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The surface temperature is computed for a heterogeneous catalytic reaction model,
namely the oxidation of carbon monoxide on platinum. The surface temperature was
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found using non-equilibrium thermodynamic theory, a theory which provides the proper

dependencies between heat and mass fluxes and the reaction rate. The theory predicts
a possible coupling between the reaction rate and the thermal driving force and can help
extend classical reaction kinetics. In absence of direct measurements, we explore the
coupling numerically. The results are able to capture experimental data reported in the
literature, and give new insights into why Arrhenius plots may turn out to be non-linear.

1 Introduction

Heterogeneous catalysis is a well-established field, see
e.g.! The core of the theoretical modeling in this field
corresponds to a set of equations that describes consec-
utive steps: adsorption of reactants, chemical reaction(s)
at the catalytic surface, and desorption. The law-of-mass-
action is often used to describe these steps. Usually, the
interest is on the conditions that determine the overall
reaction rate; this is, for instance, the surface coverage
of reactants/products molecules and the surface temper-
ature. Depending on the catalyst structure, the active site
is, however, often located inside a pore of a heterogeneous
medium. In the case of gases, not only a concentration
gradient arises from the bulk stream to the catalytic site,
but also a temperature gradient may appear.?® The mag-
nitude of interfacial temperature gradients depends on the
nature of processes involved, some representative experi-
mental values are: an interfacial temperature jump close
to 0.2K during the crystallization of MgSO, from aque-
ous solution and over a cold plate,* up to 1.68K at a
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forming ice-water interface,® a maximal of 15.68K across
the water-vapor interface during steady-state evaporation
a low-pressure and in the presence of vapor phase heat-
ing, ® at least of 20K during the carbon monoxide oxidation
over alumina-supported platinum catalyst with microwave
heating”-® and, a temperature jump close to 1K during bi-
ological active transport of calcium in a single HeLa cell.”

The chemical reaction is commonly an activated process,
and therefore modeled with rate constants that follow Ar-
rhenius’ law. For a forward reaction rate with rate coeffi-
cient kg, this may take the form kf = kexp[—FEa./RT]|, where
E, is the activation energy, R is the gas constant, T is the
temperature at which the reaction takes place and k is a
constant. In order to find the characteristic activation en-
ergy Ea, Inky is plotted vs 1 /T, with the expectation that the
plot is a straight line. In presence of temperature gradients,
it is, however, difficult to know the surface temperature at
which the reaction takes place since it can differ from that
of the neighboring bulk phase. For instance, a system with
an exothermic reaction may have a higher temperature at
the catalytic site 7%, where the enthalpy of reaction is re-
leased, then at the position of the thermocouple, where
the temperature is measured 78. For a system with an en-
dothermic reaction, the situation may be reversed. A plot
of Ink; vs 1/T8 may then not appear as a straight line, while
a plot vs 1/7° would have been.

This problem has been recognized since long.”-10-11
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Clearly, it is not sufficient to describe this phenomenon us-
ing chemical reaction kinetics. The heat flux should be cou-
pled to the mass flux. It is known from studies of phase
transitions 12 that the coupling coefficient is large at in-
terfaces. It is not straightforward to mend the situation,
but one way to deal with such a coupling is to use non-
equilibrium thermodynamics (NET). The framework of this
theory was laid out by Bedeaux and coworkers 314 for het-
erogeneous catalysis.

Zhu and Frens !> proposed that apparent deviations from
a linear Arrhenius behavior would disappear using this the-
ory, but they did not take advantage of the theory for more
detailed studies of this problem. This is the main topic of
this work.

A peculiar property of the NET theory is the predic-
tion that the reaction rate is a function, not only of
the well-known driving force (i.e. the negative reaction
Gibbs energy of the surface over the surface temperature,
—A;G®/T*), but also of the difference in the inverse temper-
ature between the surface and the adjacent environment,
A(1/T). The prediction has lead to the formulation of a
non-isothermal Michaelis-Menten kinetics scheme,1® and
to a description of the Ca>*-ATPase, not only as a pump for
Ca’*-ion-transport, 17 but also as heat pump. 12 These in-
teresting phenomena serve as inspiration in this case. Our
aim is also to bring out in more detail the relation between
the chemical reaction rate and its thermal driving force;
thereby adding to chemical reaction kinetics.

The Langmuir-Hinselwood set of equations describe a
central type of heterogeneous catalysis reactions,! where
the reacting components are chemisorbed on the surface
of the catalyst before the chemical reaction takes place.
We shall use an example that follows this pattern to il-
lustrate the theory at work. We shall see that indeed, for
an exothermic reaction, the surface temperature is under-
estimated. A suitable example is the oxidation of carbon
monoxide on a platinum crystal. The reaction between
carbon monoxide and oxygen has long been the subject
of experimental studies and its mechanism and kinetics are
well understood. 2%2! In experiments at low surface cover-
age where the catalyst surface is covered by oxygen, the
reaction obeys the Langmuir-Hinshelwood model.?? The
catalytic process begins with adsorption and dissociation
of O, on the surface, before carbon monoxide is adsorbed:

1
70242 = 70 ¢y
CO+Z = ZCO 2)

where CO and O, are components in the gas phase (non-
adsorbed) whereas ZCO and ZO denote adsorbed compo-
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nents, i.e. molecule or atom bound to the active site Z.

The oxygen atom and carbon monoxide molecule ad-
sorbed in the surface react then to form CO,, which is des-
orbed almost instantaneously, due to its weak interaction
with the platinum surface:

ZO0+ZCO = CO,+2Z 3)

2 The surface as a system

In the theory of NET of heterogeneous systems, the sur-
face between the gas phase and the solid state catalyst is
handled as a separate, i.e. autonomous thermodynamic
system. The properties are defined following Gibbs’ de-
scription. The surface thickness, 6%, is smaller by orders
of magnitude than the adjacent gas and catalyst support
films which have thicknesses 68 and &°, respectively. Fig-
ure 1 represents the three subsystems where the surface is
independent, but coupled to the others. The reactants in
the bulk gas phase, O, and CO, diffuse towards the sur-
face where they react. The reaction product, CO,, diffuses
from the surface back into the gas phase. Reactions take
place only at the surface. Only heat can leave the surface
through the catalyst. In reality, the solid phase may be in
contact with reactor walls, meaning that there is a sink of
heat through the catalyst. The mass and heat fluxes are
also indicated in the figure. The terms surface and inter-
face will be used interchangeably in this work. They both
refer to the catalyst-gas surface layer.

3 Thermodynamic formulation

Thermodynamic properties of the surface are defined fol-
lowing Gibbs’ description, and chemical reaction must
be described within the same framework, seel? for de-
tails. The adsorption and desorption steps are handled
as linearly coupled transport equations, standard for non-
equilibrium thermodynamics. We shall use this formalism
here, with the example chosen.

We shall address the system in a stationary state. This
makes the total heat flux (Jq) and the total mass flux
(J = Jco + Jo, +Jco,) constant across the system. More-
over, since there is no mass flow through the catalyst phase,
the total mass flux equals zero (J = 0). Thermodynamic
models for the three subsystems of Fig. 1 follow from this
condition.

3.1 Gas phase

The gas phase is a mixture of three components (CO, O,
and CO,) which is described by assuming ideal gas law.
The entropy production of the homogeneous gas phase

This journal is © The Royal Society of Chemistry [year]
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Fig. 1 Schematic representation of a heterogeneous catalytic
system in one dimension. The heterogeneous catalytic system
is made up by a gas phase (with thickness §9), a catalyst solid
phase (with thickness &°), and a surface that separates them
(with thickness §%). The subsystems exchange heat and mass.
Proportions between the thicknesses of the subsystems are not
respected. Mass fluxes of reactants (Jco and Jo,) and product
(Jco,) move across the gas phase in opposite directions. The
reaction takes place in the surface. No mass can flow through
the catalyst phase, while heat fluxes are present both in the gas
and in the catalyst phase (Jég and J(’f).

is: 14

s (7)o £)

d d
+Jo, <_dxu;2> +Jco, (_dxﬂcTOZ)

where ¢#% is the entropy production in the gas phase, Jq
is the total heat flux, T is the temperature, and u; and
J; are the chemical potentials and the mass fluxes of the
components j ={CO, O,, CO,}. It is important to note that
there is no conservation with respect to the atomic species
due to the chemical reaction and, for future calculations,
variables are expressed in mass units. The total heat flux
can be expressed in terms of measurable heat flux and mass
fluxes in the gas phase:

Jo=J¢ + Y H;Jj 5)
J

where J{lg is the measurable heat flux in the gas phase, and
H; is the component partial enthalpy.
By substituting Eq. 5 into Eq. 4, we obtain:

d1 d u d1
g_ 8t _ 2 Fco il
© JquT+JCO< dx T +Hcode>
d d1
+]Oz (*a% “I’Hoza?) (6)

d d1
A )
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For the gas phase, Eq. 6 has both, thermal and chemical driving
forces. The relations between driving forces and fluxes in the
homogeneous phase are linear, as follows:

d1
7= rhde + & Jeo +réydo, +résdco, (7
d Uco d1
—1. 7 tHoo g 7 =rigld +riilco +rho, +risico,  (8)
d uo d1
— 1 HHo -7 =B JE 18 Jco + rydo, + Bydco, (9
~ d peo,

o T +HCOZ%% :r§qJég+r§]Jco+r§2102 +r53Jco, (10)

In order to describe the system, all transport coefficients in
Egs. 7-10 must be known. The coefficients may depend on state
variables like temperature and pressure. We only consider the
main coefficients, r$. In principle, cross-coupling coefficients,
rigj, should also be included. The description of the gas phase
would then require 10 independent transport coefficients (the
cross-coupling coefficients are related by the Onsager recipro-
cal relations: 2% /% = ). The cross-coupling coefficients are
usually smaller than the main transport coefficients in a homo-
geneous phase.2%26 Therefore, we neglect these cross-coupling

coefficients in the following.

The main transport coefficients can be calculated from the ther-
mal conductivity and the diffusion coefficients of the gas. Accord-
ing to Fourier’s and Fick’s laws, the measurable heat flux and the
mass fluxes are related to thermal conductivity and diffusion co-
efficients: 27

1 dT

dc;

. — _p8_J
Jj==Dj4 (12)

where A8 is the thermal conductivity of the gas, and D§ is the
diffusion coefficient of component j. The common frame of ref-
erence for all fluxes is the surface. A common choice is needed to
use the same mass and energy flux through the system.

By comparing Eqs. 11-12 with Egs. 7-10 and neglecting the

coupling coefficients, the main transport coefficients are calcu-
lated:

1

g _
r4q = TE72 13)

g _ 1 ou

= o 1
i D§T ac; (14)

T=const.

3.2 Catalyst

The catalyst is a solid material (here a platinum crystal), where
only heat can be transported. The entropy production of the cat-

alyst, o€, is simply:
d /1
C _ Ic 15
o= dx (T> (15)
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where Ji is the measurable heat flux in the catalyst phase. The
force-flux relation for this subsystem is:

d /1

Here the heat transport coefficient, r$,, can be calculated as:

> qq:

c 1

Yaq = Fer2 a7)

where A€ is the thermal conductivity of the catalyst material.

3.3 Surface

The entropy production at the surface is an excess property, 14 in
tegrated out over the thickness of the surface, leading to discrete
formulations of the driving forces in the entropy production:

1o 1o
/1S = e - =
— (F Tg) T (TC TS)

Ko Ko 1 1
*eo (T re | HHco (75~ 72
(18)
ud o ud g (1 1
+Jo, (T;ng +HG, | 75~ 78

1
S S
+v (——TSAIG )

where A;G® is the reaction Gibbs energy. The last term of Eq. 18
describes the reaction, while the second and third terms describe
the adsorption. Surface properties are referred to using the su-
perscript “s”. Superscripts “g” and “c” are used for the gas phase

and catalyst, respectively.

The symbol v® denotes the reaction rate. For isothermal con-
ditions, with equilibrium between the surface and the gas, it is
given by the law of mass action: 20-28:29

vt = 8° (kClozCoz — knClo, C5) (19)

where k¢ ands k;, are kinetic constants for the forward and the
backward reaction in Eq. 3. Here, C} is the molar density at the
surface of component j and it is calculated following a Langmuir-
Hinshelwoods kinetics !, where equilibrium constants for adsorp-
tion of oxygen and carbon monoxide, Kco and Ko,, are needed.
The reaction constants k; and k;, are given by the Arrhenius ex-
pression:

—E
ke = ko £ exp (7R;’f) (20)

)
kp = ko p exp (T;b) 21)

where k¢ and kyy, are the pre-exponential factors, and E, r and
E, p are the activation energies.
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The force-flux relations at the surface are: 14

11
<Ffﬁ):rg’(§1{f o +rgo, +rgfvt  (22)

1 1 S,C 7/
(e 7e) =i @

o Ko ge (L] S8)08 | 58 24
“\ s " 7g ) THco\ s T7E ) Ta +riflco (29

uy,  ué 11
g — 58 /g 8
(Tf—ng) +H, (ﬁ—ﬁ) rgdd +r30o,  (25)

AGE
{1 —exp ( RT3 ﬂ rrqu/g BV (26)
where r;;.g and 5°

o are the transport coefficients of the surface,
which have the units of the transport coefficients for an homoge-
neous phase times a length. From Egs. 7-10 most of the coupling
coefficients related to mass fluxes have been neglected. We have
left the coefficients related to the heat flux and obtained Egs. 22-
26.

The force-flux relation (Eq. 26) between the reaction driving
force, —A;G®/T*®, and the flux is not linear3°
scription. It results from integration over an internal coordinate,
the degree of reaction, with a linear flux-force relation. We refer
to30 for details.

on this level of de-

No experimental data are available for the heat transport co-
efficients of the selected surface. However, experimental data on
other interfaces show that, in comparison to its thickness, the sur-
face has a higher resistance to transport than its neighboring ho-
mogeneous phases.31:32 Thus, we consider that the heat transfer
coefficients can be estimated starting from those of the neighbor-

ing homogeneous phases as: 2°
rqq = Bﬁsrqq @27
rag = B&°rgq (28)

where f > 1 is a scaling factor.

The main mass transport coefficients are estimated from the
adsorption rates of CO and O, into the surface. The mass fluxes
into the surface are written as:

Jco = Veo = 8% (kjCcoCz —k_1Ccoz) 29
s 1/2
Jo,=Vvo,=6 (szo2 Cz— kfzcoz) (30)
where v¢o and v, are the net reaction rates of adsorption, k; and

ky are the forward constants, and k_; and k_, are the backward
constants of the reactions given by Egs. 1 and 2. By comparing

This journal is © The Royal Society of Chemistry [year]
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Egs. 24 and 25 with Egs. 29 and 30, we get:

S,8
1 AGE

S,g - _ ‘/f/lg:O 31
% veo T (D
5,8
e 1 A%l (32)
22 V02 T

where AG;’g is the adsorption (or desorption) Gibbs energy of
component j in the catalyst surface.

The coupling coefficients between heat and mass transport can
be calculated from the heat of transfer3? and the resistivity to
heat transfer:

S,8 __ S,
rei = —Taq q}f (33)

where g7 is the heat of transfer, which can be estimated as a frac-
tion of the enthalpy change:

AN
4= <q> = —KAH}® 34

J.
1) aT=0

where AH}# is the heat of adsorption of component j at the cata-
lyst surface, and 0 < x < 1 is a scaling factor.

The reaction coefficient can be calculated by using Eq. 19 and
Eq. 26 for the case when J/# = 0:

1 AGS
rﬁ;g = {1 —exp ( RrTS )} (35)

The coupling coefficient between heat transfer and the chemi-
cal reaction, ry;, is related to the capacity of the surface to store
heat. By considering that the entropy production is always non-

negative, we obtain:

2
(rg)” <rg§ i (36)

This criterion is used to check whether the sets of coefficients are
thermodynamically feasible or not.

Equation 36 can be rewritten to give a practical way to estimate
the surface coupling coefficient:

s, S,g S,
rrqg =4/a rqqg 58 @37)
where 0 < a < 1 is a scaling factor.

4 Numerical simulations

4.1 Solution procedure

The set of equations describing the system was solved by means
of computational methods using MATLAB® software.33 In the
calculations, the three sub-systems (gas phase, catalyst and in-
terface) were solved simultaneously. The steady state condition
was used, with the total heat and mass fluxes constant across the
system. The solution was obtained using an iterative procedure.
First, the values of the heat fluxes Jég, J(’]C, and mass fluxes J; were
guessed and the later ones are given in Table 1 (see Figure. 1)

This journal is © The Royal Society of Chemistry [year]
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Table 1 Guessed mass fluxes

Flux Value Units

Joo | 5.0x1071" | kgm 257!
Jo, | 29x107!"" [ kgm=2s7!
Joo, | =7.5x 107! [ kgm 257!

Then, Egs. 7-10 and Eq. 16 were integrated, making use of
the guessed fluxes. The integration was carried out using the
MATLAB® ode15s routine, which is a variable-step, variable-
order solver that enables us to solve sets of ordinary differential
equations34. The procedure was repeated until agreement was
obtained with the operation conditions at the boundaries of the
system. Iterations were repeated using the fsolve solver. In or-
der to integrate the equations, we specified the inlet temperature
(T#) and initial concentrations of the components (Cy co, Co,0,,
and Cp co,) at x =0 as a boundary conditions.

4.2 Input data

Table 2 reports the parameters used in the numerical solutions.
In order to keep calculations at a reasonable level of complexity,
we assumed that the forward reaction constant for the adsorption
processes can be written as:

ki = kcopco (38)
ko = ko, po, (39

where kco and ko, denote the rate at which the gases hit the
surface per unit pressure, and pco and po, are the partial pres-
sures of the component in the gas. The recombinative desorption
of adsorbed oxygen was neglected (k_,=0), while the backward
constant of carbon monoxide follows an Arrhenius-kind of expres-

sion: 20

—FEsco
k_1 =ko,co exp ( BT ) (40)

The diffusion coefficients of the components in the gas phase
were estimated by using the Fuller correlation.*? The thermal
conductivity of gas phase and catalyst were approximated to the
one of carbon monoxide and platinum crystal, respectively. The
pressure in the system was kept constant at 1 bar. The nomencla-
ture, symbols and units used in the set of equations are presented
in the Appendix 7 and the relevant data for all the parameters

and system properties are listed in Table 2.

4.3 Studied cases

In order to analyze the special features of NET formalism com-
pared to standard reaction kinetics description, we proposed
three cases. In all cases, we modeled transport in the gas phase
with simple transport equations, and the three cases were de-
signed with increasing complexity, as follows:

Case 1: Main coefficients

This case resembles the standard reaction kinetics approaches. In
the modeling of the catalytic process, only the main coefficients

Journal Name, [year], [vol.], 1-14|5
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addressing the gas film and surface are taken into account. The
scaling factor for the main coefficients, 8, was varied between 102
and 107 while k and « were kept equal to zero.

Case 2: Main and coupling coefficients

For this case, a partially coupled model was considered. Thus,
coupling coefficients for mass and heat transfer were added to
Case 1. The scaling factors B and k are varied from 10% to 107
and 0 to 1, respectively. Here, the scaling factor o was kept equal
to zero.

Case 3: Full set of coefficients

In this case, the full set of coefficients were considered: (a) main
coefficients of the gas film and surface, (b) at the surface, cou-
pling coefficients of mass and heat transport, and coupling coef-
ficients of reaction and heat transport. Case 3 includes the full
coupling between heat transport, mass transport and the chemi-
cal reaction, in the sense defined in Section 3. The scaling fac-
tors B, k and a were set to constant values, obtained by fitting
the model to experimental results. A sensitivity analysis of these
choices were next carried out.

4.4 Transport coefficients

The expressions in Section 3, which were used to compute the
transport coefficients, are summarized in Appendix A. The main
coefficients for the gas film at 78 = 500 K*!, reported in table 3;
are all positive, in agreement with the Second Law. The coeffi-
cients in this Table are used in cases 1-3.

Table 3 Main transport coefficients of the gas film, at 79 = 500 K,
k=1, & = 0.9, and inlet mole fraction of the gases

Coefficient Value Units
&g 1.7x107* | msJ'K!
i 22x108 [ JsmK ! kg2
5, 20x 108 [ JsmK kg™
5 20x 108 | JsmK~! kg2

Table B.2 presents all the coefficients of the surface at initial
gas temperature, 78 = 500 K, and inlet mass fraction of the gases.
In section 3 we proposed that the main coefficients at the surface
are related to those for the gas film by the scaling factor 3, and
the surface coupling coefficients and surface main coefficients are
related through factors a and k. The values in table B.2 therefore
depend on these parameters. A sensitivity analysis was carried
out, keeping in mind that our aim is to evaluate the surface tem-
perature, c.f. Figures. 4- 6. Learning from this sensitivity analy-
sis, we settled on the following set of values: B = 10°, k = 1 and
o =0.9. This set of coefficient are used to define the fully coupled
studied case (case 3).

6| Journal Name, [year], [vol.],1-14
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Table 4 Main and coupling coefficients of the surface at 79 =
500 K, and inlet mass fraction of the gases. The scaling factors
are f=10° x=1and a =0.9.

Coefficient Value Unit
ree 1.7 %1077 m?sJ ! K™!
3 56x107" | m?*sJ ' K!
ot 3.6x 107! m? s kg~
e 1.0x 1074 m? s kg~!
g 22x 10" | Jsm? K ! kg2
Y 2.0x 10" | Jsm? K ! kg2
e 1.4 x 10° m2 W-!
e 4.3 x 10" s kgcar kgco

5 Results and Discussion

The results of the simulations are reported for Cases 1-3 in Fig-
ure 2. Next, we present the temperature profile in the gas phase
in Figure 3 for a given set of scaling factors, which we consider
to be reasonable. We continue with the sensitivity analysis for
scaling factors in Figures 4-6. The main findings are presented in
Figures 7 and 8.

5.1 Surface temperature rise above the bulk gas.
Studied cases 1-3.

From the set coefficients calculated in the studied cases, we an-
alyze how the surface and gas temperatures depend on the cat-
alytic process. Figure 2 shows the difference between the surface
temperature and the bulk gas temperature at various initial gas
temperatures, T8, in cases 1-3. The dependence of the surface
temperature on the scaling factors is complex, thus we show the
results for a selected set of factors (see Sections 5.3 and 5.4) in
Figure 2. In the Case 1, it is clear that the exponent, a, of the
scaling factor § must be greater than five, in order to see a signif-
icant rise in surface temperature above the gas film temperature.
For instance, with f = 10% and 78 = 500 K, the difference 75 — T8
is less than 5 K, see Figure 2-(a). This means that this case is
unable to explain any sizable differences in temperature between
the catalytic site and the surroundings.

In Case 2, the temperature difference between the gas and sur-
face increases by considering the contribution of mass-heat cou-
pling coefficients (see Figure 2-(b)). At 78 =500 K and k = 1,
TS — T8¢ is greater than 5 K.

When all coupling coefficients are taken along (Case 3), Fig-
ure 2-(c) shows that the temperature difference, 7% — T8, does not
change respect Case 2 when the coupling coefficient between heat
and mass transport is considered. For this case, we have set the
scaling factors equal to f = 10°%, k = 1 and o = 0.9, based on ex-
perimental results analysis (see Sections 5.3 and 5.4). This means
that the predictions made by NET theory seem plausible. We shall
consider more aspects of the model below, which strengthens this
view.

This journal is © The Royal Society of Chemistry [year]
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Fig. 2 Computed temperature difference, 75 — 79, as a function
of T9 for the three case studies defined by the scaling factors
between the transport coefficients: (a) Case 1, B = 10%, k=0
and a = 0; (b) Case 2, B =10° x =1 and o = 0; (c) Case 3,
B=10°x=1and o =0.9

5.2 Gas film temperature profile

In order to achieve a deeper insight into the reason why Case 1
fails for describing a temperature increase, we consider the whole
system at steady state. The total heat flux and mass fluxes are
constant across the films surrounding the catalyst surface. The
two reactants at the inlet have the same concentration, see Ta-
ble 2.

Figure 3 shows the corresponding temperature profile across
the film and surface. The slope in the film is small, and the surface
sticks out as a singularity. This is due to the conditions given by
the equations of the surface represented as a temperature jump
of few degrees at the surface (see the * symbol in Figure 3), and
can be ascribed to the enthalpy delivered by the reaction to the
surface, where a hold-up of heat is feasible due to the special
resistivities. A sensitivity analysis of this result is presented in the
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Fig. 3 Spatial temperature profile in the gas film at 79 = 500 K.
Position is in meters and Temperature in Kelvin. The scaling fac-
tors are set equal to B = 10% x =1 and o = 0.9. The symbol
corresponds to the surface temperature, T*.

next paragraph.

5.3 Estimating scaling factor 3 from experiments

The surface is assumed to possess a higher resistance to trans-
port compared to the gas phase,2® meaning that heat flows only
through the gas phase. The surface resistivities were obtained
by scaling the gas resistivities by a factor  as given in Eq. 27
and 28 which makes the coefficients explicit functions of . The
surface temperature, therefore, has a strong dependency on this
factor, and the effect of the surface can be studied directly. The
factor depends on the interface nature, for instance, § = 100 was
proposed for a membrane as an interface at a certain tempera-
ture, 2> however in this work, the system includes a solid inter-
face, thus another value may be more appropriate. According to
Zhu et al.,*? the surface temperature for catalytic hydrogen oxi-
dation differed by at least 34 K from the temperature in the layer
before the surface. We build on this experience and propose the
following expression for f3:

B=10" 41

where a = 2 is related to membranes and a > 3 can describe solid
interfaces. The resulting temperature difference, AT =T —T8, is
shown as a function of f = 10 in Figure 4 at two different inlet
temperatures, 78. We see that 3 varies with respect to the inlet
temperature, and to obtain simulation results that can explain the
data in Zhu et al., f must be 10* with a > 5.

5.4 Estimating scaling factor k: Coupling of heat and
mass transport
The parameter x determines the relation of the coupling between
the transport coefficients of heat and mass, i.e. the resistivity to
heat transfer and the heat of transfer. The meaning of x in Eq. 34,
is simple; it expresses the fraction of the enthalpy for the phase
change, or reaction, that leaves the system in the negative direc-
tion of transport; i.e. goes back to the gas phase. If k =1, all
heat enters or leaves by the gas phase; if ¥ = 0, all heat leaves
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Fig. 4 Surface temperature difference, AT = T° —T9, as a func-
tion of the inlet temperature 79 and the scaling factor f. The
horizontal axis gives the a-value in the expression = 104, which
varies from 5 to 7. The vertical axis gives the value of AT at
two different gas temperatures T8: (x) 500 K, and (o) 550 K. The
system is in steady state. The results are obtained using sets of
parameters in tables 2-B.2. The scaling factors x and «a are set
equal to 1 and 0.9, respectively.

through the catalyst to the reactor wall. Correspondingly for the
coupling coefficients (see Egs. 33 and 34): k=0 = rg’]g =0 and
k=1 = ryf= rqsAH;. Figure 5 represents the surface temper-
ature computed by varying factor «x, i.e. varying heat and mass
coupling coefficients at 78 = 500 K. The effect of this coupling is
such there a linear increase in surface temperature at increasing
k. The heat and mass coupling is related to reversible processes;

heat carried along by the component.

5.5 Estimating scaling factor a: Coupling of heat
transport and reaction

Figure 6 represents the temperature difference by varying fac-
tor a, i.e. varying heat transport and reaction coupling at the
conditions 78 = 500 K, B = 10° and x = 1. There is no signifi-
cant influence of the coupling coefficient between heat transfer
and reaction on the temperature difference, and this behaviour
is consistent with Figs. 2 (a)-(b) since the temperature difference
increases by increasing values of f§ and k. In Fig. 2 (c), however,
the temperature difference does not change by fixing k¥ = 0.9.

5.6 Surface temperature and Arrhenius plot

We are now in position to comment on the interesting analysis
of experimental data for this system, done by Zhu and Frens. 1>
They analyzed the rate of reaction as a function of temperature
in the measurement, in order to obtain evidence for a surface
temperature being different from that of the measurement or the
near surroundings. They suggested to linearize a curved Arrhe-
nius plot to fit the experimental results. Doing this, the measured
temperature could be use to estimate surface temperature. Now,
in Figure 7 we present the Arrhenius plot obtained from our ther-
modynamic model. We calculated the reaction rate of the oxida-
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Fig. 5 Surface temperature difference, 75 — T9, obtained with
heat and mass coupling coefficients at 79 = 500 K, g = 10° and
a =0.9. The horizontal axis gives the values of k. The vertical
axis is the surface temperature difference.
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Fig. 6 Surface temperature difference, TS — T9, from a varying
coupling coefficient with 79 = 500 K, B = 10° and k = 1. The
horizontal axis corresponds to the values of the a factor. The
vertical axis is the surface temperature difference.

tion of carbon monoxide and the temperature at the surface for
given values of T8. The figure shows (see the curve with aster-
isks) that there is no good linear correlation between Inv¥ and
1/T8. However, when Inv® is plotted against 1/7° (see the curve
with rhombuses), a linear correlation seems reasonable. In other
words, our results give quantitative support to the results of Zhu
and Frens.!> The results are interesting, because they support
the importance of a special surface temperature, in the analysis
of the kinetics of heterogeneous catalytic processes. They defend
that there is a benefit by using a more sophisticated theory for the
modelling of the events.

5.7 Entropy production in the gas phase and at the
surface

The entropy production in a system is a measure of the dissipation

of energy, or the irreversibility of the processes.The NET formal-

ism is a tool not only to describe a certain process but also to
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Fig. 7 Computed Arrhenius curve for carbon monoxide oxida-
tion. Circles correspond to 79, and stars correspond to TS. The
dashed line represents the linear Arrhenius’ equation. The scal-
ing factors are set equal to 8 = 10°, k =1 and a = 0.9.
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Fig. 8 Calculated entropy production for the heterogeneous cat-
alytic oxidation of carbon monoxide. Curves are obtained at dif-
ferent initial temperatures 79 and for the following values of pa-
rameters: E, =72 kd/mol, k=1, & = 0.9 and = 10°.

optimize processes that include chemical reactions in a heteroge-
neous medium.“*® A process can be considered as optimal when
its entropy production is minimal. A first step in the direction of
minimization, using optimal control theory, 3043 is to map the lo-
cation where dissipation takes place. The results in Figure 8 show
that the entropy production depends on the nature of chemical
reaction and other parameters. There is a higher entropy produc-
tion at the surface compared to the gas phase as T8 increases.
This is consistent since the chemical reaction takes place on the
catalyst surface. The art of process optimization seems to be to
make this dissipation as uniform as possible. 30-43

6 Conclusions

We have used NET formalism to describe a heterogeneous cat-
alytic system, exemplified by the Langmuir-Hinselwood type of
reaction, and demonstrated how it can be used to examine condi-
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tions around the catalytic surface in more details compared to the
standard chemical kinetics approach. A simplified kinetic scheme
was used to simulate adsorption, reaction and desorption at the
catalytic surface, using transport coefficients that were calibrated
with experimental values reported in the literature for a particu-
lar reaction, the oxidation of carbon monoxide.

The thermodynamic model was set up to include not only cou-
pling between heat and mass fluxes, but also the coupling be-
tween reaction rate and heat flux. This is not common in the
field of reaction kinetics. We have seen that a reasonable choice
of coupling coefficients may influence significantly the conditions
at and around the surface. The theory offers, therefore, another
way to design experiments that allow us to measure transport
coefficients. In particular, reliable regimes of validity and actual
values should be established for the scaling factors, 8, k and «,
although, this is not a straightforward procedure. In the case of
being verified, we believe that our results can contribute to an
increased understanding and therefore facing of these important
processes.

At this stage, our model supports the analysis of Zhu and
Frens,1® in which the surface temperature can differ from the
temperature in the near surroundings by some ten’s of degrees.
This observation can be used to explain apparent non-linear be-
havior in Arrhenius plots.
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7 Appendix A: Nomenclature, symbols and
units

A Appendix B: Expressions for transport
coefficients

The heats of transfer ¢} per component are given by:

C]T =— K'AH] (42)
CIT =—K Cp,CO(Tg - Tref) (43)
g =—2.1x10°J/kg 44
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q; = — K'AH2 (45)
93 =—K Cp,Oz (Tg - Tref) (46)
7 =—1.9x10°J/kg (47)

where Tyf = 298K and C, ; is the heat capacity of component

Now, we check whether the following relations are fulfilled:

(i) < g

1.8x 102 <73 x 1013

2
5.8 58 5,8
(rq1> S7qq 11

13x1071<3.7x10°

2
5.8 5.8 5,8
(’q2> S7qq "22

1.1x1078<33x%x10°

It is important to note that H? and S? are used to calculate the
chemical potentials in the gas phase, as follows:
W) = K+ RT In(x))

where

M?ZHj+TSj

The partial molar enthalpy, H;, and the partial molar

entropy,S;, are given by:

0
H; = H) +ATC,

T
S;=89+Cyin (Tef)

where AT =T — T,of and Tief = 273 K. The reaction Gibbs en-
ergy is calculated from the chemical potentials

n
AG =} Vil
=1

where v; is the stoichiometric coefficient.

' , 1 ,
AG* = lgo, = 5 Mo, ~Heo
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Table 2 Parameters and system properties used in the simulations.
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Property-Parameter Value Units Reference
p 1x10° Pa

R 8.314 Jmol~! K~!

CO,CO 12.2 mol m~3

Co.0, 12.2 mol m—3

C()_(:o2 6.1 mol m—3

Cio 9.7x107* mol kg

Cs, 9.7x10~* mol kg_,!

Ceo, 8.5%x 1073 mol kg,

D%, 34x107° m? 5! 27,35
D§, 2.8x107° m?s~! 27,35
D, 3.1x107° m? s~ ! 27,35
ke co 3% 106 mol Pa~'kg_,} s~! 20,28
Ky co 2 % 1016 g1 20,28
kt o, 2.3 x 107 Pas~!

ke 1.2x 1076 kgcar mol ! s7!

ky, 1.2x 10716 kgcar mol ! s7!

Eapco 159 kJ mol ! 20,28
E,¢ 72 kJ mol~! 20,21
Kco 3.6 X 1011 - 20
Ko, 2.3x 107 - 20
AHGE 180 kJ mol ! 36
AHGE 340 kJ mol ! 36
HYy -110.5 kJ mol ™! 37
52, 197.6 Jmol~! K~! 37
5O, 205.0 J mol~! K! 37
58 1x107° m

58 1x 107 m

8¢ 1x1074 m

A8 0.0232 WmIK! 38,39
AC 72 Wm~'K™! 39
pe 719 kg m~3 38

12| Journal Name, [year], [vol.], 114

This journal is © The Royal Society of Chemistry [year]


https://doi.org/10.1039/C9CP02389E

Page 13 of 14

Published on 19 June 2019. Downloaded by Norwegian University of Science and Technology on 6/19/2019 8:15:58 PM.

Physical Chemistry Chemical Physics

Table A.1 Symbols of properties and parameters
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Property-Parameter Symbol Units
Heat capacity Cp Jmol~! K~!
Pressure p Pa
Temperature T,T8,T5,T¢ K
Molar fraction of component ; Xj -

Gas constant R Jmol~! K~!
Total heat flux Jq W m?
Measurable heat flux A W m—2
Molar flux of the component j Jj mol s~! m~2
Chemical potential L Jmol™!
Partial molar enthalpy of component j H; J mol™!
Thermal conductivity A Wm ! K!
Diffusion coefficient of component j D; m?s~!
Concentration of component j in the gas C; mol m~3
Concentration of component j at the surface C; mol kg.}
Reaction Gibbs energy AG? kJ mol~!
Adsorption Entalphy of component j AH?® kJ mol~!
Reaction rate 1% mol kg,,; s
Pre-exponential factor ko

Activation energy Ea kJ mol~!
Equilibrium constant K

Forward kinetic constant ke kg . mol~! s~!
Backward kinetic constant ky, kg., mol~! s7!
Heat of transfer q; J mol~!
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Table B.1 Equations of the transport coefficients at the surface

Coefficient Symbol Expression
N ) g 1
Heat transfer in the gas film aq TE(TER
. . g 1 9y,
Mass transfer in the gas film rs; DITEIC |
S,8 5.8
Heat transfer at the surface rQ Bo°rsq
S,C s 1
Heat transfer at the surface rqq Bo° e T
Mass transfer at the surface g p&r%;
. S,8 S,8 %
Coupling heat-mass transfer Iy —rqqq;
5.8 G|,
Surface Mass transfer r T=const.
Ji Tv;
Coupling heat transfer-reaction re \/ O rgart
Chemical reaction Tt [1—exp(5%)]/v®

Table B.2 Main coefficient and coupling coefficient of the surface
at 7% =500 K and inlet mole fraction of the gases. The scaling

factors are B =10°, k=1 and a =0.9.

Coefficient Value Unit
rsg Boréq = L% =1.7x107" m?sJ' K
e Boroy =% =5.6x107"! m?sJ ! K
ra —rifgi =36x 107! m’ s kgt K7L
gy =1.0x 10" m? s kg™ K~
S8 _L%zz.zmo“ Jsm? K~! kg2
11 vVco AG%%T i
g _t#:mx 101! Jsm? K! kg2
R Vs = 1.4x10° m? W-!
i | v [imew(§)] 243107 | skeakeco

Table B.3 Heat capacity of reactants: carbon monoxide and oxy-

gen
Cp Value Unit

Cpco | 1.0x10° | Jkg ! K!

Cpo, | 92x10% [ Jkg ' K!
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