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Abstract

Nitrogen fertilizers are important for modern agriculture, amongwhich nitric acid is a basic
chemical for ammonium nitrate production. Herein, NOx was produced from N2 and Oz using a
spark discharge technology with point-to-pointiand circle-to-plate types of plasma reactors
driven by a nano-second pulsed powerssupply.. NOx could be produced with an energy
efficiency of 0.09 mol/kWh dnder the gasesr of 50%/50% N2/O2, while NO: selectivity
increased with increasing energy density.»The gas temperatures in the spark channels were

N

estimated using the Gibbs free energy equation. Based on kinetics calculations, the reactions of

N with Oz and O withNQ.were the major reactions for NOx production.

Keywords: NOX production; nitrogen fertilizer; pulsed spark discharge; gas temperature;

reaction kinetics
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1. Introduction
Nitrogen is an important element in fertilizers, accounting for nearly 50% of fertilizers. [1].
Nitrogen fertilizers are essential for food production. Although nitrogen is abundant in the
atmosphere, it is difficult to utilize because of the high activation energy barrier caused by the
extremely stable N=N triple bonds [2]. Normally, nitrogen is fixed with hydrogen to produce
ammonia at 773-873 K and under 17-20 MPa through the Haber—Boseh (HB) process. Nearly
~
97% of nitrogen fertilizers are derived from synthetically produced @ammonia, including urea,
NH4(OH), and NHsNOs [3-5]. Nitrogen fertilizers significantly “increase agricultural
productivity, which sustains nearly half of the world’s population[6]. Nevertheless, fertilizers
are generally produced in a chemical plant and transpofted to‘the agricultural areas where the
fertilizers are stored and used [7]. The transportation and storage of the fertilizers create new
environmental risks. Modern agricultural;:environmental, and ecological technologies require
fertilizers to be produced onsite [8].
Recently, attention has been given to the exploitation of low-temperature plasma
N
technologies to produce nitrogen oxides (NOx) for agricultural applications, which are related
to active nitrogen and oxygen species [9,10]. Meanwhile, aqueous HNO3 can be facilely
produced using NO, and HO [6]. The acidic solution can further react with volatile NHs,

which is naturally created by bacteria, to generate ammonium nitrate. Thus, organic fertilizers

with a high N content per mass (35%) can be achieved. Compared to the high temperatures and
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pressures of the HB process, plasma nitrogen fixation offers an opportunity to produce NOx
onsite at room temperature and atmospheric pressure.

In the past decades, various plasma technologies, such as glow, spark, arc, and dielectric
barrier discharge, have been reported in the field of NOx production [2,6/1L]. For spark
discharge, the discharge voltage can initially increase up to a high value of 20 k\, accompanied
by a high energy efficiency of 0.02 mol/kWh [6,12,13]. The ultrafast.repetitive discharge

~
processes facilely induce ultrahigh electron energies, which are beneficial for activating and
dissociating gas molecules [14-16]. Based on our previous,studies of methane oxidation
[17-21], high energy efficiency of methane conversion can beachieved from 2.5 to 14.4
mol/kWh by pulsed spark discharge at a relatively low energy @ensity, and plasma reactors can
be readily distributed on farms. Therefore, plasma.technology provides a potential route for the
onsite production of nitrogen fertilizers.

In this work, NOx production using a nano-second pulsed spark discharge was investigated.
The pulsed spark discharge occurred between two electrode terminals in point-to-point (PTP)

N
and the circle-to-plate (CTP) reactors. The two reactors were characterized by different energy
densities. The temperatures of the gases in the spark channels were estimated using the Gibbs

free energy (GFE) equation. The mechanism of NOx production was proposed based on

kinetics calculations.
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2. Experimental system and data analysis

Figure 1 shows the experimental setup consisting of a pulse power supply (DP-15K35, Peec,
Japan), a plasma reactor, and an electrical measurement system. The pulse power supply could
provide voltage pulses with a repetition frequency from 50 Hz to 35 kHz.“The discharge
voltage and current signals were measured using a voltage probe (EP-50K, Peee, Japan) and a
current transformer (mode 0.5-1.0, Strangenes Industries, USA) and were recorded with a

~

digital oscilloscope (TDS754D, Tektronix, USA) with an analog.bandwidth of 1 GHz.

Two plasma reactors of different geometric structures were designed based on our previous
work [17,18]. A PTP type of reactor is consisted of a Pyrex® tube (1.5x10?(0.d.)
x1.2x1072(i.d.) >0.8(length) m®), a quartz tube (1.21072(0.d:) %8.0x107%(i.d.) >0.4(length) mq),
and two stainless-steel wire electrodes (HV..and.ground, ®1.5x10° >0.18(length) m?) with
sharp-pointed discharge terminals. The gap.distance between the two electrodes is 2x10° m
(Figure 1A). The position of the spark discharge channel is fixed between two electrode
terminals in the PTP reactor.

N

Figure 1B shows the configuration of a CTP type of reactor and the gas stream paths. The
CTP reactor is consistediof a quartz tube (1.2>10%(0.d.) <1.0x102(i.d.) >0.4(length) m®), a
stainless-steel tube. (HV, 6x103(0.d.) >4x103(i.d.) m?), and a stainless-steel cap (ground,
®8x10% m). The'discharge,gap is fixed at 110 m. In contrast, a CTP type of reactor, the

spark discharge €hannel is confined in the limited space between the plate and the circle of the

tube end; the space is larger than that of the PTP reactor. Meanwhile, there are relatively
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1 uniform discharges across the gas flow in the CTP reactor, not like the PTP reactor that has a

2 large part of space without discharges.

oNOYTULT D WN =
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31 5  Figure 1. (A) Pulsed spark discharge system for NOx production in the PTP reactor and (B) the

34 6 detailed configuration of the CTP reactor:

A gas mixture of 50% N and 50% Oz was introduced into the upper part of the vertically
41 N

42 9  oriented reactor at a total flow rate Fg.= 0.2 L/min. The NO2 and NO concentrations in mg/Nm?®
45 10  (where the gas state was'298 K and 1 atm) were measured using a nitrogen oxide analyzer
48 11 (ECL-880US, Yanaco, Japan), which was based on chemiluminescence.

30 12 The energy injection E inJ/pulse from the pulse power supply to the reactor was calculated

53 13 as follows:

56 E = Yo (55) (1552) (tua — ), (1)

2 2
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where Vi, Vi+1 In V and |;, li+1 in A were the discharge voltage and current at discharge time t;
and ti+1 in s, respectively. The discharge voltage and current were obtained from the data
sequences of the discharge voltage and current waveforms. The discharge power in W was the
product of the energy injection and pulse repetition frequency f in Hz.

The energy density in J/L was defined as the ratio of the discharge power to the total gas flow
rate Fo at 298 K in L/min, described as follows:

Energy density = % X f. 2

The energy efficiency in mol/kWh was defined as a ratio of moles of produced NOx per hour

to the amount of the discharge power into the mixture gases:
1000x[moles ¢f NOX produgtion per hour]

Energy efficiency = < . 3

The selectivity of NO2 was defined as follows:

[NO,]

SNOZ = mo—] X 100%, 4

where [NO2] and [NO] were the concentrations of NO, and NO in the outlet gases of the
plasma reactors, respectively.

N
3. Results and discussions
3.1. Typical waveforms of discharge voltage and current
The pulse power supply was utilized to generate the pulsed spark discharges between the
electrode pairs, resulting in the formation of a spark channel. The gases in the spark channel

were rapidly elevated to a high temperature and then decomposed. Figure 2 shows the
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1
2

3

4 1  time-resolved voltage and current profiles over a single-pulse spark discharge in the PTP and
5

6

7 2 CTP reactors, respectively. They show that the pulse rise time and the full width at half
8

?0 3 maximum (FWHM) values of the voltage and current in the PTP and CTP reactors were within
11

g 4  dozens of nanoseconds (Table 1). The pulse width has an impact on the process of NOx
14

15 5  production during the pulsed spark discharge. When the pulse width_is small and the
16

17

18 6  instantaneous input power is large, the gas temperature in the spark.channels will be high,
19 ~

;? 7 which is conducive to the generation of NOx. The peak values of.the voltage and current of the
22

23 8  pulsed spark discharge in the PTP reactor were 6.8 kV and 57.7. A, respectively, while those in
26 9 the CTP reactor were 6.8 kV and 60.4 A, respectively. The energy injections in the PTP and
10  CTP reactors were 0.00369 and 0.00339 J/pulse, respectively.”

31 11
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Figure 2. Voltage and current curves of the pulsed speak discharge in the (A, B) PTP and the

(C, D) CTP reactors.

Table 1. Electrical properties of the pulsed spark discharge in the plasma reactors.

N
Valtage Current
E
Reactor Rise time - FWHM Peak value Rise time FWHM Peak value
(J/pulse)
(ns) (ns) (kV) (ns) (ns) (A)

PTP 17.2 23.7 6.8 325 57.4 57.7 0.00369
CTP 220 22.4 6.8 38.4 55.6 60.4 0.00339
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3.2. Energy efficiency of NOx production

The NOXx production at various energy densities in the PTP and CTP reactors were illustrated
in Figure 3. The NOx concentration increased with increasing energy density. In the PTP
reactor, the NO, concentration increased from 175 to 2002 mg/Nm? as the €nergy density
increased from 331 to 6094 J/L, while that in the CTP reactor increased from 230 to 1417
mg/Nm? as the energy density increased from 275 to 2811 J/L. The energy efficiencies of the

~
pulsed spark discharges in the PTP and CTP reactors for NOx production were further
calculated and shown in Figure 4A. The energy efficiency inthe PTP, reactor achieved a high
level of 0.09 mol/kWh at an energy density of 331 J/Lawhile thatin the CTP reactor was 0.09
mol/kWh at a low energy density of 275 J/L. However, the €nergy efficiency in the plasma
reactors decreased with increasing energy density. Normally, the NO; selectivity is a crucial
factor for the synthesis of aqueous HNOzpthe NO: selectivity in the PTP and CTP reactors
were shown in Figure 4B. The NO: selectivity increased with increasing energy density in the
plasma reactors, when the input gases were consisted of 50%/50% O2/N>. It had nearly 80%
N

NO: selectivity when the energy density was above 3000 J/L. The results in this study are
contrary to the reported one [22], which was conducted by atmospheric air. The different

ratios of input gases may be one reason for the different experimental results. The details

were analyzed based on kinetics calculations in the following.



oNOYTULT D WN =

1

2

3

10

11

12

No, concentration (mg/Nm3)
=
s

AUTHOR SUBMITTED MANUSCRIPT - JPhysD-123841.R2

PTP

NO

NOXx

0 2000 4000 6000
Energy density (J/L)

8000

2000

0

1600

[EN
N
o
o

400

No, concentration (mg/Nm3)
o

Page 10 of 22

800

7:CTP  NOx
NO,

I 4/ ANO

0 1000 2000 3000 4000

Energy density (J/L)

Figure 3. NOx concentration at various energy densities in the (A) PTPand (B)/CTP reactors.
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Figure 4. (A) Energy efficiency.of NOx production and (B) NO> selectivity at various energy

densities in the PTP and CTP reactors.

A S

3.3. Estimation of gases temperatures in the spark channel

The increase in the discharge power leads to the increase in the temperature of the gases in the

spark channel, which will.simultaneously promote the increase of vibrational and rotational

temperatures and the decrease of the activation energies of reactions. Thus, it shifts the reaction

toward NOX production in the following reaction:

10



Page 11 of 22

oNOYTULT D WN =

10

11

12

13

AUTHOR SUBMITTED MANUSCRIPT - JPhysD-123841.R2

The equilibrium constant K (Eq. 6) for the NOx formation reaction depends on the reaction
temperature, and thus, the Gibbs free energy equation (Eq. 7) can be used to estimate the

reaction temperature Tk:

_ [NOx]?
T [Na][0,]’ )
AG = —RTkInK, (7)

where AG was the Gibbs free energy, K was the equilibrium constant.

Here, AG =86.55 kJ/mol [23]. The equilibrium constant K'ean be calculated from the NOx
concentration data in Figure 3. The gas temperature Tk during the pulsed spark discharges in
the PTP and CTP reactors by using the GFE equation was displayed in Figure 5. The highest
temperatures of the background gases through the plasma space of the PTP and CTP reactors

were 2417 and 2147 K, respectively.

11
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Figure 5. Temperature of gases through the plasma space of the PTP and:CTP reactors plotted
as a function of the discharge power using the GFE equation. (Calculation conditions: E =
0.00369 J/pulse when the voltage and current peak valueswere 6.8 kW and 57.7 A, respectively,
in the PTP reactor; E = 0.00339 J/pulse when voltage:and current peak values were 6.8 kV and

@
60.4 A, respectively, in the CTP reactor).

3.4. Kinetics of NOx production reactions

To further understand the NOx production processes from 50% N, and 50% O during the
pulsed spark discharges, the kinetics.calculations of the NOx production reactions were studied.
The two-temperature, kinetics mechanism and rates [24] were used to predict the temporal
evolution and corregsponding steady-state species. During the pulsed spark discharges, oxygen
and nitrogen atoms were“initially formed from the decomposition of oxygen and nitrogen

molecules;respectively (Egs. 8 and 9) [25,26]:

O+e—20+e, (8)
No+e—2N+e. 9)
12

Page 12 of 22
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The decomposition rates —r were calculated using Egs. 10 and 11, where the rate

coefficient k was modeled through an Arrhenius-type equation (Eq. 12) [27]:

—59500

—1o, = ko,[0lel, ko, = 2.85 X 10Ty %%e Te ~ (cm® mol ™ s7), (10)
—113200
—er = sz [NZ][e]! sz = 118 X 1018T€_0.7e Te (Cm3 mOI-l s'l), (11)
-E,
k=A-T"-exp (T)’ (12)

where k in cm® mol™ s was the rate coefficient, A was the values-for.the pre-exponential
~

factor, n was exponent, E, was the activation energy.
Figure 6A shows the rate coefficients for Eqgs. 8 and 9 at various electron temperatures. The

rate coefficient of O, decomposition was higher than,that of N2 decomposition. Figure 6B

displays the ratio a4, defined as follows: y

—T0, _X ka[OZ]
_TOZ'F_TNZ k02[02}+kN2[N2r

o = (13)
where the ratio au means the decompaosition.ratio.of active oxygen and nitrogen molecules at
various electron temperatures.
It is known that the electron temperature is generally between 1 to 20 eV in an atmospheric
N

plasma [28], thus, the content Of active oxygen atoms is higher than that of active nitrogen

atoms during the discharge processes when the same concentrations of O. and N2 were input.

13
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Figure 6. (A) Rate coefficients of Eqgs. (8) and (9) plotted as functions of the electron

~

temperature and (B) corresponding rate ratio at different electron temperatures.

According to the Zeldovich mechanism of the NQ.formation,reactions [29,30], the rate

coefficients of Egs. 14 and 15 y

O+N2—>NO+N, (14)
N402=N0O+0; (15)

—38370
—15 = ko[O][N,], kp.= 1.8 x 108e— 7 (cm® mol? s?), (16)

—4680
—ry = ky[N][0,], ky = 1.8 10%e" T (cm®molls?), 17)

N

at different reaction temperatures were compared in Figure 7A.

When the temperature was below 3647 K, the reaction of N and O was the main reaction.
On the contrary, the reaction of O and N2 became the prominent reaction when the temperature
increased to 3647 K. The reaction rate ratio a, was defined as follows:

—TN kn[N][O,]

0 = = (18)

—ro+-rn  kolO][N2]+kn[N][O,]’

14
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which was calculated and shown in Figure 7B. The ratio o2 means which is the main reaction
between the reactions Eqgs. 14 and 15 according to the Zeldovich mechanism of the NO
formation at different temperatures. Typically, o, is 90% at 2882 K for the same
concentrations of input N2 and O2. As it was estimated using the GFE equationy.the reaction
temperature was around 2400 K in the discharge channels, where the NO was mainly from the

reaction of N with O..

~
Al.E+05 B 100
ky: N+O,—>NO+O =" s 2882
1E+03 3647 80 |
e I
2 i
2 1.E+01 60 +
= L
3 O
S 1EO01 PNO+N e y
=] [
o [
1E-03 - 20 4
1.E-05 P S T S S TR 0"H‘;HH;HH;HH;HH
0 1000 2000 3000 400075000 0 1000 2000 3000 4000 5000
Temperature (K) Temperature (K)

Figure 7. (A) Rate coefficientyof Egs. (14)rand (15) at different temperatures and (B)
corresponding reaction rate ratio at different temperatures.
N
Furthermore, the possible reaction routes for active O according to previous works [27,31]

were evaluated asfollows:

O1: O+NO+M—-NO2+M, (19)
02: O+0O+M—-02+M, (20)
O3: 0+02+M—03+M. (21)

15
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1 The rate coefficients of these three reactions at different reaction temperatures were

2 calculated as follows:

~7o, = ko, [0][NOI[M], ko, = 1.83 x 102°T 1% (cm® mol™* 5), (22)
—898
—70, = ko,[01[0][M], ko, = 1.89 X 107e"T  (cm® mol™* s2), (23)
—-204
—To, = ko,[01[051[M], ko, = 10137 (cm® mol? s2). (24)

3 Figure 8A indicates that the reaction of O with NO had the highest.rate coefficient. Eq. 25

~

4 was utilized to compare the contribution of oxygen consumption.forthe above three reactions:

—T0, _ ko, [NO]
—To,+-T0,+-T04 kol[N0]+k02 [0]+k03 [05]°

az = (25)
5  where the ratio az means the dominating reaction of exygen consumption for Egs. 19~21 at
6 different temperatures. y
7 Figure 8B shows that the ratio a; was 99.1% at the calculated temperature of 2400 K, when
8  the input gases was 50%/50% O>/Nz. Thesresults indicated that O was mainly used for the
9  formation of NO2 (Eg. 19), which.led to an increase of NO> with energy density. Moreover, it

10 was noted that the produced NOx may he further reacted to subsequently reactions involving

N
11 NOsand N2Os. These reactionsdnvalving NOs and N2Os somewhat increase the oxidation, but
12 this increase is within‘the.uncertainty of measurements and reaction constants [32,33]. Thus,

13 the other possiblerreaction products were neglected in this study.

14

16
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Figure 8. (A) Rate coefficients of Egs. (19)~(21) plotted as functions.of.temperature and (B)

~

corresponding reaction rate ratio at different temperatures.

4. Conclusion

The pulsed spark discharges for NOx production/using the:PTP and CTP plasma reactors at
different energy densities were investigated. NOx can be produced with a high energy
efficiency of 0.09 mol/kWh under the gases.of 50%/50% N2/O», while the NO> selectivity
increased with increasing energy.density. Moreover, the temperatures of the gases in the spark
channels were estimated using the Gibbs free energy equation. The reactions of N with O and

N
O with NO were the major reactions‘for the NOx production.
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