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S.1. How ammonia from the manure is lost into the environment
When urea ((NH,),CO) is applied to soil, the following reactions take place:
(i)  Ammonium carbonate, an unstable compound, forms through the reaction (NH,),CO + H,0 =
(NH,4),CO;.
(i) This compound quickly decomposes into NH,* through (NH,),CO; + 2H* > 2NH,* + CO, + H,0,

i.e., a reaction that consumes acidity.

(iii) Due to the high pH, volatile NH; gas is released through the reaction NH,* + OH- - NH; +H,0.?

Potential methods to reduce NH; volatilization include acidification of slurries, e.g. using sulphuric acid
(H,S0,).2 Consequently, by lowering the pH of the manure, NH; turns into NH,*, an involatile
compound.? Alternatively, nitric acid (HNO;) (or nitrate anion, NOj’, in its aqueous phase) can be used
to convert volatile NH; into involatile ammonium nitrate (NH,NO;) through the reaction NH; + HNO;
- NH;NO;. HNO; can also readily be formed by dissolving NO, in water.



S.3. Qua

ntitative
analysis of
the
products

The
gas
(comprising
the  product
and
unconverted
feed gas) is
analysed using
a non-
dispersive
infra-red
(NDIR) sensor,
along with an
ultra-violet

exhaust

S.2. NO, concentrations and energy costs in various plasma types
Table S1. Reported values for NO, concentration and energy cost in various plasma types.
Plasma type Concentration® Energy cost Ref.
Electric arc

2% NO 2.0-3.28 MJ mol* HNO;  #*®
(Birkeland-Eyde)
RF crossed discharge - 24 - 108 MJ molt HNO; 7
Laser-produced plasma - 8.9 MJ mol* NO, 8
Pulsed corona discharge - 186 MJ mol HNO; 9,10

43 MJ molt NO,

(+/-) DC corona discharge - 1057/1673 MJ mol* NO, 1
(Pulsed)/Spark discharge - 10— 60 MJ mol* NO, 11-13
Packed DBD 0.5% NO, 18 MJ mol! NO, 14
DBD 0.6% NO, 56 — 140 MJ mol* NO, 15
Pin-to-plane ns-pulsed spark discharge - 5.0 - 7.7 MJ mol* NO, 1
Pin-to-plane DC glow discharge - 7 MJ mol* NO, 15
Pin-to-pin DC glow discharge 0.7% NO, 2.8 MJ mol NO, 16
DC plasma arc jet 6.5% NO 3.6 MJ mol* NO 17
Propeller arc 0.4% NO, 4.2 MJ mol NO, 15
Pulsed milli-scale gliding arc 1-2% NO, 2.8 - 4.8 MJ mol! NO, 18,19
Gliding arc plasmatron 1.5% NO, 3.6 MJ mol* NO, 20
Microwave plasma 0.6% NO, 3.76 MJ mol* NO, 2
Microwave plasma with catalyst 6% NO 0.84 MJ mol* NO 2
Microwave plasma with magnetic field 14% NO 0.28 MJ mol* NO 23

* For certain plasma types, the NO, concentration is not reported.

sensor, for
guantitative
analysis of the

species concentration (EMERSON Rosemount X-STREAM Enhanced XEGP continuous Gas Analyzer).
The X-STREAM system is configured with four gases, two of which were used for this work: NO and
NO,. Exhaust gas from the RGA was input into the system at a flow rate of 500 mL/min through the
use of a Bronkhorst mass flow controller; the specific flow rate of 500 mL/min was used as the system
needed an input flow rate range between 50 mL/min and 1.5 L/min, although the choice of flow rate
had no effect on the concentrations. The X-STREAM system was calibrated at the factory for NO, (UV
sensor) and NO (NDIR sensor), and the calibration was again checked before measurements of the
exhaust gas components, using known NO, concentrations from 1% to 8%.

We focus on measuring the NO and NO, concentrations and we report the total concentration as the
sum of these two concentrations. This is due to the fact that NO, is the compound which is used in
nitrogen fertilizer technology, as described in Section S.1 and the main article’s Introduction section,
and due to the tendency of NO to quickly oxidize into NO,.

S.4.

Raw experimental data



Table S2. Total flow rate and operating current applied, as well as the average power and average concentration of NO and
NO, measured for each gas composition, for a rotating arc in Mode |.

Gas composition Total flow rate Current Average power Concentration Energy cost
[N,% / 0,%] [L/min] [mA] [w] [%] [MJ mol]
NO NO,
Measurement 1
20/ 80 2 70 111.91 0.51 2.13 3.05
40/ 60 2 70 111.72 0.69 2.65 241
50 /50 2 70 110.48 0.79 2.15 2.71
60 /40 2 70 109.17 0.92 2.42 2.35
70/30 2 70 108.61 1.06 1.99 2.56
80 /20 2 70 105.84 1.17 1.31 3.07
Measurement 2
20/ 80 2 70 111.15 053 217 2.96
40/ 60 2 70 111.03 0.69 2.68 2.37
50 /50 2 70 111.10 0.80 2.65 2.32
60 /40 2 70 109.64 091 234 2.43
70/30 2 70 107.62 1.06 1.97 2.56
80 /20 2 70 103.94 1.18 1.31 3.01
Measurement 3
20/ 80 2 70 110.61 054 217 2.94
40/ 60 2 70 110.10 0.70 2.65 2.37
50 /50 2 70 109.89 0.81 261 2.31
60 /40 2 70 109.58 0.93 240 2.37
70/30 2 70 108.18 1.07 1.99 2.55
80 /20 2 70 105.13 120 1.31 3.02

Table S3. Total flow rate and operating current applied, as well as the average power and average concentration of NO and
NO, measured for each gas composition, for a steady arc in Mode .

Gas composition Total flow rate Current Average power Concentration Energy cost
[N2% / 0,%] [L/min] [mA] [W] [%] [MJ mol]
NO NO,
Measurement 1
20/ 80 2 149 222.81 0.61 413 3.45
40/ 60 2 137 203.04 0.78 4,59 2.72
50 /50 2 127 195.76 0.92 448 2.61
60/ 40 2 118 179.96 1.10 413 2.48
70/30 2 115 194.53 1.30 3.55 2.89
80 /20 2 117 167.14 1.55 2.50 2.97
Measurement 2
20/ 80 2 135 237.45 0.61 4.12 3.61
40/ 60 2 147 218.19 0.78 4.68 2.88
50 /50 2 131 201.11 093 4.66 2.59
60/ 40 2 122 182.06 1.10 4.08 2.53
70/30 2 119 174.36 1.32 3.58 2.56
80 /20 2 122 192.96 1.58 2.59 3.33
Measurement 3
20/ 80 2 138 227.76 0.61 3.99 3.56
40/ 60 2 144 215.60 0.81 4.68 2.83
50 /50 2 125 196.55 094 4.49 2.61
60/ 40 2 122 181.48 1.11  4.09 2.51
70/30 2 121 176.11 1.35 3.56 2.58
80 /20 2 122 164.91 1.59 2.53 2.88




S.5. Gas flow model

The gas flow behaviour in the reactor is characterized by a turbulent gas flow model (Reynolds-
averaged-Navier-Stokes (RANS) model) within COMSOL Multiphysics®.2* The following Navier-Stokes
equations are solved for the mass and momentum conservation:

V.(pu;) =0 (1)

> > > 5 2 5 2
p(ug. V)ug =V|-pl+(u+ ,uT)(Vug + V(ug)T) - 5(11 + 1ir) (V.ug)7 - §ka7 +F (2)

-

where P is for the gas density, “g is the gas flow velocity vector, superscript T stands for transposition,

D is the gas pressure, 4 is the dynamic viscosity and #7 is the turbulent viscosity of the fluid, kr is the
turbulent kinetic energy, Iis the unity tensor and Fis the body force vector.

The turbulence description follows the so-called Menter’s Shear Stress Transport (SST) model, which
uses the common k-€¢ model in the free stream and combines it with the more accurate k-w model
near the walls where the flow is more complicated.? This approach includes the following equations
for the turbulent kinetic energy, X, and the specific dissipation, w:

p(u} V)k= V- [(u+ puo)Vk] + P - Bopwk (3)

(4)

(u Vo= V- [(/,t-l-,uTaw)Vw]+—pP Bopw® +2(1- fvl) Vk Vo

where %k, 0 and ¥ are model coefficients defined in Equation 12, 13 and 14, and Bo and %02 are
dimensionless model constants defined in Table S4. The other symbols are explained below.

In Equation 1 and 2, 7 is the turbulent viscosity of the fluid and is defined as:

ak (5)

= max(a,w,Sf ;)

where S is the absolute strain rate and %1 is a dimensionless model constant defined in Table S4.

In Equation 4 and 5, fur and fro are two blending functions that control the switch from the k-w model
to the k-e model in the free stream (where for= 1):

4o .k (6)
f,1 = tanh (min (9%, vz 2))4
CD..y

f, = tanh (63) (7)

where y is the y-component of the position vector, and 92 and “Pko are placeholders for the following
terms:

10kdw _ 8)
CD, = 2p0, ——— 1010 (
ke max( Pow2 5% ax )
( 2.k soou) 9)
0, = max
ﬂowlw V'
where by is the wall distance.



In Equation 4, P serves as a product limiter coefficient and is defined as:

P =min (P,10pBkw) (10)

where Prisa placeholder for the following term:

P, = yT(ng:(ng +(vii,)") —; (v Jg)z) —gpkv 3 (11)
The model coefficients in Equation 3 and 4 are defined as:

0= for O+ (1= F1)ok (12)

0= fo1" 01+ (1-F11)002 (13)

v=Ffuvit(@-fo)r, (14)

%%k1, %2, %1 %2, Y1 and V2 are dimensionless model constants defined in Table S4.

Table S4. Dimensionless model constants used in the SST turbulent flow model.

Model constant Value
Ykl 0.85
Oj2 1
%01 0.5
%w2 0.856
r1 0.5556
V2 0.44
e 0.31
Po 0.09

S.6. Circuit of the 3D thermal plasma model

The gas breakdown and the arc formation between cathode and anode wall is simulated by solving a
current conservation equation based on Ohm’s law, using the electric potential, V, and the electric
conductivity, 9, as dependent variables.

V-J=0 (15)
J =oE (16)
E=-VV (17)

Here, / is the current density and E the electric field. Figure S1 represents a scheme of the electrical
circuit used in the model. The cathode is connected to a ballast resistor which in turn is connected to
a voltage source supplying 3 kV, and the anode wall is grounded. The current is limited by a 200 Q
ballast resistor (Rb), and a 10 pF capacitor (Cb) forms an RC filtering circuit. The total current for the
system is varied by changing the value for the ballast resistor.
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Figure S1. Scheme of the electrical circuit used for the RGA reactor in the model.

S.7. 3D thermal plasma model
The heat equation for the gas thermal balance is:

oT, . B (18)
Pl + PCyly VT =V (k,VT,)=Q

k

where P is the gas density, Cpis the gas heat capacity at constant pressure, "¢ is the gas thermal

conductivity, Tg is the gas temperature and Q the heat source term, which includes Ohmic heating
(due to the electric current) and radiation loss. The heat transfer equation is coupled to the turbulent

gas flow model through the gas flow velocity, %s.



S.8. Gas properties of the 3D turbulent flow model and thermal plasma

model

The material properties used in the 3D turbulent flow model and the thermal plasma model are
adopted from the COMSOL 5.5 materials database for air.?* The temperature dependencies of these
properties are considered by interpolation of the property values listed in Table S3. In this table, T is

the temperature, P is the gas density,

C

viscosity, k is the thermal conductivity, and ¢ is the electrical conductivity.

v is the heat capacity at constant pressure, # is the dynamic

Table S5. Temperature dependency of the properties considered in the 3D turbulent flow model and
thermal plasma model.

T[K] p [kg m3] ¢, [J kgt K] u[pas] k [Wm1K?) o (Sm7)
500 0,702 1047,30 0,0000271 0,041 0,000
600 0,585 1069,40 0,0000308 0,048 0,000
700 0,501 1086,30 0,0000344 0,055 0,000
800 0,439 1102,80 0,0000379 0,062 0,000
900 0,390 1119,00 0,0000412 0,068 0,000
1000 0,351 1135,00 0,0000445 0,075 0,000
1100 0,319 1150,90 0,0000476 0,081 0,000
1200 0,293 1167,00 0,0000507 0,088 0,000
1300 0,270 1183,60 0,0000537 0,094 0,000
1400 0,251 1200,70 0,0000566 0,101 0,000
1500 0,234 1218,50 0,0000595 0,107 0,000
1600 0,219 1237,20 0,0000624 0,114 0,000
1700 0,207 1256,90 0,0000652 0,121 0,000
1800 0,195 1278,00 0,0000679 0,128 0,000
1900 0,185 1301,40 0,0000706 0,136 0,000
2000 0,176 1328,40 0,0000733 0,145 0,000
2100 0,167 1361,10 0,0000759 0,155 0,000
2200 0,159 1402,50 0,0000786 0,168 0,000
2300 0,152 1456,30 0,0000812 0,183 0,000
2400 0,146 1527,20 0,0000837 0,203 0,000
2500 0,140 1620,40 0,0000863 0,228 0,000
2600 0,134 1741,20 0,0000888 0,260 0,000
2700 0,129 1894,40 0,0000914 0,301 0,001
2800 0,124 2083,50 0,0000939 0,350 0,002
2900 0,119 2309,50 0,0000965 0,407 0,004
3000 0,114 2569,40 0,0000990 0,472 0,009
3100 0,110 2854,80 0,0001017 0,542 0,036
3200 0,105 3150,80 0,0001043 0,610 0,064
3300 0,101 3435,10 0,0001070 0,672 0,110
3400 0,097 3679,00 0,0001097 0,719 0,182
3500 0,093 3851,90 0,0001125 0,746 0,290
3600 0,089 3927,30 0,0001152 0,750 0,444
3700 0,086 3891,30 0,0001179 0,731 0,662
3800 0,082 3749,70 0,0001205 0,693 0,958
3900 0,079 3527,80 0,0001231 0,646 1,351
4000 0,076 3263,60 0,0001257 0,598 1,861
4100 0,074 2996,60 0,0001282 0,555 2,510
4200 0,072 2757,90 0,0001307 0,522 3,325
4300 0,070 2566,80 0,0001331 0,501 4,332
4400 0,068 2431,50 0,0001356 0,493 5,563
4500 0,066 2353,20 0,0001379 0,497 7,051
4600 0,064 2329,50 0,0001403 0,515 8,831
4700 0,063 2357,10 0,0001426 0,544 10,942
4800 0,061 2433,10 0,0001450 0,587 13,426
4900 0,060 2555,80 0,0001473 0,642 16,325



5000
5100
5200
5300
5400
5500
5600
5700
5800
5900
6000
6100
6200
6300
6400
6500
6600
6700
6800
6900
7000
7100
7200
7300
7400
7500
7600
7700
7800
7900
8000
8100
8200
8300
8400
8500
8600
8700
8800
8900
9000
9100
9200
9300
9400
9500
9600
9700
9800
9900
10000

0,058
0,057
0,056
0,054
0,053
0,052
0,050
0,049
0,048
0,046
0,045
0,043
0,042
0,041
0,039
0,038
0,037
0,035
0,034
0,033
0,032
0,030
0,029
0,028
0,027
0,027
0,026
0,025
0,024
0,024
0,023
0,023
0,022
0,022
0,022
0,021
0,021
0,020
0,020
0,020
0,020
0,019
0,019
0,019
0,019
0,018
0,018
0,018
0,018
0,017
0,017

2724,50
2939,80
3202,40
3514,50
3818,00
4294,80
4766,70
5294,80
5879,50
6519,60
7212,10
7951,60
8729,70
9534,20
10349,00
11153,00
11921,00
12624,00
13230,00
13707,00
14026,00
14164,00
14108,00
13859,00
13428,00
12842,00
12134,00
11344,00
10513,00
9678,30
8870,60
8113,30
7425,50
6806,30
6268,20
5807,30
5427,50
5102,50
4856,60
4647,40
4497,30
4408,00
4327,30
4318,40
4302,30
4352,70
4418,00
4463,10
4605,40
4688,60
4867,20

0,0001496
0,0001519
0,0001543
0,0001566
0,0001589
0,0001612
0,0001636
0,0001660
0,0001683
0,0001707
0,0001731
0,0001755
0,0001778
0,0001802
0,0001825
0,0001848
0,0001870
0,0001892
0,0001913
0,0001933
0,0001952
0,0001970
0,0001988
0,0002005
0,0002021
0,0002037
0,0002053
0,0002069
0,0002086
0,0002102
0,0002119
0,0002136
0,0002153
0,0002171
0,0002189
0,0002207
0,0002225
0,0002243
0,0002261
0,0002279
0,0002297
0,0002315
0,0002332
0,0002349
0,0002366
0,0002382
0,0002398
0,0002413
0,0002421
0,0002441
0,0002453

0,711
0,794
0,892
1,006
1,137
1,286
1,452
1,636
1,837
2,053
2,283
2,522
2,767
3,011
3,248
3,471
3,670
3,837
3,963
4,043
4,070
4,043
3,964
3,837
3,670
3,473
3,256
3,031
2,806
2,591
2,390
2,208
2,046
1,907
1,788
1,690
1,611
1,550
1,504
1,471
1,451
1,443
1,443
1,454
1,471
1,497
1,529
1,565
1,609
1,656
1,709

19,684
23,551
27,976
33,011
38,712
45,108
52,304
60,352
69,280
79,181
90,194
102,390
115,900
130,860
147,460
165,910
186,490
209,480
235,230
264,100
296,470
332,690
373,050
417,770
467,000
520,760
579,030
641,670
708,530
779,370
853,990
932,120
1013,500
1098,000
1185,200
1275,000
1367,300
1461,700
1558,200
1656,500
1756,400
1857,800
1960,500
2064,400
2169,300
2275,200
2381,800
2489,100
2597,100
2705,500
2814,200




S.9. 2D Non-thermal plasma model

A quasi-neutral plasma, in which the electron and total ion densities are equal at all times, is assumed
in the 2D plasma model.

n_ _
This is achieved by calculating the density of one ion ( NO ) by balancing the electron density (™) with
no.n ,.n .
the densities of the other ions ( Ng 0g NO ) :
_ _ (19)
nNOE (nN’ZL -l_nonr +nN0+ ne)

The model solves the following equation for the various neutral species, balancing the diffusion and
convection of each plasma species with its production and loss rates due to chemical reactions:

a -
a_: +V(DVn) + (i, V)n =R (20)

-

where n is the species density, D is the diffusion coefficient, “s the gas flow velocity vector and R the
sum of all production and loss rates due to the chemical reactions.

For the ions, an extra ion mobility () term is added to the above equation to account for their

migration due to the ambipolar electric field (Eamb):

on, . R (21)
T V(D + wnE o) + (g VI, = R

For the electrons, the migration is calculated in the same way, using the electron mobility (e,
on, . . (22)
¥ V(DoVn, = i1 E gnp) + (g VI, = R

The average electron energy e is calculated through:

on.e, - _ - _ R _ (23)
T + V.=t E g — DoV (ngE,)) + (uy V)nge, = qE.G,+n,Ae, + Qpg

e~ amb

where e is the electron density, 9 is the elementary charge, E the externally applied electric field,
Acethe energy exchanged in inelastic collisions with molecules, and Qg the background heat source
serving as a stabilization term for the simulation. The terms H&e and Dee stand for the electron energy

mobility and diffusion coefficient, respectively:

5 24

'us,e = § e ( )
_ 25

ge gﬂa,e‘ge ( )

with He the electron mobility. The electron flux Geis derived from:

Ge = Devne - #eneEamb (26)

with De the electron diffusion coefficient. The ambipolar electric field Eamb is solved as follows:



.- vn,(-D,+ D)) (27)

amb —
n(u; + 1)
Finally, instead of the Poisson equation, the charge conservation equation is solved:

V[apl( -Vp)| =0 (28)

where %pl stands for the plasma conductivity and ¢ stands for the electric potential.

Gpl = |qe|('uene + nuini) (29)

Solving this non-thermal plasma model in three dimensions, including the transport and reactions of
all species in an N,/O, plasma, would require an excessively long computation time. Therefore, the
model is calculated for a 2D axisymmetric geometry with a limited chemical reaction set, as described
in section S.12 below. Since this model correctly incorporates the heat terms of all plasma processes
and reactions occurring in an N,/O, plasma, the results from this 2D model can be used to correct the
gas temperature of the 3D thermal model, as explained below.

S.10. Scaling of the 3D thermal plasma temperature

The calculated gas temperature of the thermal plasma model is scaled using the results of the axi-
symmetric 2D non-thermal plasma model that correctly incorporates the heat terms of all plasma
processes and reactions occurring in an N,/O, plasma. As the thermal model correctly describes the
gas temperature gradients, the absolute values of the temperature are corrected using the following
formula:

T -293.15
T 429315 (30)

factor

Here, T is the unscaled gas temperature, calculated by the 3D thermal plasma model and Tfactor the
correction factor to match T to the temperature of the 2D non-thermal plasma model, which was
found to be 3.15. The original, or uncorrected, and the corrected temperature profiles, resulting from
the 3D thermal plasma model, are shown in Figure S2.

K K
A 1.09x10% A 367x10°
x10* x10°
1 35
0.9 3
0.8
07 2.5
0.6 >
0.5
0.4 1.5
0.3 i
0.2
0.1 0.5
¥ 333 V¥ 306

(a) (b)

Figure S2. Original (i.e. uncorrected) (a) and corrected (b) temperature profiles of the thermal plasma model.
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S.11. Chemical kinetics model

A chemical kinetics model is developed to calculate the NO, concentration and to reveal the chemical
pathways for NO, formation in the RGA. The Zero-Dimensional Plasma Kinetics solver, ZDPlasKin,?® is
used to calculate the species number density by solving the continuity equation for the various species

dn; (31)
—= Zcr_ikr n,

where c,;is the stoichiometry number of species i in reaction r, k, is the rate coefficient and q are the
colliding species in reaction r. The rate coefficients of the heavy particle reactions are taken from
literature and are a function of the gas or electron temperature, whereas the rate coefficients for the
electron impact reactions are calculated using the electron impact cross sections and the electron
energy distribution function (EEDF) through BOLSIG*,>” coupled to ZDPlasKin. The electric field is
provided as an input for the calculation of the EEDF which returns the mean electron energy at which
the rate coefficients are evaluated.

The dissociation processes can result in an increase in the total number density of the species.
Consequently, the pressure of the system will increase. In order to keep the pressure constant, we
modify all species densities after each time progression to return to the desired pressure. This changes
the mass density such that it is no longer the initial value. Therefore, for any calculation involving initial
densities and new densities (after modification), the new densities are normalized to the initial value
such that the mass density is the same. Both the modification and normalization are assumed linear,
i.e. an equal multiplication factor is applied for all gas phase species.

S.12. Plasma chemistry included in the models

The full chemistry set used in the quasi-1D chemical kinetics model was recently developed and
validated for a gliding arc plasmatron.?° The chemistry set includes 81 different species, besides the
electrons (see Table S6). These species react with each other in 1,214 electron impact reactions, 481
ionic reactions and 432 neutral reactions, as well as 2,478 vibration-vibration exchanges and vibration-
translation relaxations between N, and O,. A reduction in the chemistry set is crucial for higher
dimensional modelling. Species included in the reduced set are represented in bold face in Table S6.
Reducing the set is done by gradually removing species from the full set, and comparing the species
densities obtained from the reduced model to those from the full model. This is done to ensure that
the reduced set still properly describes the N,/O, plasma chemistry. In addition, in this reduced set,
the vibrational levels of N, and O, are considered as 1 lumped level which is further explained
in section S.13.

Table S6. Species included in the model, besides the electrons. The symbol “V” followed by a number represents
the vibrational level of the species under consideration. Species included in the reduced set are presented in
bold face.

Neutral species Radicals Charged species Excited species

N,, O,, N N,(V1-V24),
»0; N,N(2D), N(2P),  N°, Ny, N*, Ny, o§§v1 o 5

3,
NO, NO,, N,0, A A t 3
NO;, N,Os, 0, O(1D), O(1S) 8; %2;%3;04' ?& ))NZ(C ) N,
NZO4; Nzo_r, )y M2, V4,
NO*, NO,*, N,O*, a ) (b
NO-, NO,, N,O, 849 i 9% bz )
NOg, 0;'N,

1 -
DX ) is a combination of three electronic excited states with a threshold

20,(42%, CPAc
energy of 4.5 eV.
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A list of all electron impact processes and their corresponding rate coefficients are presented
in Table S7. Whenever the rate coefficient is not indicated, this implies that the reactions are
treated by energy-dependent cross sections. When indicated, rate coefficients are expressed
in em®s ™! or em®s™! for binary or ternary reactions, respectively. The list includes vibrational
excitation and de-excitation, electronic excitation and de-excitation, direct and dissociative
ionization, dissociation, as well as direct and dissociative attachment reactions.

Table S7. Electron impact reactions implemented in the model for atomic and molecular nitrogen
and oxygen species as well as NO, species.

. Rate . Rate
Reaction - Ref. Note Reaction = Ref. Note
coefficient coefficient
€ TN, &€ 'I'IVK (4 T U,—4€ T+ U A
2 2 3
28 29
e +tN,v)oe + 1 e + Uzoe + U
28 30
e +N,gv)oe + e +U,gv)oe +
31 a,b,c * a
e +Nyk)e + e +Uz—~e +U,+
31 b 29
e +N,g,v)— Le e +U,(g,v)-U +i
32 a 31 a,c
e +N,(k,)>ze A e +U,gv)+ M-
EY) b 33 a,cf
e"+N->2e + N7 e TUz3mU +0;
34 32
e + N,(gv)o Le - -
2(9,v) 3 a e” +0;-0+0;, 2
e +N,gVv)=>e A e +U,+M-U, + _
= 31 a, C 3 3 5x 1031 36 f
’
e +NoE, )oe +1I - M=0" _
2(Ex) 31 b e +0+ o + 1x 10731 37 f
e tN-e + Nk, e~ + NO—>2e +
31 d 38
e tU,oe + Uyl e +NU,> e +
28 39
e +U,(v)ee + L e +N,U—>Zle + .
40 41
e tU,gv)~e + e +N,Uu-e + N,
31 a,ce 2
e +tU,k,)—oe + e +NU-oe + N,
31 e 42
e +U,gv)-Le - e +N,U-e + N
32 a,c 42
€ T Uk, se + e" +NO-0~ +N
43 e 38
e"+0-2e "+ 0" € T NU=N;+ U
31 41
e +U,gv)—>Le - - - _
2 4 a e” +NO,~NO, 1x10- 11 "
e +U,(E )—> e + e +NU,DU + NI
2\ Ey) " o 2 1x10" 1 4
e  +NO+ M-NO~ -
8x 103! s f
e + NoU+ M-N,
2 2 6x10°33 45 f

a For any species indicated with (gv), g and v stand for its ground and vibrationally excited state,
res\Pectiver. o _ _ R
b V2lEx) represents the electronically excited states: NalA 2y ) Na(Btlg) No(CMh) gng V2 (@ 2 ),
¢ The cross sections of the reactions involving excited species on the left hand side are shifted over the

difference in the threshold energies.

12



d VUEy) represents the electronically excited states of atomic N: N(ZAD). and N(2P),

e Valby) r%or&?ggtp tEg eleggosﬂcally excited states: V2% A), V20”2 " ) 3nd a combination of three
states, i.e. “2 A c at a threshold energy of 4.5 eV.

f M represents any neutral species.

13



A list of all neutral-neutral reactions and their corresponding rate-coefficient expressions is

. - . 3.-1 6 .-1 .
presented in Table S8. The rate coefficients are expressed in €M™ S ~ or ¢m"s ~ for binary or

ternary reactions, respectively. For certain reactions, the rate coefficients of the vibrationally
excited species are determined according to the Fridman-Macheret model in which the
activation energy is lowered by ¢ Ev, where 2 is the vibrational efficiency to lower the activation

barrier and £v is the vibrational energy. For those reactions, the @ parameter is given in the last
column of Table S8.

Table S8. Neutral-neutral reactions included in the model and the corresponding rate cogfficjent
expyessions. Tg is the gas temperature in K. The rate coefficients are expressed in €™ S~ or
Cm-S  for binary or ternary reactions, respectively.

Reaction Rate coefficient Ref. Note
837><10‘4><(Tg)_35>< ( 11371 o
N.(gv)+ M>N+N+M : Soa|  (E€XP| - a,
2(g) 298 Tg “° a=1
502.978
N+N+M-N,+M 1.38><10‘33><exp(T—) 47 b
g
B 4
N+N-Nj +e 2.7X10_11><exp(——6'74><10) 4
T
N+ N+ NN A2 )+ N 1.0 x 1077 7 45
N+ N+ N=Ny(B g )+ N 1.4 x 102 45
N+ N+ Ny=NyA2 )+ N, 1.7 x 10" 45
N+ N+ N> Ny(BTlg )+ N, 24x10°°° 45
N(2D) + M>N + M 24 %107 a8 b
N(2P) + N>N(2D) + N 1.8x107* a5
N(ZF) + Noy>N + N, 20x10°*° 45
Ny\@ 2y )+ NNy + N 20x10"** a8
Ny (@ 2y )+ NNy + IV, 3.7x107*° 48
Wola st )Ny s Egre o .
a a - 5 e
2(@ 2y )t Ny @72y )2 2 50x10-13 i
Ny\@ 2y J+Ny(@T2, )N, te 1.0x 104 45
Ny (@72 )+ Np(A™2, )N, +e 4.0x10"* 4
N,(A’2}) + N=N, + N(2P) 4.0 %10~ 1 x (ﬂ)%w as
T
Ny(A™2 )+ NNy + I 2.0 x 10~ *“ I 45
NH(A"2 )+ NpoNy + I, 3.0x10°*° 4
NoylA 2, )t Nyla“2, PN, +N,+e
204724 ) 2(@72y )7V, 2 10 x 10~ 12 i
N A2 )+ Ny(A72 ) )=Ny + Ny(A72 ) 20 x 10~ 12 .8
N A2, )+ Np(A72 ) )2Ny + Ny(B7lg ) 3,0 x 1074 a5
No(A™2 5 )+ Np(A™2 )Ny + Np(L71,)  1.5x 107 45
Ny(B7lg )+ NNy + N, 2.0x 10 45
No(B7Ug ) + Ny Ny (A2 ) + IV, 3x10™** 45
No(LTH,) + Ny=Ny + (a2, ) 1.0x 10~ ** 45
-6
0,(gv)+ M-0+0+M (—3'0 x 10 ) X exp (—_ 59380) . 1
a=
T, T,
0+0+M-0,+M 35 200
2 5.21x 10 X exp [— 49 b
Y
2056
0+03-0,+0, 8.0x10 2 xexp|- 50
Ty
0+ 0,(gv) + M=0;+ M 1.34 x 10~ 3* x (&) o * ab
298 '

14



03+ M—0,+0+M
0+ 0,(E,) + M~0,+ M

0 + 05350, + 0,(a'A)
U,(a*d) +0-0,+0U
0,(a'd) + 0,50, + 0,

Uy(b°2 " )+ 0—=0,(a*A) + 0

0,(b'2*) +0-0,+ 0(1D)

0,(b'=") + 0,0, + 0,(a'A)
Uy(b*X ' )+ U3—>0,+ U, + U

0,(a'd) + 0,50, + 0, + 0(1D)

0,(a'A) + 0,(a’d)—0, + 0,(b'= )

0(1D) + 0-0 + 0
0(1D) + 0,0 + 0,

0(1S) + 0-0(1D) + 0(1D)

0(1S) + 0,0 + 0,
ULd)+U,mU+U+U

ULd) +Uyan)=U+U+U

U(Ld) + Uy(a™B)=U(LD) + Uy(D72 )

0(18) + 0,0 + 0,(A%2 ™, C3A, ¢'T7)
N+ 0,(gv)-0+ NO

0+ N,(g,v)»N+ NO

0;+N-NO + 0,

0; + NO-0, + NO,

05+ N0,~0, + NO,

NUz + U3=NU, + Uy + Uy
N+ NU>U+ N,

N+ NU;>U + U+ N,
N+ NU,>U + N,U

N+ NU,;>N, + U,

N+ NU,=NU + NU

0+ NO-N +0,

~10 98120
7.16 X 10 Xexp| -

RyT

T
134 x 10" 34 x (L |-10
298

_11 ~ 2280
2.0x 10 X exp T

g
7.0x 1016

i 205

g
8.1x10" ™

T
3.4)(10_11)((—9)_0'1 Xexp(—

300

43 %1072 % (T,)** x exp (-

22x10" 1

11 2840
52x10 Xexp| -

g

281

g

700

-28 3.8
7.0x 107 x (T,;)*° X exp (T_)
g

8.0 x 10~ 12
1 67
6.4 x 10 Xexp|-—

g
_11 300
50x10 Xexp| -——

~————

g

o 850
1.3 x 10 X exp —T—

g

~———

3.0x107*
32x107*
29x10"

_12 850
3.0x10 X exp T

9
4472 30)

RyTy

2.36x10_11xexp(—
3.01><10'1°><exp(-

RT,

_12 650

5.0x 10 Xexp|-—
T

g

765

2.5x10_13xexp(——)

Ty

2450)

12x10 B xexp| -

1.0x 10" 7

1.66 x 10~ **
91x10"*
3.0x 10~ *
7.0x107*°
23x10"*

T
75%x 10" 2 x|—L X exp| -
300

15

318000)

19500

T

g

4200

9

|

45

45

45

45

45

45

45

45
45
45

55
56
45
45
45
45

45

b,d, e



0+ NO,~NO + 0,
0 + N,0-NO + NO

0+ N,0-N, + 0,

U+ NU3—0, + N,

NO + NO-N+ NO,

NO + NO—0 + N,0
NO + NO-N, + 0,

NO + N,0-N, + NO,
NU 4+ NU3—>NO, + NU,

NO, + NO,~NO + NO,

NO, + NO,~NO + NO + 0,
NO, + NO;~NO + NO, + 0,
NO, + NO;~0, + NO, + NO,

NO + 0,(g,v)—0 + NO,

NO + NO + 0,(g,v)=N0, + NO,

NO, + 0,(g,v)>NO + 04
NO; + 0,(g,v)—05+ NO,
NO+ 0-NO,

NO,+ NO + M-N,0,+ M
NO,+ NO, + M—-N,0,+ M
NO,+ NO; + M>N,0; + M
N+ 0+ M->NO+M
N,(gv) + 0+ M>N,0 + M

N,0 +M—N,+0+M

T
9.05 x 10~ 12 x [ |-052
298

_10 14090
1.5x 10 X exp| -
Ty
_12 14000
8.3x 10 xXexp| -
Ty
1.0x10° 1!
300
33x107 16 x (—)0'5 X exp (—
Ty
_12 32100
22x10 Xexp| -
Ty
_13 33660
51x10 Xexp| -
Ty
_10 25170
4.6 X 10 xXexp| -
Ty
1.7x10° 1!
_10 18500
4.5x% 10 X exp| -
Ty
_12 13500
3.3x10 Xexp| -
Ty
_13 1600
23x10 Xexp|-——
Ty
_12 3850
43x10 Xexp| -
Ty
_12 23400
2.8x10 xXexp| -
T
g
_39 _ 4410
3.3x10 X exp
alg
_12 25400
2.8x10 Xexp| -
Ty
_12 15020
1.5x 10 X exp| -
Ty

T
3.01 x 10~ 11 x (_")—0-75

300
Tg
3.09 x 10 3% x (|~ 770
300
Tg
1.4 x 1033 x| L |-38
300
3.7 x 10730 x (@)“0
T
9
1.0 x 10732 x 30005
Tg
as _ 10400
39x10 X exp
Tg
5 240000
1.20x 10" " xexp| -
Rng
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45

45

45

45

45

45

45

45

45

45

45

58

45

45

59

50

50

58

45



NO, + M>NO+0+M

NO;+M-NO + 0, + M

NO+M-N+0+M

N,05+ M—>NO + NO, + M
N,0, + M—=NO, + NO; + M

N,05+M—>NO, + NO; + M

NO + 0,(g,v) + M>NO; + M

NO + 0,(E,) + M>NO; + M

N+ N+ NUSNy(A™2 )+ NU
N+ N+ NUSN,(B UL ) + NU
N+ N+ U>Ny A2, |+ U

N+ N+ U=>Ny(B 1L )+ U

N+ N+ Uy=Np(A°2,, ) + U,y
N+ N+ Uy=Ny (B, + Uy
N(ZD) + N,USNU + IV,

N(ZD) + NUSN, + U

N(2D) + 0—N + 0(1D)

N(ZD) + Uy(g,v)=NU + U
N(ZP) + NUDNy(A™2 )+ U
N(2P)+0-N+0

N(ZF) + Uy(g,V)=NU + U
Ny\@ 2y )+ NUSNy+ N+ U
Np(@ ™2y )+ USNU+ N

Np(@ 2, )+ Up(gv)=N,+ U+ U
No(A™2;, ) + NU=Ny + N + NU
No(A™2 ;) + NUSN, + NU
No(A™2 ) + NU,=N, + U + VU
No(A™2 ) + U=, + U(L)
No(A™2 ;) + U>NU + N(2D)

No(A2F) + 0,(gv)->N, + 0+ 0

No(A’23) + 0,-N, + 0,(a'h)
Np(A72 ;) + 02N, + 0,
N,(A%2F) + 0,(g.v)=N,0 + 0
szj:“g) + NyUDNy, + N+ NU
NZU‘ llg) T+ NRU2Ny + Ny + U
Nzkb"llg) + U—->NU + N

No(L71L,) + U=NU + N
No(L71L,) + Uy(gV)=Ny + U + U

NO + 0,(E,)~0 + N0,

T 31100(
9.4 %10 ° x (—g)'z“ X exp(—

298 R,T, *
14 10230 60
2.51x10 Xexp| -
R!IT!]
9 75994
87x10 " Xexp| - 45
T
T ’ 40570
191 %1077 x [=—=] 787 x exp | - “
298 Rng

T 53210
- g \-
1.3 x 10 5x(_) 38 x exp(— )50

298 Rng
21x10" M x (@)'3-5 X exp (- 91460 .
T, R,T,
5.65 % 10 ~*! x ( 1750) 61
. exp | -
olg
5.65 x 10 ~*! x ex (-1750) 61
' P\"rr
1.7 x 10> 79 s
24 x10°°° 45
1.0 x 1072 45
1.4 x 10~ 2 45
1.7 x 1072 45
24x10°°° 45
3.5x 10" *4 45
1.8x10~* 45
40x10"* 45
5.2x 10 *4 45
3.0x 10" ** 45
1.0 x 10~ * 45
26x10°* 45
3.6x10"" 45
3.0x10"" 54
28x 10" ** 45
1.0x 10" ** 45
69x 10" ** 45
1.0 x 107 * 45
21x10"* 45
7.0 x 10 *“ 45
2.0x 10" % x (E)O-“ a5
300
2.0 x 1013 x (L 055 4
300
2.54 x 10~ 12 45
2.0x 10" M x L9 Yoss 4
300
0.58 x 10~ 62
0.58 x 10~ 62
3.0x10"" 54
3.0x 10" 54
3.0x10° " 45
2.8x 10" 2 x ( 23400) 5
. exp| -
Tq
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15020
NO3 + 0,(E,)~03 + NO, 1.5x 10" 2 xexp| - - ) 5 d,h
U(LD) + Np=Ny + U 23x107 " ! as
0(1S) + N—»0 + N 10X 107 * a5
U(LS) + Np(gv)=U + Np(g,v) 1.0x 10" =
1 600
0y(a’d) +N-NO +0 2.0x10‘14xexp(—T—) =
U5(a°8) + N5(g0) U, + Nop(g,v) 3.0 x 10 ! s
U,(a8) + NU-U, + NU 25 %10~ ** a5
0,(b'™) + N,~0,(a'A) + N, 17 x 10-15 x (&)1.0 .
300

No(B7llg) + NUSNH| A2, ) + NU 24 %10 a5
No(B7lLg) + Up(gV)=N, +U + U 3.0x 10" 15 3

a For any species indicated with (9»17), g and v stand for its ground and vibrationally excited state,
respectively.
b M represents any neutral species.

_ -1 -1
¢ Ry = 8.3144598J.K " ".mol is the universal gas constant.

d OZ(Ex) represents the two electronically excited states: 02(a1A) and OZ(blz +).
e The rate coefficient is assumed to be equal to the rate of 0+0;,+M-03+ M.
f0,(A°2%,C0ActE7)
ev.

g The rate coefficient is assumed to be equal to the rate o

is a combination of three electronic excited states at a threshold energy of 4.5

¢NO+ 0,0 + NO,

h The rate coefficient is assumed to be equal to the rate of NO; + 0,05 + NOZ.
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Tables S9 to S11 list the electron-ion recombination, the ion-neutral and the ion-ion reactions,
and the corresponding rate coefficients, respectively. Table S12 displays the optical transitions.

Table S9. Electron-ion recombination reactions included in the model and the corresponding rate
coefficient expressions. Te is to the electron temperature in K and Tg is the gas temperature in K.

Reaction Rate coefficient Ref. Note
- + 300
e +N;->N+Ng g R ><1.8><10‘7><(T_)0-39 5 a
e
e"+Ni->N,+N 2x10‘7x(ﬂ)°'5 6
e
e” +NToN,(E) Te
3 72BN 691x10 8 x [——|70° 63 c
11604.5
e_+N?4I_——)N2+N2 23)(10_6)((@)053 45
e
e +NI-oN,+N+N 7 Te 0.41
4 772 313x107 " X [————| 7™ 63
11604.5
- - 300
e"+Nt +e se + N 7x 10720 x (= |*5 63
TE
e +N* +M-oN+M 6x10"27x(ﬂ)1'5 64 b
Te
e +N} +e e + N 19 Te 45
2 2 1x107 7 x T 63
300
- T
e +NJ2’+M—>N2+M 249 x 10~ 29 % e -15 63 b
11604.5
e"+0++02—>0+02 6x10'27x(@)1'5 "
e
- - 300
e +0" " +e me +0 7-10‘20-(_)4-5 a5
e +0,) +M-0,+M 1% 10-26 ¢ 5 .
e"+042r+e_—>e_+02 1x10-19 x 2—4.5 64
B 300
e +0;-0+0 6.46 X 10 5 x T~ 05 x 7709 65
- T
e” +03-0+0(1D) 1.08 x 10~ 7[—°_)-07 45
300
- T
e” +03-0+0(15) 0.14 x 10-7[—)-07 .
300
e” +071-0,+0, 1_4x10-6x(ﬂ)o.5 .
e
- + - - Te
e +NO" +e —»e” + NO 1.0x 10" 19 -45 64
300
- + Te
e +NO" +M->NO+M 249x10 29 x [— = _|-15 63 b
11604.5
e” +NO" -0+ N(gE,) 2 (300\,gs
Rx42x10" ' X |—|" 45 d
TE
e” +N,0" >N, +0 20x10-7 x (@)o.s .
e

19



e +NOS-NO+0 20x10-7 x (300)0.5 i

e

- Lo+ 300
e” +03N,~0,+N, 1_3X10-6x( )0.5 .

e

aInN(g, E,), g stands for the ground state of atomic N and E, represents two of its electronically excited
states: N(2D) and N(2P); R is equal to 0.5, 0.45 and 0.05 for N, N(2D) and N(2P), respectively.
bM represents any neutral species.

3¢ + 3
N(Ey) represents No(A°2y) and Ny (B Hg).
d1n N(g‘Ex), g stands for the ground state of atomic NV and E, represents the electronic excited state

N(2D);Ris equal to 0.2 and 0.8 for N and N(2D), respectively.
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Table S10. Ign-neutral reactions included in the model and tlj\.e corresponding rate coefficient
expressions. - g is the gas temperature in K. For certain reactions, * ion js the effective temperature of
the reacting ion in K.3’

Reaction Rate coefficient Ref. EOt
Nt +NoN7* +N, 79 %1013 x Tion s
300
N3 +N+NoN3 +N, 9.0x10‘3°x(@) .
Ti'on
N} +N,oNT +N,+N, 21 x 10~ 16 x (Lo .
121
N* +N,+N,»N} +N, 17 % 10-29 x (29921 s
Tion
NY +N,+N,»N} +N ~29 _ (300)2,
2 TN+ Nyp>Ny + N, 52x 10" x [— |~ a5
. . Tion
N +N+N2—>N2 +N2 10)(10_29 45
N*+ NN 1.0x 10" % 66
Né +N—>Né +N2 6.6X10_11 45
Ny +N->N'" +Ny,+ N,y 10)(10—11 45
Ny + Ny(A2, )oN 3 + N 30 x 1010 s
0" +M-0+M+e” 4.0 x 1012 “ s
0 +0-0,+e 23)(10_10 67
0~ +0,(gv)+M=0; +M 1.1x10‘3°xexp(ﬂ) o ab
T ’
g
O F0gv)=Uste 5.0x 1015 s p
O +03-0,+0,+e 30)(10_10 68
0O +03-05+0 53)(10_10 69
O +0+ M->U, +M 10 x 10~ 29 64 a
T
0" +0,(gv)-0+07% 1.9 %10~ x [9|-05 70 b
300
(0 +03—>Ué +02 1.0X10_10 64
_ _ T
0, + M-0,+M+e 27 %1010 x _90.5><exp _5590 70 a
300 Tg
U2 +U—>UZ+U 331 x 10—10 67
05 +0,(gv) +M-0, +M 35 % 10-31 x i)—l.o 24'67'6 ab
300 ’
U2 +UZ—>UZ+UZ+e 218 % 10_13 71
U, +03-05 +0, 40 x10-10 67
T
0% +0,(gv) +M-07} +M 2.4x10‘3°x(—g)'3'2 6 ab
300 ’
U3 +M->03+M+e 23)(10_11 70 a
U3 +0-0,+0,+e 10X10_13 69
Ug+U—>UZ +02 2.5><10_10 36
U3 +0-0;+0 10x10-13 67
U3 +0320,+0,+0,t+e 30><10_10 69
U, +0-05+0, 4.0><10—10 64
- - 1044
04 +0,20; +0,+0; 1.0><10"10><exp(— T ) 4
U, +0-0) +0U, 3.0 x 10-10 g o
+ + 300 5030
04_ +02—>02 +02+02 3-3X10_6X(T—)4'0X6Xp(— ; ) 64
U +0,an)->0;+e 3.0 % 10~ 10 g ! 45

21



U, +0,a8)>0,+ 0, +e
U, +0,(b°2 " )20, + 0, + e

0% +0,(E)+M-07 +M

U} +0,an)»05 +0,+0,

U, + 0y(k,)>0, + 0,40,
U +0,an)-»0, +0U

0™ +0,(E) +M—03 + M

0, +0,(E)+M-0, +M
N' +N+ U,oN, +0,
N' +N,U-NO' +N,
N' +NU-N, +0

NT + NO-NOY +N
N' +NU-U" +N,

NT"+0+M->NO" +M
NT+0-N+0"

N' 4+0,»NO" +0

N' 40,0 +NU

N' 40,05 +N

NT +0;-NO™ +0,

N3 +N,0-N,0" +N,
N3 +N,0-NO™ +N+N,
N3 +NO->NO™ +N,

NT +0-NO* +N

+ +
N, +0,-0; +N,

N5 +0;-0;, +0+N,
N,0” + NoNO+ N, +e”
N,0" +0-NO+NO+e"
N,0T™ + NO-NO™ +N,0
N3 +NO-N,0" +N,
N3 + NO-NO™ +N +N,
N3 +0,-NO; +N,

N3 +0,-0; +N+N,
N, +NO-NO™ +N, +N,
N, +0-07 +N, +N,
N, +0,-0; +N,+N,

NO~ + N,0-NO + N,0 +e"

NO™ + NO->NO+ NO +e~

NO~ + N-N,0+e"
NO~ + N,0-NO; +N,
NO™ +NO,»NO, + NO
NO™ +0-NO,+e"
NO™ +0,-0, +NO

20x10°10
3.6x10°10

2.4x10‘30x(—

ap

1.0x 10" 10
1.0x 10" 10
1.0x 10" 10

3
1.1x 10 3% x exp (T—)

3.5x 10 3 x exp

1.0 x 10~2°
55x 1010
3.0x 1012
8.0 x 1010
1.0x 10~ 12
1.0 x 10~2°
1.0 x 10~ 12
2.5x%x 1010
28x10" 11
2.8x10°10
5.0x 1010
5.0 1010
40x10"10

33x10° 10

1.3x10‘10><(—

6.0x10‘11x(—

1.0x 1010
5.0 x 10710
1.5%x 1010
2.9x 10710
70x 10" 1
7.0x 1011
44 %1011
23x10" 11
40x 1010
2.5x 10710
25x10° 10

4.26X10_10Xexp(—

g
300

300
T

ion
300
T

ion

3.28x 107 1% x exp

50x 1010
2.8x 10" 1
7.4 %1010
1.5%x 1010
5.0x 1010

22

00

g

Lo
300

)0.5
)0.5

( 105.1

2

|

45
45

45

45
45
45

45

64

45
45
45
45
45
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NO
NO
NO
NO
NO
NO
NO
0-
0-
0-
0-
0-
0-
0-
0-
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03

0,
0,
03

2 +N->NO+NO+e”
NO; + N,0,—~NO; + NO, + NO,
52 +NO,»NO3 +NO
,» +NO;—»NO; +NO,
2 +0;»NO3 +0,

5 +NO-NO™ +NO,
3 +NoNO+NO,+e”
3 +NO-NO, +NO,
3 +0-NO+0;+e”

+N->NO +e”
+ N,(g,v)»N,0 +e”

+ NZ(A°ZZ)—>0 +N,+e”
+ NZ(B°Hg)—>0 +N,+e”

+N,0-N,0” +0
+N,0-NO~ + NO
+NO+M-NO, +M
+NO-NO, +e”
+NO,»NO, +0
+N+M-NO* +M
+N->N* +0

+ Ny(gv) + M>NO* + N+ 1

+ N,(gv)»NO* + N

+N,0-N,0™ +0
+N,0-NO™ + NO
+N,0-07 +N,
+NO-NO™* +0
+NO-03 +N
+NO,»NOS +0
+N-NO, +e”

+ N,o(Bl,)=0,+ Ny +e”
+ Ny(A’2] )-0,+ Ny +e”
+ N,o(Bl,)>05+ Ny +e”
03+ Ny(A°2] )~0;+ N, +e”
NO™ + Ny(BMI,)>NO + N, +e"
NO™ + Ny(A’2])>NO+N,+e"
N,07 + Ny(BT1,)>N,0 + N, +e
N,0™ + Ny(A’L] )=N,0 + N+
NOj + Ny(B°T1,)-NO, + N, +e’
NOj + No(A’L])>NO,+ N, +e
NOj + Ny(B°TI,)>NO;+ N, +e’
NOj + No(A’L])->NO;+ N, +e

+NO,~NO; +0,
+NO;>NO3 +0,
+N-NO™ +0

5.0 x 10710
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03 +Ny(gv) + N0 N, + Ny 90 % 10-31 x (;00)2 45 )

ion

03 +N,(gv)»NO™ +NO 10x10-17 a5 b

05 +NO-NO™ +0, 6.3 x 10~ 10 a5

035 +NO,~»NO™ + 04 10 % 1011 a5

05 +NO,~»NO; +0, 6.6 x 10~ 10 a5

05N, + N,»0% + N, + N, 11x 106 x (ﬂ)s.g 9 exp(_2360) i
Tion Tion

03N, 0,205 +N, 1.0x10°° ®

O; +N->NO+0,+e" 50x 1010 a4

0; +NO-NO, +0, 2.6 x 10~ 12 45

0; +NO-NO; +0 1.0x 10~ 11 a5

03 +NO,»NO;, + 0,4 70 %10~ 11 45

0; +NO,»NO; +0, 20x10" 11 45

03 +NO;—>NO; + 0, 5.0 % 10~ 10 45

04 +N;20, +0,+ N, 1><10_10><exp(—1;)144) a5

0; +NO-NO3 +0, 25 % 10-10 ! .

0% +Ny(g)=03 N, + 0, 4.6><10_12x(h)2'5><exp(—2650) s p
300 ion

0Oy +NO-NO™ +0,+0, 1.0 x 10~ 10 45

3 M represents any neutral species.

b For any species indicated with (9,¥), 9 and V stand for its ground and vibrationally excited state,
respectively.

1 1y +
< 05(Ey) represents the electronically excited states: 02(a A)and 00’2 ).

+ +
4 The rate coefficient is assumed to be equal to the rate of 02 +0,+M=0, + M.
fO" +0,+ M-03 +M.
0,+0,+M-0,+M

e The rate coefficient is assumed to be equal to the rate o

f The rate coefficient is assumed to be equal to the rate of
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Table S11. Ion-ion reactions included in the model, the corresponding rate coefficient expressions and

the references. |  is the gas temperature in K.

Reaction Rate coefficient Ref. Note
0" +0* +M-0,+M 10 x 1025 x (39925 2 ,
T.g
0" +03 +M->0;+M 1.0x10‘25x(@)2'5 70 a
T.g
0, +0% +M-0;,+M 1.0x10‘25x(ﬂ)2-5 " ,
T
g
07403 +M=0,+0,+M 1.0x10‘25x(@)2-5 70 a
Tg
05+0% +M-0,+0+M 2_0x10—25x(@)2-5 w“ .
T
Y
03 +0% +M=0,+0,+ M 20x1075 x (20 .,
T.g
0" +031-0+0+0 2_60x10_8x(ﬂ)o.44 o ,
Tg
0;+035-0+0+0, 1_0)(10_7)((@)0'5 67 a
Tg
0" +0%"->0+0 4.0 % 10-8 x [220)043 67
Tg
0~ +0%-0,+0 2.6x10—8x(ﬂ)0.44 o
Tg
0,+0"-0+0, 27 %107 x [22%0s o
Tg
0,+0%-0,+0, 2_01x10_7x(ﬂ 05 o
Tg
0,+0%-0,+0+0 1_01“0_13)((@)0.5 o
Tg
03+0"-0;+0 10x 1077 x [22)os 7
Tg
- 300
0;+0%-0,+0, 2.0x10—7x(_)05 o
Tg
- + -25 300 2.5
NO™+A" +M>NO+A+M 2.0x 10 X [— 44 a,b
T.g
NO, + A" + M>NO, + A+ M 2_0X10—25x(@)2.5 w“ b
Tg
N,0~ +AY + M>N,0 +A+M 2_0x10-zsx(@)z.s w b
T ’
g
NO3 +A* + MoSNO;+ A+ M 2_0x10-zsx(ﬂ)z.s w b
Tg
03 +BT +M—0,+B+M 2_0x10-zsx(ﬂ)z.s » e

Pﬂ
Q

aM represents any neutral species.
b A represents N, 0, N2, 02, NO, NO, and N0 species.
¢B represents N, NZ, NO, NO, and N0 species.
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Table S$12. Optical transitions of N, and 0, species. The rate coefficients are expressed in S .

Reaction Rate coefficient Ref. Note

WA 2, 7, 0.5 45

Ny(B7 g =Ny A2 ) 1.35 x 10° 45

Ny(a 2y, JoN, 1.0 x 104 45

No(L71L,) =N, (BT ) 2.45 % 10’ 45

Uyan)-u, 26x107" 4

Uyb™2 ™ )>U, 85x10"“ 4

Uy(b72 " )PU,atn) 15x10°° 45

UylA™2 ', L 4, cn )DuU, 11 4 a
39w+ 34 dg-

2 05(A°Z7, C°A c'27) is a combination of three electronic excited states at a threshold energy of 4.5

eV.

The reaction rate coefficient expressions of the vibrational-translational (VT) relaxations and
vibrational-vibrational (VV) exchanges between N3 NZ, N3 203 and 92 - 92 are calculated using
the Forced Harmonic Oscillator (FHO) model proposed by Adamovich et al.”®> This method
offers a semi-classical non-perturbative analytical solution for VT and VV transitions of
diatomic molecules, by averaging the VT and VV probabilities (PVT and PVV) over the one-
dimensional Boltzmann distribution.

(ny)’ 2n
p P — LS. _ 32
vr(@=1) (s!)z £ exp( sy 18) (32)
Pon(ivimfof ) = kW N R 33)
vwllvt =S vl 2 P Pl"5+1 1
_ [max @)N1ys
withs=li-fl, ° |min(Qf)!] Peand € are collision and potential specific parameters.

Table S13. Vibrational — vibrational exchanges and vibrational — translational relaxations for
N, (as an example) and the rate coefficient expression.

Reaction Rate coefficient
°° 2
No(v,)+ M- N, (v.-1)+ M m -mv
2(v) = Ny(vi-1) Z: (ﬁ)_{PVT@) : exp( KT ) vdv
@ )
Ny(v) + Na(v))= Nap(v; = 1) + Ny(v; + 1) Z- (%)IPVV@) : exp( 27:; ) vdv
0

M represents any neutral particle in the plasma.
Vi and Yj are the vibrational levels of V2 (0-24).
Z is the collision frequency and v is the particle velocity.

The reaction rate coefficients of the VT relaxations between N,— N are based on quasi classical
calculations that have been reproduced through a fit as proposed by Esposito et al.,”* for the
following general reaction:

No(0) + NoN, (W) + N \ith v > w

All the relevant trends in the rate coefficients were taken into consideration by using an
additive model into the exponential argument of the reaction rate coefficient, as shown in the

following expression (valid for v =1-66 agnd Av =1 -30):
a,(v,Av) az;(v,Av)  a,(v,Av)
+ +

K(,T,Av) = exp [a,(v,Av) + + as(v,Av) - In (T) (34)

T? T3
where
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a;,(v,Av) = z;,(Av) + z;1 (Av)v + ziz(Av)v2 + Zi3(AU)173 + Zi4(A17)174 (35)

zij(Av) = bij + cijAv (36)

For which the parameters are reported in Ref. [74]. Similarly, the reaction rate coefficients of
the VT relaxations between O, — O are based on quasi classical calculations that have been
reproduced through a fit as proposed by Esposito et al.”>, for the following general reaction:

0,(0) + 020,(W) + 0 \ithv >w

The reaction rate constant is then determined based on the following expression:

a,(v,Av)
K(T, v, Av) = DegF - explii(a, (v,Av) + YR + a;(v,Av) - In (T) (37)
n

where Av js (v-w)
b3(Av) + by, (AV)V + b (Av)v?

a,(v,Av) = b;;(Av) + b;,(Av) - In (v) + T (38)
10°" + exp (v)

bij(Av) =Cijp In (Av) + Cij3 Av - exp (-Av) + Cijg " AV Av (39)

The coefficients €ijk have been generated using a linear least squares method and are reported
in Ref. [°] where the degenary factor (DegF) is also explained.

S.13. Lumping the vibrational levels in the 2D non-thermal plasma model

To limit the calculation time in the 2D non-thermal model, we consider a reduced chemistry
set in which the 24 vibrational levels of N, and the 15 vibrational levels of O, are each grouped
together in one lumped vibrational level.”® The lumping is achieved by summing the number

density of all vibrational levels into the lumped level number density "s:

j
=y, (40)
i=0

Here, ™ is the number density of the ith vibrational level ("0 is considered the ground state
number density). Note thatJ equals to 24 for N, and 15 for O,.

To describe the distribution of the levels within the group, we assume a Boltzmann internal
vibrational distribution giving:

Ei
ngexp( - ﬁ)
b-
n= (41)

el

Yo
exp| -
o k,.T
where ky is the Boltzmann constant, Eiis the energy of the it" level within the group, g, and T
is the temperature associated to the group.

The conservation equation in the non-thermal plasma model is then solved for the lumped

level density "g:
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ang .
S + V(DVng) + (U V)ng =R, (42)

where D is the diffusion coefficient, s the gas flow velocity vector and Ry the sum of all

R

production and loss rates, i, of each individual vibrational level due to chemical reactions:

j
Ry= YR, (43)
i=0

Additionally, the mean group vibrational energy conservation equation is required to describe
the inner-distribution within the group.

_ 1
Ey =n_2Eini (44)
g

We can then define a conservation equation for kg by taking the time-derivative of Equation
44 and using Equation 43:

aEy _ 2ERE DR, (45)
dt ng

S.14. Drag force of the particle tracing simulations

The particle tracing simulations compute the trajectory of gas molecules through the reactor
and report the “conditions” (i.e., gas temperature and power density) the molecules
experience as a function of time, as they flow through the plasma towards the outlet. These
trajectories are calculated using the particle tracing module in COMSOL, based on the drag
force and velocity fields that were previously computed by the 3D turbulent gas flow model.

=F (46)

F)D = _mp(ig - Jp) (47)

In which ™ is the mass of the particle, g the velocity field calculated by the turbulent flow model and

Yp the particle velocity, which differs from “g due the inertia of the particles.
In Equation 47, "p and S are calculated using:
2
p,d
. =Lt2? (48)
P 18u

where Pp is the particle density, dy the particle diameter and # the dynamic viscosity of the
fluid (see above).
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C
S=1+ 1<n(c1 + Czexp( - K—3)) (49)

n,
In which Kn is a placeholder for following term:

k=H T
In which 2 and P are the gas density and gas pressure, respectively, as calculated by the turbulent flow
model.

In Equation 49, Cl, C2 and C3 are the Cunningham-Miillikan-Davies coefficients that consider the
rarefaction with the following values:

Ci. 2514
C;. 08
C3.  0.55

S.15. Electron energy losses to various electron impact processes

Figure S3 shows the loss of the electron energy to the various possible electron impact
collisions. The cross section set from the plasma kinetics model was used to calculate the
electron energy loss coefficients with BOLSIG+27 to which the gas composition of the feed gas
is supplied, while taking into account a vibrational distribution. The energy loss fractions are
calculated from a weighted summation according to the reacting molecules and the gas
composition. Vibrational excitation (of N,) is the main process occurring up till 70 Td. According
to our modelling results, the reduced electric field in the RGA plasma ranges between 5 and
30 Td (i.e. 25-30 Td in the pulse and 0-5 in between the two pulses in the rotating arc and 15
Td in the steady arc). Therefore, vibrational excitation is the main process occurring in the RGA.

100

N2 vibrational excitation

I\.I2 electronic excitation

10 ]\I2 dissociation

N2 ionization
- — O2 vibrational excitation
R O2 electronic excitation

O2 dissociation

Energy loss fraction [%]

- — O2 jonization

0.1

1 10 100 1000
Reduced electric field [Td]

Figure S3. Electron energy losses to various electron impact processes (i.e. vibrational and electronic excitation, dissociation

and ionization) as a function of the reduced electric field for a 80% N,/20% O, feed gas and a plasma with both a gas
temperature and vibrational temperature of 3000 K.
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S.16. Path of particles in a rotating plasma arc

Particle tracing simulations illustrate the different paths followed by the gas molecules along
their way through the reactor, where they experience different temperatures throughout their
journey. Figure S4 shows the trajectories of the particles as well as the gas temperature, for
the group experiencing a temperature between 2600 and 3000 K (indicated in black) and less
than 2000 K (indicated in white). It is clear that the path of the particles that experience
between 2600 and 3000 K flow through the hot centre of the arc where more reactive species
are produced, resulting in higher NO, production, as explained in the main text. Particles
experiencing less than 2000 K don’t flow through the hot centre of the arc or don’t see the arc
at all, resulting in a low NO, production.

x10°
35

2.5

1.5

0.5

Figure S4. Calculated gas temperature distributions and the path of the gas molecules (indicated in black) experiencing gas
temperature between 2600 and 3000 K (indicated in black) and less than 2000 K (indicated in white).
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