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Abstract
Plasma-activated water (PAW) has attracted attention for agricultural applications because plasma
treatment can generate reactive oxygen and nitrogen species (RONS) and promote nitrate formation.
However, increasing plasma power to enhance nitrate production also increases energy consumption,
while the resulting nitrate increase may remain limited. In this study, plasma-activated coffee ground
solutions (PAC) were prepared by introducing spent coffee grounds into deionized water treated at
different plasma input powers. Nitrate production and the physicochemical properties of PAW and PAC
were compared to evaluate the effects of plasma power and the presence of the organic species.
Although increasing plasma power enhanced nitrate production in PAW, the increase was relatively
limited. In contrast, the addition of spent coffee grounds substantially enhanced nitrate production under
the same plasma conditions. Optical emission spectroscopy indicated prominent oxygen- and hydroxyl-
related emissions, whereas nitrogen-related emissions were comparatively less pronounced, suggesting
that reactive oxygen species (ROS) are more readily generated than reactive nitrogen species (RNS)
under the present conditions. These results suggest that nitrate production can be enhanced by
introducing an organic nitrogen source and utilizing plasma-generated reactive oxygen species, rather
than relying solely on increased plasma power. This approach may reduce the need for additional
plasma energy input while providing a potential route for the valorization and recycling of nitrogen-
containing organic waste.

2. Introduction
The increasing global demand for food has intensified the need for efficient approaches to agricultural
production and nitrogen management. The global food crisis is associated with limitations in food
availability and increasing pressure on agricultural resources [1, 2]. Modern agriculture relies heavily on
nitrogen fertilizers, while ammonia production through the Haber–Bosch process requires substantial
energy input and is associated with environmental impacts [3, 4]. These challenges have stimulated
interest in alternative approaches for nitrogen conversion and fertilizer production.

Composting is a well-established approach for recycling agricultural and organic waste and returning
nutrients to soil. However, conventional composting can involve long processing times, relatively low
nutrient availability, and odor generation [5]. The plasma-activated water (PAW) has emerged as a
potential plasma-based approach for agricultural applications. It has been investigated for applications
including pathogen control, seed germination [6], and fertilizer production [7]. However, the efficiency of
nitrate formation in PAW strictly depends on plasma-induced nitrogen conversion. Although increasing
plasma input power can enhance plasma reactions, higher power also results in greater energy
consumption, and a proportional increase in nitrate production cannot necessarily be expected.
Therefore, improving nitrate production solely by increasing plasma power might not represent the most
effective approach, highlighting the need to explore alternative reaction pathways and nitrogen sources.
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One potential strategy is to combine plasma treatment with nitrogen-containing organic materials [8].
Recent studies have investigated the use of plasma-treated organic materials for fertilizer-related
applications, demonstrating the potential of plasma-generated reactive species to promote nitrogen
conversion [9]. Spent coffee grounds are an abundant organic waste material generated from the widely
consumed coffee industry [10] and contain nitrogen-containing components [11], making them a
potential material for plasma-assisted nitrogen conversion. Their incorporation into PAW therefore
provides an opportunity to investigate whether an organic nitrogen source can enhance nitrate
production under plasma treatment, while simultaneously utilizing an organic waste resource.

In this study, plasma-activated coffee ground solutions (PAC) were prepared by introducing spent coffee
grounds into PAW treated at different plasma input powers. Nitrate production and the physicochemical
properties of PAW and PAC were investigated to evaluate the effects of plasma power and the presence
of the organic nitrogen. Optical emission spectroscopy (OES) was employed to characterize the reactive
species generated during plasma treatment. The relationship between plasma conditions, reactive
species generation, and nitrate production was further examined to clarify the factors governing nitrate
formation in PAW and PAC. This approach provides a basis for evaluating whether modifying the
nitrogen source and reaction pathway can improve nitrate production without relying solely on increased
plasma power.

3. Materials and Methods

3.1 Preparation for Plasma-Activated Water (PAW) and
Plasma-Activated Coffee Ground Solution (PAC)
The experimental setup of the atmospheric-pressure plasma jet (APPJ) is illustrated in Fig. 1. The
plasma source consisted of a tungsten high-voltage electrode positioned inside a quartz tube, while a
copper plate placed beneath the sample beaker served as the grounded electrode. Compressed air was
employed as the working gas at a flow rate of 10 standard liters per minute (SLM), which was regulated
using a mass flow controller (MFC). The plasma was generated using a DC-pulse power supply (SPIK-
2000A, Shenchang Electric Co., Ltd., Taiwan). Three operating powers were investigated: 80 W (40 kV, 20
mA), 130 W (44 kV, 30 mA), and 180 W (48 kV, 37.5 mA).

Plasma-activated water (PAW) was prepared by directly exposing 100 mL of deionized (DI) water to the
APPJ for 10 min under each operating condition. In this study, plasma-activated coffee-ground solution
(PAC) refers to the suspension obtained by directly treating the spent coffee-ground/DI-water mixture
with APPJ, without prior filtration or separation of the solid residue. For plasma-activated coffee-ground
solution (PAC), 3 g of spent coffee grounds were first dispersed in 100 mL of DI water and allowed to
stand for 1 h at room temperature to facilitate the dissolution of water-soluble components. The
resulting suspension was then directly treated by the APPJ for 10 min under identical plasma conditions.
Throughout the study, the presence of spent coffee grounds was the primary difference between the
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PAW and PAC treatments, while the plasma operating parameters, gas flow rate, treatment volume, and
treatment time were kept identical for direct comparison.

3.2 Characterization of PAW and PAC
Optical emission spectroscopy (OES; USB2000+, Ocean Optics, USA) was employed to monitor the
optical emission of the APPJ during plasma discharge. The emission spectra were used to identify the
plasma-generated reactive species and to compare the relative emission characteristics under different
plasma powers. No absolute species concentration was derived from the OES measurements. Each
experimental condition was conducted using the same plasma treatment time and gas flow rate to
ensure consistent comparison between PAW and PAC.

The physicochemical properties of PAW and PAC were characterized immediately after plasma
treatment. The oxidation–reduction potential (ORP) was determined using an ORP meter (PH200 Ion
Versatile Water Analysis Meter, CLEAN Instrument, China). The nitrate concentration was determined
using an ion-selective electrode (9707BNWP, Thermo Scientific, USA). All measurements were performed
at room temperature.

4. Results and Discussion

4.1 Nitrate production under different plasma powers
Nitrate (NO₃⁻) is one of the major long-lived reactive nitrogen species generated in plasma-activated
water and serves as an important nitrogen source for agricultural applications. Figure 2 compares the
nitrate concentrations obtained in conventional plasma-activated water (PAW) and plasma-activated
coffee-ground solution (PAC) under plasma powers of 80, 130, and 180 W.

For PAW, the nitrate concentration increased progressively with increasing plasma power, indicating that
higher discharge power promoted nitrate formation under the present experimental conditions. This
trend is consistent with previous studies reporting that higher discharge power generally enhances the
generation of plasma reactive species, thereby promoting nitrate formation in the liquid phase [12].
However, the increases were quite limited. A similar increasing trend was observed for PAC. The
untreated coffee-ground suspension exhibited a background nitrate concentration of 4.2 ppm prior to
plasma treatment. However, at every plasma power investigated, PAC consistently produced
substantially higher nitrate concentrations than PAW. More importantly, the increase associated with the
presence of coffee grounds was considerably greater than that achieved by increasing the plasma power
alone. For instance, PAC at only 80 W produced a nitrate concentration of 56.1 ppm, which already
exceeded that of PAW at 180 W (51.1 ppm).

The enhanced nitrate production observed in PACS suggests that the presence of dissolved organic
components plays an important role during plasma treatment. Since all plasma operating parameters
were kept identical for PAW and PAC, the observed difference cannot be attributed solely to the electrical
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energy supplied to the discharge. Instead, the results imply that additional chemical processes
associated with the liquid composition contribute to nitrate formation. To elucidate this behavior, the
plasma characteristics and the possible nitrate formation mechanisms are discussed in the following
sections.

4.2 Plasma Characteristics and Solution Redox Properties

4.2.1 Optical Emission Spectroscopy (OES)
This study utilizes Optical Emission Spectroscopy (OES) to analyze the composition of active species
within air atmospheric pressure plasma jets (APPJ) operating at various power levels. Figure 3 illustrates
the OES spectra of the APPJ at 80 W, 130 W, and 180 W. It is evident that the composition of the active
species within the atmospheric plasma remains highly consistent across different power outputs.
Utilizing air as the working gas, hydroxyl radicals (OH) and the nitrogen second positive system
represent the primary emitting components of the plasma jet.

Because the plasma-liquid interface was open to the atmospheric environment, hydroxyl radicals (OH)
and hydrogen radicals (H) were generated via the electron-impact dissociation of water molecules, as
evidenced by the distinct OH emission peak at 310 nm [13]. Furthermore, the Hα emission line at 656.2
nm [14] indicates that dissociated hydrogen atoms were excited to higher energy levels by energetic
electrons, emitting at this specific wavelength upon relaxation to a lower energy state.

The majority of the identified nitrogen-related species emit in the wavelength range of 330 to 430 nm.
These observed peaks predominantly correspond to the nitrogen second positive system, originating
from the excitation of the air working gas, wherein energy is transferred to ambient nitrogen, allowing a
minute fraction to be excited by the plasma [15]. Additionally, a distinctive emission at 391.4 nm
corresponds to the N₂⁺ (B-X) first negative system (FNS), which is attributed to the Penning effect [16].
Since the feed gas contains oxygen directed toward the high-energy discharge zone, excited atomic
oxygen could be clearly detected in the spectrum at 777 nm and 844 nm [17, 18]. The NO radical, which
serves as a crucial precursor for nitrite and nitrate, was located at 296 nm [19]. This species is formed
through the combination of nitrogen and oxygen molecules [20]. However, the NO radical exhibited
relatively weak intensity in the spectrum, largely owing to its short-lived nature.

Notably, while the overall emission intensity scales with increasing applied power, the relative intensity
ratios among the various species (e.g., the ratio of N2 SPS to OH or O) remain largely consistent across
80W, 130W, and 180W. In plasma physics, the relative intensity ratios among the major emission
features remain broadly similar at 80, 130, and 180 W. This spectral consistency suggests that
increasing the applied power does not substantially alter the dominant excitation characteristics of the
discharge. Rather, the increased power may primarily increase the overall electron population without
substantially changing the characteristic electron-energy distribution.
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It is crucial to distinguish between molecular excitation and molecular dissociation. Although intense N2

(SPS) emission peaks are observed, these primarily represent molecular excitation events. The
dissociation of the strong N2 triple bond (requiring ~ 9.8 eV [21]) is necessary to form reactive nitrogen
atoms for subsequent NO generation. The relatively weak NO emission observed at 296 nm, contrasted
with the prominent ROS (OH, O) signals, implies a chemical bottleneck. This indicates that the relatively
weak NO emission, together with the strong O and OH emission features after dissociation (energy
thresholds around 5–6 eV [22] and 6.5–7 eV [23]), suggests that the formation of reactive oxygen
species may be more favorable than efficient N₂ dissociation under the present plasma conditions. This
possibility is examined further using electron-impact dissociation cross sections and a conceptual EEDF
in Section 4.3.

4.2.2 Oxidation-Reduction Potential (ORP)
Oxidation-reduction potential (ORP) measurements were utilized to examine the oxidizing capability of
PAW and PAC under various power conditions. The ORP reflects the ability of a solution to oxidize or
reduce another substance, depending fundamentally upon the concentration and strength of dissolved
oxidizers [24]. Previous studies have reported that a higher ORP value is directly correlated with the
generation and dissolution of plasma-induced active species, such as H₂O₂, nitric acid, and nitrous acid
[25].

The ORP values of PAW and PAC are presented in Fig. 4. For PAW, the solution exhibited high ORP values
after plasma treatment due to the dissolution of additional ROS into the deionized water. However,
analysis of Fig. 4 reveals that the ORP values for PAW remain relatively similar across different power
levels. The relatively small variation in ORP with increasing plasma power suggests that the overall redox
state of PAW changes only marginally under the present treatment conditions. This behavior would
reflect a equilibrium among plasma generation, dissolution, and subsequent consumption of reactive
species in the liquid phase. Consequently, further increasing the plasma power fails to significantly
elevate the solubility of these reactive species in the liquid phase. This solubility limitation perfectly
corroborates the results shown in Fig. 2, explaining why the nitrate concentration in PAW exhibits only a
marginal increase with higher power. The macroscopic ORP trends and the PAW nitrate concentrations
mutually validate each other.

On the other hand, when comparing PAW and PAC at 80 W, the ORP of PAC exhibits a dramatic decrease.
This substantial reduction occurs primarily because the dissolved ROS in the PAC system is consistent
with the consumption of plasma-generated oxidizing species by dissolved organic constituents during
the plasma treatment. As proven by previous research, the amino acids released from the coffee
grounds in PAC readily react with these dissolved ROS to ultimately produce NO₃⁻ [26]. Therefore, the
lower ORP of PACS is consistent with consumption of plasma-generated oxidizing capacity by dissolved
organic constituents during treatment.
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It is noteworthy that although the initial addition of coffee grounds lowers the ORP due to the rapid
consumption of ROS by organic nitrogen, increasing the plasma input power (to 130 W and 180 W) for
the PAC system continuously injects additional ROS into the solution. Under these higher power
conditions, the continuous supply of ROS surpasses the immediate consumption rate by the dissolved
organics. This mass-balance dynamic leads to a concurrent recovery in the ORP of the PAC alongside a
significant, proportional boost in NO₃⁻ concentration. Ultimately, while the OES spectra reveal the
inherent abundance of ROS generation in the gas phase, the ORP trends provide critical liquid-phase
evidence, implying that ROS are continuously transferred into the liquid and actively maintain their
reactivity, rather than reaching a non-productive saturation limit as observed in PAW. These abundant
ROS are effectively captured and utilized to drive the oxidation of organic nitrogen.

4.3 Conceptual Electron Energy Distribution Function
(EEDF) analysis

4.3.1 Relationship between Electron Energy and Plasma
Reactions
According to OES results, dissociation and excitation are major electron-impact processes under the
present APPJ conditions. However, excitation alone is unlikely to be the dominant process governing
nitrate formation. During plasma discharge, electron-impact reactions dissociate nitrogen-, oxygen-, and
water-containing molecules, generating reactive nitrogen and oxygen species (RNS and ROS). These
reactive species subsequently undergo a series of gas-phase and plasma–liquid interfacial reactions,
leading to the formation of nitrite and ultimately nitrate in the liquid phase. Since each electron-impact
process requires a minimum electron energy to occur, the reaction probability depends on whether the
electron energy exceeds the corresponding threshold energy. The relationship between Electron Energy
and Reaction is organized in Table 1. The threshold energy represents the minimum electron energy
required for dissociation process to occur. The peak cross-section energy refers to the electron energy
corresponding to the maximum collision cross section, where the probability of the electron-impact
reaction is greatest. Electrons with energies near the peak cross-section energy contribute most
effectively to the corresponding electron-impact process, whereas electrons with energies above the
threshold energy may also participate with lower probabilities.
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Table 1
The Threshold Energy and Peak Cross Section Energy of the reactions

Molecule
dissociation

Reaction Threshold Energy
(eV)

Peak Cross Section Energy
(eV)

O2 O2 + e− � 2 O༎ 5–6 12–15 [20]

H2O H2O + e- �
OH༎

6.5 -7 15–20 [21]

N2 N2 + e− � 2 N༎ 9.8 80–100 [27]

4.3.2 Combination of the EEDF and electron-impact cross
sections
The Electron Energy Distribution Function (EEDF) fundamentally represents the probability density of
electron kinetic energies within the plasma, dictating the fraction of electrons capable of overcoming
specific reaction thresholds. In this study, the EEDF profiles (Fig. 5) are presented as conceptual
representations of electron-energy distributions in a non-equilibrium atmospheric-pressure plasma. The
profiles are not experimentally measured or numerically calculated EEDFs, but are used solely to
qualitatively illustrate the energy ranges in which different electron-impact dissociation processes may
occur. The conceptual profiles are used to compare their qualitative overlap with the electron-impact
dissociation cross sections of O₂, H₂O, and N₂.

As the applied input power increases from 80 to 180 W, the conceptual profiles are used to represent an
increase in the population of electrons contributing to the discharge, while the overall distribution is
assumed to retain a similar characteristic shape. However, the shape of the distribution does not shift
significantly toward the high-energy regime. This behavior is intrinsically linked to the physical nature of
atmospheric-pressure discharges, the extremely high collision frequency between electrons and heavy
neutral gas molecules rapidly dissipates electron kinetic energy. Consequently, simply increasing the
macroscopic power primarily generates more electrons rather than substantially raising the average
electron energy.

To comprehensively evaluate the dominant plasma-chemical reactions, the macroscopic reaction rate
can be fundamentally understood as the convolution of the EEDF and the energy-dependent electron-
impact dissociation cross-section ( ), as seen in Fig. 5. The dissociation cross-sections for O₂,
H₂O, and N₂ utilized in this conceptual overlay are based on established literature values as summarized
in Table 1. By superimposing the conceptual EEDF with these dissociation cross-sections, the effective
reaction windows can be qualitatively visualized, which are represented by the shaded overlap areas in
the figure. As illustrated, the bulk region of the EEDF substantially overlaps with the dissociation cross-
sections of O₂ and H₂O. Conversely, the relatively high threshold energy for electron-impact dissociation
of N₂ lies predominantly within the rapidly decaying high-energy tail of the conceptual EEDF, resulting in a
distinctly minimal overlap area. In conventional PAW, atmospheric N₂ serves as the absolute sole

σ (E)
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nitrogen source; thus, this specific, minimal overlap region represents the only effective electron energy
window capable of initiating nitrate production.

This physical superimposition visually and theoretically confirms that the current plasma system
inherently favors the dissociation of O₂ and H₂O to generate an abundant amount reactive oxygen
species (ROS). Meanwhile, the generation of reactive nitrogen species (RNS) and consequently the final
nitrate yield in conventional PAW remains severely constrained by the limited electron population within
that narrow, high-energy overlap area. Because overcoming this N₂ dissociation bottleneck via simple
power increments is fundamentally inefficient, the plasma system intrinsically produces a highly ROS-
rich environment. This physical constraint indicates that improving the overall conversion efficiency
requires a strategic shift rather than attempting to force RNS generation against the EEDF limitation, and
the excessive and energetically favorable ROS must be effectively harnessed. This sets the theoretical
foundation for an alternative reaction pathway.

4.4 Alternative nitrate pathways
As demonstrated in the preceding sections, increasing the applied plasma power produced only a limited
increase in nitrate concentration in PAW, whereas a substantially larger increase was observed in PAC.
The OES results and conceptual EEDF analysis suggest that the current APPJ conditions favor the
generation of reactive oxygen species (ROS), while the formation of reactive nitrogen species (RNS)
through N₂ dissociation is comparatively constrained. This difference suggests that nitrate formation in
PAW is primarily governed by the availability of plasma-generated RNS and that simply increasing
plasma power might not efficiently overcome this limitation.

In conventional PAW, atmospheric N₂ is the primary nitrogen source for nitrate formation. Electron-
impact dissociation of N₂ requires relatively high electron energies because of its strong triple bond.
Under the present APPJ conditions, only a limited fraction of electrons can effectively contribute to this
process, restricting the formation of nitrogen-derived reactive species. In addition, nitrogen oxide
intermediates formed in the gas phase, such as NO and NO₂, have relatively low solubility in water. Their
transfer from the gas phase into the liquid phase can therefore represent an additional limitation for
subsequent aqueous-phase conversion toward nitrate. Consequently, the conventional pathway can be
described conceptually as an RNS-controlled pathway, in which both nitrogen activation and subsequent
gas–liquid transfer of nitrogen-containing intermediates influence the overall nitrate production
efficiency.

The PAC system provides a different reaction environment by introducing nitrogen-containing organic
compounds from the spent coffee grounds. Unlike atmospheric N₂, many organic nitrogen compounds,
including amino acids, are readily soluble or dispersible in water and can therefore be present directly in
the liquid phase during plasma treatment. This reduces the dependence on gas-phase N₂ activation and
the subsequent transport of poorly soluble nitrogen oxide intermediates from the plasma region into the
liquid. Furthermore, organic nitrogen compounds contain chemical bonds that can be more readily

Page 9/19



attacked by strong oxidizing species than the N ≡ N bond of molecular nitrogen. They can therefore
provide accessible materials for reactions with the abundant ROS generated under the present APPJ
conditions.

The proposed difference between the two pathways is illustrated schematically in Fig. 6. In PAW, nitrate
formation follows predominantly an RNS-mediated pathway, in which atmospheric N₂ must first be
activated to nitrogen-containing reactive intermediates before subsequent conversion to nitrate in the
aqueous phase. The limited availability of sufficiently energetic electrons for N₂ dissociation, together
with the relatively low aqueous solubility of NO and NO₂, can restrict the efficiency of this pathway. In
PAC, organic nitrogen provides an additional nitrogen source that is already associated with the liquid
phase. These dissolved nitrogen-containing compounds can interact more directly with plasma-
generated ROS, providing an alternative route toward oxidized nitrogen species and ultimately nitrate.

This interpretation is also consistent with the ORP behavior observed in PAC. The markedly lower ORP of
PAC at the lowest plasma power compared with PAW indicates that the oxidizing capacity introduced
into the liquid is affected by the presence of dissolved organic constituents. As the plasma power
increases, additional ROS are supplied to the PAC system, accompanied by a substantial increase in
nitrate concentration. These observations suggest that the organic substrate provides additional
reaction sites for plasma-generated oxidizing species, allowing a greater fraction of the ROS generated
by the plasma to participate in nitrogen conversion.

Therefore, the enhanced nitrate production in PAC should not be interpreted simply as the result of
generating more plasma species by increasing power. Rather, the results support a reaction-pathway
engineering concept, in which an additional, readily accessible organic nitrogen source is introduced to
utilize the ROS that are preferentially generated under the current APPJ conditions. Such a pathway can
partially bypass the energy-demanding N₂ activation step and reduce the dependence on increasing
plasma power, while simultaneously providing a route for the valorization of nitrogen-containing organic
waste

5. Conclusion
This study demonstrated that nitrate production in PAW cannot be effectively enhanced solely by
increasing plasma input power under the present APPJ conditions. Although higher plasma power
increased the nitrate concentration of PAW, the improvement was relatively limited. In contrast, the
introduction of spent coffee grounds substantially enhanced nitrate production under comparable
plasma conditions, indicating that the availability of an additional organic nitrogen source can strongly
influence nitrate formation.

OES analysis showed prominent oxygen- and hydroxyl-related emissions, while nitrogen-related
emissions were comparatively less pronounced. Together with the electron-impact reaction analysis,
these observations suggest that reactive oxygen species are more readily generated than reactive
nitrogen species under the present plasma conditions. The enhanced nitrate production observed in PAC
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therefore supports an alternative reaction pathway in which plasma-generated reactive species
participate in the conversion of organic nitrogen toward nitrate, rather than relying solely on increased
plasma-driven nitrogen fixation.

These findings suggest that modifying the nitrogen source and reaction pathway may provide a means
to reduce reliance on additional plasma energy input while simultaneously promoting the valorization of
nitrogen-containing organic waste. Further development of this approach could provide an alternative
strategy for plasma-assisted nitrate production and organic waste recycling.
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Figure 1

The experimental setup of an Atmospheric-pressure plasma jet (APPJ)
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Figure 2

Nitrate concentration of PAW and PAC
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Figure 3

Optical Emission Spectrum (OES) of active species composition within air atmospheric plasma jets
(APPJ) at raising power supplied
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Figure 4

ORP value of PAW and PAC
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Figure 5

EEDF and electron-impact cross sections analysis
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Figure 6

Alternative Nitrate Formation Pathway
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