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ABSTRACT: Plasma catalysis is emerging for plasma-assisted gas conversion
processes. However, the underlying mechanisms of plasma catalysis are poorly
understood. In this work, we present a 1D heterogeneous catalysis model with axial
dispersion (i.e., accounting for back-mixing and molecular diffusion of fluid elements in
the process stream in the axial direction), for plasma-catalytic NO production from
N2/O2 mixtures. We investigate the concentration and reaction rates of each species
formed as a function of time and position across the catalyst, in order to determine the
underlying mechanisms. To obtain insights into how the performance of the process
can be further improved, we also study how changes in the postplasma gas flow
composition entering the catalyst bed and in the operation conditions of the catalytic
stage affect the performance of NO production.
KEYWORDS: N2 fixation, plasma catalysis, heterogeneous catalysis, nonthermal plasma, axial dispersion model, plasma reactor

■ INTRODUCTION
Plasma technology is gaining increasing interest for nitrogen
fixation into either NH3 or NOx.

1,2 The reason is that in
nonthermal plasmas (NTPs), the electrons have a temperature
of thousands of degrees, while the bulk gas is close to room
temperature.3 Hence, the electrons can activate the gas
molecules, by (vibrational and electronic) excitation, ioniza-
tion, and dissociation, which is more cost-efficient than just
thermal dissociation. However, due to the high reactivity of
NTP, it is difficult to selectively produce the desired products.
Hence, NTP is combined with catalysts in so-called plasma
catalysis to improve the reaction selectivity.4

One of the earliest reports on plasma catalysis is a U.S.
patent by Henis for NOx removal.5 On the other hand,
Rapakoulias et al. studied the NOx synthesis in an inductively
coupled high frequency plasma reactor using MoO3 and WO3
as a catalyst. The NOx yield reported was 8% without catalyst,
and increased to 19% by using the WO3 catalyst.

6 MoO3 was
also coated on the reactor wall of a microwave plasma by
Mutel et al.7 An energy cost of 0.93 MJ/mol-N was reported
for NO production, which provided 78% improvement in
energy efficiency compared to the plasma process without
catalyst. Sun et al. studied the NOx formation in a dielectric
barrier discharge (DBD) reactor with single stage configuration
using CuZSM-5 as a catalyst. Temperatures above 350 °C were
favorable for NOx production.

8 Plasma-catalytic NO produc-
tion in a glow discharge reactor was investigated by Belova and
Eremin, who found the catalyst effectiveness to be on the order
of Pt > CuO > Cu > Fe > Ag.9,10

Modeling of plasma-catalytic NO production can be useful
to better understand the mechanisms and tune the process.
Ideal reactor models, such as the continuously stirred tank
reactor (CSTR) and plug flow reactor (PFR) models, are
based on idealized assumptions (i.e., perfect mixing and no
back-mixing, respectively).11 Of course, these simplified
assumptions do not reflect reality, as real reactors exhibit
some degree of back-mixing. Tanks-in-series models (TISM)
and axial dispersion models (ADM), on the other hand, are
one-parameter models that describe reactors that are partially
mixed.12 Recently, Ma et al. employed a CSTR model, in
combination with experiments, to study plasma-catalytic NO
production in a radio frequency inductively coupled plasma
(ICP) reactor at low pressure using a Pt catalyst. They
investigated the synergistic effect of plasma and postdischarge
catalysts on the production of NO, and determined the major
NO production mechanisms.13

ADMs, which account for back-mixing and molecular
diffusion in the axial direction, are very robust for modeling
fixed bed catalytic reactors and have been widely used for
investigation of various catalytic processes.14−22 In the present
work, for the first time, we developed such a model for
postplasma catalytic production of NO. Compared to CSTR

Received: September 21, 2022
Revised: January 13, 2023
Published: January 27, 2023

Research Articlepubs.acs.org/journal/ascecg

© 2023 American Chemical Society
1720

https://doi.org/10.1021/acssuschemeng.2c05665
ACS Sustainable Chem. Eng. 2023, 11, 1720−1733

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hamid+Ahmadi+Eshtehardi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kevin+Van+%E2%80%98t+Veer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marie-Paule+Delplancke"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Francois+Reniers"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Annemie+Bogaerts"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Annemie+Bogaerts"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acssuschemeng.2c05665&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c05665?ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c05665?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c05665?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c05665?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c05665?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/ascecg/11/5?ref=pdf
https://pubs.acs.org/toc/ascecg/11/5?ref=pdf
https://pubs.acs.org/toc/ascecg/11/5?ref=pdf
https://pubs.acs.org/toc/ascecg/11/5?ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acssuschemeng.2c05665?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/journal/ascecg?ref=pdf
https://pubs.acs.org/journal/ascecg?ref=pdf


models, as studied by Ma et al.,13 this modeling approach is
more complicated. However, it provides more information, as
it allows one to determine the concentration of all species as a
function of both time and position across the catalyst bed (in
the axial direction), both in the gas phase and on the catalyst
surface. Additionally, it allows one to study the reactor and
catalyst bed design, as well as the effect of operation
conditions, toward process optimization.
The aim of our paper is to introduce this ADM approach for

modeling of a plasma-catalytic process, which can provide
useful insights in how, when, and where different mechanisms
play a role, in favor of, or against the pathways toward the
desired product, i.e., NO. In first instance, we apply our model
to the experiments of Ma et al.13 However, as the exact
concentrations of different species (except for NO) in the
postplasma gas that enters the catalyst bed were not available
in their study, we first check the NO production sensitivity to
these concentrations, to estimate the ranges in which our
model can reproduce the experimental results and also to
obtain more insight into how the postplasma gas composition
can affect the reaction performance in the catalytic bed.
Additionally, we will investigate the effect of the degree of
back-mixing on the outlet concentration of NO, in a wide
range from close to a PFR to close to a CSTR. Finally, we will
study the effect of the catalyst bed characteristic length and
porosity on the system performance, and we will discuss the
mechanisms behind the observed effects. Our model presented
here is applied to plasma-catalytic NO production, but the
concept will be more generally valid for other plasma-catalytic
systems as well.

■ MODEL DESCRIPTION
Dispersion Model: Adverse Effect of Back-Mixing. Our

1D heterogeneous catalysis dispersion model accounts for
mass transfer in the gas and solid phase, as well as the energy
and momentum balances across the catalyst bed. In general,
the term dispersion (back-mixing) is used to denote the
combined action of all phenomena (i.e., diffusion and
nonuniform velocities), which give rise to a certain distribution
of residence times in a reactor (i.e., not the same residence
time for all gas molecules, like in a PFR or CSTR). Back-
mixing is the tendency of reacted species to intermingle with
unreacted feed gas in a reactor, which affects the performance
of a chemical reactor in terms of conversion, product yields,
and selectivity. Back-mixing in a flow reactor has a definite
adverse effect on the performance of the process. Additionally,
the higher the reaction order, the higher the adverse effect of
the back-mixing.23 PFR and CSTR models are ideal reactor
models that are conventionally used to describe flow reactors.
In a PFR model, no mixing in the axial (i.e., flow) direction is
assumed, while a CSTR model assumes perfect mixing.11

However, real flow reactors always exhibit a degree of back-
mixing. Hence, PFR and CSTR models cannot predict the true
performance of a real flow reactor.12,23 The degree of back-
mixing is represented by the Peclet (Pe) number (Pe = usL/
Dz), where us, L, and Dz stand for gas superficial velocity,
catalyst bed characteristic length, and axial dispersion
coefficient, respectively. In a PFR, Pe → ∞ (i.e., Dz = 0),
and in a CSTR, Pe = 0 (i.e., Dz → ∞). In real reactors, the
degree of back-mixing is in between those of a PFR and CSTR.
When considering a fluid in plug flow, with some degree of

back-mixing, independent of the position within the reactor, it
implies that no stagnant regions or gross bypassing of the fluid

exist in the reactor. This is called the dispersed plug flow
model or simply dispersion model. Since the mixing process
involves redistribution of material either by slippage or eddies,
and since this is repeated many times during the fluid flow
through the reactor, we can consider these disturbances to be
statistic in nature, somewhat as in molecular diffusion. For
molecular diffusion, Fick’s second law predicts how diffusion
causes the concentration of a substance to change with respect
to time, and the diffusion coefficient uniquely characterizes this
diffusion process. In an analogous manner, one may consider
all the contributions to intermixing and molecular diffusion of
a fluid flowing in the axial direction to be described by an axial
dispersion coefficient. The term axial is used to distinguish
mixing in the direction of the flow from mixing in the lateral
direction.11 Of course, in any tubular reactor, either empty or
packed, reactant depletion and nonuniform flow velocity
profiles give rise to concentration gradients, and hence
diffusion, in both axial and lateral directions. In addition, in
turbulent flow, eddy transport takes place, tending to level out
gradients in all directions to an even greater extent than does
molecular diffusion. Developing a reactor model which
accurately reflects these phenomena is very challenging.
Therefore, some assumptions are typically made, as explained
in next section.

Model Assumptions. We made the following assumptions
to derive the governing mathematical equations:
(a) An ideal PFR has a fixed residence time, meaning that

any fluid (plug) that enters the reactor at time t will exit
the reactor at time t + τ, where τ is the residence time of
the fluid in the reactor. The residence time distribution
function for an ideal PFR is therefore a Dirac delta
function at τ. A real PFR, on the other hand, has a
residence time distribution that is a narrow pulse around
the mean residence time distribution. As explained in
previous section, ideal PFR models cannot be applied for
a real reactor, so dispersion models are usually
employed.24,25 Our dispersion model assumes that the
reactor is in plug flow (but not ideal plug flow): the gas
composition and temperature are radially uniform, and
the process fluid moves through the reactor at a uniform
velocity equal to the mean velocity of the fluid in the
reactor.

(b) Dispersion occurs in the axial direction. The extent of
dispersion is sufficient to account for the combined
effects of all dispersive phenomena (molecular and
turbulent mixing, and nonuniform velocities) in the real
reactor. This representation of a flow reactor is termed
the dispersed plug flow model or simply the axial
dispersion model. As shown in the literature, these
models can successfully simulate the behavior of reactors
in which complex radial and axial flow and transport
patterns exist.26

(c) Nonadiabatic processes can develop significant radial
temperature gradients due to heat transfer at the wall.
Temperature gradients will produce radial concentration
gradients as well. Therefore, the process is assumed to
be adiabatic in nature.

(d) The ideal gas law is applicable.
(e) The catalyst particles are small enough (<0.1 mm) so

that no temperature gradient should be considered
within the catalyst particles. Additionally, in such a case,
intraporous mass and energy transport limitations can be
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neglected (i.e., each point on the interior of the catalyst
particle surface is accessible for each species to react);
therefore, the so-called catalyst effectiveness factor, ηj, is
assumed to be unity for all the reactions (see section SI.1
for more information).

(f) As the reactor under study is categorized as a fixed bed
reactor, only negligible movements of the catalyst
particles (due to fluid flow) occur in the catalyst bed.
Therefore, the porosity of the bed is assumed to be
constant.

Experimental Setup to Be Modeled. A schematic
overview of the modeled experimental setup13 is shown in
Figure 1. Using an inductive coil connected to a matching
network of a radio frequency (RF) generator, a plasma with a
length of about 14 cm is generated. The catalyst (porous Pt
film on an yttria-stabilized zirconia (YSZ) support, with 2 mm
thickness (tYSZ in Figure 1), 25 mm diameter (dbed in Figure 1),
and 245 mm length (LYSZ in Figure 1)) is located at about 15
cm from the plasma. The temperature at the catalytic part of
the reactor is controlled by a heating mantle, which is kept at
873 K. To perform the experiments, a mixture of N2/O2 at 5
mbar is injected to the reactor at a flow rate of 100 sccm. The
flowing gas mixture is activated by the RF plasma source with a
power of about 80 W. A quadrupole mass spectrometer is used
to measure the composition of the outflowing gas mixture from
the reactor. A full description of the experiments is given in ref
13. As illustrated in Figure 1, the reactor consists of 2 different
stages, i.e., a plasma stage followed by a catalytic stage. In this
study, we only focus on modeling the catalytic stage. Finally,
the deposited Pt catalyst particles on the YSZ support are
assumed as a the set of packed particles are located in a catalyst
bed with a diameter identical to the diameter of the YSZ
support. Therefore, the system is modeled as a packed bed
reactor and radial nonuniformities are neglected.

Governing Equations. The governing equations can be
derived from the mass, energy and momentum balances on a
slice of infinitesimal thickness dz (as depicted in Figure 2)
during an infinitesimal time dt.21,22

In the following, we describe the mass and energy balance in
the gas and solid phase in the catalytic bed, respectively, as well

as the Ergun equation for the pressure drop across the catalyst
bed, which accounts for the momentum transfer.

Mass and Energy Balance in the Gas Phase (Equations 1
and 2).

Ci
t

u
C
z

k a C C D
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(1)

In eq 1, the term C
tb

i represents the transient behavior of the
concentration, Ci, of species i in the gas phase, where εb is the
catalyst bed porosity. The term u C

zs
i accounts for changes in

the concentration of gas phase species i in the axial direction
due to convection, where us is the superficial gas velocity. The
term kg,iav(Ci − Ci,s) represents the mass transfer of species i
from the gas phase to the solid phase (catalyst surface), where
kg,i is the gas-to-solid mass transfer coefficient of component i
and av is the external surface area per unit volume of the
catalyst bed. In other words, this term represents the
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 (i.e., kg,iav(Ci − Ci,s)= rads). Finally, the term

Dz
C

zb
i

2

2 stands for the changes in the concentration of species i
in the gas phase due to axial dispersion, with Dz the axial
dispersion coefficient. Finally, the term rigas represents the
production or destruction of species i through the gas phase
reactions.
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In eq 2, the term Cpg
T

tb g
g accounts for the changes in the

gas phase temperature, Tg, as a function of time, where ρg is the
gas phase density and Cpg is the heat capacity of the gas phase.

The term u Cpg
T

zs g
g represents the gas phase temperature

changes through convective heat transfer throughout the axial
direction, z, due to movement of the gas phase across the
catalyst bed, where us is the gas superficial velocity. The term
hfav(Ts − Tg) stands for the heat transfer between the bulk of
the gas and the solid phase, with hf the heat transfer coefficient,
and Ts the temperature at the catalyst surface. Finally, the term

z
f T

z

2

2 denotes changes in the gas temperature through the
axial direction of the catalyst bed due to conductive heat
transfer, with λzf the effective axial thermal conductivity.

(Mass and Energy Balance in the Solid Phase (Equations
3 and 4).

C

t
k a C C r( ) (1 )i s

g i v i i s i
s,
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(3)

Figure 1. Schematic overview of the modeled experimental reactor setup, based on ref 13.

Figure 2. Side view of the modeled catalytic part of the reactor setup.
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In eq 3, the term C

t
i s, represents the time-dependent change in

concentration of species i on the catalyst surface (i.e., in the
solid phase), and the term (1 − εb)ris accounts for the
production or destruction of species i through surface reactions
in the solid phase.
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Finally, in eq 4, Cp
T
tbed ,bed

s accounts for time-dependent
temperature changes of the solid phase with ρbed and Cp, bed the
density and heat capacity of the catalyst bed, respectively. The
term hfav(Ts − Tg) represents the heat transfer between the gas
and solid phase, and the term (1 − εb)∑ − ΔHrxn,jηjRj stands
for the amount of heat released from, or added to, the surface
due to the occurring reactions, where ηj is the so-called catalyst
effectiveness factor for reaction j (see section SI.1 for more
information). As written in the section Model Assumptions, we
assume ηj is 1 in our model, but we keep this parameter in the
above equation, so that this equation is also more generally
valid, for other conditions.
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 ( Ts) can be neglected. Therefore, the
gas−solid heat transfer rate can analytically be calculated from
eq 4 as follows:

h a T T H R( ) (1 ) j j jf v s b rxn,= (5)

(Ergun Equation for the Pressure Drop Across the
Catalyst Bed (Equation 6). Modeling of gas flow through
porous media is quite complex, but it can sometimes be
considerably simplified if the porosity does not vary a lot and a
uniform flow distribution within the bed can be assumed. In
general, this is the case in fixed bed reactors, which are made
up of roughly uniform particles in terms of both shape and size.
Gas flow through fixed beds can be modeled by analogy with

flow in pipes when the bed porosity is uniform. There is
however a pressure drop through a fixed bed, due to frictional
losses and inertia, characterized by a linear and quadratic
dependence on the flow velocity, respectively. Adding these
two contributions to the gas flow equation results in the well-
known Ergun equation for calculation of the pressure drop
across a catalyst bed, which can be written in its dimensionless
form as27

f
Gr
150

1.75p
p

= +
(6)

Here f p and Grp are the fixed bed friction factor and
modified Reynolds number, respectively, and they are defined
as

f
p

L

D

u 1p
p
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2
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jjjj

y
{
zzzz
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Gr
u D

(1 )p
s p=

(8)

where Δp is the pressure drop (Pa) across the catalyst bed, L is
the length of the catalyst bed (m), Dp is the equivalent
spherical diameter of the packing (m), ρ is the density of the
gas mixture (kg m−3), μ is the dynamic viscosity of the gas
mixture (kg (m s)−1), us is the gas superficial velocity (m s−1),
and ε is the void fraction (porosity) of the catalyst bed.

Model Parameters. There are many physical properties
used in our model, like mass transfer coefficient, heat transfer
coefficient, axial dispersion coefficient, and effective thermal
conductivity. Normally their values are unknown or sometimes
very difficult to measure experimentally. Therefore, we use
empirical correlations to determine these properties. According
to the literature, those empirical correlations have already been
successful in modeling of fixed bed reactors. The mass transfer
coefficient is not used in our model, as the term accounting for
mass transfer between gas and solid phase can be replaced by
the adsorption rates calculated from the surface kinetics model
(cf., explanations for eq 1 above). Similarly, the heat transfer
coefficient is not used in our model, as it can be determined
analytically (cf., explanation for eq 4 and 5 above). However,
for systems with less information on the kinetics or with no
control on the catalyst bed temperature, the calculation of
these properties is crucial. Therefore, the conventional
correlations that are normally used in modeling of fixed bed
catalytic reactors for all the physical properties used in our
model are presented in Supporting Information (section SI.1).
Additionally, an overview of the other parameters used in the
model is presented in Table 1.
As mentioned before, our modeling approach is developed

for modeling of the catalytic bed of a two-stage plasma-
catalytic reactor, where a reactive flow, generated from a
remote plasma, is exposed to a catalytic bed. However, this
approach can also be adapted to a single-stage plasma-catalytic
reactor, where the plasma is in direct contact with the catalytic
bed. In such a case, a more detailed plasma kinetics model
should be considered for the gas phase, in which the presence
of several different species like ions, electrons, and electronic
and vibrationally excited species are considered. Of course,
such a detailed plasma kinetics model will result in significant
expansion of the mass transfer equations governing the plasma-
catalytic system. In a single-stage plasma-catalytic system, a
higher population of electronic and vibrationally excited
species may enhance the dissociative adsorption reaction
rates. Additionally, adsorption of other reactive species at the
catalytic surface may occur, and therefore, their influence on
improving or limiting the process toward the desired product
should be carefully investigated. Furthermore, the effect of the
presence of numerous species in the gas phase on the axial
dispersion coefficient as well as on the physical and
thermodynamic properties of the gas phase should also be
considered. Moreover, the effect of plasma on the catalysts also
needs to be investigated to make sure that the catalyst remains
active. Finally, the electrical power, supplied to the gas phase to
form a plasma, is an additional source of creating temperature
gradients inside the system, and therefore, its effect should also
be considered in the energy balance equations. All these effects

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

https://doi.org/10.1021/acssuschemeng.2c05665
ACS Sustainable Chem. Eng. 2023, 11, 1720−1733

1723

https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.2c05665/suppl_file/sc2c05665_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.2c05665/suppl_file/sc2c05665_si_001.pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.2c05665?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


are however outside the scope of this work, and will be
considered in a follow-up study.

Initial and Boundary Conditions. The boundary
conditions for this system of equations are as follows:
At the reactor inlet (inlet of the catalyst bed, ζ = 0):

C C
C

T T T T P P, 0, , ,i i
i safter plasma ,

g s bed 0= = = = =

(9)

At the catalyst bed outlet (ζ = 1):

C C T T
0, 0i i ,s s= = = =

(10)

The initial conditions are defined as

C C C T T T T( , 0, , )i i i,0
after plasma

,s,0 0 g s,0 bed= = = = (11)

Reaction Kinetics. We only consider the most important
reactions for NO production, describing N2, O2, N, O, and
NO. In order to account for the simultaneous effects of plasma
and catalyst on the system behavior, the plasma-catalytic N2
oxidation kinetics model proposed by Ma et al. is also used in
the present study.13 As the catalytic N2 oxidation is the reverse
of the more widely studied catalytic NO decomposition
reaction, a surface kinetics model relevant to NO decom-
position on Pt is used to describe the catalytic reactions (Table
2).

The activation energy for dissociation of N2 and O2 in the
gas phase is quite high (i.e., 9.74 and 5.12 eV, respectively), so
dissociation in the gas phase is unlikely to occur at the
conditions under study. Therefore, the dissociation reactions of
N2 and O2 were excluded from the reactions describing the gas
phase reaction kinetics. Additionally, due to the very low
concentration of N and O radicals in the gas phase and the
zero activation energy for their adsorption on the catalyst
surface (cf., Table 2), we assume that they will immediately
adsorb on the surface upon their entrance to the catalyst bed,
and thus their recombination back to N2 and O2 in the gas
phase can be neglected in the catalytic stage of the reactor
under study. Therefore, in the gas phase, we only consider the
so-called Zeldovich mechanism to occur, which describes the
noncatalytic N2 oxidation (Table 3). To add the effect of
vibrationally excited N2 and O2 molecules, formed in the
plasma, on the proposed reaction kinetics, the normalized
density of each vibrationally excited state is determined
considering a Treanor vibrational distribution function.3,31

We assume that N2 and O2 have the same vibrational
temperature. Ma et al. estimated vibrational temperatures to
be 10000 K in the plasma, based on ref 32, and they selected
Tv = 6000 K as a representative vibrational temperature after
the temperature drop expected during the flow of the
postplasma gas flow to the catalyst bed.13 Therefore, we also
use Tv = 6000 K in our model. Details on the calculation of the
plasma-catalytic reaction rate coefficients are presented in
Supporting Information (section SI.2) following the methods
described by Mehta et al.33

Note that NO2 formation can also be one of the possible
pathways in this system. However, in the present work we do
not consider (catalytic) NO2 formation since to our knowledge
the kinetic parameters (i.e., reaction barriers and enthalpies on
Pt) needed for our model were not available in the literature.
Additionally, no experimental measurements of NO2 were
reported by Ma et al.,13 which is used to benchmark our
model.

Table 1. Other Parameters Used in the Model, As Well As
the References Where Their Values Are Taken From

parameter name value unit ref

P pressure 0.005 bar 13
Tg gas temperature 873 K 13
S number of active

sites
2.3 × 10−7 mol 13

NA Avogadro’s number 6.02 × 1023 mol−1

R gas universal
constant

8.31 J (K mol)−1

Mair molecular weight of
air

28.97 g mol−1

Qin inlet gas volumetric
flow rate

1.67 × 10−6 m3 s−1 13

Q Q
T

T
P
Pin

g= actual gas volumetric
flow rate 0.001 m3 s−1

Vp total volume of
catalyst particles

6.9 × 10−9 m3 13

dbed catalyst bed
diameter

2.5 × 10−2 m 13

A
d

4bed
bed
2

= catalyst bed cross
section area 4.91 × 10−4 m2

L
V

A
b

bed
=

catalyst bed
characteristic
length

1.41 × 10−5 m

λs solid thermal
conductivity

2.5 W (m K)−1 28

dr reactor diameter 3.4 × 10−2 m 13

A
d
4r
r
2

= reactor cross section
area 9.08 × 10−4 m2

us = Q/Ar superficial gas
velocity

1.11 m s−1

Vt = ArL total volume of
catalyst bed

1.28 × 10−8 m3

t
V
Q

t
res = residence time 1.27 × 10−5 s

εb catalyst bed porosity 0.46 −
dpore catalyst pores

average diameter
10.4 × 10−9 m 29

τcatalyst catalyst tortuosity
(see section SI.1)

1.57 −

CT number of sites per
unit area of the
catalyst

1.46 × 1019 m−2 13

a
C V

1
v

T p
=

external surface area
per unit volume of
the catalyst

9.87 × 10−12 m2 m−3

Cpg gas phase heat
capacity

1.01 × 103 J (kg K)−1

Table 2. Surface Reactions Included in the Model, along
with Their Reaction Parameters30a

reaction no. reaction on Pt (211) surface ΔH (eV) Ea (eV)

R1 VN 2 2N2 + * * 1.35 2.55

R2 O2 + 2* ⇄ 2O* −2.09 0.17

R3 VN N+* * −4.26 0.00

R4 VO O+* * −3.66 0.00

R5 VN O NO* + * *+* −0.61 1.39

R6 VNO NO* +* 1.89 1.89
aNote that * stands for an empty surface site. ΔH: Reaction enthalpy,
Ea: Activation energy.
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Typical Calculation Results. The model calculates the
concentrations of the various species in the model (both in the
gas phase and at the catalyst surface) and the reaction rates of
all reactions listed in Tables 2 and 3, both as a function of time
and position across the catalyst bed, for a wide range of
conditions. This allows us to determine the underlying
mechanisms. Of special interest is the NO concentration at
the reactor outlet, as this is the final product, which we try to
optimize.
Finally, based on the total power introduced in the system,

and the total NO concentration at the reactor outlet, we can in
principle also calculate the energy cost of NO formation as

P
C Q

EC 10total

NO

6=
×

×
(12)

where EC is the energy cost of NO formation (MJ mol−1),
Ptotal is the total power (W), CNO is the NO concentration
(mol m−3) at the reactor outlet, Q is the gas volumetric flow
rate (m3 s−1), and 10−6 is the conversion factor from J to MJ.
Note, however, that we cannot calculate the absolute value

of the energy cost, as we do not know the exact power going
into the system. Indeed, it consists of the power of the power
supply, heating mantle of the catalyst bed, and vacuum pump,
and the values of the latter two were not reported in the study
of Ma et al.13 Therefore, we will plot the energy cost in
arbitrary numbers, so that we can study the relative trends of
the energy efficiency of the system for various conditions, and
because the total power going into the system will be (more or
less) constant for all conditions, keeping in mind that the
power of the power supply is constant, as well as the
temperature of the catalyst bed and the pressure (i.e., flow rate
of the vacuum pump).

■ RESULTS AND DISCUSSION
Effect of Postplasma Species Fluxes Entering the

Catalyst Bed. To evaluate the NO production sensitivity to

the postplasma fluxes of species entering the catalytic stage, we
solved our model for a wide range of postplasma
concentrations of the species involved in the NO production
process. It allows us to estimate for which conditions our
model can reproduce the experimental NO concentrations,
reported by Ma et al.13 In addition, this parameter study gives
us insights in how the reaction performance in the catalyst bed
is affected by the postplasma composition.
We used the partial differential equation (PDE) solvers in

MATLAB & Simulink 2022 for solving eqs 1−4. Note that
using the dimensionless form of eqs 1−4, although it has no
influence on the quantitative results of our model, helps a lot in
better defining the governing equations for MATLAB &
Simulink PDE solvers. Therefore, the procedure for deriving
these dimensionless equations is discussed in section SI.3. In
our model, linear and nonlinear PDEs, algebraic equations, as
well as initial and boundary conditions are involved. We first
checked the sensitivity of the model for discretization, ranging
from 10 to 1000 intervals, and the model results were found
independent of discretization for discretization intervals above
100. Hence, the catalyst bed of the experimental reactor was
axially discretized by 100 uniform intervals, and the output
results are reported after 1260 s (or 21 min), when steady state
was definitely reached.
According to the literature, at similar plasma conditions to

the reactor under study, when log10xOd2
varies from −4 to −1

(i.e., the O2 fraction in the feed gas varies from 10−4 to 10−1),
the log P

P10 2
N

N2
(i.e., the logarithm of the N2 dissociation fraction)

can vary nonmonotonically or decrease monotonically, in a
range from −4 to −2.5.13,36−38 We solved our model for a wide
range of N2 dissociation fractions between 10−5 and 10−1 to
completely cover the reported range in the literature at
different O2 fractions in the feed gas corresponding to the
experiments of Ma et al.13 Knowing the postplasma
concentration of NO as a function of O2 fraction in the feed

Table 3. Gas-Phase Reactions Included in the Model, along with Their Reaction Parameters34a

reaction no. reaction A (cm3 s−1) Ea (eV) ΔH (eV) ΔS(meV K−1)

R7 VN O NO N2 + + 3.0 × 10−10 3.31 3.26 0.123

R8 VO N NO O2 + + 3.2 10
T

300
12× i

k
jjj y

{
zzz 0.27 −1.38 0.139

aThese two reactions form the so-called Zeldovich mechanism of NO formation.35A: Pre-exponential factor. Ea: Activation energy. ΔH: Reaction
enthalpy. ΔS: Reaction entropy.

Figure 3. (a) Comparison of experimental and calculated NO concentration at the reactor outlet, as a function of O2 fraction in the feed gas. In (b)
the assumed N2 dissociation fraction is plotted as a function of O2 fraction in the feed gas, for which our model can reproduce the experimental
trends of NO concentration as illustrated in (a). Such a nonmonotonic variation in N2 dissociation fraction as a function of O2 fraction is indeed
also described in the literature (see text), indicating that our model can reproduce the experimental NO concentration within a realistic input
parameter space.
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gas, as reported by Ma et al.,13 and assuming that the O2
dissociation fraction in the plasma is normally 1 order of
magnitude greater than for N2,

32,39−42 the postplasma
concentration of each species can be calculated as a function
of N2 dissociation fraction, at different O2 fractions in the feed
gas, as described in SI.4. Note that the results presented below
are strongly influenced by the assumption of a constant ratio
between O2 and N2 dissociation fraction. Of course, this factor
10 is just an approximation, based on the literature, and we do
not know the exact value. Therefore, we keep this parameter
constant in our calculations.
Figure 3a illustrates the experimental and calculated NO

concentration at the reactor outlet, as a function of O2 fraction
in the feed gas. According to the experiments reported by Ma
et al.,13 for an O2 fraction below 0.001, increasing the O2
fraction in the feed gas results in a slight increase in the NO
concentration until it reaches a maximum at an O2 fraction
around 0.001 (see Figure 3a). By further increasing the O2
fraction in the range from 0.001 to 0.01, the NO concentration
starts to drop until it reaches a minimum at an O2 fraction of
about 0.01. Finally, when the O2 fraction rises to 0.2, the NO
concentration also rises drastically. Capturing these trends by
our model requires a precise measurement of all different
species concentrations in the postplasma gas flow that enters
the catalyst bed, as these values are used as the initial
conditions of our model. However, these data were not
available for our case study. Hence, for a certain O2 fraction in
the feed gas (which automatically determines the N2 fraction),
we had to assume a certain N2 dissociation fraction (which
determines the O2 dissociation fraction, as explained above).
Together, they determine the N2, O2, N, and O concentrations
(or fluxes) in the postplasma mixture (cf., section SI.4). When
assuming an N2 dissociation fraction profile as a function of O2
fraction in the feed gas as illustrated in Figure 3b, which
qualitatively captures the behavior described in literature (see
above), our model can reproduce with reasonable accuracy the
observed experimental trend for the measured NO concen-
trations at the reactor outlet as a function of O2 fraction (see
Figure 3a).
To further investigate how the postplasma gas composition

affects the reaction performance in the catalyst bed, we plot in
Figure 4 the NO concentration (a) and its corresponding
energy cost of formation (b) calculated by our model at
different N2 dissociation fractions, as a function of O2 fraction
in the feed gas. Note that the energy cost is plotted in arbitrary

numbers, as explained above, so we can also compare the
relative trends for various conditions.
As observed in Figure 4a, the NO production is not really

sensitive to the N2 dissociation fraction at low O2 fractions in
the feed gas (i.e., xOd2

< 1%). The reason is that the number of
O radicals in the gas flow entering the catalyst bed, and
subsequently their concentration at the catalyst surface, is so
low that not much NO can be produced through the catalytic
process. However, at higher O2 fractions in the feed gas (i.e.,
xOd2

> 1%).), high N2 dissociation fractions yield a high NO
concentration at the reactor outlet, as observed in Figure 4a.
On the other hand, the NO concentration is still low at a low
N2 dissociation fraction. Indeed, at these higher O2 fractions,
the concentration of O2 and O radicals in the postplasma gas
flow is higher, and therefore more O radicals can be adsorbed
on the catalyst surface, which can then react with the surface-
adsorbed N radicals to form NO through the associative
recombination reaction (R5). However, even when enough
surface-adsorbed O radicals exist at the catalyst surface, only a
low amount of NO can be produced at low N2 dissociation
fractions, due to the low concentration of N radicals in the gas
phase and subsequently, at the catalyst surface. This explains
why the NO production at the catalytic stage is very sensitive
to the N2 dissociation fraction. As a result, the energy cost of
NO production is higher at lower N2 dissociation fractions;
Figure 4b, while upon increasing the N2 dissociation fraction,
the energy cost of NO production decreases for N2
dissociation fractions close to 0.1, at an O2 fraction of 20%
in the feed gas (Figure 4b).
In summary, a high N2 dissociation fraction (and thus also a

high O2 dissociation fraction, as they are connected: the latter
is typically 1 order of magnitude higher), in combination with
a relative high O2 fraction (∼20%) in the feed gas, yields a high
NO concentration at the reactor outlet and a lower energy cost
of formation (while the opposite conditions give rise to a low
NO concentration and high energy cost). This is logical,
because these conditions produce more O and N radicals,
which are the main drivers of NO production at the catalyst
surface. Indeed, we performed a detailed reaction analysis to
determine the dominant mechanisms toward NO production,
and the results are presented in the Supporting Information
(sections SI.5 to SI.9).
We also varied the postplasma concentration of NO in a

range from 0 to 6.8 × 10−4 mol m−3 (i.e., 10000 ppm) to
investigate the effect of NO concentration entering the catalyst
bed on the NO concentration at the reactor outlet (Figure 5).

Figure 4. Effect of N2 dissociation fraction and O2 fraction in the feed gas, on the NO concentration (a), and its corresponding energy cost of
formation (b) calculated by the model.
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This study was performed for an N2:O2 mixture of 80:20 at an
N2 dissociation fraction of 3.5 × 10−3, for which our model can
reproduce the experimental NO concentration at the reactor
outlet. An O2 fraction of 20% was chosen, as the catalytic effect
is still pronounced enough at this condition (comparing 2.2 ×
10−4 mol m−3 (3200 ppm) and 5.7 × 10−4 mol m−3 (8250
ppm) for plasma only and plasma-catalytic processes in the
experiments of Ma et al.,22 respectively). Additionally, this feed
gas mixture mimics dry air composition, and is therefore of
special interest for industrial purposes. As illustrated in Figure
5, even without NO present in the postplasma gas, about 3 ×
10−4 mol m−3 of NO is produced at the catalyst bed, due to
reactions of N, O, N2 and O2 at the catalyst surface.
Furthermore, a linear dependence is observed for the NO
concentration at the reactor outlet as a function of postplasma
concentration of NO. Hence, the total NO concentration at
the reactor outlet is the sum of the NO formed in the plasma
and a constant amount of 3 × 10−4 mol m−3 formed at the
catalyst bed.

Effect of Back-Mixing Degree. Increasing the desired
product yield (NO in our case) is always the main purpose in
design and optimization of any reactor. Figure 6 shows how
the NO concentration at the reactor outlet and its energy cost
of formation vary with the degree of back-mixing inside the
reactor. To this end we solved the model for different Pe
numbers (i.e., different axial dispersion coefficients) ranging
from 10−3 (corresponding to Dz = 1.6 × 10−2 m2 s−1, close to
CSTR) to 550 (corresponding to Dz = 2.8 × 10−8 m2 s−1 close
to PFR). Note that for other calculations, the value of the Pe
number is calculated based on the operating conditions of the

experiment, and was found to be equal to 502, indicating that
our system can be described as a PFR, with negligible back-
mixing. That also explains why in Figure 5, the plasma-
produced NO is additive to the NO produced in the catalytic
bed, and no NO from the plasma phase is lost by reactions in
the catalytic bed.
As illustrated in Figure 6, less back-mixing (i.e., high Pe,

close to PFR) yields a rise in the NO production (Figure 6a)
and a drop in its energy cost of formation (Figure 6b). We
observe an S shape pattern with increasing Pe number from
CSTR to PFR conditions (Figure 6a). The reason is that at
lower back-mixing degrees the catalytically produced NO has
less tendency to intermix with unreacted species, and therefore,
its loss due to axial dispersion decreases. This clearly confirms
the adverse effect of back-mixing on the NO concentration at
the reactor outlet. Hence, to reduce this adverse effect, the
reactor and the catalyst bed size and configuration should be
optimized to minimize the degree of back-mixing (i.e., flow
pattern as close as possible to a PFR).

Effect of the Catalyst Bed Characteristic Length. We
varied the total volume of catalyst particles from 6.9 × 10−9 m3

(i.e., total volume of catalyst in the experimental setup) to 10−3

m3. As the diameter of the catalyst bed is considered to be
constant, this results in an increase in the characteristic length
of the catalyst bed from 14 μm to 2 m. It should be noted that
a characteristic length of 2 m is not realistic in practice, but we
performed the simulations in this wide range to show trends.
The contact time of the gas with the catalyst (see SI.10: Figure
S7a) rises from 10−5 s (for the smallest catalyst volume of 6.9
× 10−9 m3, corresponding to the experiments, i.e., character-
istic length of 14 μm) to 1.8 s (for the largest catalyst volume
investigated of 10−3 m3, corresponding to a characteristic
length of 2 m). Normally, increasing the contact time of the
gas with the catalyst should result in a higher NO
concentration. However, as illustrated in Figure 7a, increasing
the characteristic length (i.e., a longer contact time of the gas
with the catalyst) results in a lower NO concentration until a
minimum is reached at around 1 mm. This is because the
increase in characteristic length of the catalyst bed promotes
the adsorption of NO and its subsequent dissociation into N
and O radicals on the surface (i.e., the net rates of associative
recombination (R5) and NO desorption (R6) on and from the
surface, respectively, dramatically drop, Figure S7b). There-
fore, at this range when the characteristic length increases from
14 μm to around 1 mm, the NO production rate at the reactor
outlet (expressed in mol m−3 s−1) sharply decreases from
values around 17 to 0.02 mol m−3 s−1 (Figure 7b). As a result,

Figure 5. Effect of NO concentration entering the catalyst bed on the
NO concentration at the reactor outlet (Tg = 873 K, xOd2

= 20%, Pplasma

= 80 W, Tv = 6000 K, P = 5 mbar, N2 dissociation fraction = 3.5 ×
10−3).

Figure 6. Effect of Pe number on the outlet concentration of NO (a), and its energy cost of formation (b) (Tg = 873 K, xOd2
= 20%, Tv = 6000 K, P

= 5 mbar, N2 dissociation fraction = 3.5 × 10−3).
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a longer contact time (Figure S7a) is not enough to
compensate for the effect of the sharp drop in NO production
rate, and to help the process toward more production of NO.
Therefore, less NO is produced and its concentration, at the
outlet of the reactor, is lower at longer characteristic lengths
(Figure 7a). By further increasing the characteristic length of
the catalyst bed to values above 1 mm, the NO production rate
continues to drop, but this drop is significantly less steep than
for shorter characteristic lengths. Simultaneously, the contact
time continues to rise with increasing characteristic length
(Figure S7a). At these long characteristic lengths (longer than
1 mm), the improvements in contact time of the gas with the
catalyst are significant enough to promote the process toward
more NO production. In other words, although the NO is
produced at lower rates, for longer characteristic lengths the
contact time of the gas with the catalyst is long enough to
enhance the NO concentration at the reactor outlet (Figure
7a).
The effect of the catalyst bed characteristic length on the

energy cost of NO formation and on the NO production rate
(in mol s−1) is illustrated in Figure 8, panel a and b,
respectively. Increasing the catalyst bed characteristic length
has no effect on the gas volumetric flow rate. Therefore, the
NO concentration is the only variable that determines the NO
production rate (the product of NO concentration and the gas
volumetric flow rate, i.e., denominator of eq 12), and thus it
follows exactly the same trend as the NO concentration
(Figure 8b). Similar to the NO concentration, the NO
production rate decreases with increasing characteristic length
until it reaches a minimum at around 1 mm (Figure 8b). As a
result, the energy cost of NO formation increases upon

increasing characteristic length of the catalyst bed from 14 μm
(corresponding to the experimental conditions) 1 mm (Figure
8a). After this minimum in production rate (or maximum in
energy cost), further increasing the characteristic length results
in a higher NO concentration, and hence, the NO production
rate also increases. As a result, the energy cost of NO
formation decreases toward a characteristic length of 2 m (i.e.,
around 92% improvement).
Such an improvement in energy cost of NO formation might

lead to the conclusion that longer catalyst beds significantly
improve the process performance. However, such long
characteristic lengths (2 m, using 10−3 m3 of the porous Pt
catalyst) are not feasible due to the limitations in configuration
of the reactor under study and laboratory conditions. This can
explain the reasoning behind selection of 14 μm as the
characteristic length of the catalyst bed in the experiments, in
addition to the fact that it also requires only a limited amount
of catalyst. Nevertheless, these results illustrate that our 1D
heterogeneous catalysis model allows to investigate the
optimum length of the catalyst bed, which is not possible by
a CSTR model.

Effect of Catalyst Bed Porosity. In the reactor
configuration under study, the catalyst bed porosity can easily
be adjusted by varying the diameter of the catalyst bed (i.e., the
diameter of the YSZ support), which can affect the
performance. In our model, we varied the catalyst bed porosity
from 0.06 (corresponding to a catalyst bed diameter of 33
mm) to 0.99 (corresponding to a catalyst bed diameter of 3
mm). The experiments were performed with a porosity of 0.46,
cf. Table 1. Note that by increasing the catalyst bed diameter
from 3 to 33 mm, the characteristic length of the catalyst bed

Figure 7. Effect of the catalyst bed characteristic length on the NO concentration (a), and the net NO reaction rate (b), at Tg = 873 K, xOd2
= 20%,

Tv = 6000 K, P = 5 mbar, N2 dissociation fraction = 3.5 × 10−3. The insets in (a) and (b) are zoom-in plots of NO concentration and production
rate as a function of characteristic length, respectively, in the ranges where their trends, as a function of characteristic length, are not clearly visible.

Figure 8. Effect of the catalyst bed characteristic length on the energy cost of NO formation (a), and the NO production rate (b), at Tg = 873 K,
xOd2

= 20%, Tv = 6000 K, P = 5 mbar, N2 dissociation fraction = 3.5 × 10−3. The inset in (b) is the zoom-in plot of NO production rate as a function
of characteristic length in a range where its trend, as a function of characteristic length, is not clearly visible.
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decreases from 1 mm to 8.1 μm. The effect of catalyst bed
diameter on the characteristic length and on the porosity of the
catalyst bed is explained in the Supporting Information, section
SI.11.
Figure 9a shows the effect of the bed porosity on the NO

concentration at the outlet of the catalyst bed at steady state. A
higher bed porosity means that there is more free volume in
the catalyst bed for the gas to pass through. Also, the higher
the porosity, the longer the characteristic length of the catalyst
bed. Therefore, more volume of the gas passes through a
longer catalyst bed, which significantly improves the contact
time of the gas with the catalyst particles inside the bed (Figure
9b). On the other hand, as the porosity increases (i.e., at longer
catalyst bed characteristic lengths), the NO production rate
decreases (Figure 9c) due to more NO adsorption and
subsequent dissociation on the catalyst surface (cf., the results
presented for the effect of catalyst bed characteristic length). It
is clear from Figure 9a that a higher bed porosity results in a
higher NO concentration at the outlet of the catalyst bed, until
it reaches its maximum at porosity values around 0.9. The

reason is that, although at higher porosity values the NO
reaction rate decreases a lot (Figure 9c), the higher contact
time between gas and catalyst compensates for this drop in NO
production rate. Therefore, the overall produced NO at steady
state increases with increasing catalyst bed porosity. However,
further increasing the bed porosity to values close to 1 means
there is almost no catalyst inside the bed anymore (i.e., the
effect of surface reactions become negligible), and as a result,
the NO concentration at the outlet significantly drops.
To further investigate the effect of the catalyst bed porosity

on the performance of the system, we plot in Figure 10a the
energy cost of NO formation as a function of bed porosity.
Increasing the catalyst bed porosity has no effect on the gas
volumetric flow rate. Therefore, similar to the case of varying
the catalyst bed characteristic length, the steady state NO
concentration at the reactor outlet is the only parameter that
controls the NO production rate in mol s−1 (i.e., product of the
NO concentration and the gas volumetric flow rate), and
subsequently, the energy cost of NO formation. As the porosity
of the bed increases, the steady state NO concentration at the

Figure 9. Effect of the catalyst bed porosity on the NO concentration (a), the contact time between gas and catalyst (b), and net NO production
rate (c), at Tg = 873 K, xOd2

= 20%, Tg = 6000 K, P = 5 mbar, N2 dissociation fraction = 3.5 × 10−3.

Figure 10. Effect of catalyst bed porosity on the energy cost of NO formation (a), and the NO production rate (b), at Tg = 873 K, xOd2
= 20%, Tv =

6000 K, P = 5 mbar, N2 dissociation fraction = 3.5 × 10−3.
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reactor outlet increases until it reaches its maximum at porosity
values around 0.9 (Figure 9a). As a result, the energy cost
(Figure 10a) drops from ε = 0.06 (corresponding to dbed = 33
mm) to ε = 0.9 (corresponding to dbed = 11 mm). After this
optimum porosity of 0.9, further increasing the catalyst bed
porosity to values close to 1 leads to a significant drop in the
NO concentration at the reactor outlet, and subsequently the
NO production rate sharply drops (Figure 10b). Therefore, the
energy cost of NO formation increases from ε = 0.9 to ε =
0.99.
According to our model predictions for the effect of catalyst

bed porosity on the NO concentration and its energy cost of
formation, further improvement in the performance may be
possible by increasing the porosity of the catalyst bed from
0.46 (corresponding to the experiments) to 0.9. However,
achieving such a high catalyst bed porosity might be difficult in
practice. Note that increasing the porosity to these high values
in our model was only possible because of the specific
configuration of the catalyst bed in the reactor under study. In
conventional (commercial) fixed bed reactors, where the
catalyst bed is made of roughly uniform catalyst beads, the
porosity range is typically quite narrow (0.35 < ε < 0.55).43

Therefore, from a practical perspective, the selected porosity
value in the experiments seemed to be among the best values
possible in practice. Nevertheless, our calculations provide
useful insights into the effect of this parameter, insofar that it
can be tuned, and maybe our work can inspire experimental
groups to design a catalytic bed with higher porosity.

■ CONCLUSIONS
Plasma-based NO production has recently gained increased
interest as a potential sustainable alternative N2 fixation
process. Plasma catalysis can potentially enhance the perform-
ance by coupling a plasma with a (postplasma) catalytic
surface. Mathematical modeling can play a key role in the
optimization of the process, but modeling of plasma-catalytic
N2 fixation into NO is poorly studied.
In the present work, we developed a 1D heterogeneous

catalysis model with axial dispersion (i.e., so-called axial
dispersion model; ADM) for plasma-catalytic NO production
in an ICP reactor. By considering the major transport
phenomena in the catalytic bed (i.e., mass, energy and
momentum transfer), the model allows one to gain valuable
insight into the underlying mechanisms due to coupling of
plasma and catalyst, and how to improve the performance. We
studied the chemical reactions leading to the production of
NO, and the resulting NO concentrations, both at the catalyst
surface and in the gas phase, as a function of time and axial
position in the reactor.
We investigated the effect of the postplasma composition

(i.e., species concentrations/fluxes) on the NO concentration
at the reactor outlet and its energy cost of formation. For this
purpose, we varied (i) the N2 dissociation fraction (which also
determines the O2 dissociation fraction, as the latter is typically
an order of magnitude higher) and (ii) the O2 fraction in the
feed gas. Together, they determine the postplasma concen-
trations (or fluxes) of N, O, N2 and O2. In addition, we also
studied the effect of varying the NO postplasma concentration
on the NO concentration at the reactor outlet. In general, our
model predicts that a higher N2 dissociation fraction in the
postplasma gas flow leads to a higher NO concentration at the
reactor outlet. However, the NO production is not very
sensitive to the N2 dissociation fraction at O2 fractions less

than 1% in the feed gas. A higher O2 fraction in the feed gas
and N2 dissociation fraction in the postplasma gas flow result
not only in a higher NO concentration, but also in a significant
improvement in energy cost calculated by our model. Finally, a
linear increase in the outlet concentration of NO was observed
with a rise in the postplasma concentration of NO for a
constant O2 fraction in the feed gas, but also without NO in
the postplasma mixture, a considerable amount of NO is
formed at the catalyst bed, as the N and O radicals are the
main drivers of catalytic NO production.
We also studied the effect of back-mixing on the NO

production. Our model predicts that higher Pe numbers (i.e.,
flow patterns close to a PFR and therefore, lower back-mixing)
lead to a higher concentration of NO at the reactor outlet and
a drop in the process energy cost. Hence, for process
improvement, it will be important to design a catalytic bed
reactor resembling as much as possible a PFR.
Increasing the catalyst bed characteristic length in general

leads to a high NO concentration and low energy cost, at least
for very long characteristic lengths (around 2 m). Although a
such value might be unrealistic and would require much more
catalyst than the characteristic length used in the experiments,
our simulations can provide information on the effect of this
parameter on the system performance. Finally, increasing the
catalyst bed porosity also results in a higher NO concentration
and lower energy cost, until reaching a maximum at porosity
values around 0.9. At still higher catalyst porosity, there would
be almost no catalyst inside the bed, and therefore the effect of
surface reactions would become negligible.
This kind of model has been used before in the field of

thermal catalysis, and its robustness in simulation and
optimization of various catalytic processes was already
demonstrated.21,22,44−46 However, in this paper, for the first
time, we developed such a model for the simulation of a
plasma-catalytic process for NO production. Our modeling
approach can provide useful insights into the underlying
mechanisms responsible for NO production, as a function of
time and at different positions across the catalyst bed.
Additionally, it can predict the effect of different operating
parameters on the NO concentration at the reactor outlet and
its energy cost of formation. Although these model predictions
will need to be verified experimentally, and we do not claim the
model predictions are quantitatively accurate, at least the
results give insights into qualitative trends, when varying
certain parameters.
Finally, this type of model is not only useful for explanation

and improvement of the system under study, but also can be
used for other plasma types coupled with a catalyst. Therefore,
this modeling approach can open new windows of opportunity
for the simulation, improvement, and optimization of plasma-
catalytic processes operating in fixed bed reactors, not limited
to N2 fixation, but for various plasma-catalytic gas conversion
processes.
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■ NOMENCLATURE
av External surface area per unit volume of the catalyst

(m2 m−3)
Abed Cross section surface area of the catalyst bed (m2)
Ar Reactor cross section surface area (m2)

Ci Concentration of species i in the gas phase (mol m−3)
Ci,s Concentration of species i in the solid phase (mol m−3)
Cpg Heat capacity of the gas phase (Jkg−1 K−1)
Cp, bed Heat capacity of the catalyst bed (Jkg−1 K−1)
CT Number of sites per unit volume of the catalyst
Dz Axial dispersion coefficient (m2 s−1)
Dp Equivalent spherical diameter of the packing (m)
Dm Average molecular diffusivity (m2 s−1)
Di Effective diffusion coefficient (m2 s−1)
DAmix Molecular diffusion coefficient of species A in the gas

mixture (m2 s−1)
DAB Binary molecular diffusion coefficient (m2 s−1)
DKn Knudsen diffusion coefficient (m2 s−1)
dpore Diameter of catalyst pores (m)
dp Diameter of catalyst particles (m)
dbed Diameter of the catalyst bed (m)
dr Reactor diameter (m)
Ea Activation energy (eV)
f p Fixed bed friction factor
Grp Modified Reynolds number of the fixed bed
Gs Mass velocity of the gas phase (kg m−2 s−1)
hf Heat transfer coefficient (Wm−2 K−1)
jD,i Chilton-Colburn factor for mass transfer
jH Chilton-Colburn factor for heat transfer
kg,i Gas-to-solid mass transfer coefficient (m−3 m−2 s−1)
L Length of the catalyst bed (m)
M Molecular weight (g mol−1)
Nu Nusselt number
Pr Prandtl number
P Pressure (Pa)
P◦ Standard pressure
Qin Inlet gas volumetric flow rate (m3 s−1)
Q Actual gas volumetric flow rate (m3 s−1)
rigas Rate of formation or destruction of species i in the gas

phase (mol m−3 s−1)
ris Rate of formation or destruction of species i in the solid

phase (mol m−3 s−1)
Rj Rate of reaction of species i (mol m−3 s−1)
R Gas universal constant (Pa m3 mol−1 K−1)
Re Reynolds number
S Number of active sites on the catalyst surface (mol)
Sh Sherwood number
Sc Schmidt number
t Time (s)
tres Residence time (s)
Ts Surface temperature of the catalyst (K)
T◦ Standard temperature
Tg Gas temperature (K)
Tv Vibrational temperature (K)
us Gas superficial velocity (m s−1)
Vp Total volume of the catalyst particles (m3)
Vt Total volume of the catalyst bed (m3)
xi Mole fraction of species i
z Position from the inlet of the catalyst bed (m)
Greek letters
εb Catalyst bed void fraction (porosity)
ηj Effectiveness factor of reaction j
λzf Effective thermal conductivity (W K−1)
λg Average gas thermal conductivity (W K−1)
λz0 Axial thermal conductivity (W K−1)
λg Solid thermal conductivity (W K−1)
μg Gas dynamic viscosity (kg m−1 s−1)
ρg Gas phase density (kg m−3)
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ρbed Density of the catalyst bed (kg m−3)
ΔHrxn Heat of reaction (J mol−1)
ΔS° Entropy of reaction (J K−1)
ΔP Pressure drop (Pa)
τcat Catalyst tortuosity
τ Dimensionless time
Σiνi Special atomic diffusion volumes
ζ Dimensionless position from the inlet of the catalyst

bed
ϕ Thiele modulus
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