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Abstract

Ammonia volatilization in agriculture and livestock is a considerable cause of air pollution and
a significant way of N loss. In this study, we propose a method of using air plasma-activated
water (PAW) to inhibit ammonia volatilization from agriculture and livestock and report the
inhibitory effect under different discharge times and concentration gradients. PAW was
generated through needle—water discharge, while ammonia waters with different concentrations
served as simplified models for ammonia release. The compositions of the gas/liquid products
of the PAW and those after mixing with ammonia water were detected and analyzed. It was
found that the PAW could effectively inhibit the NHj3 volatilization from ammonia water over a
large range of conditions, however, NH3 volatilization promotion could also happen in some
cases. The inhibition rate (IR) generally increased with the longer discharge time of the PAW
and decreased with the higher ammonia water concentration. As the discharge time increased,
the PAW became more acidic and had more active N components, converting more volatile NHj
to NH;" when mixed with ammonia water. Finally, a relationship model was developed between
the IR and pH of the mixture. The IR basically decreased with the increase of the mixture pH,
and reached ~100% when a PAW with a discharge time of 7.5 min or 10 min was mixed with
ammonia water with a mass fraction of 0.15%, or PAW of 10 min mixed with 0.25% ammonia
water in this study, with the mixture pH lower than 8. The basic chemical process and possible
reaction mechanisms were discussed. The proposed method not only effectively reduces
ammonia volatilization but also adds more N elements in the form of NO3 and NH;", which
further improves fertility.

Keywords: atmospheric pressure air plasma, plasma-activated water, ammonia volatilization,
inhibition rate

1. Introduction world was estimated to be only 35% [3, 4] with nitrogen loss
rates sometimes reaching as high as 50% of the applied nitro-
The Haber-Bosch (H-B) method is a widely used industrial ~ gen fertilizer [5, 6]. This not only wastes resources but also
nitrogen fixation method, which consumes a large amount of  contributes to significant ammonia pollution. Agriculture and
energy and causes environmental pollution problems [1, 2].  livestock activities are responsible for approximately 80% of
However, the nitrogen use efficiency (NUE) for the whole airborne ammonia emissions [7, 8]. Excessive nitrogen fer-
tilizer use in agriculture and inadequate treatment of animal
slurry accumulation in livestock are key factors contributing to
* Author to whom any correspondence should be addressed. high ammonia emissions [7, 9, 10]. Therefore, it is crucial to

1 © 2024 0P Publishing Ltd
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develop methods that improve NUE and reduce ammonia loss.
The use of an acidifying animal slurry is a feasible method
to reduce ammonia volatilization [11-13], which is based on
adding acid or other substances to reduce the pH of an animal
slurry to reduce the ammonia volatilization. However, this
approach has challenges such as complex preparation, safety
concerns, and difficulties in transporting the acidifiers.

As one of the important advances in the development
of low-temperature plasmas, plasma-activated water (PAW)
obtained from an atmospheric air discharge usually is char-
acterized by abundant discharge products, high energy utiliza-
tion, easy arraying, high activity, absence of pollution, and rel-
atively convenient preparation [14—17]. PAW has been proven
to have good application potential in agriculture and biomed-
ical fields [17-21]. Air PAW exhibits high activity due to the
presence of reactive oxygen and nitrogen species (RONSs),
among which long-lived species usually include NO3~, NO;,
and H,O, [17, 22, 23]. Additionally, a substantial amount
of HT is generated during the reaction process, leading to a
decrease in pH. Therefore, using air PAW to acidify animal
slurry or fertilizers may also lower pH levels and suppress
NHj volatilization. Moreover, the addition of more N elements
in the form of NO,™ and the conversion from volatile NH3
or NH;-H,0 to NH;" can increase fertility. In our previous
study, we have proposed a new strategy to capture the volatil-
ized NHj3 by air discharge products in the gas phase and suc-
cessfully produced reusable NH4;NOj particles [24, 25]. When
these products are reapplied to the farmland as a nitrogen fer-
tilizer, it can achieve the purpose of ‘double nitrogen fixation’
and improve the NUE.

The majority of volatilized NH3 from animal slurry comes
from urine, accounting for over 80% of the total emissions
[26, 27]. Urea in urine is decomposed by urease produced
by microorganisms, resulting in the production of CO, and
NH3 [28, 29]. Hydrolyzed urine is usually alkaline and highly
volatile due to NHj3 [28, 30]. Moreover, anhydrous ammonia is
commonly used as liquid nitrogen fertilizer and is another sig-
nificant source of volatile NH3 in agricultural fields [31, 32].
To address safety and corrosion concerns associated with pure
anhydrous ammonia, ammonia water with lower concentra-
tions is widely used as a practical alternative for soil injection
or irrigation [33].

Therefore, this study proposes the use of air PAW to inhibit
NH; losses in agriculture and evaluate its inhibition effect
under different conditions. Ammonia water with varying con-
centrations is used to simulate NH3 volatilization from animal
urine or liquid fertilizers. The PAW was generated at different
discharge time gradients and mixed with ammonia water of
different mass fractions. The gas and liquid products of PAW
and the mixtures were then detected. Based on an analysis of
the NH; emission within the fixed time, the inhibition rate (IR)
was calculated. The results and reaction mechanism were then
analyzed, and a relationship model was developed to describe
the IR and mixed solution pH.

2. Experimental setup and methods

2.1 Experimental setup

A schematic of the experimental setup is shown in figure 1.
A homemade high-voltage direct-current (DC) power supply
is used to drive the needle—water discharge in the air environ-
ment to generate PAW. A stainless-steel needle with a diameter
of 4 mm is used as a needle electrode for the power electrode,
while 10 ml of deionized water (DIW) in a glass dish (inner
diameter @55 mm x 15 mm) is used as a water electrode as a
ground and copper conductive adhesive is employed to estab-
lish a reliable ground connection between the water electrode
and the solid-state grounded electrode. The distance between
the tip of needle electrode and the surface of DIW is 5 mm.
The entire setup is enclosed in a transparent acrylic-sealed
container with inner dimensions of 8§ cm X 8 cm x 8 cm. A
pair of ZnSe observation windows (&15 x 2 mm) are mounted
parallel on the two opposite side walls for Fourier-transform
infrared (FTIR) detection. Figure 1(a) shows a schematic of
the PAW generation process. During the discharge, electrical
and FTIR detections were performed, and four experimental
groups with different discharge times were used: 2.5, 5, 7.5,
and 10 min.

Figure 1(b) shows a schematic of the gas phase ammo-
nia volatilization and aqueous-phase detection. The main
aqueous-phase products of the PAW and their concentrations
were measured and calculated through ultraviolet—visible
(UV-Vis) absorption spectroscopy. The PAW after cooling
in a sealed tube was then mixed with ammonia water with
mass fractions of 0.15%, 0.25%, 0.5%, 1%, 5%, and 10%
in a ratio of 9:1. 2 ml of the mixed solution was injected
into a transparent acrylic container with inner dimensions of
19 cm x 14 cm x 33 cm with a pair of ZnSe window for free
volatilization. The changes in volatilized NH3 within 300 s
were detected by an FTIR spectrometer. For the mixed solu-
tion, the concentrations of the main aqueous-phase products
were also obtained by the UV—Vis method, while the pH
and conductivity concentrations were measured using a mul-
tifunctional aqueous-phase measuring instrument. To analyze
and compare the liquid detection results, [PAW/DIW] and
[DIW/ammonia water] were mixed at a ratio of 9:1 respect-
ively as controls. PAW-2.5, PAW-5, PAW-7.5, and PAW-10
represent PAWs with discharge times of 2.5, 5, 7.5, and 10 min,
respectively. At least three experiments were carried out under
each condition to reduce the influence of experimental error.

2.2. Measurement methods

To monitor the circuit parameters during discharging, a
sampling resistor (10 ) was connected between the dis-
charge device and the ground electrode. The voltage across
the discharge and sampling resistor was measured using
an oscilloscope DPO3034 (Tektronix, USA) equipped with
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Figure 1. Schematic of the experiment setup. (a) Generation of PAW and (b) ammonia volatilization and detection.

a voltage probe P6015A (Tektronix, USA) and differential
probe P5200A (Tektronix, USA), respectively. The discharge
power could be calculated using the following equation [24]:

P= UpUrdt (1)

11
TR

[SE

where P is the discharge power, T is the period of the discharge
voltage, R is the sampling resistance connected to the circuit,
Up is the discharge voltage between the discharge electrode
and ground electrode, and Uk is the voltage difference across
the sampling resistance. The current I of the circuit was cal-
culated by Iy = Ugr/R.

During the generation of PAW and NHj volatilization from
a mixed solution of PAW and ammonia water, FTIR detection
was performed every 20 s using an FTIR spectrometer (Bruker,
Vertex 70). This allowed for the identification of gas products
and analysis of gas product concentration changes.

In this study, the concentration of volatilized NH3; was
quantitatively calculated. The IR of PAW against NHj3 volatil-
ization was calculated using the formula:

()]

IR = (1 - j) % 100%,

CDIW
where Cpaw is the average concentration of NHj3 from the
mixed solution of PAW and ammonia water at a given moment
and ¢prw is from the mixed solution of DIW and ammonia
water.

The UV-Vis absorption spectrum of reactive species in
PAW was measured using a UV/Vis Microplate Spectrometer
SpectraMax M4 (Molecular Devices, USA). The concentra-
tions of NO3™ and NO; were determined using a chromogenic
reaction and UV-vis spectroscopy [34—36]. Due to the limita-
tions of the instrument’s absorbance range and the linear chro-
mogenic range of the chromogenic agent, the sample solution
was diluted eight times.
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For the measurement of NOj3 concentration, a 2,6-
dimethylphenol solution was prepared. 0.122 g of 2,6-
dimethylphenol was dissolved in 100 ml of glacial acetic acid.
In addition, 100 ml of a mixed acid solution of sulfuric acid
and phosphoric acid in a ratio of 1:1 was prepared in advance
and cooled to room temperature. To eliminate the influence of
NOj in the tested solution, 0.04 g of sulfamic acid was added
to the mixed acid and thoroughly mixed. For detection, 1400 ul
of the mixed acid, 200 ul of the tested solution, and 200 pl of
2, 6-dimethylphenol solution were mixed in a centrifuge tube
and left for 10 min. The absorbance of the solution at 324 nm
was then measured. By preparing NaNOj; standard solutions
with various concentration gradients ranging from 62.5 to
3000 mol 1~! beforehand, a relationship curve between NO3~
concentration and absorbance was obtained through experi-
ments and fitting. Subsequently, the diluted sample solution
could be measured, and the NO3~ concentration of the sample
solution could be calculated.

For the measurement of NO; concentration, a self-
configured chromogenic Griess reagent was used. A 0.861 g
of sulfa, 0.259 g of N-(1-naphthyl) ethylenediamine dihydro-
chloride, and 1.5946 g of anhydrous citric acid were dis-
solved in 100 ml of methanol. For detection, 800 ul of Griess
reagent and 800 ul of the solution being tested were mixed
in a centrifuge tube at a ratio of 1:1 and left for 10 min. The
absorbance at 523 nm was then measured. A NaNO, stand-
ard solution with multiple concentration gradients within the
range of 0—250 umol 1~! was used. By fitting the relationship
curve between NO3~ concentration and absorbance, the diluted
sample solution could be measured, and the NO;  concentra-
tion could be calculated.

The pH and conductivity measurements were performed
using the multifunctional liquid-phase measuring instrument
MP551 (SANXIN, China). Before each test, the instrument
was calibrated with pH and conductivity calibration solutions,
respectively. The NO3~ concentrations, NO; concentrations,
pH values, and conductivities of PAW and the mixed solution
of PAW and ammonia water in each experimental group were
quantitatively measured.

3. Results

We analyze the results mainly through plasma parameters,
aqueous-phase product revolution of PAW, volatile NH; meas-
urement from mixed solutions of PAW and ammonia water,
and aqueous-phase product revolution of mixed solutions of
PAW and ammonia water.

3.1. Air discharge and the products in the gas/aqueous
phase

An image of the needle-water air discharge is shown in
figure 2(a), and the typical voltage and current waveforms
are shown in figure 2(b). Both the voltage and current exhibit
irregular waveforms that change periodically. Throughout the
discharge period, the discharge voltage U, experiences a rapid

increase from ~460 V to ~1675 V, followed by a gradual
decrease. The current Ip follows a similar trend. The calcu-
lated discharge power is approximately 12.76 W.

The FTIR spectrum of gas-phase products during dischar-
ging is shown in figure 3. The prominent gas-phase products
observed are NO, (at 1550-1675 cm™') and NO (at 1800—
1950 cm™1). Notably, the intensity of NO, increases as the
discharge time progresses, as seen in the enlarged spectrum
in figure 3(b). Simultaneously, a significant amount of OH
(X) (at 3200-3600 cm™ ') is detected. During the discharge,
water vapor molecules dissociate to produce eOH, leading to
a gradual increase in OH(X) [37—41]. As the discharge contin-
ues, the water vapor will have significant impact on the FTIR
measurement after 180 s.

As the revolution of aqueous-phase products of PAW,
figure 4(a) shows the UV—Vis absorption spectrum acquired
by the UV/Vis Microplate Spectrometer. The main compon-
ents identified in PAW are NO3™ (at 250-325 nm) and NO;™ (at
325-400 nm). With increasing discharge time, the absorbance
of NO3 gradually increases, while that of NO; decreases.
Figure 4(b) provides the concentrations of NO3~ and NO; in
PAW for different discharge times. The concentration of NO3
increases from ~5 mmol 17! (PAW-2.5) to ~19 mmol 17!
(PAW-10), whereas the NO; concentration declines from
~1.6 mmol 17! (PAW-2.5) to ~0.9 mmol 1=! (PAW-10).
Furthermore, it is worth noting that the concentration of NO3
in PAW is significantly higher than that of NO5 . Figure 4(c)
displays the pH and conductivity results of PAW. The pH
gradually decreases from ~2.21 (PAW-2.5) to ~1.81 (PAW-
10), while the conductivity rises from ~1891 S cm~! (PAW-
2.5) to ~7027 uS cm~! (PAW-10). The pH of DIW is ~6.8,

with a conductivity below 1 xS cm™!.

3.2. The inhibition effect of NH3 volatilization by PAW

Figure 5(a) shows a typical FTIR spectrum of the gas-phase
products volatilized from the mixed solution of PAW-5 and 1%
ammonia water. The spectrum exhibits a significant infrared
absorption peak in the range of 900—1000 cm™!, correspond-
ing to NHj. As the volatilization time increases, the absorb-
ance of NHj gradually increases, indicating an increase in
NHj; concentration. To obtain quantitative results, the afore-
mentioned procedure was repeated for all experimental groups
and control groups (DIW mixed with ammonia water in a ratio
of 9:1).

The calculated NH;3 concentration in the cavity is presen-
ted in figures 5(b)—(g). The volatile NH3 concentration shows a
gradual increase with volatilization time, and the results show
that PAW has a considerable impact on the volatilization of
NHj; in the mixture of PAW and ammonia water. In the exper-
imental groups with an ammonia concentration of no more
than 1%, all groups can inhibit NHj3 volatilization. Among
these groups, PAW-10 exhibits the strongest inhibitory effect.
However, not all experimental groups can inhibit NH3 volat-
ilization; some experimental conditions even promote NHj
volatilization. This phenomenon is particularly evident in the
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Figure 4. Revolution of aqueous-phase products of PAW. (a) UV-Vis spectrum, (b) NO3™ and NO; concentrations, and (c) pH and

conductivity.

experimental groups with high concentrations of ammonia
water, such as 5% and 10%. When the mass fraction is 10%,
PAW-2.5, PAW-5, and PAW-7.5 promote NHj3 volatilization,
while only PAW-10 consistently inhibits NHj volatilization.
To directly analyze the inhibition effect of PAW on NHj3
volatilization, we calculated the IR of each experimental
group, as shown in figure 6. Figures 6(a)—(d) shows that the
IR of NHj3 volatilization gradually increases with the discharge
time of PAW. When PAWs with 0.25% ammonia are used, the

IR reaches 100% after a discharge time of more than 5 min.
Furthermore, when mixed with 0.15% ammonia water, the IR
reaches 100% except for ~77% of PAW-2.5. When the ammo-
nia concentration is further reduced to 0.1% or lower, the IR
could reach 100% in all cases. Conversely, when the ammo-
nia water concentration is higher (figures 6(e) and (f)), the IR
decreases upon mixing with PAW-2.5 to PAW-5. The inhibi-
tion effect of PAW-5 is the weakest for mixing with 5% and
10% ammonia waters, with IRs of —6% and —12% at 300 s,
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(f) 5% and (g) 10%.

respectively, which considerably promotes NH3 volatilization.
For mixing with PAW-10, the IR increased to ~11% and
~10%, respectively. Moreover, for the experimental groups
with different ammonia water concentrations, at the same dis-
charge time, the IR gradually decreased with the increase in
ammonia water concentration. For example, the IR of PAW-
10 at 300 s decreased from ~100% to ~10%, while the IR of
PAW-5 decreased from ~65% to ~—12%.

Therefore, the discharge time of PAW and ammonia water
concentration have significant effects on the inhibition effect.
The promotion of NHj volatilization under some experimental
conditions may attribute to the large amount of heat released
from the neutralization reaction between acidic PAW and
ammonia water which largely enhanced the NH; volatilization
and overcome the inhibition effect.

3.3. Aqueous-phase product revolution of the PAW mixed
with ammonia water

Concentrations of components in the mixed solution are
compared in figure 7. Figure 7(a) shows the concentrations of
NOs in different mixed groups. The concentration of NO3
remains relatively constant in the mixed solution when ammo-
nia water with different concentrations or DIW is mixed with a
PAW solution with a fixed discharge time. However, when the
concentration of ammonia water is fixed, the NO3~ concentra-
tion in the mixed solution increases with the discharge time.
For example, for PAW mixed with 1% ammonia water, the
NOj concentration increases from ~4.60 mmol 1~ (PAW-
2.5) to ~17.8 mmol I~ (PAW-10).

Figure 7(b) shows the concentrations of NO; . The con-
centration of NO; in the mixed solution decreases with the
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increase in the ammonia water concentration as well as the
discharge time. For example, the concentration of NO; in
all experimental groups of PAW-10 gradually decreases from
~0.84 mmol 1~ for PAW mixed with DIW to ~0.29 mmol 1~!
for PAW mixed with 10% ammonia water.

Figure 8(a) shows pH changes in different groups. When
PAW is mixed with DIW or ammonia water of varying con-
centrations, the pH of the mixed solution decreases as the
discharge time of PAW increases. The mixed solution with
DIW is acidic, with a decrease in pH from ~2.57 (PAW-2.5)
to ~1.90 (PAW-10). Most other mixed solutions are alkaline,
exhibiting lower pH values compared to the mixed solution of
the same ammonia water and DIW. When PAW with the same
discharge time is mixed with ammonia water, the pH gradu-
ally increases with the increase in ammonia water concentra-
tion. As the concentration of ammonia water decreases and the
discharge time of PAW increases, the pH of the mixed solu-
tion tends to become acidic. For instance, when mixing 0.15%
ammonia water with PAW-7.5 or PAW-10, or when mixing
0.25% ammonia water with PAW-10, the resulting solution
becomes acidic, and the IR is ~100%.

Figure 8(b) shows the results of conductivity changes.
When PAW is mixed with DIW or ammonia water of vary-
ing concentrations, the conductivity of the mixed solution

increases with the discharge time of PAW. For instance, in
groups where PAW is mixed with 1% ammonia water, the
conductivity increases from ~855 uS cm™!' (PAW-2.5) to
~2553 1S cm~! (PAW-10), indicating the generation of more
active particles in PAW. The conductivity of PAW mixed with
ammonia water is significantly lower than that of PAW mixed
with DIW, primarily due to the more substantial contribu-
tion of H™ in PAW to the overall conductivity, compared to
other ions. This also explains the slight increase in conductiv-
ity observed in slightly acidic mixed solutions. Furthermore,
the conductivity of PAW mixed with different concentrations
of ammonia water is higher than that of DIW mixed with
ammonia water. This observation suggests that the mixing
of PAW with ammonia water introduces a greater number
of active ions into the ammonia water. This can be attrib-
uted to the addition of NO3  and NO; ions from PAW, as
well as the conversion of NH3-H,O or NH; molecules in the
ammonia water into NHi . The conversion of NH;-H,O or
NH; to NH helps reduce NHj; volatilization and enhances
the absorption and utilization of nitrogen elements by crops
when used as a fertilizer. Moreover, when PAW is mixed with
ammonia water for the same discharge time, its conductiv-
ity gradually increases with the concentration of ammonia
water.
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Figure 7. Concentration comparison of solution components: (a) NO3™ and (b) NO,.

4. Discussion

Existing studies on the interaction between plasma and animal
slurry or other fertilizers mainly focus on the direct use of gas
plasma to treat fertilizer, creating a plasma-activated organic
fertilizer [42, 43], which is still at the initial stage and requires
further studies to determine its feasibility. The limited research
only conducted partial field trials to verify the enhanced effect-
iveness of nitrogen fertilizer other than the ability to inhibit
ammonia volatilization [42], nor the basic reaction processes.
In this study, we proposed the use of air PAW to inhibit NHj3
volatilization from agriculture and livestock and achieved a
detailed analysis of the basic process of plasma indirect treat-
ment by detecting changes in gas-phase and liquid-phase com-
ponents. The inhibition effect of PAW is directly related to the
concentrations of HT and RONS, further related to the gas and
liquid products [42]. The main reactions involved in the air
PAW generation are [15, 17, 22]:

e+N, >N+ N+e, 3)
e+0, -0+ -O+e, @)
H,O+e — -OH+ -H+e, 5)
H,O+e — -OH+HT + 2e, (6)

N+ 0 — NO, (7

N+0, =+ NO+0, 8)

N, +0 —NO+N, )
NO + O — NO3, (10)
2NO + 0, — 2NOy, a1

NO + -OH — HNO;, (12)

NO, + -OH — HNO;, (13)

2NO; + H,0 — NO; +NOj +2H™, (14)
NO +NO, + H,0 — 2NO; +2H* . (15)

During the discharge process, the gas-phase products such
as NO, and NO are not fully dissolved in the solution.
Improving the generation efficiency of PAW to ensure the pro-
duction and absorption of more active particles in a shorter
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time is a key issue. Previous studies have shown that vari-
ous factors, such as electrode configuration, plasma treatment
time, applied voltage, gas environment, solution composition
and volume, as well as treatment method, have significant
impacts on the generation of RONS and the physicochem-
ical properties (pH and conductivity) of PAW [15, 22, 44,
45]. By combining with plasma bubbling technology, it is
possible to further improve the energy efficiency in our sys-
tem. For example, the application of plasma bubbling can
enhance the absorption efficiency by increasing the interac-
tion between plasma reactive species and the solution, while
reducing the loss of plasma reactive species. Various tech-
niques have been explored in the existing literatures, includ-
ing plasma-bubble column reactors, underwater bubbling dis-
charge, and nanosecond pulse microbubble plasma reactors
[46-49]. Alternatively, we can also improve the production
efficiency of PAW by improving the plasma source to convert
the current main reaction products, NO and NO,, into N;Os,
which exhibits higher solubility and activation efficiency [50—
52]. These devices could be operated in series to further
enhance the production efficiency of PAW.

As shown in section 3.2, the long-term stable components
of PAW in this experiment are mainly NO3", NO3 , and HT.
With the increase in the discharge time, more active particles

are generated, the pH of the solution goes down, and more
NOj3 are oxidized to NO3 [17]. As ammonia water is used as
an ammonia source in this experiment to simulate the volat-
ilization of NHj3, the main influencing factors should be the
pH, ammonia water concentration, and temperature [53-55].
Among them, the temperature of ammonia water and PAW is
constant, but the heat released through the mixing of ammonia
water and PAW may have a certain influence on the temperat-
ure. As mentioned in section 3.2, both the discharge time of
the PAW and the concentration of ammonia have significant
influences on the inhibitory effect. We speculate that the emer-
sion of the promoting effect is related to the release of more
heat during the neutralization reaction between the acidic PAW
with ammonia water. This is further influenced by PAW pH
and ammonia water concentration. According to section 3.3,
the pH of the PAW is inversely proportional to the change in
the discharge time, and a lower pH inhibits NH3 volatilization.
A higher mass fraction of ammonia water promotes NH3 volat-
ilization. In summary, the IR is related to the pH of the PAW
and the concentration of ammonia water. The main reactions
in this process are:

NH; +OH™ <> NH; - H,O — NH; 1 +H,0, (16)
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NH; - H,0 + Ht — NH} + H,0, (17)

H"+OH™ — H,0 . (18)

When the pH of the PAW is low, it promotes a shift of the
equation (16) to the left and inhibits the NH; volatilization.
When the mass fraction of ammonia water is very high, it pro-
motes a shift of the equation (16) to the right and larger NHj3
volatilization.

After the PAW is mixed with ammonia water, more NO, ™
are introduced into the ammonia water, and more NH3 and
NH;3-H,O are converted to NHJ, resulting in the addition
of more active nitrogen elements and improving fertility.
Compared to PAW mixed with DIW, the NO3  concentration
is almost unchanged, while the NO; concentration decreases,
likely as HNO, and NOj react with ammonia water to form
NH4NO,, which can easily decompose. Particularly, when
PAW is mixed with ammonia water, it releases heat and pro-
motes the decomposition of a part of NH4;NO; into N, and
H,O [56, 57]:

HNO, + NH; - H,O — NH4NO, + H,0, (19)
NH; +NO; — NH4NO,, (20)
NH4NO; — N; T +2H,0 . 21

When the ammonia water concentration is higher, more
HNO, and NO; are involved in the reaction, and thus the
decomposition of NH4NO, is larger. This also explains the
slight decrease in the NO; concentration with the increase
in the ammonia water concentration. However, as the NO3~
concentration is relatively low compared to that of NOj3~, the
N loss from this reaction could be ignored. To avoid this N
loss, during the PAW generation process, NO; could be trans-
formed into NO3~ with the increase in the rest time [58].

To further verify the effect of the pH of the final mixed solu-
tion on the IR of NHj volatilization, we established a regres-
sion model to the pH of the mixed solution with the IR at 300 s.
The model is

IR = —6.331 + — 3

PHMIX )34.679 )
+( M

(22)

where IR (%) is the IR of ammonia volatilization and pHwyx
is the pH of the mixed solution of PAW and ammonia water.
The adjusted goodness of fit R;? is 0.940 96, which is closer
to 1. Considering the errors in the calculation and detection
methods, the goodness of fit of this model is satisfactory.

The effect of the pH of the mixed solution on the ammonia
water volatilization is shown in figure 9. It can be seen that the
IR closely relates to the pH value of the PAW and ammonia
water mixture. The IR basically decreases with the increase
of the pH value. After controlling the pH value within a cer-
tain range (approximately below 8), the IR can achieve IRs
that are very close to 100%. However, when the pH value of

100%

80%

60%

40%

20%

Inhibition Rate

0%

-20% | 10% -
Fit
40% - -

2 4 6 8 9 10 11
PHyix

Figure 9. Effect of the pH of the PAW mixed with ammonia water
on the ammonia water volatilization.

the mixture is over 10.5, the NHj3 volatilization promotion will
happen.

The acidification of animal urine or liquid fertilizers by
PAW can also add an N element to the fertilizers to improve
its value as a nitrogen fertilizer, meanwhile, the use of air
plasma for slurry treatment may reduce the concentration of
organic compounds that cause odor (such as skatole (‘fecal
odor’) and p-cresol (‘pig odor’)), while also decreasing the
bacterial loads [42, 43]. There are currently limited researches
on using plasma directly to suppress ammonia volatilization
in slurry [42, 43] or using indirect plasma treatment as that in
our research. The method of using plasma direct treatment did
not conduct a detailed analysis of its basic process, nor did it
focus on the component changes and action mechanisms dur-
ing the reaction process. Only partial field trials were conduc-
ted to verify the effectiveness of NH3 inhibition. However, the
development of PAW is relatively mature, especially compared
to using discharge plasma to directly treat the animal slurry.
PAW is not a simple acid, and studying its chemical process
is of great importance. This paper achieves a detailed analysis
of the basic process of plasma indirect treatment by detecting
changes in gas-phase and liquid-phase components.

The industrial synthesis of HNO3; predominantly employs
the ammonia oxidation route, a pivotal process commencing
with the catalytic conversion of NH3 into NO at elevated tem-
peratures (~760 °C-840 °C) using a Pt—Rh catalyst. This is
succeeded by the sequential oxidation of NO to NO, and ulti-
mately, NO, interacts with water in an absorption tower to
produce HNOj3. The energy consumption throughout this mul-
tipart process includes energy-intensive stages like gas com-
pression, substantial heating for oxidation reactions, cooling
during the absorption phase, and the maintenance of recycling
systems. In addition, the reaction raw material of the above
process is NHj3, and the synthetic NH3 industry itself will con-
sume a lot of energy, whose theoretical energy consumption
(H-B method, ~34 GJ tN~!) [59] is ~2.5 times higher than
the theoretical energy consumption of low-temperature plasma
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nitrogen fixation (~14 GJ tN -1 [60]. Although there is still
a certain gap between the actual energy consumption of low
temperature plasma for nitrogen fixation and the theoretical
value, with the development of plasma technology, this gap
will be gradually reduced. For example, using different dis-
charge structures could largely lower the energy cost on NO,
production, such as propeller arc discharge (~250 GJ tN—1),
glow discharge with the magnetic field (~189 GJ tN—1),
rotating arc (~48 GJ tN~!), etc [61-64], which will further
improve the energy efficiency of PAW production. In addi-
tion, compared to the industry method of producing HNO3,
the main advantages of using PAW for processing slurry lie
in the convenient and environmentally friendly nature of PAW
preparation, as well as the abundant and easily obtainable raw
materials (water and air). Meanwhile, the PAW production
process emits fewer pollutants. On the other hand, transporting
acid to remote agricultural and pastoral areas involves safety
security cost and transportation cost issues. Compared to the
direct use of nitric acid or other acid solutions, PAW can be
easily prepared and controlled, and the requirements for the
production system are smart and low-cost with raw materials
consisting only of water and air. Therefore, PAW can be pre-
pared on the spot in the application scene with small-scale pro-
duction, ready to use with reduced transportation and storage
costs. By utilizing abundant solar or wind energy resources in
agriculture or livestock, PAW can significantly reduce produc-
tion costs.

Besides, we have already proposed a new strategy to cap-
ture volatilized NH3 by gas phase plasma products (mainly
NO,) [24, 25] to form solid NH4NO5 for N recycling in our
previous study. The scheme proposed in this paper focuses
on directly treating the volatile ammonia source with aqueous
PAW, to inhibit the NH3 volatilization, and adding more N
elements into the source to improve fertility. By combina-
tion of these two strategies, the undissolved NO, from the
PAW generation stage can be used for NH; capture in the
gas phase, thereby the N element in the form of NHj; can
be further reserved and recycled instead of losing into the
atmosphere, which enhances the resource efficiency and mitig-
ates the atmospheric pollution through reduced NH3; emission
and effective N recycling, especially in agricultural ammonia
management.

5. Conclusion

The N loss from agriculture and livestock in the form of NHj3
is the main way in nitrogen cycle, which results in signific-
ant resource waste and environmental pollution. In this study,
we proposed and evaluated the inhibition effect of air PAW
on NHj volatilization. The discharge time of the PAW and
the concentration of the ammonia water significantly affected
the NH; volatilization. The effect of the discharge time was
mainly due to the generation of more active particles and lower
PAW pH at a longer discharge time. When a PAW with a dis-
charge time of 5 min, 7.5 min or 10 min was mixed with ammo-
nia water with a mass fraction of 0.15%, or PAW of 7.5 min or
10 min with 0.25% ammonia water, the IR reached ~100%.

The IR closely related to the pH value of the PAW and ammo-
nia water mixture and basically decreased with the increase
of the pH value. However, for ammonia water with a higher
concentration, the effect of heat release for NH3 volatilization
when PAW was mixed with ammonia water may overcome the
inhibition effect and led to NHj3 volatilization promotion. It
is important to evaluate different concentrations of ammonia
water to determine an appropriate PAW discharge time range.
The regression model between the pH of the mixed solution
and IR established by the experimental results in this study
provides reference for the experimental analysis and condition
determination.
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