen-based fertilizer in non-thermal plasma is produced through nitrogen fixation in a
plasma reactor, involving converting Nz from the air into NOx. Non-thermal nitrogen fixation occurs
after introducing an electrical charge to the gliding arc to activate the N2 molecule, which is later
broken by vibration, creating a plasma (eq. 1-2). The unstable N reacts with free oxygen molecules to
form nitrogen oxide [14]. The NO equilibrates by reacting with hydrogen ions (H*) in water to form
plasma nitrate (eq. 7). An attempt to supply H* using Hz gas from Hydrogen Evolution Reactions
(HER) may be an attractive option following large-scale generation without greenhouse gas emission
[45]. If this can be confirmed, exploring the economics of producing Hz gas from cheap sources like
water may enable the direct synthesis of ammonia in a plasma reactor [11,35]. Nevertheless, the
potential practical application of HER still needs to be explored despite its critical importance in the
scientific and industrial production of NHs in plasma reactors. It is high time we recognized the
significance of HER and conducted an extensive analysis to make the most of this resource.

Commonly available plasma reactors can produce 0.5 L of plasma nitrate per minute. Not only
is this process energy efficient, consuming only 7.7 KWh/kg with a mass flow controller, but it may
also promise a brighter potential to revolutionize greener pathways to produce NHs sustainably.
These energy-saving reactors can sustain a varying concentration range of nitrate in the solution at
just 0.2 MJ/mol of NO [11,15]. Moreover, a catalyst can reduce the energy demand by 35% [14] by
accelerating the reaction rate, making the process more efficient. The energy reach is far less than the
0.48 MJ/mol of NHs of the energy-intensive Haber-Bosch process [11,15,35]. Such advantages make
non-thermal plasma economically attractive [7]. The following equations (1-7) summarize the
different reaction mechanisms for nitrate synthesis in a plasma reactor.
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e + N2 — N2 (V) (Plasma) 1[7,14,15]
e +O2— O2 (Plasma) 2 [15]
O+Nz - NO+N* 31[7,11,14,15]
0O:+N"—-NO+0O 4111,14,15]
NO + O <> NO2 5[11,15]
N +NO <> N2+ O* 6[11,15]
3NO:2 + H20 — 2HNOs + NO 7 [11,15]

The di-nitrogen species N2'(V), the plasma obtained by collisions with highly energetic electrons
(eq. 1), is vital in keeping the reaction temperature and energy consumption low. On forming plasma
nitrogen, excessive energy stored in vibrational mode is efficiently delivered to carry out the chemical
reactions to overcome the high activation barriers of dinitrogen reactions as in equations 1-7
[7,11,14,15]. Patil et al. [11] and Li et al. [7] show much more NO yield using catalysts such as MoOs
and WOs;, which reduce the energy consumption of the process. Alternatively, VIVEX Engineering
Ltd. (UK) [46] uses high-voltage plasma reactors and a series of wet reactors as absorbers to produce
HNO:s with a 15-35% concentration from the air. This method uses 20% less energy than other
processes [11]. Thus, combining catalysts and reactor series can significantly reduce the energy
requirement and increase the nitrate concentration. Hence, the process can reduce costs and facilitate
easier acceptance on an industrial scale. In addition, the instant control and fast, one-step reaction
make the system suitable for decentralized small-scale production of nitrogen fertilizer, for example,
when using widely available solar energy.

2.2. The Flow Rate of NO from the Plasma Reactor

The plasma flow from production reactors greatly influences its consumptive demands as a
fertilizer. Many studies have shown that plasma nitrogen flow rate and concentrations vary with
energy consumption during non-thermal plasma production of NO. For example, a study by Wu et
al. [47] indicates that nitrate production at 2.0 L/minute is energy efficient. Generating polluting
wastes is impossible, especially when the concentration is at or above 10% (eq. 6). According to Patil
et al. [11], targeting a nitrate concentration of 10% can effectively halve the energy needed for
production to 33 GJ/ton N. However, concentrations above 15% require an energy input of 169 GJ/ton
N. Therefore, reducing energy requirements is crucial for increasing nitrate concentration.
Alternative ways to reduce energy requirements include optimizing flow rates using a series of
efficient energy reactors.

On the other hand, studies have suggested that an enhanced plasma flow rate with the
application of catalysts can reduce energy consumption [44]. Therefore, identifying a specific
combination of catalysts and reactor series may improve the nitrate flow rate and concentration while
maintaining the energy flow into the system. The increased concentration and flow would reduce the
production cost of plasma nitrogen fertilizer.

2.3. Value Addition to Plasma N

Selective reduction of nitrates to desirable nitrogen compounds during the chemical process uses
cathode metals such as Cu, Ru, Al, Zn, and alloys. These metals may effectively work in the presence
of catalysts like Rh, Ir, Pd, Pt, Ag, and Au in the electrolysis process [48]. This process requires heat
and electrical energy. It uses electrons as reductants, operates in ambient conditions, is fast, has high
product turnover, and does not require secondary treatment [13,34]. Therefore, the electrochemical
reduction of nitrate is currently the most promising among all the suggested processes for
crystallizing plasma nitrate and turning it into higher-value products. These processes are beneficial
in converting nitrate into recyclable ammonia, a valuable resource in the form of fertilizers, energy
carriers and chemical precursors [13,34,35]. This strategy’s benefits include the conversion of nitrates
into valuable products, using renewable energy sources, and the potential for distributed application
[13,34].
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2.3.1. Electrosynthesis of Ammonia from Plasma Nitrate

Efficient chemical mechanisms require understanding nitrate-containing reactive intermediates,
active species of catalysts, interactions between the two, and kinetic analysis. An example of turning
ammonia into a treasure follows a reaction involving a reversible hydrogen electrode (RHE) below
(eq. 8). It involves eight electron transfers and many possible pathways [48-50] where EO is relative
to the standard hydrogen electrode (SHE).

NOs +9H* + 8¢ — NHs + 3H2 E©=-0.12 V vs. SHE 8

The energy for the RHE is far below the potentials for nitrate reduction reactions (NOsRR)
directly through the half-cell reaction of eq. 9.0.

NOs + 6H20 + 8e- — NHs + 9OH: (0.69 V) 9

The electro-reduction of nitrate effectively controls the adsorption of hydrogen atoms, with
electron reduction occurring at the cathode. Initially, electrons reduce the adsorbed water on the
cathode surface, forming Haas (H*) in the adsorbed hydrogen-intermediates pathway. The H* then
directly reduces nitrate to NHs* through steps (eq. 10) involving intermediates such as NOzads, NOads,
NHads, NHzads, and many more [34,48]. Because the energy requirement of Naas (0.75 eV) is higher than
Hads (0.10 eV), N-H bond formation is kinetically more favourable than the N-N bond formation. In
agreement with Zhen-yu et al. [48], the deprivation of H* from active neighbouring sites for N-N
coupling pathways prevents N: gas formation, promoting selectivity towards NHs. Under
appropriate potential, NHzads are formed directly from NO reduction (eq. 11-13). However, as the
potential becomes positive from -0.2 to 0.4 V, the energy range becomes favourable for increased N2
production at the expense of NH3[13]. Hydrogen absorption weakens at a positive potential, leading
to a slow hydrogenation rate in ammonia synthesis [34]. The enhanced adsorption of Hads with the
introduction of a catalyst leads to the formation of ammonia.

HNO3(9—NO32ds—NO27ads—NOads— HN Oads—H2NOads— NH20Hadas—NH3(0.10 eV) 10

NOadas—NHozaas (0.1 eV) 11

NOads—N20ads =Nz (0.75 eV) 12

NOads—N20adas —»N20 (0.75 eV) 13

2.3.2. Impact of Catalysts on Electro-Reduction of Nitrates to Ammonia

Nitrate electroreduction with catalysis at ambient conditions has consistently shown higher
ammonia formation than the H-B process [49]. For instance, ammonia electrosynthesis from nitrate
using Fe catalyst yields 20,000 pg h™' mgcat.”?, as demonstrated in HB studies [48,49]. Using a single
Ru catalyst, an impressive yield of up to 55,000 pg h' mgcat.”! in ammonia electro-reduction is
achievable [49]. This highly effective and efficient method could be the preferred choice to enhance
the chemical conversion of plasma N into a more valuable ammonium product.

2.3.3. Effect of Nitrate Concentration on Ammonia Synthesis

The characteristics of ammonia formation vary with the nitrate concentration in the solution.
While most catalysts show high faradaic efficiency (FE) for ammonia production [13,34,49,50], there
is significant variation in current density, which is mostly low. However, production with high
concentrations of NOs has been the norm, as solutions with low concentrations of NOs- are highly
affected by the suppression of the competing hydrogen evolution reaction (HER) [13]. Higher nitrate
ion availability suppresses the HER, favouring ammonia formation [35]. For plasma N reactors with
NOs concentration as low as 1.0%, efficient recovery of NHs could be limited, making the entire
fertilizer production process costly (Table 1). Chen et al. [13] combined Ru and Cu catalysts to address
low nitrate concentration. The FE increased to 99.9% at a very low potential (-0.135 V) and current
density compared to using separate or single catalysts. The ammonia production rate was
approximately 80000 pig h'' cm?, significantly higher than nitrate reduction to ammonia on Ru or Fe
single catalysts. Ru and Fe catalysts have a maximum FE of 75% and a lower ammonia yield rate [48],
achieved at very low partial current density and potential of 100 mA cm? and -0.85 V, respectively.
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The increasing NHs synthesis with decreasing trend in potential energy was similarly observed by
Wang et al. [34] and Chen et al. [13].
Conversely, a combination of Fe and other catalysts used by Yuhang et al. [50] resulted in a

Ferradic Efficiency (FE) as low as 30% compared to the single use of catalysts such as Cu and Ru,

indicating the need for suitable catalysts for a given nitrate concentration. Additionally, it could
suggest the essentiality of an appropriate combination of catalysts at varying nitrate concentrations
to maintain a high FE. Thus, combining catalysts to achieve high FE at both low and high NOs
concentrations could reduce the burden of the HER.

Table 1. Catalysts for the selective electrocatalytic reduction of nitrate to ammonia.

Cathode Conditions Maximum Partial Maximum Reference
Material FE to NHs Current NHs
(%) Density to Production
NHs (mA
cm?)
Fe 1.0M KOH at 3mL 75 -100 0.46 mmol [48]
min-! flow rate, 0.5M h'cm=2
KNOs/0.1M K2SOxs at
ImL min?, -0.66 V
versus RHE
Strained Ru 1M NOs, 1 M KOH, 75 -120 1.17 mmol h- [49]
nanoclusters ‘-0.2 V versus RHE 1 cm2
Ti 0.3 M KNO;, 0.1 M 82 -22 - [51]
HNO:;, acidic pH, ‘-1
V versus RHE
TiO2 3.6 mM NOs, 0.5 M 66.3 - 0.005 mmol [52]
NaSQOs, 16 'V ht cm?
versus SCE
TiO2x 3.6 mM NOs, 0.5 M 85 - 0.009 mmol [52]
NaSOs, 16 V h?1 cm?2
versus SCE
Cu- 36 mM NOs, 0.1 mM 85.9 - 0.0256 [53]
incorporated PBS, pH 7, -04 V mmol ht
PTCDA versus RHE cm?
Cu/Cu20 14.3 mM NOs, 0.5 M 95.8 - 0.2449 [54]
NWAs NaSOs, ‘-085 V mmol  hl
versus RHE cm?
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Ru- 32.3 mM NOs (2,000 96 -965 1.76 mmol [13]
dispersed Cu ppm), 1 M KOH, - h-! cm-2
nanowire 0.13 V versus RHE
Cu-Nialloys 100 mM NOs, 1M 99 -90 - [50]
KOH, pH 14, ‘-01 V
versus RHE

2.3.4. Crystallization of Liquid Ammonia to Ammonium Salt Fertilizers

The ammonia generated can be acid-trapped with HCI or NOs followed by rotary evaporation
to produce crystals of NH4Cl [13] or NH4NOs, respectively. The ammonium nitrate is suitable for a
more economically sustainable fertilizer production, resulting in a higher nitrogen concentration than
NH.Cl fertilizer. Due to increasing limitations in soil sulfur, ammonium sulfate can also substitute
NH.C], given its relatively higher nitrogen composition. Fertilizer storage would pose a challenge to
farmers, and therefore, the explosion risk associated with NHsNOs could make NH:Cl a safer choice.
Thus, although slightly more costly, the NH4Cl production route would be much more favourable.
This results from the economic advantages of internally generated nitrates in the plasma reactor
compared to external sourcing of HCL

2.4. Performance of Plasma N on Crop Production

The application of nitrate from a plasma reactor (eq. 7) to crops as a fertilizer is still in its infancy.
Punith et al. [26] reported enhanced growth with a 61% increase in the weight of tomato plants
compared to plots without plasma nitrogen. In a study by Kabiri et al. [37], plasma nitrogen
application on cereal crops resulted in growth responses similar to urea and calcium ammonium
nitrate (CAN). Current plasma application to crops requires a high volume due to low nitrogen
concentrations [37]. However, the large quantity of liquid plasma may be advantageous for
fertigation, especially in dry farming when solar energy is at its peak. After identifying the best
application method for plasma nitrogen fertilizer methods (i.e., foliar or drenching) leaching into
deep soil layers, volatilization is minimized or prevented. In this regard, it may be essential to
establish a plasma fertigation schedule suitable for different crops with varying nitrogen demands.
Plasma nitrate transformed into ammonium salt can be a highly effective alternative to conventional
mineral fertilizers using similar application methods. Therefore, plasma nitrogen production and the
resulting ammonium fertilizer product from its electro-reduction could be made available to farmers
after evaluating its optimal use efficiency and environmental impacts from its application to crops.

2.5. Potential Use of Plasma N as Fertilizer

With the world facing significant challenges in fertilizer production, it is time to explore novel
and innovative non-thermal plasma-assisted nitrogen fixation technology to augment nitrogen
fertilizer production and mitigate the demand due to the reliance on the H-B process. This technology
allows decentralized production to create a more sustainable future [7,26]. Local-scale production of
fertilizer could reduce transport costs and its price. By producing fertilizer on-site and reducing
transport costs, access to fertilizers could be improved. This flexibility could help meet varying
application demands [4,8,17,55,56] for crop nitrogen recommendations, ultimately increasing yield
and economic returns [57,58]. Plasma nitrogen applied to crops has performed similarly to other
nitrogenous fertilizers [37]. If this is the case in many environments where nitrogen is needed,
domesticating non-thermal plasma nitrogen production could be a greener alternative for providing
the plant nitrogen requirements necessary to support the growing demand for food worldwide.

For example, Uganda aims for 200 kg ha™ of fertilizer nutrients [56] but only imports 6.4 million
tons annually [59]. Additionally, the available fertilizer falls far below the minimum recommended
application target of 50 kg ha' set by the 2006 Abuja declaration, an African Union initiative to
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promote sustainable agricultural practices [60]. Through intensified decentralization of plasma
technology alone, the government could achieve the goal of reducing the volume and value of
imported inorganic fertilizers by 75% [61]. Therefore, local-scale plasma technology would create an
opportunity to address other soil fertility challenges related to reported multiple nutrient deficiencies
[10,62].

2.6. Limitation of Plasma N Fertilizer

The liquid plasma nitrate concentration needs an urgent increase to reduce fertilizer usage and
facilitate handling and transport to farms. However, plasma nitrogen is prone to rapid leaching and
volatilization, which could result in more severe environmental challenges than conventional
fertilizers. Due to the liquid form of plasma nitrogen and its small ionic size of 2.8A [5], losses from
soil can always be higher than conventional crystalized N fertilizers, even with split application. The
nutrient loss is due to the small hydrated ionic radius (0.279 nm) of N compounds, particularly NOs
. Additionally, nitrate mobility in soil is estimated to be between 1-5 mM, higher than that of NHs*
compounds. Therefore, we suggest converting plasma nitrate to ammonium compounds for crop
application.

A comprehensive evaluation of plant uptake, losses, and emissions throughout the fertilizer
value chain would enable the development of intelligent application strategies. These strategies can
help reduce labour-intensive repeated applications and excessive fertilizer use, which have been
steadily depleting the natural nutrient balance of the soil [40,63,64]. These losses can also be mitigated
using traditional methods such as conservation agriculture [23]. A more recent approach involves
converting nutrients into nanoforms [65], which has shown the potential to reduce nutrient
application quantities by 50% [40], especially when paired with other effective soil management
practices [20]. Converting plasma nitrogen into nano form could enhance nitrogen use efficiency
(NUE) and decrease fertilizer needs [56,60], leading to significant economic benefits [59]. This could
encourage smallholder farmers to adopt plasma fertilizer use, not only for its environmental benefits
but also for its potential to improve their economic situation. Therefore, further research on nano-
plasma nitrogen-based fertilizers is necessary to enhance plant nutrition, increase NUE, and decrease
the potential environmental impact of plasma nitrogen compared to traditional fertilizers.

3. Mechanism of Nitrogen (Plasma N) Retention and Loss from Soil

The mechanism of ion-soil interaction involves adding and removing nutrients in the soil
solution. Lost nutrients must be continuously replenished through fertilization or by releasing ions
retained by soil colloids. Soil colloids, such as clay materials, can absorb nutrients through isomorphic
substitution during the recrystallization of silicate minerals [66]. This compositional embedding of
nutrients in the clay matrix acts as a lunchbox system for plant growth, reserving nutrients for uptake
during optimal soil conditions like temperature, moisture, and pH [67].

Solutes in the soil solution and ions retained on soil particle surfaces are typically the most
significant fraction of elements available to plants. Ions have sizes ranging from picometers (PM) 10-
12 m to angstroms (A) 1010 m [5]. Clay particles have angstrom-sized regions where nutrients can be
retained, with the particle’s charge strongly influencing sorption [66]. Specifically, nitrate ions, with
a diameter of 2.8A, are negatively charged like clay and some organic matter. Depending on soil
condition, this low electrostatic attraction to soil colloids can negatively impact leaching or loss.

Negatively charged colloidal surfaces attract more positively charged NHs* than negatively
charged NOs, making NHs* less mobile than NOs [21,66]. Therefore, applying fertilizer in
ammonium form can slow the release of nitrogen into the environment. Nitrate ions sorbed onto
mobile clay lattice due to the transformation of NOs fertilizers in the soil [21] may become
unavailable to plants and microbes due to their small angstrom size.

Although nitrate composites are protected from losses, they are highly mobile and quickly move
within soil pores, especially in sand and silt [5,66], potentially contaminating groundwater [21]. This
contamination worsens with high levels of NOs application, leading to increased hydrolysis and
acidification that can sorb anions on a polymeric material larger than angstroms, like in the
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nanometer range (10°). The nanosize can reduce ion sorption in clay lattice spaces and loss from the
soil system, underscoring the critical need to understand and mitigate the potential environmental
consequences of nitrate contamination.

3.1. Mitigation Strategies

Preventing nitrogen loss from soil can be achieved by combining techniques such as deep
placement, inhibitors, liming, cover cropping, split application, optimal watering rate, and reduced
soil compaction, among other best soil management practices [36]. Among the possible technologies,
split applications improve the uptake of nutrients by plants through synchronized sigmoidal nutrient
supply [68]. However, this practice needs to more adequately reduce losses due to the low retention
of fertilizers in the soil [69]. Additionally, the time and intensive labour requirements discourage buy-
in for split applications.

Recently, developing slow-release compounds applied at appropriate frequencies might
contribute to a more efficient fertilizer use in soil amendment. This approach can be applied to slow
the nano-delivery of plasma nitrogen fertilizer. By utilizing nanomaterials with unique physical and
chemical properties and a network of channels that retard nutrient solubility [40], nano-delivery
systems can efficiently supply enough nutrients without losses throughout the entire growing season
to meet plant demand for optimum growth [68].

4. Nanoparticle-Based Delivery System and Nanotechnology in Fertilizer Application

Delivery systems for fertilizers are crucial for reducing application frequency and controlling
issues such as over-application, leaching, soil chelation, runoff, and fertilizer nutrient volatilization.
A controlled system ensures that only the necessary amounts of nutrients are released to meet plants’
biological demands without causing significant temporal or spatial environmental effects.

The process begins with producing a suitable adsorbent nano-sized barrier with a large surface
area [70]. The controlled release, based on the material’s slow-release characteristics design, is
tailored to the specific environmental conditions [71]. The controlled release is achieved by
strategically bonding nutrients to the nanomaterial [67], increasing the surface area to volume ratio
and making nanoparticles highly reactive (Figure 2). These reactions stem from the unique properties
of nanoparticles, which differ from their macroscopic bulk counterparts and molecular structures
[72].

The approach relies on two fundamental properties: increased relative surface area and
quantum effects. A nanoparticle is about ten hydrogen atoms wide or 10-100 times larger than ions
of nutrients or clay [40]. Other properties of nanoparticles, such as morphology, aspect ratio,
hydrophobicity, adsorption during production, roughness, reactive oxygen species (ROS) to water
ratio, capacity to produce ROS, high composition, and numerous binding sites (Figure 2), influence
the solubility release of active nanoparticle ingredients [40].

Although the nano delivery of fertilizer nutrients to plants is in its early stages, its application
in agriculture for animal drug delivery is successful. The approach can be costly due to the price of
materials for encapsulation or grafting nutrients. However, nanotechnology can reduce nutrient loss
using nanoparticle capsules that delay delivery. The sustained release can reduce nutrient application
rate and frequency, promoting effective plant absorption while minimizing environmental
degradation [73].
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Figure 2. Properties of nanoparticles. Adapted from Manjunatha et al. [40].

Nano-delivery systems respond to environmental triggers such as soil texture, temperature, pH,
and moisture [71]. When exposed to these external stimuli, crosslinked polymers undergo significant
physical and chemical changes [74]. Physical stimuli, like magnetic and electric fields and
temperature, directly control the energy level of the solvent-polymer system, prompting a response
from the polymer at critical energy levels. Chemical stimuli, including pH and redox potential, also
elicit a response from the polymer, altering the molecular interactions between the solvent and
polymer. This adjustment can affect the amphiphilic balance or interactions between polymer chains,
influencing electrostatic repulsion, crosslink-integrity, or the tendency for hydrophobic association.
Therefore, research can tailor the amphiphilic nature of most nano-delivery systems to enhance
nutrient release and reduce solubility under extreme soil conditions. This design can target responses
to plant exudates during stressful situations [74,75]. A similar slow-release approach for nutrients in
nanoparticle material was demonstrated by Stephen et al. [76], showing reduced emission,
erodibility, and leaching, increased stress tolerance, higher crop yields and improved NUE.

Nano-delivery materials can also act as bio-stimulants containing hormones such as auxins,
gibberellins, cytokinins, and triacontanol. These target primary and secondary pathways in leaves
and root tissues to promote plant growth against various stresses [77]. Such diversity presents an
opportunity to use nano fertilizers in foliar and soil applications. In a study by Hussein et al. [30],
nanotechnology was used to convert banana peel extract into nanoform added value by enhancing
its growth and promoting effects. The study demonstrated an increased tomato germination
percentage from 14% to 97% by applying nano fertilizers from banana peel. Reviews by Manjunatha
et al. [40] and Mejias et al. [20] have shown increased yields and tripled NUE when using nano-coated
fertilizers on crops. Therefore, there is a need to design a nano fertilizer blend that responds to
defence mechanisms against plant nutrient stress. These nano-delivery approaches against nutrient
abiotic stresses excessive fertilizer and water usage and losses, consistently decreasing environmental
pollution from fertilizers [32]. As a result, the growing environmental regulations and unique
properties of nanocellulose could promote its use as a valuable material for various agricultural
applications, such as carriers for nanofertilizer formulation.

4.1. Nanoparticle Mobility Mechanism for Slow Release of Nitrogen in the Soil
4.1.1. Nanofertilizer- Soil Matrix Transport Mechanism

The transport of nutrients encapsulated in nanopolymeric materials depends on environmental
factors such as soil pH, temperature, moisture, and texture, among others, which are influenced by
the particles [71]. Larger-sized fertilizer particles enclosed in a semipermeable nano polymer
membrane regulate ion or ion-composite illuviation from soil pores. Aggregates of nanoparticles are
too large to fit into micropores (Figure 3), allowing them to remain within pores [78]. Additionally,
the cohesion of nutrient particles and adhesive forces between nutrients and polymer aggregate
surfaces or polymer-soil interfaces increase aggregation at the soil-fertilizer interface, reducing losses
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(Figure 3). Even the mass of nutrients diffusing from the matrix to the soil is large enough to pass
through micropores, leading to clogging and decreased ion mobility [67]. The retention ensures that
nutrients are readily available for plant uptake. Aggregating nutrients at the nanoscale and providing
a better coating, composite, or additives leverages the quantum effects of the particles. The effect is
because nanoparticles can agglomerate to form large, clumps difficult to redisperse [76].

Figure 3. Schematic diagrams for transport of formulated nano cellulose coated fertilizer particles
through filtration mechanisms. The black spheres, dotted lines, and thick lines stand for nanoparticles,
the fluid streamlines, and the particle path (trajectory), respectively. The nanoparticles can attach to
the collector through (a) gravitational sedimentation, (b) interception, and (c) Brownian diffusion. (d)
Small pores may physically retain large aggregates through cohesive, adhesive, electrostatic,
hydrophobic interaction, and Van der Wall forces. Adapted from Mani & Mondal, [67].

4.1.2. Mechanisms of Soil Moisture- Nano Coating on Nitrogen Release

For the slow release of nutrients, soil moisture wets the cracks in the coating and penetrates the
capsule (Figure 4, ‘a” and ‘b). This results in partial nutrient dissolution within the fertilizer core,
leading to the buildup of osmotic pressure. This ‘lag’” occurs as filling the internal pores takes time
and establishing a steady state between water influx and solute discharge from the matrix [31,79]. As
water penetrates the coating, more fertilizer granule dissolves and swells (Figure 4 ‘c). This swelling
is due to the osmotic pressure buildup from accumulating a saturated solution to a critical water
volume [67]. The concentration of the solution in the granule remains saturated, allowing for a slow,
constant release of nutrients from the core fertilizer through diffusion from the capsule coating
membrane [66,67].

Once most fertilizer nutrients have been dissolved and released, the concentration and osmotic
pressure decrease, leading to a reduced release rate, known as the ‘decay period” (Figure 4, ‘d) [67].
The concentration and pressure gradients control the diffusion mechanism. In essence, this release
mechanism follows a pattern of water absorption-swelling (Figure 4 ‘b’) -diffusion (Figure 4 ‘c’) -
degradation of the polymer coating and dissolution (Figure 4 “d"). This release mechanism allows for
a sigmoid release pattern (Figure 4, ‘e’) that can be tailored through fertilizer formulation to align
with plant growth requirements [31]. This process mimics the gradual release of nutrients seen with
split fertilizer applications [68]. However, the mechanical strength and modulus of the coating
material heavily influence the release rate [25]. Consequently, the polymer obstruction of active ions
increases the diffusion distance, resulting in a slower release.
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Figure 4. Diagrammatic presentation of the mechanism of nutrient release in a sigmoid pattern.

4.1.3. Nanofertilizer Charge Influence Towards the Slow-Release Mechanism of Nitrogen

Nanoparticles, such as nano cellulose, possess low sedimentation, degradation, amphiphilic
properties, and an enormous specific surface area and quantum effect [67,76]. Nano cellulose, similar
to organic matter, contains electronegative hydrophilic functional groups like hydroxyl (‘OH),
carboxyl (-COOH), phenolic (-CsH«OH), and amine (-NH:) [25,80]. These functional groups create
pH-dependent surfaces that allow more electronegatively charged NOs or N-containing compounds
to be attached. Additionally, these materials serve as nano-sized N polymeric carriers for nitrate,
acting as a means of transporting ions to plants. Enhanced nutrient retention is further by the larger
size of the soil solution [66].

Nanoscale fertilizers, additives, and coated nutrients can quickly accumulate in these contact
zones, allowing for close interaction with the soil solution and reactive bodies. The free ions
strengthen plants against nitrogen deficiency by facilitating free transport through molecular
transporters. As a result, there is a reduced likelihood of nitrogen leaching, volatilization, and fixation
in clay lattice spaces. Ultimately, nanoform fertilizers increase nitrogen availability and affinity for
plants while minimizing environmental loss, making them environmentally friendly and efficient.

5. Materials for Transforming Plasma N Products into Slow-Release Forms

Nowadays, nanomaterials mainly used to formulate nano fertilizers include carbon-based,
polymeric, hydroxyapatite, nano clays, mesoporous silica, nanoparticles, and materials such as
nanocellulose [31,81,82]. Controlled slow-release fertilizers are commonly developed using
superabsorbent hydrogels. Their use in fertilizer production is mainly limited by the scarcity of raw
materials, high production costs and low mechanical strength [32]. Nanocellulose is expected to have
more significant potential given that plant cellulose is a sustainable feedstock and the earth’s most
abundant polymeric raw material [25,27]. The renewability and ability to self-assemble into well-
defined hard structures at multiple scales from nano to micro size [25,38,39,83] make cellulose a
multifunctional raw material with the potential to replace nonrenewable materials [25,29,83,84].
Therefore, cellulose material may reduce production costs to improve and generate high-value
products.
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5.1. Production of Cellulose Nanoparticles

Agro-based cellulose has gained attention as a valuable source of nanoparticles for coating
fertilizers. Increasing agro-based cellulose use is due to its wide availability and renewability within
the biomass economy, low density, cost, and energy biomass, as well as its high specific strength,
modulus, and reactive surface [27]. These properties facilitate the grafting of particular groups into
valuable and highly profitable nanocellulose products from non-valuable waste [85]. Significant use
of plant-based waste materials can, therefore, improve the ecosystem.

5.1.1. Major Plant Sources of Nanocellulose

The properties of nanoparticles, such as size, depend on the material and extraction methods
used during synthesis. Due to their abundance in many local areas, materials commonly utilized
include wood, bagasse, banana peel, cereal crop straws, hemp, cotton, and grass [25,27,30,86,87].
These materials contain cellulose as well as undesirable compounds like hemicellulose and lignin.

5.1.2. Extraction of Nano Cellulose

Materials with high cellulose content and minimal purification requirements are preferred to
prepare nanocellulose (Table 2) [25,27,85]. However, the amount of extractives removed depends on
the material. Additionally, extractives decrease with the increased intensity of the chemical extraction
process [27]. Therefore, a pretreatment process is necessary to eliminate ashes, waxes, hemicellulose,
and lignin to improve cellulose quality [27]. Numerous studies have shown that pretreating plant
materials enhances fibrillation and nanofibril extraction [27,31,85,87]. This pretreatment also reduces
costs by decreasing the energy needed for nanocellulose production (from 30,000 kWh/ton to 1,000
kWh/ton).

Among the pretreatment methods, alkaline hydrolysis is the most effective compared to acid
hydrolysis, organosolvent treatment, ionic liquid treatment, and enzymatic treatment [24,30]. This is
typically followed by bleaching, primarily hydrogen peroxide heated at 80 °C for 30 minutes
[25,31,85]. The acid-bleached holo cellulosic materials are then washed with water or an alkaline
solution to achieve ambient pH levels before drying [25,31].

5.1.3. Nano Cellulose Isolation Methods

Nanocellulose is extracted from bleached holocellulosic material. Extractions are done either by
mechanical fibrillation into cellulose nanofibrils (CNF), acid hydrolysis into crystalline nano cellulose
(CNC) using HCl or H2504 or enzyme hydrolysis into bacterial nano cellulose (BNC) (Table 2)
[25,31,85,87]. Although acid hydrolysis is the most common method [27], it is criticized for the
wastewater generated during the washing process of nanocellulose. However, enzymatic hydrolysis
requires a longer reaction time. The cost-effectiveness, speed, and environmentally friendly nature of
mechanical fibrillation make it the preferred method to produce CNF. Several studies have shown
superior nanoparticle properties, especially for CNC [25]. These nanoparticles come in various
lengths, from 4-25 nm in diameter and up to 1000 nm in length [25,85]. Nanofibrils, CNF can have a
larger diameter (20-90 nm) than CNC, despite being easier to produce [27]. A combination of their
flexibility, strength, and aspect ratio offers numerous potential applications for using CNFs.
However, no studies have compared CNF and CNC in terms of the mechanical strength of fertilizers,
especially nano plasma N, against the cost implication of the production process. Nevertheless, given
the superior properties of all nanocellulose forms, these two types have great potential to enhance
the surface properties of plasma N fertilizer for improved targeted slow release of nutrients to crops.
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Table 2. Properties and characteristics of nanocellulose substrates reliant on the cellulosic source and
defibrillation method.
Cellulosic Isolation NanocellulosMorphology Diamete Crystallinit Zeta ~ Averag Averag Maximum Reference
source method e type r(nm) y (%) potentiae e degradatio s
I (mV) tensile Young’'sn
strengt modulu temperatur
h s (GPa) e (-C)
(MPa)
Banana High-pressure CNF An 30-50 67 - - - 337 [88]
pseudostem homogenizatio entangled
n network of
polydispers
e bundles
Banana peel KOH CNF nano 19-55 - - - - - [30]
spherical
Maize cob TEMPO- CNF Twisted 21+1.1 499 231+ - - 305 [89]
residue mediated shape 2.3
oxidation
PFI refining ~ CNF Twisted 431+ 521 -40.3+ — - 336
253 15
H2S04 CNC Shortrod- 5.5+1.9 55.9 -33.8+ — - 313
hydrolysis shaped 1.7
Formicacid CNC Long rod- 6.5+2.0 63.8 143+ - - 360
hydrolysis shaped 0.4
Maize husk TEMPO- CNF Slender 10.48 + 72.3 694+ — - 279 [90]
mediated interconnecte 1.83 1.7
oxidation d Webbs
High-intensity CNF Slender 20.14 + 53.4 243+ — - 348
ultrasonication interconnecte 4.32 25
d Webbs
H2S04 CNC Shortand 269+ 83.5 346+ — - 351
hydrolysis rod-shaped 3.35 2.3
Wheat straw ~ H2504 CNF Mesh-like ~ 10-40 725 - 423 1145 ca. 400 [91]
stalks hydrolysis and shape
ultrasound
treatment
Cotton HsPO4 CNC Rod-shaped 31+14 81 - - - 325 [92]
hydrolysis
Water hyacinth Mechanical =~ CNF Web-like 192+ 55 - 50 - 331 [84]
fibrillation network 43
structure
Bacterial strain Agitated BNC Looseand 2951+ 22.1 -465+ - - 310 [93]
Komagataeibact culture: 300 porous 8.03 15
er xylinus rpm at 30 -C network
Static culture BNC Denser 2913+ 474 -441+ 0235 072 335
for 96 h at 30 network 6.53 0.9
°C structure

6. Transformation of Plasma N into Nano form Using Nano Cellulose

Reduction of plasma nitrate to more valuable products could improve its utilization efficiency
while reducing environmental risks. Most techniques for nitrate reduction have shown high post-
processing costs and rigorous treatment conditions where they have been applied, such as in water
treatment [34,41]. The physical and biological techniques are mainly direct processes. Converting
plasma N to a slow-release nano form may involve a series of processes dependent on many factors,
including methods, cost, time, nutrient concentrations, availability of resources, efficiency, and
general sustainability of the production system. The different processes may directly or indirectly
convert the liquid nitrate to a more valuable crystallized nano form [13,34,70,90,94-96]. Nanoparticles
have been used in several processes, including chemical and biological controls and physical
processes such as ion exchange and reverse osmosis [Table 3], especially for nitrate removal during
water treatment [41,94].
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The conventional direct denitrification of nitrate from wastewater produces less valuable
dinitrogen [35]. Even the N-rich nanoparticles obtained by absorption from nitrate waste streams are
not frequently applied to crops because of the small quantities of N generated [6]. Although rarely
applied for fertilizer production, most of these methods have yet to utilize liquid plasma N as a
nitrate-rich source for low-cost high-value nano fertilizer compounds. For example, plasma N-
generated ammonia is a more valuable product that can easily be polymerized or encapsulated in
cellulose nanoparticles to release N to crops more slowly [Table 3]. Plasma nitrate fertilizer, especially
in high concentrations, could thus be a cheaper and more efficient source for producing nano N
[34,35]. According to Wang et al. [34], the potential of using plasma N is even more likely broader,
given the opportunity for the application of sustainable energy chemistry in the whole fertilizer
production process.

6.1. Direct Absorption of Nitrate from Plasma N into Nanoform
6.1.1. Ion Exchange Process of Plasma N Absorption

In ion exchange (IE), chloride ions (Cl) are commonly used to replace nitrates on resins (such as
nanocellulose) in the exchange process. Plant cellulose nanoparticles can, therefore, serve as an
efficient and cost-effective resin. Nanoparticles in IE can act as adsorbents [Table 3] to regulate the
transport of nutrients and pollutants by controlling organic matter fixation and catalyzing the
precipitation of new mineral phases [67,100]. Nanomaterials are also effective adsorbents, capable of
removing up to 99.5% of nitrates from a solution [94]. These materials can accommodate 250% of their
weight in nitrate making them highly efficient [111,112]. However, sludge containing nanoparticles
with retained nitrates would require secondary treatment.

6.1.2. Reverse Osmosis Process

In reverse osmosis (RO), displacement rather than elimination of containing compounds causes
N accumulation [34]. Therefore, in RO, nitrates and other minerals, if any, the semi-permeable
nanocellulose material absorbs the nitrate solution and allowing only water to pass through. This
method has an efficiency as low as 25% and requires high infrastructure, energy, pressure, and
maintenance. In this method, nitrate’s removal and absorption rate from the solution is similar to IE
[70,113]. A review by El-Lateef et al. [96] shows that removal and absorption are most efficient at a
ratio of 1.0 g of cellulose nanoparticles to 60 ml of solvent. With direct methods, such as adsorption
methods, the removal rate is low with minimal consideration of the potential value and hazards of
the sludge as fertilizers [Table 3], which would be a major constraint to scaling up both the RO and
IE processes in producing nano plasma nitrogen.

Table 3. Alternative methods for converting conventional inorganic fertilizers into a slow-release
nanoform for improved response to crops.

Slow-release Fertilizer N source Nutrients ~ Nano particlesNano particle ~ Binder N Referenc
fertilizer used preparation releas e
preparation method e
methods
Impregnation Nano-biochar SRF Sodium nitrate N, P, K, Ca, Nano-biochar Physical - >10  [97]
and crushing days
micronutrient
s
Matrix U-CAM Urea N, Fe, Ca Carboxylated Catalytic Hydrogel >30 98]
nanocellulose oxidation days
(CNF)
Matrix WNLCU Urea N Attapulgite  High-energy =~ Sodium 66% [99]
(HA) electron beam polyacrylate lower
(HEEB) (P) and than
irradiation polyacrylamidcontro
e (M) 1
Matrix WNLCN Ammonium N Attapulgite ~ High-energy =~ Sodium 90%  [99]

chloride (HA) electron beam polyacrylate lower
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(HEEB) (P) and than
irradiation polyacrylamidcontro
e (M) 1
Ion Exchange N/A KNO:s solution N NanocrystallinAcid hydrolysis, - - [100]
(IE) e cellulose H204
Reverse N/A NaNO:s N Sepiolite Hydrothermally - - [70]
Osmosis (RO) synthesized
Biological Waste sludge Wastewater N, P Carbon source - - 10 [6]
accumulation days
In-situ graft BPC-g- Urea and N, P Banana Co-precipitation Polyvinyl 60% [32]
polymerizatioPAA/PVA/LDH/NAmmonium cellulose method Alcohol (PVA)in
n P dihydrogen water
phosphate after
30
min
Coating PVA@CNC coated NPK N,K,and P Raw hemp  Co-precipitation PVA 90% [39]
NPK method in 22
days
EncapsulationSt-PVOH Urea N Starch Co-precipitation PVA <18% [101]
encapsulated urea method in6
days
and
62%
after
32
days
Nano DMAB-CNC- Didecyldimeth N, K, and P Cotton Co-precipitation - - [102]
emulsion stabilized yl ammonium cellulose method
emulsions bromide nanocrystals
(DMAB)
Matrix Loss control urea Urea N Attapulgite  Irradiated by  Polyacrylamid50% [103]
(LCU) (HA) high-energy e(P) lower
electron beam than
and O3 urea
treatment
Matrix HA-POL-urea Urea N, K, and P HydroxyapatitSol —gel Cellulose fibre112  [104]
e (HAD) and days
polyacrylamid
e
Surface Zeolite Sodium nitrate N and other Zeolite Co-precipitation - days [105]
carrier macro- and method —
micronutrient water
s and
>16
days
—soil
Coating Coated urea Urea N Kaoline and  Ultra-highspeed - - [106]
Polystyrene- cutting and
starch semi-
emulsification
Matrixand  QAL-Ben-U Urea N Bentonite Soil-gel Quaternary - [107]
coating ammonium
lignin (QAL)
Matrix Kao-urea Urea N Kaolin Milling - >7 [108]
days
Matrix Gal-ADP Ammonium N, K, P, and Glauconite Chemical and Na:COsasan >56 [109]
dihydrogen  other mechanochemic extender days
phosphate micronutrient al method
(ADP) s
Surface Zeo-AN Ammonium N Zeolite Hydrothermally - 35% [110]
carrier nitrate (AN) (surface- synthesized lower
modified) than

CF
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6.1.3. Biological Process

The biological process involves microorganisms such as denitrification bacteria, fungi, and other
beneficial organisms. In an appropriate environment where cyanobacteria have been used, nitrogen
accumulation has reached 8-12% [6], making it a promising approach. Given the chemical
composition of plasma N, under an appropriate bacterial growth environment, it can accumulate
nitrogen without any limitation related to generating pathogenic bacteria observed with waste
streams currently utilized as N sources [34]. These low-cost nitrogen-rich materials form the fertilizer.
The solids can slowly release the N nutrient more effectively than plasma N [Table 3]. Additionally,
the solids can be coated with cellulose nanoparticles to form many slower-release nanoforms,
enhancing desirable nutrient-release characteristics. Although the biological process may be slower
than others for producing large volumes of fertilizer, once biologically transformed into nano plasma
form and applied to soil, farmers may benefit from its enhanced advantages over plasma nitrogen
fertilizer due to its likely low retention in the soils.

6.2. Indirect Absorption of Nitrate from Plasma N

Among the indirect processes, the chemical process is promising and can produce some of the
safest and most valuable products. It involves crystallizing nitrate into solid compounds, as seen in
the subsection above on transforming plasma N into ammonium salt compounds through
electrocatalysis. This is followed by graft polymerization, encapsulation into synthesized cellulose
nanoparticles, or emulsification [Table 3].

At this stage, the prepared ammonium crystals from plasma N electrocatalysis should be
combined with nanocellulose particles. The methods for preparing nano fertilizer may vary
depending on the desired release characteristics for a particular crop [Table 4].

Table 4. Effects of Nano fertilizers on crops nutrient use efficiency.

Fertilizer type Preparation Crop Crop response Nutrient use efficiency NUE Reference
method type
Nano-DAP  Emulsion Rice - 128% grain yield increase Agronomic Use 31 [114]
over the control. Efficiency (AUE), kgha-

- Total N uptake of 114.3 1!
kgha! compared to 44.2 kg of the Apparent Nutrient Use70

control. Efficiency (ANUE), %
- Increased P and K uptake Physiological 44.2
by 181% and 159%, respectively. Efficiency (PE), kgha-
Nano-NPK Emulsion Potato - 22-57% increase in water Agronomic Use 233-667 [115]
use efficiency (WUE) over the  Efficiency (AUE), kgha-
control and NPK. 1
- Increased use efficiency of Physiological 85-98
P and K. Efficiency (PE), kgha'!
Nano Urea Emulsion Maize - Increased yield - - [116]
attributing

characters viz., plant height, days
to silking, number of cobs per
plant, number of seeds per cob,
cobs per

plot; ear length (cob); ear girth;
test weight and root

biomass.

- A 23% yield increase over
the control.

- Reduced level of
application and cost of

production.
Controlled EncapsulationTomato - CRU applied 100, 50, and Physiological 47-88 [107]
release Urea 25% of the recommended dose of Efficiency (PE), kgha-!
(CRU) conventional urea significantly

enhanced plant growth
parameters, including plant
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height, number of leaves, fresh
weight, and dry weight, and
nutritional values, compared to
the control.
Gal-ADP Matrix Oat - A 5% more germination - - [109]
rate than control plot without
fertilizer.
- Plant height increase of
4.6-9.9% over the control.
- Yield increased by more
than 4.6% than the control.
U-CAM Matrix Wheat - A 52.5% and 32.5% more - - [98]
germination rate than control
and urea only, respectively.
- Plant growth
characteristics more than or
doubled compared to no U-
CAM.
Urea-HA Coating Rice - Halve fertilizer use. - - [117]
- Enhanced yields.
- Release 12 times more
slowly compared to pure urea.

SRF/SRFR Resin-coated Winter - Increased yield by 37%  AUE 28.2-54.9 [118]
Chines compared to conventional PE 11-18% more
chives fertilizers. than

- A 31% reduction in SRF conventional
significantly decrease nutrient fertilizers
surplus in the soil, maintain the Partial factor 57.4-118
soil’s nutrient balance, and productivity (PFP)

improve the soil’s fertility.

- Increased uptake of N, P,
and K in leaves and the fertilizer
N and P use efficiencies.

- Had a 47% increase in
profitability. Significant
reduction in the surplus of N
(42%) and P (58%).

6.2.1. Graft Polymerization

The graft polymerization process involves the covalent bonding of monomers and side chains
(the grafts) that are polymerized onto the main polymer chain or the backbone nanocarrier. This
polymer grafting technique improves the polymer’s morphology and chemical and physical
properties. Nanocellulose linear main chains can be randomly attached to crystal polymeric side
chains, which may be of different chemical nature. These interactions generally result in a marked
tendency to yield intramolecular phase separation in the bulk polymer [32,119].

Interest in graft copolymers may arise in part from the protection exerted by the grafts on the
backbone. This feature has led to several applications as surface modifying agents, compatibilizers in
polymer blends, coating material, and emulsifiers. The grafting of polymers from solid surfaces can
be implemented as an effective technique to control interfacial behaviour [120]. The ‘grafting from’
method is assumed to result in higher grafting efficiency due to the lower steric hindrance of diffusing
small monomers, as compared to the ‘grafting to” approach where larger polymer chains have to
diffuse to the reactive sites, that the already grafted chain may shield [119]. Most grafting studies
have reported higher grafting densities due to the ‘grafting from method [119,121].

Lohmousavi et al. [32] prepared nano fertilizers from banana peel cellulose via graft
polymerization method and found less than 70% N release at neutral pH. The release remained
constant at 70% even after two hours. Water retention also significantly improved, reaching at least
20% after 30 days of applying the nanocellulose composite. Fortunately, Olad et al. [122] found that
the release behavior of NPK-loaded hydrogel nanocomposite was in good agreement with the
standard committee of European Normalization (EN), [123], indicating its slow release property. The
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EN states that ‘not more than a mass fraction of 15 % of a nutrient is released in 24 hours, while not
more than a mass fraction of 75 % of a nutrient is released in 28 days, and at least a mass fraction of
75 % of a nutrient released at the stated release time’ [123].

Similarly, when Pereira et al. [124] grafted urea onto montmorillonite clay, the release of urea N
in water was slowed by 20%. An analogous process for preparing such slow-release fertilizers can be
applied to formulate nano plasma N with improved slow release. Besides delaying the N release by
increasing the nano content of the matrix [Table 3], the mechanical strength of the matrix increased
while the cumulative N2O emission was reduced by about 10 times [18]. This shows a significant
reduction in GHG fluxes from fertilized agricultural fields [125-127]. Mani & Mondal, [67]; Preetha
& Balakrishnan, [42], and Lawrencia et al. [31] reported over a 50% reduction in ammonia
volatilization when nano zeolite content of N fertilizers was increased to at least 6.25%. This increases
the diffusion length through the host polymer [40].

Consequently, the polymer’s porosity, which obstructs the diffusion of the active materials for
release, is reduced [67]. The slow N release by the nanoparticles is further enhanced through the
reduction of ammonium volatilization by sequestering ammonium N on exchange sites [42,67]. This
prevents undesirable nutrient loss, water, and air via direct internalization by crops [Table 4].
However, despite graft nano fertilizer formulation proving to enhance climate-smart agriculture,
validating nano-based plasma N nutrient release could provide a better understanding of synchrony
with plant uptake demand.

6.2.2. Coating Method

Another preparation method involves coating fertilizer granules with capsules [Table 3]. Pereira
et al. [18] reported a nutrient load of 75% by weight of the nano-coated composites, which act as a
structural matrix. Uzoh & Odera [101] coated urea with cellulose and found an N release rate of less
than 70% even 30 days after application. The release was slower for nanocomposites with a size
greater than 4.3 mm in coating thickness, with sigmoidal release observed for sizes between 6.4 and
8.5 mm. The coating thickness may depend on the coating techniques, with rotary drums and
fluidized beds being the most common [31,128]. However, some studies [31] suggest that the fertilizer
particle size is more influential in inducing the release rate than the coating thickness. They
recommend improving the plasticity of the coating materials rather than increasing thickness.

Additionally, a review by Rahman et al. [16] shows that the size of nanocarriers is the most
crucial factor. This is because most previous studies focused on the average size of initial
nanoparticles. Interstsingly, the minimum size of nanoparticles more significantly influences the
nutrient uptake than their average size. Stephen et al. [76] emphasize the importance of different
nano-size ranges, stating that 0-5 nm provide a catalytic effect. Therefore, the nano size of a material
can be a crucial factor for fertilizer coatings. Various studies indicate coating thicknesses in the range
of 1-15% of the fertilizer [39]. However, a higher nanocellulose content of the fertilizer, mainly 40%
by weight, is proposed as the maximum for providing the most extended N release duration
[31,39,101]. Kassem et al. [39] reported a lower cumulative N release rate with an increasing weight
percentage of nanoparticles up to 14.5% of the nano fertilizer composite. These coatings averaged 5.0
mm in thickness and were prepared using a fluidized bed coater. The N release rate, however,
exceeded 75% by the 20th day, highlighting the need to optimise nanoparticle concentration for slow-
release fertilizer standards [123]. Another study on coated fertilizers by Curtis et al. [129] found less
than 80% N release between 28 and 46 days. In a study by Uzoh & Odera [101], nanocellulose-coated
N release also followed a sigmoid release pattern, synonymous with nutrient demand for crop
growth. This was mainly observed with increasing coating thickness between 4.3-8 mm. Therefore,
for coating models [31,41], the size and concentration of nanoparticles, coating thickness and size of
the nano fertilizer composite should be considered for improved plasma N release.

However, when nano fertilizers are formulated through either grafting or coating, the
application rate should be reduced [Table 4]. Crop yields have reportedly improved by up to 30%
compared to traditional fertilizers [20]. This is due to improved water and nutrient use efficiency,
retention and reduced losses [18,32,130], particularly with coated fertilizers [Table 4]. Therefore, nano
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plasma N fertilizer formulated by coating could be a better alternative than those formulated through
grafting.

6.2.3. Nano-Enabled Emulsions

Amphiphilic graft copolymers can play an essential role as emulsifiers due to differences in the
solubility behaviour of grafts and the main chain. The nanocarrier’s small size is also crucial for a
slow-release rate [16], increasing interest in emulsion formulations with nanoscale dimensions.
Nano-enabled emulsions applied in foliar form have the potential to be safer and more effective
[Table 4]. This effect is attributed to preventing nutrient interaction with soil, air, water and
microorganisms [40]. For instance, a review by Manjunatha et al. [38] reports that foliar application
of 640 mg ha! nanophosphorus resulted in an 80 kg ha P fertilizer equivalent yield of cluster beans
and millet.

With a proper understanding of translocation mechanisms to various plant parts, nano-enabled
plasma N-ammonium salt emulsion can likely be formulated to achieve specific crop growth targets
during different periods. Using nanocellulose as a carrier [102] could replace nonrenewable metal
oxides for N ion release into plant parts [Table 3], especially considering the lower toxicity of cellulose
nanoparticles compared to metal oxides. However, stomata openings can only accommodate
particles in the 40 nm size range [16,116]. The particles are distributed to other plant parts through
phloem translocation based on the plant’s needs [79]. Nanoscale nitrogen particles, measuring 18-30
nm, enhance assimilation and metabolism by providing a larger surface area, equivalent to 10,000
times that of a 1.0 mm urea prill [116]. There are 55,000 nano nitrogen particles for every 1.0 mm urea
prill by mass volume. Nano nitrogen particles with a 20 nm pore size can easily reach the cell wall
through the plasma membrane, while particles with pore sizes of 20-50 nm enter the plant through
stomata pores. Nano nitrogen particles with 40 nm pores actively traverse phloem cells through
plasmodesmata [16], binding to carrier proteins via ion channels. Therefore, selecting the best
preparation methods for nanocellulose with a thickness less than that of stomata openings [Table 2]
could enhance the use of nano-enabled plasma N- ammonium salt emulsion. Cellulose nanocrystals
(CNC) are highly recommended for emulsion formulations due to their ability to produce smaller
particles compared to other types of nanocellulose (Table 2) [25,27]. The process of nano fertilizer
preparation significantly influences its properties and costs, which in turn affect the nutrient release
rate and uptake by crops [Table 4]. A formulation approach with low operating costs, a wide selection
of materials, and various nanocellulose preparation methods would be more feasible for scaling up
production. Therefore, nanoplasma N emulsion may be restricted by the availability of certain
materials and preparation methods in the local environment.

7. Conclusion

Non-thermal plasma nitrogen fixation technology has a green environmental profile, offering a
promising alternative, especially when combined with nanotechnology, to complement the Haber-
Bosch fertilizer process. Enhancing plasma concentration through a series of reactors and catalysts
could make achieving an energy target of less than 33 M]J/ton of nitrogen feasible, mainly when
working with nitrate concentrations above 10%. Applying plasma N to crops is just as practical as
traditional nitrogen fertilizers. However, low plasma nitrate levels may require high application
rates, leading to increased losses and environmental nutrient levels. By applying the right
concentration and methods to minimize nitrate losses from the soil, crop yields can be maximized, to
optimize nutrient use efficiency, and minimizes production costs by utilizing local-scale production
using renewable resources at our disposal. Harnessing appropriate electrocatalytic conversion of
plasma N to ammonium salt at high FE, especially with a combination of Ru-Cu catalysts, could
enhance crop use efficiency for low and high plasma N concentrations. Further enhancing fertilizer
through coating with plant waste-based cellulose nanoparticles would improve the slow release of
plasma nitrogen. The coating creates nano-sized reinforcement to encase and form slow-release
nanoparticles with superior properties, reducing the mobility of the fertilizer nutrient and creating a
slow-release fertilizer with specific release characteristics. The mechanical strength of the fertilizer is
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also improved compared to coating with high-cost hydrogels. However, the isolation technique and
plant material used as a source of nanoparticles determine the type of nanocellulose, thus impacting
properties and application state. Nevertheless, the coating method provides higher water holding
capacity, soil fertilizer retention, and efficient sigmoid fertilizer slow release, especially for nano
fertilizer granules larger than 4.6 mm in diameter. These methods enhance affordability, sustainably
reduce plasma nitrogen requirements, decrease the need for repeated applications and losses, and
offer a greener approach to combat soil nutrient degradation and climate change.
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