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SI1.1. Technical details and empirical correlations for the calculation of the
physical properties in the model

As mentioned in section 2.4 of the main paper, several physical parameters are used in our model for which
we used empirical correlations that according to literature were successful in modelling fixed bed catalytic
reactors. In this section we present the technical information for calculation of these physical parameters.

S1.1.1. Gas-to-solid mass and heat transfer coefficient

The gas-to-solid mass transfer coefficient of species i in the gas phase, k,; (m3*(m?s)™!), can be
calculated using the following correlation [1], [2]

D:
ki = JoiReSc"® = (S1)
p
Sh
Ji= —153 S2
o ReScl.l/3 52)

In eq. S2, jp ; is the Chilton-Colburn factor for mass transfer, Sh, and Sc; are the Sherwood and Schmidt
dimensionless numbers, respectively, which are given by [1], [3], [4]:

Sc; = p”% ; for 0.6 < Sc < 7000,and 0.25 < g, < 0.96 (S3)
g

Sh =2+ 1.15c/3Re%® (S4)
Where 114 is the gas dynamic viscosity (kg m™'s™1).

Similarly, in order to determine the heat transfer coefficient, hy(W (m? K)™1), the following relation can
be used [2], [5]:
. Cngs
hf = ]H —Pr2/3 (85)
Where G, is the mass velocity of the gas phase (kg (m? s)™1), and j is Chilton-Colburn factor for heat
transfer and is given by [2]:

Nu
g = ————— S6
JH = Repri/s (S6)
Where Nu is the Nusselt dimensionless number. The following relation is recommended for determining
the Nu number in packed beds [3], [4]:

Nu =2 + 1.1Pr'/3Re®® (S7)

S1.1.2. Axial dispersion coefficient

The axial dispersion coefficient, D, (m?s™1), is a measure of the degree of spread of an inert trace material
along a tubular vessel longitudinal direction. It is a coefficient that can characterize the degree of back-
mixing and quantify the deviation from ideal plug flow behavior and it is given as [6]:

0.5usd,

1+9.49 D, /ugd,
Where D,,, is the average molecular diffusivity (m?s~1) and uy is the superficial gas velocity (m s™1).

D, = 0.73D,, + (S8)

The average molecular diffusivity, D,,, can be calculated as:

S2



10
11
12

13
14
15
16

17

RT S9
Dm = ?z CiDi ( )

Where C; is the concentration of species i in the gas phase (mol m~3), R is the gas universal constant
(J(Kmol)™1), P is the total pressure of the system (Pa), and D; is the effective diffusion coefficient
(m? s™1) of species i in the gas phase and is calculated as follows [7]:

1
Di =
Teat 1 1 ) (S10)
( /gb) (DAmix + DKn,i
Where ¢, is the catalyst bed porosity, which is defined as:

%
&g=1-— A (S11)

t

Where V, and V, are the total volume of catalyst particles and catalyst bed (m?), respectively. 7.4, is the
catalyst tortuosity factor, which is a helpful measure of the effects of pore structure on diffusion in catalyst
particles [8], and can be calculated as follows [9]:

&
Teat = J b (S12)

(11— —ep'3)
In eq. S15, Dymix (m?s™1) is the molecular diffusion coefficient of species A in the gas mixture,
calculated by Blanc’s law [10]:

1 2 1
= Xa 3 — S13
DAmix 7 “ DAB ( )
Where D5 (m? s~1) is the binary molecular diffusion coefficient of species A into each of the other species

(B) that are present in the gas phase, and x,, is the mole fraction of species A in the gas phase. D45 is given
using the following equation [11]:

1.00 x 1073T175(1 /M, + 1/Mp)1/?
W plEaw) YR + (Epu) VAP
Where M, and M are the molecular weights (g mol™1) of species A and B, respectively, p is the pressure
in atm and T is the temperature in K. 2,v; and Xzv; are the sum of special atomic diffusion volumes of the
atoms that are forming species A and B, respectively, and their values for simple gas molecules and some
atoms are presented in table S.1.

x 107* (S14)

Table S1. Special atomic and molecular diffusion volumes [11], [12].

Atomic and structural diffusion volume increments

C 15.9 F 14.7
H 2.31 Cl 21.0
0 6.11 Br 21.9
N 4.54 | 29.8
Aromatic ring -18.3 S 22.9
Heterocyclic ring -18.3
Diffusion volumes of simple molecules
He 2.67 co 18.0
Ne 5.98 CO, 26.9
Ar 16.2 N,0 35.9
Kr 24.5 NH; 20.7

S3
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Xe 32.7 H,0 13.1

H, 6.12 SF, 71.3
D, 6.84 cl, 38.4
N, 18.5 Br, 69.0
0, 16.3 S0, 41.8
Air 19.7

Finally, in eq.S15, Dk, ; is the Knudsen diffusion coefficient (m?s™1) of species i in the gas phase, which
can be calculated as follows [7]:

d 8RT
Dyni = p;” —7 (S15)
L

Where M; is the molecular weight of species i (g mol™'), and d,,, is the diameter of the catalyst pores
(m). The experimental value for this parameter (i.e., d,re) Was not given by Ma et al.[13]. Fang et al. [14],
studied the effect of platinum on the sintering morphology of YSZ ceramics, and the reported value for the
pore diameter was 10.4 x 102 m. As this was the same catalyst combination as used by Ma et al.[13], we
assumed this value in our model.

S1.1.3. Effective thermal conductivity

The effective thermal conductivity, /15, is given by the following relation [15]:

f o
Z Z
— =—+40.75PrR S16
7, + rRe (S16)
and
AOZ 1-— gb
— =&+
P Ay (S17)
3) g
0.139¢;, — 0.0339 + T
S

Where 4, , /15, A, and A, are the average gas, effective, axial, and solid thermal conductivities

(W (m K)~1), respectively. Pr and Re are the Prandtl and Reynolds dimensionless numbers, respectively,
that are given as:

ugd
Re =952, 1 < Re < 1500 (S18)
Hg
C
pr = -rats (S19)
/19

Where p, is the density of the gas phase (kg m~3), u, is the gas phase superficial velocity (m s™1), dy is
the diameter of the catalyst particles (m), u, is the gas dynamic viscosity (kg (m s)™1), and Cpg is the heat
capacity of the gas phase (J (kg K)™1).

Sl1.1.4. Catalyst effectiveness factor

When the reactants must diffuse inside the catalyst particles in order to react, the concentration at the pore
mouth must be higher than inside the pore. Consequently, the entire catalytic surface is not accessible to
the same concentration, and as a result the reaction rate through the catalyst particles will vary. To account
for these variations, a parameter known as the catalyst effectiveness factor, n I is introduced, which is the
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ratio of overall reaction rate in the catalyst particle to the reaction rate at the external surface of the catalyst
particle. In simple words, the effectiveness factor is a measure for how far the reactant diffuses into the
catalyst particles before reacting [16]. The Thiele modulus (¢) describes the relationship between diffusion
and reaction rates in porous catalyst particles with no mass transfer limitations and is generally used to
measure the effectiveness factor of catalyst particles [17]. For a first order reaction in a spherical catalyst
particle, the Thiele modulus and the effectiveness factor are related to each other as [16], [18]:

ne: = 3(¢,cothg; — 1), ¢1 X R (S20)

Where ¢, is the Thiele modulus for a first order reaction and R is the radius of the catalyst particle. As the
particle diameter becomes very small, the Thiele modulus decreases, so that the effectiveness factor
approaches 1 and the reaction is surface reaction limited. On the other hand, when the Thiele modulus is
large (e.g., ~30), the effectiveness factor is small (e.g., ~0.1), and the reaction is diffusion limited within
the particle. Consequently, in this case, factors influencing the rate of external mass transport such as fluid
velocity will have a negligible effect on the overall reaction rate. The catalyst structure used in the system
under study is a network of percolated particles of the order of micron [13]. Therefore, we can assume that
the diameters of the catalyst particles are small enough (i.e., smaller than 0.1 mm), so that the Thiele
modulus is lower than 1, and thus intra-porous mass and energy transport limitations are neglected (i.e.,
each point on the interior of the catalyst particle surface is accessible for each species to react); therefore,
the effectiveness factor, 7, is assumed to be unity in our model, for all the reactions.
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SI1.2. Calculation of adsorption, desorption and surface reaction rate
coefficients

The rate coefficients for adsorption, desorption and surface reactions on Pt are defined based on transition
state (TS) theory [19].

Eq
kgT AS7s
= — S22
= ey (2) =

Where kp is the Boltzmann constant, T is the absolute temperature, h is the Planck constant, ASy is the
standard entropy difference between the transition state and the initial state, and E, is the activation energy
of the reaction, as listed in table 2 in the main paper. The entropy of gas molecules from the NIST-JANAF
thermochemical database is used for adsorption reactions [20]. The entropies of the transition states are
assumed to be equal to the summation of the corresponding atomic adsorbate entropies, since the diatomic
transition state largely lost its molecular identity and resembles the dissociated atoms [21]. The entropies
of the atomic adsorbates over Pt(211) are taken from Ma et al. and Bajpai et al [22], [23]. The surface

. . kgT
reactions are assumed to be entropy conservative and thus, A = -2~

The normalized density of each vibrationally excited state is estimated using the Treanor equation [24],
[25]. The first ten vibrationally excited states are included because the higher excited levels have a lower
population [13]. N, and O, are assumed to have the same vibrational temperature. Ma et al. estimated the
vibrational temperature to be 10000 K in the plasma, based on [26], and they selected T,, = 6000 K as
representative for the vibrational temperature drop expected during the post-plasma gas flow to the catalyst
bed [13]. Therefore, T, = 6000 K is also used in our model. The Treanor vibrational distribution function
used in our model is expressed by eq. (S3) [24] and is presented in Fig, S.1 for both N, and O, molecules.

2
exp (_ h;)v 4 hxeva )
T, T,) = - g
p,,(v, v''g 10 hov = hx,wv?

=0 EXDp _T_v+ T,
Where h is the reduced Planck’s constant, w is the vibrational frequency, and x, is the anharmonicity

coefficient. w of N, and O, are 2358.57 and 1580.16 cm ™1, respectively, while x,w are 14.324 and 11.951
cm™1, respectively [27].

(S23)
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Vibrational energy (eV)
Figure S1. Treanor vibrational distribution function of N, and O, at T, = 6000 K and T, = 873 K.
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Vibrational excitation of N, and O, molecules reduces the activation energy barriers of the reactions
involving these two species [25], [28]. Therefore, the rate constant of each vibrational state, v, of the
Zeldovich and dissociative adsorption of N, and O, on Pt are written as:

E, — aE,
k, =Aexp (——————) (S24)

kgT

Where A is the pre-exponential factor as defined before, E, is the activation energy of the ground
vibrational state, E,, is the vibrational energy, a is the efficiency of vibrational excitation energy in

overcoming the activation energy barrier. It is estimated with the Fridman-Macheret a-model, a =
)

%, where E) and ES” are the activation barriers for the forward and backward reactions,

E; "+E,

respectively [25]. If E, — aE,, < 0 then k,, = A.

The overall rate coefficient for the dissociative adsorption of N, and O, is calculated as the summation of
the rates at different vibrationally excited states times the population of the corresponding state (as
determined from the vibrational distribution function) as follows:

10
kaas = Z pvky (825)
v=0

S7
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S1.3. Dimensionless equations

By considering t =

= where t,..¢ is the residence time and L is the characteristic length of

the catalyst bed, and multlplymg equations1to4 by frest thelr dimensionless form against time and length
can be derived as follows:

Mass and energy balance in the gas phase:

aCi Uslyes aC tres tresDz azci tres as
=t k C.—C:.) = 9 S26
ot t ey, 00 0it(Ci = Cis) = =3 acz T g, N (526)
a_T Uslyes 6_T _ hfavtres (T—T,) + 2/1f res 9°T (S27)
Jat L 07  &pgyCpg L?eppgyCy 6{
Mass and energy balance in the solid phase:
aCi,s _ N 528
- (1 - gb)tresri + kg,iavtres(ci - Ci,s) ( )
aT; hf ay(Ts — Ttyes — &p)tres
sy - Z AH,pp iR (S29)
0t PvedCp bea PpvedCp ped I

As written in the “section model” assumption of the main paper, we assume 7; is 1 in our model, but we
keep this parameter in equation S29, so that this equation is also more generally valid, for other conditions.

As itis also mentioned in the main paper, the term ZZS kgia, (¢ - Cl-,s) in equations S26 and S28 represents

the mass transfer between gas and solid phases, i.e., adsorption of the gas phase species on the catalyst
surface. Therefore, it can be replaced by the adsorption rate for each species, that is calculated based on
transition state theory in the surface model.

kg,i0y(Ci = Cis) = Taas (S30)
More information on this is given in the section SI.2.

Additionally, the term % (T, — T) in equations S27 and S29 represents the heat transfer between the
bFgtpg

bulk of the gas and the catalyst bed. In general, the temperature at the catalyst surface can be different from
the bulk gas temperature. In the experiments to which our model is applied, the SEM micrographs before
and after plasma showed no difference since the Pt catalyst was at a distance of 15 cm from the tail of the
active plasma area. This was in good agreement with the minimal temperature increase (i.e., 1-2 °C) that
was experimentally observed at the catalyst surface upon plasma ignition [13], so the time dependency of

the surface temperature (%) can be neglected. Therefore, the gas-solid heat transfer rate can analytically
be calculated from equation 12 as follows:

hyay(Ty=T) = (L= ) ) Ay 1Ry (s31)

S8
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S1.4. Measured NO and calculated N,, 0,, N and O concentrations entering the
catalyst bed

The set of differential equations describing the catalytic system under study is very sensitive to the values
set as initial and boundary conditions. This is specifically true for the NO and N post-plasma concentration,
entering the catalyst bed. Therefore, selecting appropriate initial conditions is highly important for the
model to predict reliable results. The post-plasma, as well as post-catalytic NO concentration is measured
by Ma et al. [13] and their measured values as function of O, fraction in the feed gas are listed in table S2.

Table S2. Measured post-plasma and post-catalytic NO concentrations as a function of O, fraction in the feed gas
[13].

Cafter plasma Cafter catalyst
X0 NO NO

g (mol m~3) (mol m~3)

0.17x 1073 1.53x 1077  0.024x 1073
0.35x 1073 2.70x 10=7  0.049x 1073
0.52x 1073 4.13x 1077  0.061x 1073
0.7x 1073 4.4% 1077 0.059x 1073
0.87x 1073 5.73x 1077  0.058x 1073
1.04x 1073 599x 107  0.055x 1073
1.22x 1073 6.12x 1077  0.053x 1073
1.39x 1073  6.24x 1077  0.052x 1073
1.74x 1073 559%x 10~7  0.047x 1073
2.09x 1073 541x 1077 0.042x 1073
2.79%x 1073 5.13x 1077 0.035x 1073
3.48x 1073 4.79x 107  0.027x 1073
418x 1073 4.12x 1077 0.02x 1073
557x 1073  6.4x 1077 0.013x 1073
6.96x 1073 8.74x 1077  0.01x 1073
0.01 29.12x 1077  0.013x 1073
0.014 68.56x 107  0.022x 1073
0.017 0.13x 107* 0.03x 1073
0.021 0.23x 107%  0.05x 1073
0.035 0.75x 107*  0.17x 1073
0.1 1.94x 10~* 0.48x 1073
0.15 2.15x 10~* 0.53x 1073
0.2 221x 107*  0.57x 1073

Knowing the post-plasma concentration of NO, the estimated N radical concentration, and assuming that
the O, dissociation fraction in plasma is normally one order of magnitude greater than for N, [26], [29]-
[32], we can calculate the post-plasma concentration of each species, as described below.

Knowing the O, fraction in the feed gas, the N, fraction in the feed gas can be calculated as follows:

xy, =1 =X, (S30)
Where xy, and x,, are the N and O, mole fractions in the feed gas, respectively. Therefore the partial

pressures of N, and O, in the feed gas can be calculated based on the total pressure, P;, inside the plasma
(i.e., 0.005 bar) as follows:

PI(\;Z = xNZPL- (531)
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Py, = xo,P; (S32)
Clearly, the overall reaction of NO production (N, + 0, < 2NO), does not increase the pressure of the
system. Therefore, the instantaneous total pressure, p, after dissociation of N, and O, in the plasma, given
by the dissociation degrees gy, and g, , respectively, is given by:

p= Py (1+gn,) + P5,(1+90,) (S33)
The dissociation degrees are defined as gy, = pN/ZP,SZ, and similar for 0,. The dissociation degree of O,
is assumed 10 times higher than for N2:

9o, = 10gy, (S34)
As the post-plasma concentration of NO is known from the experiments, its instantaneous partial pressure
can be calculated as:

Pno = Chb™'p x 107° (S35)

Where Cﬁgmis the measured post-plasma concentration of NO in ppm and the factor 107 is used to
convert the ppm concentration into NO fraction. The instantaneous partial pressure of other species (i.e.,
N,, 0,, N and 0) after dissociation and conversion in the plasma can be calculated based on the assumed
dissociation degrees and the instantaneous partial pressure of NO calculated based on its measured
concentration, as follows:

o, = PR, — (om,P5) - (B22) po, = P, — (90,8,) - (B52)

PN = 29N2P132 Po = 2g02P82

From eq. S33 it is apparent that the pressure increases after dissociation. Therefore, we define a gas
expansion factor, a, which enables us to calculate the post-plasma partial pressures of each species, while
keeping the total pressure of the system constant (e.g., at 0.005 bar). The gas expansion factor can be
calculated as follows:

(S36)

Py
a= ? (837)
As a result, the post-plasma partial pressure of each species, P;, can be calculated as the product of the gas

expansion factor and its corresponding instantaneous partial pressure as follows:

P, = ap; x 10° (S38)
Where the factor 10° is used to convert the partial pressures from bar to Pa. Finally, the post-plasma
concentration of each species, C; (i.e., the initial conditions used in our model for the gas phase species, in
units of mol m~3) can be calculated using the ideal gas law as follows:
P;
RT,
Where R and T are the gas universal constant and temperature, respectively.

C, = (S39)

S10
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S1.5. Dominant mechanisms toward NO production

In Fig. S2. we plot the reaction rates as a function of time of the main reactions leading to NO production,
at different positions of the catalyst bed. The results are calculated at xo, = 20% (and Ty, = 873 K, P =
5mbar,Q = 1.67 x 107® m3s~1,N, dissociation fraction = 3.5 x 10_3) , which is one of the

operating conditions for which the model was validated. An O, fraction of 20% was chosen, mimicking
dry air composition, and therefore of special interest for industrial purposes.

* * * *
NO¢N0+*(R6) N +0 &> NO +*(R)

~300 ~ 800
e (@) ol (b)
e 250ffF--¢c=0 ] ,?
£ —(=0.05 £ 600
= 200 ¢=0.1 .
E ¢=02 g
3 150F—c=04 = 400
= =06 =
S 100 —c-os =
£ gyl =¢=1 S 200
(2] (5]
3 3
% O0Ct-. S =7 i

10% 10° 10* 102 10° 10> 10* 108

Time (s) Time (s)
N,+O=>NO+N (R, 0,+Ne>NO+0 (R

~ 0.5 -
Al (c) IR (4))
° 0 B g SeSSSReCEEEEeRE s
g = f
= -0.5 s 3 \ /
g )
o -1 o 21
At Ed
£ £
:‘1.5 = 1’
2 =
9 -2 9 0r
"} "}
& .5 Lot ' > ‘ & ' ' ' ‘

10% 10° 10* 102 10° 102 10* 10% 10° 10* 102 10° 10> 10*

Time (s) Time (s)

Figure S2. Temporal behavior of the net reaction rates of (a) NO desorption (R,), (b) associative recombination of
N* and O*radicals adsorbed at the catalyst surface (Rs), (¢ and d) the gas phase Zeldovich mechanisms (R, and Rg)
at different positions across the catalyst bed (indicated in the legend by the dimensionless parameter ¢). To obtain a

complete picture of the reaction mechanisms, the temporal behavior of the net rates of the other reactions are
presented in section SI.7. Note that the reactions are written as equilibrium reactions; if the net rate is positive, the
reaction proceeds in the forward direction; vice versa, when it is negative, it proceeds in the backward direction.

At time zero, when the post-plasma gas enters the catalyst bed, the active sites on the catalyst surface are
all free and therefore, the species in the gas phase become adsorbed on the surface. As a consequence of
adsorption of gas phase NO on the surface, the net rate of NO desorption (Rg) from the surface is negative
at the startup of the process (t < 1073 s), until its surface concentration reaches the amounts that can push
the equilibrium toward the desorption of NO from the surface (Fig. S2a). Due to the lack of N and O radicals
on the catalyst surface in the beginning, the rate of associative recombination (Rs) is almost zero at the
startup of the process (Fig. S2b). However, as soon as N and O radicals become adsorbed on the catalyst
surface, they start to recombine to form NO. Therefore, the reaction rate of associative recombination (Rs)
toward NO production on the surface starts to increase at around 10~* s. Nevertheless, the NO desorption
rate (R,) rises a little bit later (around 1073 s) as it takes some time for the NO concentration on the surface

S11
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to be high enough to shift the equilibrium toward its desorption. As time passes, the rates of both associative
recombination (Rs) and NO desorption (Rg) rise until they reach a maximum at t = 1072 s. At this
maximum, the amount of produced NO through surface reactions is so high that it again promotes the
adsorption of NO and its subsequent dissociation on the catalyst surface. Therefore, the net reaction rates
of both associative recombination (Rs) and NO desorption (R¢) from the surface drop again until they reach
a constant value at steady state (t > 10~ s). It should be noted that the associative recombination reaction
(Rg), due to its lower activation energy (cf., table 2), is always faster than NO desorption (R¢) (cf. Fig. S2a
and S2b).

A detailed analysis of the concentration and net reaction rate of each species in the gas phase in the catalytic
bed and at the catalyst surface as a function of time and at different positions across the catalyst bed is
presented in sections S1.6 and S1.8. In addition, analysis of the heat transfer in the catalyst bed is presented
in section SI.9. According to Fig. S3a, the gas phase NO concentration rises in the axial direction.
Simultaneously, a drop is observed in the axial direction for the surface concentrations of NO*, N*, and O*
(cf., Fig. S3b, S3d, and S3g, respectively). The rise in the gas phase concentration of NO in the axial
direction, promotes its adsorption on the surface. This, in addition to the drop in the concentrations of N*,
and O*, which results in a drop in the net rate of associative recombination (Rs) in the axial direction (cf.
Fig. S2b), also leads to a drop in the net rate of NO desorption (R¢) from the surface in the axial direction
(cf. Fig. S2a).

Besides the associative recombination of N and O radicals at the catalyst surface and the subsequent
desorption of the produced NO from the catalyst surface, which are the most important NO production
mechanisms (cf. their high reaction rates), NO can also be produced in the gas phase by the so-called
Zeldovich reactions. However, the rates of these reactions are much lower, as can be observed from Fig.
S2c and S2d.

The temporal behavior of the first Zeldovich reaction (R-) is shown in Fig. S2c. It is clear that this reaction
favors NO consumption throughout the whole period of the process. When the post-plasma gas flows into
the catalyst bed, at first the reaction rate starts to increase until it reaches a maximum at around 107° s,
after which its net rate stays constant until around 10~2 s. Subsequently, the net reaction rate drops again
until it reaches a constant value at steady state (at around 0.1 s). The second Zeldovich reaction (Rg) on the
other hand, experiences the opposite behavior (Fig. S2d). When the post-plasma gas enters the catalyst bed,
the net rate of this reaction starts to drop at t < 107° and it reaches a minimum at around 10~ s, after
which its net rate stays constant until around 10~2 s, when the net rate starts to slightly increase again, until
it reaches a constant value at steady state (at around 0.1 s). Note that, because the concentrations of all the
gas phase species are constant at the inlet of the catalyst bed (i.e., they are equal to the post-plasma
concentrations of species entering the catalyst bed) the net reaction rate of both Zeldovich reactions, at the
inlet of the catalyst bed, (i.e., = 0) is constant throughout the whole period of the process.

According to Fig. S2c, the first Zeldovich reaction (R,) favors the NO consumption throughout the whole
period of the process, as well as in the axial direction. In contrast, the second Zeldovich reaction (Rg) always
favors the NO production, both as function of time and position across the catalyst bed (cf., Fig. S2d). The
drop in the gas phase concentration of N radicals in the axial direction (cf., Fig. S3c) slows down the rate
of backward and forward pathways of the first and second Zeldovich reactions (R, Rg), respectively. As a
result, we observe a rise (i.e., becoming less negative) and a drop (i.e., becoming less positive) in the net
rate of the first and second Zeldovich reaction (R, Rg) in the axial direction, respectively.

S12



Nou b~ wN -

o o

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

In general, the total rate of both gas phase Zeldovich mechanisms (R, Rg) acts in favor of NO production
(i.e., the sum of the net rate of both reactions is positive at steady state, meaning that they proceed towards
NO production). However, the gas phase Zeldovich reactions play a negligible role, compared to the surface
reactions (Rs, R¢) towards NO production. Indeed, this is obvious when comparing the net reaction rates
of surface reactions that are in average between 1-2 orders of magnitude higher than those of gas phase
Zeldovich reactions. This clearly indicates that the presence of the catalyst helps to significantly improve
the NO production at the conditions under study.
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S1.6. Species concentrations to explain the NO production mechanisms

To better understand the temporal and spatial behavior of the reaction rates and how the presence of the
catalyst helps to improve the process, we plot in Fig. S3 the concentrations of all the species, both in the
gas phase and at the catalyst surface, as a function of time at different positions in the catalyst bed.
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Figure S3. Temporal behavior of the concentrations of the system’s different species in the gas phase (a, c, e, f) and
at the catalyst surface (b, d, g, h) at different positions across the catalyst bed (indicated in the legend by the
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When the post-plasma gas enters the catalyst bed, some of the NO molecules already formed in the plasma
are quickly adsorbed on the catalyst surface (the adsorption of NO on the surface is barrierless, cf., table 2
in the main paper). Therefore, a slight initial decrease in the gas phase NO concentration is observed (t <
10~*s, Fig. S3a). As time passes and the gas flows through the catalyst bed, the rate of associative
recombination reaction (Rg) becomes more and more dominant due to adsorption of N and O radicals on
the surface, starting at around 10~* s (Fig S2b). As a result, the NO concentration on the catalyst surface
increases (Fig. S3b) until the NO adsorption/desorption process (R¢) shifts toward its desorption from the
surface (at around 1073 s, Fig. S2a), and the NO concentration on the catalyst surface starts to drop, until
it reaches a constant value at steady state (at around 0.1 s, Fig. S3b). Subsequently, the NO concentration
in the gas phase gradually increases, until it reaches a maximum at around 1072 s (Fig. S3a). At this
maximum the NO concentration in the gas phase slightly drops again, until it reaches constant steady state
value as well at around 0.1 s (Fig. S3a). The reason is that the amount of produced NO through surface
reactions, and its subsequent desorption from the surface, and therefore its gas phase concentration is high
enough to promote its adsorption on the catalyst surface. As a result, the net rate of NO desorption (R)
decreases.

Adsorption of N radicals on the surface (R5) is a barrierless process. When the post-plasma gas enters the
catalyst bed, the gas phase N radicals quickly adsorb on the free active catalyst sites. Therefore, the N
radical gas phase concentration drops, until around 10~°s, (Fig. S3c) and its concentration increases on the
catalyst surface (Fig. S3d) until it reaches a maximum at around 10~* s. At this maximum, due to the high
concentration of N radicals on the catalyst surface, the associative desorption reaction (R,) of N radicals on
the catalytic surface gets promoted (cf., Fig. S4a) and the concentration of N, in the gas phase slightly
increases (not shown in Fig. S3, because the effect is barely visible). This, in addition to the contribution
of N radicals in the associative recombination reaction (Rs) and its direct desorption from the catalyst
surface (R3), results in a drop of N radicals on the surface after the maximum is reached (10~ s). Finally,
as a consequence of direct desorption of N radicals from the catalyst surface, the N radical concentration in
the gas phase starts to increase again at around 10~2 s until it reaches steady state (0.1 s).

Additionally, the temporal behavior of the N radical gas phase concentration also affects the behavior of
the gas phase Zeldovich mechanisms. The drop in the gas phase concentration of N radicals at around 10~°
s slows down the backward pathway of the first Zeldovich and the forward pathway of the second Zeldovich
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reactions (R, and Rg, respectively). As a result, the first and second Zeldovich reaction rates exhibit a rise
and drop, respectively (Fig. S2¢c and S2d). During the period in which the gas phase concentration of N
radicals is constant (i.e., until around 1072 s), the net rate of both Zeldovich reactions also stays constant.
After this period, when the N radical gas phase concentration slightly increases at around 1072 s, the first
and second Zeldovich reaction rates are again characterized by a drop and a rise, respectively, until their
net rate reaches a constant value at steady state (around 0.1 s), when the gas phase concentration of N
radicals also reaches a constant value. Furthermore, this drop in the net rate of the first Zeldovich reaction
(Fig. S2c) also contributes to the slight increase in the concentration of N, in the gas phase until it reaches
a constant value at steady state (0.1 s).

Simultaneously, due to a very low energy barrier for O, dissociative adsorption (i.e., 0.17 eV, R,) and zero
energy barrier for O radical adsorption (cf., R, in table 2), the concentrations of both O, and O radicals in
the gas phase decrease over time (Fig. S3e and S3f), and the concentration of O radicals on the surface
dramatically increases (Fig. S3g). As time passes, the surface gets more and more covered by O radicals,
and at steady state, almost all of the catalyst active surface sites are covered by O radicals (cf. the opposite
profiles of Fig. S3g and S3h). As a result, when steady state is reached, the associative desorption of O
radicals (R,) as well as its direct desorption (R,) from the catalyst surface become the dominant
mechanisms within the system, due to the very high concentration of O radicals on the surface (cf., Fig. S4
¢ and S4d). Therefore, the concentrations of both 0, and O in the gas phase increase again through O
radical associative desorption and direct desorption from the surface, respectively (Fig. S3e and S3f) and
they reach constant values at steady-state (around 0.1 s).

The spatial behavior of the species concentrations across the catalyst bed, which also explains the spatial
behavior of the NO production reactions, is explained in detail in section S1.8, where we plot the production
and loss rates of all the species, both in the gas phase and at the catalyst surface, as a function of axial
position in the catalyst bed.
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S1.7. Temporal behavior of the net reaction rates at different positions across
the catalyst bed

In S1.5, we plotted the rates of the main reactions leading to NO production as a function of time, at different
positions of the catalyst bed, i.e., reactions Rs, Rs, R7 and Rs. To obtain a complete picture of the reaction
mechanisms, the temporal behavior of the net reaction rates for N, and O, dissociative adsorption (R, and
R,), as well as N and O radical adsorption on the surface (R and R,) are presented in Fig. S4.a-d. At the
startup of the process, almost no dissociative adsorption of N, on the catalyst surface (R,) happens, due to
its very high activation energy barrier, and its net rate stays almost zero until around 107 s (Fig. S4.a). As
the concentration of N radicals on the catalyst surface starts to increase (at around 10~ s, Fig. S3d), due to
its fast adsorption on the surface (N radical adsorption is a barrierless process, cf., table 2 in the main paper),
associative desorption of N radicals gets promoted, and therefore, the net rate of N, dissociative adsorption
(R,) is negative until it reaches a minimum at around 10~* s. Between 10~* and 1072 s, due to the higher
rate of associative recombination on the surface (Rg) and direct desorption of N radicals from the surface,
the rate of associative desorption of N radicals from the surface decreases and therefore, the net rate of N,
dissociative adsorption (R,) increases (i.e., becomes less negative) until it goes back to zero at steady state
(around 0.1 s).
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Figure S4. Temporal behavior of the net reaction rate of (a) dissociative adsorption of N, (R,), (b) N radical
adsorption (R3), (c) dissociative adsorption of O, (R,), and (d) O radical adsorption (R,), at different positions
across the catalyst bed (indicated in the legend by the dimensionless parameter { = %). X, = 20%, Ty =

873 K,P = 5mbar,Q = 1.67 x 107 m3s~1, T, = 6000 K, N,dissociation fraction = 3.5 x 1073
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At the startup of the process, the N radical adsorption (R3) on the surface occurs at a relatively high rate
(Fig. S4.b). However, as a result, its concentration in the gas phase decreases until around 10~°s. Therefore,
the net rate of this process decreases until around 1076 s. Between 107° and 10~3s, the concentration of
N radicals in the gas phase stays constant and therefore, their net rate of adsorption on the surface also stays
constant. From 10~3s the enhanced direct desorption of N radicals from the surface, due to their higher
surface concentration, results in a lower net rate of N radical adsorption (R3) on the surface, until it reaches
a constant value at steady state (at around 0.1 s).

Due to a very low energy barrier for O, dissociative adsorption (i.e., 0.17 eV reaction barrier for R,), and
the high concentration of O, in the gas phase, this process occurs with high rates at the startup of the process
(Fig. S4.c). As a result of the drop in concentration of O, in the gas phase until 10> s, the net rate of O,
dissociative adsorption drops. As the concentration of O, in the gas phase stays almost constant until around
1073 s (Fig. S3e), almost no variation is observed in the net rate of O, dissociative adsorption. Starting
from 1073 s, the dramatic increase in the surface concentration of O radicals (Fig. S3g), increases the rate
of their associative desorption from the surface, and the net rate of 0, dissociative adsorption (R,) drops
significantly until it reaches a constant negative value at steady state (around 0.1 s), meaning that when
steady state is reached, no O, dissociative adsorption occurs in the catalyst bed and the process mostly
works in favor of associative desorption of O radicals from the surface.

Finally, as O radical adsorption is a barrierless process (cf., table 2 in the main paper for R,), this process
occurs with very high rates at the startup of the process, due to the relatively high concentration of O radicals
in the post-plasma gas entering the catalyst bed (Fig. S4.d). The drop in the concentration of O radicals in
the gas phase until 107° s results in a drop in the net rate of the O radical adsorption (R,). From 107° to
around 10~3 s the concentration of O radicals in the gas phase stays constant and therefore no variations in
the net rate of O radical adsorption (R,) is observed. Starting from 1073 s, the rate of direct desorption of
O radicals from the surface increases, due to the dramatic rise of their surface concentration, which results
in a significant drop in the net rate of O radical adsorption (R,) until it reaches a constant value at steady
state (around 0.1 s).
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S1.8. Species formation and loss rates in the axial direction

A big advantage of our model is that it provides information on the axial profiles of the species
concentrations and reaction rates, which can give more insight in the actual mechanisms. Therefore, in this
section we plot the steady state production and loss rates of each species as a function of dimensionless

position ({ = %) across the catalyst bed in Fig. S5.
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Figure S5. Axial profiles of the various production and loss rates of the different species in the gas phase (a, ¢, e, f,
g), and on the catalyst surface (b, d, h, i) as a function of dimensionless position ({) from the catalyst bed inlet at
Xo, = 20%, T, = 873 K,P = 5mbar,Q = 1.67 x 10"°m’s™!, T, = 6000 K, N, dissociation fraction =
3.5 x 1073, A positive or negative reaction rate stands for production and loss, respectively. A negative sign for
“R” in the legend represents the consumption of a species through the reaction listed in table 2 or 3.

As observed by Ma et al. [13] both experimentally and through their model, the coupled plasma and catalyst
promotes the process towards higher overall production of NO. Additionally, we showed in SI.5 (Fig. S2),
that in such a system the mechanisms happening due to the presence of the catalyst have much higher rates
than the gas phase Zeldovich reactions (R, and Rg). The rate of production or destruction of NO through
different mechanisms in the axial direction of the catalyst bed is shown in Fig. S5a. As can be seen, in the
gas phase, NO is consumed through the first Zeldovich reaction (R-) and it is produced through the second
Zeldovich reaction (Rg), but by far the most important production is by desorption from the catalyst surface
(Rg). The same effect was observed by Ma et al. [13]. As the net production rate of NO is always positive
throughout the whole catalyst bed, its gas phase concentration increases across the catalyst bed (Fig. S3a).
However, as we get closer to the outlet of the catalyst bed, a drop in the NO net production rate is observed
(see Fig. S5a). The reason is the drop in the net rate of NO desorption (Rg), due to the lower surface
concentration of NO in the axial direction (Fig. S3b), which is the most important mechanism that controls
the net production rate of NO in the gas phase.

At the catalyst surface, NO is produced through associative recombination (Rs), and it is consumed through
desorption from the surface (R¢). The NO desorption, due to its higher energy barrier (cf., table 2), is always
slower than its production on the catalyst surface through associative recombination (Rg). As a result, the
net production rate of NO on the catalyst surface is always positive (Fig. S5b). As the flowing gas gets
closer to the outlet of the catalyst bed, the rates of both recombination (Rs) and desorption (R¢) decrease.
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As the NO desorption from the surface (Rg) is the mechanism that controls the net NO production rate in
the gas phase (Fig. S5a), its decrease results in a drop of the net rate of NO production across the catalyst
bed.

In the gas phase the N radicals are consumed through the Zeldovich mechanism (R, and Rg), but especially
by adsorption on the catalyst surface (R3). Therefore, the net rate of the N radicals is always negative (i.e.,
they are always consumed) throughout the catalyst bed (Fig. S5c). As a result, their gas phase concentration
decreases as the flowing gas gets closer to the outlet of the catalyst bed (Fig. S3c). The drop in gas phase
concentration of N radicals in the axial direction slows down their adsorption. Therefore, their net
consumption rate becomes lower as the gas approaches the outlet of the catalyst bed.

As can be seen in Fig. S5d, on the catalyst surface, the N radicals are produced through adsorption from the
gas phase (R3) as well as N, dissociative adsorption (R;), although the latter turns out to be negligible due
to a very high energy barrier. Simultaneously, it is consumed through associative recombination (Rs). As
dissociative adsorption on the surface is negligible, the production of N radicals on the surface is only
controlled by the amount of N radicals produced by the plasma that adsorb on the catalyst surface. At the
same time, at steady state the surface is mostly covered by O radicals (Fig. S3g). As a result, as soon as N
radicals are adsorbed on the catalyst surface, they quickly react with the O radicals on the surface and form
NO through associative recombination (Rs). Hence, the rate of associative recombination (Rs) is always
higher than N radical adsorption (R3). Therefore, the net rate of N radicals on the catalyst surface is always
negative (i.e., they are always consumed) throughout the catalyst bed, which leads to a drop in their
concentration on the catalyst surface in the axial direction (Fig. S3d).

N, is produced through associative desorption of N radicals from the catalyst surface (R,), as well as the
first Zeldovich reaction (R-). As a result, its net rate is always positive (i.e., it is produced, Fig. S5e), and
its concentration increases throughout the catalyst bed. However, at steady state, the rate of the first
Zeldovich reaction (R-) is much higher than that of associative desorption of N radicals from the surface
(R,). As the flowing gas gets closer to the catalyst bed outlet, the amount of N radicals decreases both in
the gas phase and on the catalyst surface (Fig. S3c and S3d). Therefore, the rates of both associative
desorption of N radicals from the surface (R,) and the first Zeldovich reaction (R-) drop closer towards the
catalyst bed outlet.

Simultaneously, O, in the gas phase is produced through associative desorption of O radicals (R,) and it is
consumed through the second Zeldovich reaction (Rg). However, the effect of the latter is much smaller
than for associative desorption (R,). As a result, the net rate of O, in the gas phase is always positive (i.e.,
it is produced, Fig. S5f), and its steady state concentration increases throughout the catalyst bed (Fig. S3e).

In the gas phase, O radicals are produced by the reverse process of the first Zeldovich reaction and by the
forward second Zeldovich reaction (R, Rg), and consumed through direct adsorption on the catalyst surface
(R4). The latter reaction is much more important, and therefore, the net rate of O radicals in the gas phase
is always negative (i.e., it is always consumed, Fig. S5g), and thus, its concentration decreases throughout
the catalyst bed (Fig. S3f). The drop in the amount of O radicals in the gas phase at positions closer to the
catalyst bed outlet results in a drop in its adsorption rate on the surface and subsequently its net rate
decreases.

At the catalyst surface, O radicals are produced through adsorption from the gas phase (R,) and consumed
through associative desorption from the surface (R,) as well as associative recombination with N radicals
(Rg) on the catalyst surface (Fig. S5h). The rate of O radicals on the catalyst surface is controlled by their
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consumption mechanisms, hence, their net rate is always negative (i.e., they are consumed), and their
concentration decreases towards the outlet of the catalyst bed (Fig. S3g).

According to Fig. S5h, the rate of O radical adsorption (R,) is 3-3.6 times higher than its net rate of
consumption, as well as that of N radical adsorption on the catalyst surface (Fig. S5c¢). This results in
accumulation of O radicals on the catalyst surface in steady state. This, in addition to the lower amount of
N radicals on the catalyst surface at positions closer to the outlet of the catalyst bed, as well as NO desorption
from the surface, results in a lower steady state surface concentration of NO in the axial direction (Fig. S3b).

All the surface reactions in table 2 affect the active free sites on the catalyst surface as well (Fig. S5i). More
free surface sites become available through associative recombination (Rs), associative desorption of O
radicals (R,), and NO desorption from the surface (R¢). At the same time, the surface sites become occupied
through N and O radical adsorption (R5, R4, respectively). As the sum of the production rates of free active
sites is greater than the sum of their consumption rates, the net rate of free active sites stays positive
throughout the catalyst bed. As the O radicals are the dominant species that cover the free catalyst sites, the
drop in their concentration in the axial direction results in a larger amount of active free sites at the catalyst
surface (Fig. S3h).
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S1.9. Heat transfer analysis

Our model also accounts for the heat transfer in the catalyst bed. Therefore, in this section we present a
detailed heat transfer analysis to investigate the temporal and spatial behavior of gas phase temperature
inside the catalyst bed. The temporal behavior of the net heat flux in the system and the gas temperature, at
different positions of the catalyst bed, is presented in Fig. S6a and S6b. Additionally, to better understand
the behavior of gas temperature across the catalyst bed, the steady state heat fluxes due to each reaction, as
well as the net heat flux of the whole process as a function of dimensionless position, are shown in Fig.
S6c.
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Figure S6. Net heat flux in the system (a), and gas temperature (b) as a function of time at different positions across
the catalyst bed, and steady state heat flux due to each reaction, as well as the net heat flux of the system (c) as

function of dimensionless position ({ = E) from the catalyst bed inlet at x,, = 20%, T, = 873 K,P = 5 mbar,Q =
1.67 x 107°m3s™1, T, = 6000 K, N, dissociation fraction = 3.5 x 1073,

At the startup of the process (t < 107° s), heat is released through all the reactions, except by dissociative
adsorption of N, (R;) and associative recombination of N and O radicals at the surface (Rs), as their rate at
the process startup is almost zero. Therefore, a considerable heat flux is observed at the startup of the
process (Fig, S6a). However, the net heat flux drops quickly until around 10~° s, due to the drop in the rate
of heat released in the reactions. In the time interval from 1076 to around 10~2 s, the dissociative adsorption
of N, (R,) first starts to release heat until around 10™* s, as it proceeds in the backward direction.
Afterwards, the released heat by this reaction drops until it again becomes zero at around 1072, when its
net rate becomes zero again (Fig. S5a). During this period of time, the rate of dissociative adsorption of O,
(R;) drops (Fig. S5c¢), and as a result, the released heat through this reaction drops as well. Simultaneously,
the net rates of adsorption of N and O radicals (R; and R,) and of the gas phase Zeldovich mechanism (R,
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and Rg) stay constant (Fig. S4b and S4d, and Fig. S2c and S2d, respectively), and therefore the released
heat from these reactions stays constant. The rise in the rate of associative recombination (Rs) results in an
increase in heat released by this reaction (Fig. S2b). Finally, due the increase of the rate of NO desorption
(Rg) from the catalyst surface, this process gradually becomes heat absorbing (Fig. S2a). In general, the
variation in the released or absorbed heat by different reactions in the system is such that it keeps the net
heat flux constant in the time period from 10~ to around 102 s. Afterwards, the net heat flux of the system
decreases again, due to the lower net rate of heat-releasing reactions until it reaches a constant value at
steady state (around 0.1 s).

Due to the considerable heat flux (Fig. S6a) at the startup of the process (t < 107 s), the gas temperature
slightly increases (Fig. S6b). As time passes (until around 107° s) the gas temperature decreases again due
to the drop in the net heat flux of the system, but still its temperature is slightly higher than its temperature
at the inlet of the catalyst bed. During the period that the net heat flux of the system stays at a constant value
(i.e., from 107® s to t < 1072 s), the gas temperature also stays constant. Afterwards, the gradual drop in
the net heat flux of the system until it reaches a constant value at steady state (around 0.1 s), results in a
drop in the gas temperature until it reaches a constant value at steady state. Overall, the gas temperature in
the system is always negligibly higher than its temperature at the outlet of the reactor. The reason is that
the net heat flux of the system is always positive throughout the whole catalyst bed. However, the increase
in the temperature is so small that the whole process can be considered isothermal (cf., the small variation
in y-axis in Fig. S6b).

Throughout the whole catalyst bed, at steady state, heat is absorbed through associative desorption of O
radicals from the surface (R,) and through NO desorption (Rg). The other reactions release heat throughout
the whole catalyst bed (Fig. S6¢c). However, the heat released through dissociative adsorption of N, (R;),
and the gas phase Zeldovich mechanism (R, and Rg), is negligible compared to the released heat through
the adsorption of N and O radicals (R; and R,) and associative recombination (Rs). The net heat flux
throughout the catalyst bed is controlled by heat releasing reactions, as they release more heat compared to
the heat absorbed by the associative desorption of O radicals from the surface (R,) and the NO desorption
process (Rg). As a result, the net heat flux of the system of reactions is always positive throughout the
catalyst bed. Therefore, the gas temperature slightly increases in the axial direction (Fig. S6b). Additionally,
due to the drop in rate of all the reactions in the axial direction, the amount of released heat decreases closer
to the catalyst bed outlet.
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S1.10. Effect of the catalyst bed characteristics length on the contact time of
the gas with the catalyst, as well as surface and gas phase reactions

in Fig. S7a, we plot the effect of catalyst bed characteristic length on the contact time of the gas with the
catalyst. An increase in the catalyst bed characteristic length results in a linear increase in the total volume
of the catalyst bed. As a result, the contact time of the gas with the catalyst linearly increases with increasing
catalyst bed characteristic length (cf., the relationship of the catalyst bed characteristic length with total
volume of the catalyst bed and the contact time of the gas with catalyst in table 1 of the main paper).
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Figure S7. Effect of the catalyst bed characteristic length on (a) the contact time of the gas with the catalyst, (b) the
net reaction rate of associative recombination of N and O radicals on the surface and NO desorption from the surface
(Rs and Rg), and (c) the net reaction rate of the gas-phase Zeldovich mechanisms (R, and Rg) and sum of both.

As the characteristic length of the catalyst bed increases, the net rate of associative recombination (Rs) and
subsequent desorption of the produced NO (R¢) decrease dramatically, due to the enhanced NO adsorption
on the surface and its subsequent dissociation into N and O radicals on the catalyst surface. This drop is that
much that at characteristic lengths around 0.05 m and longer, not only the surface reactions have no
contribution in NO production, but also the surface processes proceed toward NO destruction (cf., inset in
Fig. S7b).

A higher rate of NO adsorption and its subsequent dissociation on the surface, due to an increase in the
catalyst bed characteristic length, results in a lower net reaction rate of N and O radical adsorption (R5 and
Ry, respectively) through their desorption from the catalyst surface. It is also observed in section SI.6 that
at steady state the catalyst surface is mostly covered by O radicals and the O radical direct desorption is one
of the dominant mechanisms. Therefore, the concentration of O radicals in the gas phase increases due to
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the higher rate of its direct desorption. The higher concentration of O radicals in the gas phase promotes the
first Zeldovich reaction (R-) towards production of NO, and as a result its net rate increases with increasing
catalyst bed characteristic length (Fig. S7c). The net rate of the second Zeldovich reaction (Rg) on the other
hand, decreases due to the promotion of its backward reaction as a result of the higher concentration of O
radicals in the gas phase. However, its net rate stays toward NO production in the whole studied range of
catalyst bed characteristic length (Fig. S7c).

Comparing the net reaction rate of NO desorption from the surface and the net reaction rate of gas phase
Zeldovich reactions (green curve in Fig. S7c), we can observe that at low catalyst bed characteristic lengths
(< 107%), the surface reactions are the dominant mechanisms that are controlling the NO production.
However, at longer catalyst bed characteristic lengths, the gas phase Zeldovich reactions are the
mechanisms that keep the process in favor of NO production, due to their higher net reaction rate.
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SI.11. Effect of catalyst bed diameter on the porosity and characteristic length
of the catalyst bed

We plot the characteristic length and the porosity of the catalyst bed as a function of catalyst bed diameter
in Fig S8. a and b, respectively. Increasing the diameter of the catalyst bed results in a higher catalyst bed
cross section area, and thus the catalyst bed characteristic length decreases (Fig. S8a; cf., the relationship
of the catalyst bed characteristic length with the cross-section area of the catalyst bed in table 1 of the main
paper). The drop in characteristic length of the catalyst bed, due to the larger diameter of the catalyst bed,
results in a smaller total volume of the catalyst bed (cf., table 1 of the main paper for the relationship
between the total volume of the catalyst bed and catalyst bed characteristic length), and therefore, the
catalyst bed porosity drops (Fig. S8b; see also eg. S11 in Sl.1 above).
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Figure S8. Effect of catalyst bed diameter on (a) characteristic length, and (b) porosity of the catalyst bed.
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