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Abstract
This study investigated NH4,NO; formation by air plasma and NH; in three
different reaction modes for nitrogen fixation and environmental protection. A

DC-driven needle-needle discharge was used. We found that NH,NOj3 could
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be effectively formed by directly mixing NO, (generated by air discharge) and
NH; in Mode 1. In Mode 3, when discharging in the air/NH; mixture, no
NH,NO; was detected. However, in Mode 2, when discharging in the NO,/air/
NH; mixture, NH;NO; was
first formed and then subse-
quently decreased as the dis-
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INTRODUCTION

Nitrogen fertilizer is an essential nutrient for plant
growth on earth. Modern nitrogen fertilizer production is
mainly through the Haber-Bosch process in chemical
fertilizer plants, which are reported to consume 1%-2% of
global energy and emit roughly 1% of global annual
CO,.[" Nitrogen fertilizer demand will increase sharply
as the human population increases in the future and will
bring more challenges for energy and environmental

protection. Plasma technology is evaluated as a potential
alternative to produce nitrogen fertilizers.* "> Nitrate
fertilizer could be effectively formed by air discharge in
proper power consumption.[6'8] Moreover, this fertilizer
is reported to have a low theoretical value of energy
cost.[] Meanwhile, ammonia emissions from the agroe-
cological system are an important part of the global ni-
trogen cycle, causing a massive loss of crop nutrients and
significantly affecting the environment and public
health.'>'") NH; is the main raw material of industrial
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nitrogen fertilizer and is also the main pollutant for fog
and haze formation.""?) China is the largest emitter of
ammonia (NH;) worldwide, and more than 80% of am-
monia pollution in the air is from agriculture, mainly by
the indiscriminate use of fertilizers and livestock man-
ure."*1*! A twofold benefit method for nitrogen fertilizer
production and recycle is to use air discharge and wasted
NH; to produce NH,NO3, which is predominantly used
in agriculture as a high-nitrogen fertilizer, having a ni-
trogen content of 349%.">! For example, this idea could be
used in a farm when livestock manure is collected and a
considerable amount of nitrogen fertilizer in the manure
is lost through NH; volatilization. If the volatile parts of
NH; can be captured by NO, from air plasma to form
NH4NO; and return to the crops, there will be a sig-
nificant contribution to both energy saving and en-
vironmental protection.®!”!

The so-called “double nitrogen fertilizer” production
requires investigating the reaction mechanism between
the air plasma and ammonia. Existing reports on plasma
interacting with NH; have mainly focused on using mild
plasma to eliminate NH; in industrial waste gas/water
directly.l"® " Investigations on how to use air discharge
and wasted NH; from farming system to form a double
nitrogen fertilizer are rarely focused in the literature.
Therefore, this study investigated, through direct image
and Fourier-transform infrared spectroscopy (FTIR) ob-
servation, the reaction between the air plasma and NH;
in three different reaction modes to reveal how the
NH,NO; could be effectively formed during the
processes.

z

The plasma device used in this study was a
needle-needle discharge driven by a DC power supply.
The experimental setup is shown in Figure la. The pair
of needles was made from stainless steel and mounted on
the wall of a cubic chamber with a side length of 10 cm.
One needle was connected to a high DC voltage, whereas
the other was grounded. The distance between the two
needle tips was fixed at 5 mm, and the vertical distance to
the bottom was 3 cm. The applied voltage was measured
by a high-voltage probe (Tektronix P6015A). A resistor
(R=10Q) was used in the circuit, and a differential
probe (Tektronix P5200A) was used to measure the vol-
tage V; across the resistor. Therefore, the current in the
circuit was calculated according to I = V,/R. The air used
in all the experiments was atmospheric air. The image of
discharging in pure air is shown in Figure 1b. Brown gas
(NO,) was clearly observed inside the chamber when the
discharge was on. Figure 1c shows the voltage and cur-
rent waveforms in air discharge. The power consumed in
the air discharge was calculated (22 W). A pair of ZnSe
windows (15x2mm) for FTIR measurements was
mounted in parallel on the wall at the center of the
chamber. The center of the widow was 2 cm above the
needles. The gas could flow into the chamber through
the hole at the bottom of the side wall and flow out the
chamber through the hole at the top of the opposite
side wall.

This study considered three modes of air plasma in-
teraction with ammonia, as shown in Table 1. In Mode 1,
for the first 5 min, the air discharge was ignited inside the
chamber. After 5 min, the power was turned off, and NH;
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FIGURE 1 (a) Experimental setup; (b) image of the air discharge in the chamber; (c) voltage and current waveforms of air discharge.

FTIR, Fourier-transform infrared spectroscopy; HV, high voltage
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TABLE 1 Three reaction modes of plasma interaction

Time (min)

Mode 0-5 6-10

1 Discharge in air Discharge off and ammonia gas
flows in

2 Discharge in air Discharge and ammonia gas
flows in

3 Discharge in a mixture of air and ammonia

was introduced into the chamber at a flow rate of
80 ml/min. In Mode 2, the process of the first 5min is
similar to that in Mode 1. During the interval of
6-10 min, the difference was that the discharge was still
on rather than turned off. In Mode 3, the discharge was
ignited in a gas mixture of air and NH; and turned on
during the entire process. The flow rates of the air and
NH; were 500 and 80 ml/min, respectively. The electrical
signals of discharging in Modes 2 and 3 were similar to
that in Mode 1, and the power consumption was 24 and
26.5W, respectively. The power consumption slightly
increased when NH; was present in the working gas.
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Subsequently, gas-phase FTIR spectra (vertex 70;
Bruker) versus time were measured in different dis-
charging gas and reaction modes to investigate the gas-
phase chemical process during the reaction of air plasma
and NH;. Figure 2 shows the FTIR spectra of the dif-
ferent working gases and NO, concentration of air dis-
charge. Figures 2a and 2c show the typical gas-phase
FTIR for the first 5min in Mode 1/Mode 2 and Mode 3,
respectively. When discharging in pure air, the typical
peaks of NO (1800-1950 cm™), NO, (1550-1675cm™"),
and HNO; (1200-1500 cm™") were observed. As clearly
shown in the figure, the main products of air plasma
were NO,, and the concentration of the products in-
creased with the discharging time. Figure 2b shows the
NO and NO, quantitative concentration versus time. The
NO and NO, concentration measured by FTIR was cali-
brated by using standard gas, and the calculated specific
energy cost of nitrogen fixation here is ~150 GJ/tN. This
specific energy cost is within the range reported by many
other groups.””’>*! It is necessary to point out that due to
the different calibration procedures in different labs and
various databases used, the specific energy cost under
similar conditions could vary a lot. In Figure 2c, when
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FIGURE 2 Gas-phase Fourier-transform infrared spectra in different discharging gases and NO, concentration. (a) Air; (b) NO,

concentration; (c) air and NHj; (d) NH;
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discharging in air and NH; mixture simultaneously, no
NO or HNO; peaks were observed. The absorbance peak
of NO, overlapped with that of NH3, and the absorbance
of these overlapped areas slightly increased with time.
Figure 2d shows the gas-phase FTIR spectrum of NH;
without/with discharge. Typical absorbance bands were
present at 700-1300 and 1350-1900cm™'. The FTIR
spectrum of pure NH; without discharge (0 min) was not
different from that with discharge. Therefore, the slightly

(@)

overlapped area increment in Figure 2c should be caused
by NO, formation.

During the 6-10 min processes in the three modes,
we continuously recorded the FTIR spectrums at dif-
ferent times. Figures 3a, 3b, 3c show the FTIR spectrum
and the discharge chamber images after 10 min for
Mode 1, Mode 2, and Mode 3, respectively. In Mode 1
(Figure 3a), a stable new peak at 1300-1500 cm™" was
observed during the interval of 6-10 min. This new
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FIGURE 3 Gas-phase Fourier-transform infrared spectrum from 6- to 10-min process and images of new products' formation in the

three reaction modes. (a) Mode 1; (b) mode 2; (c) mode 3
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FIGURE 4 (a) White smoke identification by Nessler's reagent. The brown color indicates presence of NH,* in the liquid; (b) attenuated
total reflection-Fourier-transform infrared spectroscopy comparison of standard aqueous NH,NO; and the experimental products

bond was identified as a typical NH,NO; bond.**!
Meanwhile, a large amount of white smoke formation
inside the chamber was observed, identified as NH,NO;,
in the next section (Figure 4). As clearly shown in the
figure, the absorbance of NO, decreased as NH; in-
creased in the chamber from 6 to 10 min. NH,NO; was
formed in this reaction mode and remained stable. In
Mode 2, the absorbance of NH,NO; first increased, then
decreased, and finally nearly disappeared at 10 min. The
image of Mode 2 shows a relatively low concentration of
white smog left inside the chamber at 10 min, compared
with that in Mode 1. However, in Mode 3, when the
plasma was always inside the chamber, we did not ob-
serve any new absorbance of NH,NO; during the entire
process. The image of the chamber in this mode re-
mained transparent, and no white smoke was observed.
It can be concluded that discharge affects the formation
of NH,NOj;.

The product was scraped from the inner wall of the
reaction chamber after the experiment and then dis-
solved in 2-ml water for analysis. The aqueous phase of
the product was analyzed using Nessler's reagent col-
orimetry (APS) and an ATR-FTIR spectrometer (vertex
70 equipped with a Platinum ATR sampling module;
Bruker). The ammonium ion (NH,*) could react with
Nessler's reagent to form a complex yellow sediment,
whose color depth is related to the content of the am-
monium ions. Figure 4a shows the image where Nessler's
reagent detected the experimental products and standard
NH,CI solution (0.1 mol/L). The brown color indicates
that NH,* was present in the product solution. Figure 4b
shows the ATR-FTIR spectrum comparison between the
standard aqueous NH4NO; and the white smoke product.
The standard NH,NO; solution was substituted by mix-
ing equal quantities of NH,Cl and NaNOj; at the same

concentration in this investigation. The ATR-FTIR
spectrum was completely matched and proved that the
experimental product was NH4NOs.

We also measured the optical emission of the dis-
charge and simulated the rotational temperature T of the
discharge using the spectrum of the N, second positive
system (result not shown here). The simulated T, of the
needle-needle DC arc discharge was approximately
2500 K. When the heat was transported to the entire
chamber, the average temperature (approximately 3 cm
away from the top center) measured by the thermocouple
sensor was approximately 335K and reached thermal
equilibrium after 2 min. If the plasma is turned off after
5min, the temperature inside the chamber will decrease
to ~305K at 10 min.

For the first 5min, in Modes 1 and 2, NO, was gen-
erated by the air discharge through the following

reactions!*”:
N; + O - NO + N, 1)
N + 0, — NO + O, 2)
H,0 + O - OH + OH, (3)
N, + OH — NO + H, 4)
O+ NO+ M — NO, + M, (5)
NO, + OH + N, — HNO; + N,. (6)

In Mode 1, after 5 min, the discharge was turned off,
and the average temperature inside the chamber was
low. However, the temperature around the needle was
still high and OH would still be possible to form through
reaction (3). Some amount of HNOj; could continue to be
produced through reaction (6). NH,;NO3z; may be mainly
formed through!*>2°!
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However, in Mode 2, the discharge was still on during
6-10 min; NH4;NO; may first be formed through reaction
(7) because there were plenty of NO, formed in the first
S5min. As the discharge continues, on the one hand,
NH,NO; may gradually undergo thermal decomposition
through reactions (8-10), depending on the temperature.!'!

NH,NO; — NH; + HNO;, (8)
NH4NO3 i N20 + 2H20, (9)
4NH,NO; — 3N, + 2NO, + 8H,0. (10)

On the other hand, similar to Mode 3, when discharging
in air and NHj3, NH; would be decomposed by gas discharge
through reaction (11) and consume OH through reaction
(12). Meanwhile, NH; would also react with O to form NH,
and OH (reaction 13) under DC air discharge.””**! The
product NH, will rapidly consume NO through reaction (14),
thus blocking the formation of NO, and HNO; and finally
intercepting the formation of NH,NO;.*"!

NH; + N, - NH, + H + N,, (11)
NH; + OH — NH, + H,0, (12)
NH; + O —- NH, + OH, (13)
NH, + NO — N, + H,0. (14)

Other related reactions may also occur during these
reaction modes, such as small amount of NH; formation
during the process of plasma-water interaction***'! or
the contribution of nitrogen excited species. However, we
only listed some of the main possible reactions closely
related to the NH,NO; formation and dissociation here.
Detailed reaction mechanism will be further studied in
the next modeling work.

In conclusion, three modes of air plasma interaction
with NH; for the NH,NO; formation were investigated.
NH,NO; could be stably formed by directly mixing gas-
phase NO, products from air plasma and NH; with plasma
off. Discharging in the air/NO,/NH; mixture affects the
NH,NO; formation process. The gas discharge may block
the formation of NH,NO; through a direct thermal de-
composition process and an indirect NH3; decomposition
with NO/OH consumption. Future works should be per-
formed on detailed chemical kinetic studies, quantitative
measurements, and numerical calculations to further un-
derstand the mechanism and optimize the conditions.
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