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Modeling of a gas catalytic chemical reaction, taking into
account the diffusion in the adsorbed phase
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Abstract

This study is devoted to a chemical reaction, carried out in a gaseous phase under isothermal conditions and without internal convective flow.
Traditionally, in the mass-balance equations, the transport of reactants and products in a porous catalyst is introduced by the diffusion phenomenon
in gaseous phase. The reaction rate then is written as a function of the reactant’s and product’s concentrations in gaseous phase [G.F. Froment,
K.B. Bischoff, Chemical Reactor Analysis and Design, Wiley, New York, 1979]. However, in stationary conditions and with the hypothesis of the
thermodynamic equilibrium between the gaseous and the adsorbed phase, the existence of a concentration gradient in the gaseous phase brings
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bout a concentration gradient in the adsorbed phase. The diffusion process occurring in the adsorbed phase is usually neglected in t
odeling. The present work aims to investigate the influence of the considered diffusion processes on the evaluation of the perform

atalyzed chemical reaction. The analysis is based on the study of a simple chemical reaction and consecutive reactions. The study s
ux of consumed reactant, evaluated by a traditional way could be different from the flux obtained with the diffusion in the adsorbed ph
n these conditions the kinetic parameters obtained by the traditional modeling of the experimental results do not represent then the
arameters.
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. Introduction

The analysis of a simple chemical transformation carried out
n gaseous phase and catalyzed by a porous solid consists of the
ine following steps (seeFig. 1).

(a) Transport of reactants from the bulk fluid to the external
surface of the catalyst pellet.
(b) Diffusion transport of the reactant A in the catalyst pores.
(c) Adsorption process (chemisorption) of the reactant A on
the active catalytic site l (A + l ↔ Al).
(d) Diffusion of the reactantAl in adsorbed phase.
(e) Chemical reaction between the adsorbed molecules. The
reaction takes place only in the adsorbed phase (e.g.Al → Rl,
Rl → Sl).
(f) Diffusion of the products in adsorbed phase.

∗ Corresponding author. Tel.: +33 3 83 68 48 42; fax: +33 3 83 68 48 51.
E-mail address: Anelie.Petrissans@lermab.uhp-nancy.fr (A. Pétrissans).

• (g) Desorption of the products (e.g.Rl ↔ R + l, Sl ↔ S + l).
• (h) Diffusion transport of the products in the catalyst por
• (i) Transport of the products back to the bulk fluid.

Chemical engineering models of heterogeneous cata
usually consist of the seven steps a–i[1]. Two additional steps
and f are used in that study, and their existence will be discu
here after. On the other hand, the diffusion between the
fluid and the gaseous phase in the catalytic pore (steps a
is not considered in this analysis.

The association of the steps c, e and g leads to the expre
of the chemical reaction rate as a function of the reagent
product) concentration in gaseous phase (see Eqs.(9) and
(10)). The analysis of the performance is usually realized
the consideration that the diffusion transport takes place
in the gaseous phase[1]. However, there exists a gradie
of concentration of the components in the gaseous pha
the catalyst pellet. In stationary conditions, the reactant
the products in the adsorbed phase remain in thermodyn
equilibrium with the gaseous phase composition. Also,
385-8947/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
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Nomenclature

(Al), (Rl), (Sl) concentration of the componentsA, R, S in
the adsorbed phase (mole m−3)

CA, CR, CS concentration of the componentsA, R, S in the
gaseous phase (mole m−3)

DA apparent diffusivity in the adsorbed phase
(m2 s−1)

Dv apparent diffusivity in the gaseous phase (m2 s−1)
k1, k2 rate coefficients (m3 kg−1 s−1)
KA, KR, KS equilibrium constants of adsorption of the

componentsA, R, S (m3 mole−1)
(l) concentration of vacant sites (mole m−3)
(l0) total concentration of active sites (mole m−3)
L size of the pellet (m)
m* Thiele modulus in adsorbed phase
M Thiele modulus in gaseous phase
Ni flux transferred in the gaseous phase

(mole s−1 kg−1)
N∗

i flux transferred in the adsorbed phase
(mole s−1 kg−1)

Ni max maximal flux which can be transferred in chemi-
cal regime (mole s−1 kg−1)

Nt total transferred flux (mole s−1 kg−1)

Greek symbols
η effectiveness factor of the catalyst, determined for

the gaseous phase
ηt effectiveness factor of the catalyst when the two

fluxes coexist
η* effectiveness factor of the catalyst determined for

the adsorbed phase
ρa apparent density of the catalyst (kg m−3)

Fig. 1. Steps involved in the catalyzed chemical reaction.

concentration gradient in the gaseous phase leads necessarily to
the existence of a gradient of the compositions for the adsorbed
components. Consequently, a diffusion transport of the reagent
and the product components occurs in the adsorbed phase (steps
d and f). The concentration gradient is supposed only in the
x-direction, the composition is assumed homogeneous in the
z-direction (seeFig. 2). The diffusion flux in adsorbed phase is
superposed then to this one in gaseous phase and it is interesting
to study the influence of the transport in adsorbed phase on the
evaluation of the performance of the catalytic particle.

The present analysis is realized for a simple reaction(1) and
simple consecutive reactions(2) carried out in gaseous phase in
stationary isothermal conditions:

A → R (1)

A → R → S (2)

The work aims to show in these two cases the influence of the
diffusion process in adsorbed phase on the evaluation of the
performance of the catalyst. The analysis is based on the pellet
model. The characteristic pellet lengthL (the distance from the
particle center to the particle surface) is given by the relation
L = Vp/Sp, Vp andSp are respectively the external volume and
area of the catalytic particle.

2. Mathematical formulation
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Fig. 2. Schematic representation of the existing thermodynamic equilibrium nd tt
chemical reaction.
When simple chemical reaction(1) or simple consecutiv
eactions(2) are considered, the reaction rate of transforma
f the reagent A is supposed of first order with respect to
oncentration of the adsorbed reactant:

1 = k1(Al) (3)

herer1 introduces the reaction rate for unit weight of so
atalyst andk1 is the reaction rate coefficient.

Considering the chemical reaction between the adso
olecules as determinant step, the adsorption and the d

ion processes remain close to the thermodynamic equilib
iven by the following relations:

Al) = KACA(l) (4)

Rl) = KRCR(l) (5)

nd respectively for the consecutive reaction scheme give
q.(2):

Sl) = KSCS(l) (6)

between the gaseous and the adsorbed phase, the resulting gradient ahe presen
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whereKA,KR andKS are the equilibrium constants. According to
the conservation of the total number of active sites of the catalyst
and taking into account relations(3)–(6) the total number of
active site is given by Eq.(7):

(l0) = (l) + (Al) + (Rl) = (l)(1 + KACA + KRCR) (7)

or respectively for the consecutive reactions(2) l0 is expressed
by Eq.(8):

(l0) = (l) + (Al) + (Rl) + (Sl)

= (l)(1 + KACA + KRCR + KSCS) (8)

The chemical reaction rate for the transformation of the reactant
A can be then written as function of the concentration of the
component’s concentrations in gaseous phase:

r1 = k1KACAl0

1 + KACA + KRCR

(9)

r1 = k1KACAl0

1 + KACA + KRCR + KSCS

(10)

The expression of the reaction rate given by Eqs.(9) and (10)is
classically used for the modeling of a catalytic particle.

When a gradient of concentration is present in the gaseous
and adsorbed phase, a diffusion flux occurs consequently in each
phase. The magnitude of the resulting fluxes depends on the
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Dv
d2CR

dx2 + DA

d2(Rl)

dx2 + k1(Al)ρa = 0 (12)

Respectively, for the case of consecutive reaction, the mass bal-
ance of the productR have to introduce the term of chemical
transformation ofR in S (13). The mass balance of the product
S have to be added also(14):

Dv
d2CR

dx2 + DA

d2(Rl)

dx2 + k1(Al)ρa − k2(Rl)ρa = 0 (13)

Dv
d2CS

dx2 + DA

d2(Sl)

dx2 + k2(Rl)ρa = 0 (14)

whereρa is the apparent density of the catalyst. The coupled
equations(11)–(14)are solved simultaneously using the finite
volume method[3]. The boundary conditions are specified as
follows:

• in the particle center (x = 0) the mass fluxes are null:dCA
dx

=
dCR
dx

= 0 (and for the scheme(2) dCS

dx
= 0);

• at the surface of the catalytic particle (x = L) the concentrations
of the reactantCA and the productsCR (andCS) are equal to
those in the overflowing gas stream:CA = CAi , CR = CRi ,
CS = CSi .

The resulting total fluxes given by Eqs.(15)–(17)are obtained
n
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oncentration gradients and on the respective diffusion c
ients. In the following paragraphs the governing macrosc
ass-balance equations describing the functioning of a cat
article are written in the three cases given below:

the fluxes in the gaseous and the adsorbed phases are
same order of magnitude. The diffusion of constituents in
two phases has to be taken into account. This is the
general case;
the diffusion of constituents occurs only in gaseous ph
This limit case supposes that the flux of constituents in
adsorbed phase is negligible. This situation is classically
in the treatment of the chemical reaction in gaseous p
catalyzed by a solid catalyst[1];
the diffusion of constituents occurs only in adsorbed ph
The second limit case admits that the flux in the gaseous p
is supposed very weak.

.1. Modeling of catalyzed chemical reaction, when both
he diffusions processes in the gaseous phase and in the
dsorbed phase are taken into account

The analysis is made with the assumption that the tran
f the reactantA and the productsR andS in the gaseous pha
s in the adsorbed phase occurs only by diffusion. The app
iffusivities in gaseous phaseDv and in adsorbed phaseDA are
upposed equal for all the constituents. In stationary condit
he mass balances of the reactantA and the productsR (andS)
re written as follows[2]:

v
d2CA

dx2 + DA

d2(Al)

dx2 − k1(Al)ρa = 0 (11)
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t,A = Sp

[
Dv

dCA

dx
+ DA

d(Al)

dx

]
x=L

(15)

t,R = Sp

[
Dv

dCR

dx
+ DA

d(Rl)

dx

]
x=L

(16)

t,S = Sp

[
Dv

dCS

dx
+ DA

d(Sl)

dx

]
x=L

(17)

or every simulation it was verified that the sum of the flu
Eqs.(15)–(17)) is equal to zero. The maximal flux of the re
antA which can be transferred in is the flux which can occ
n chemical regime (Eq.(18)):

i max = Vpk1(Al)iρa (18)

he normalized fluxes will be called here for more simpli
he effectiveness factors. They are defined[1] as the ratio of th
ransferred flux of the respective constituents in the gaseou
he adsorbed phases (Eqs.(15)–(17)) to the maximal flux of th
eactantA (Eq.(19)–(21)):

t,A = Nt,A

Ni max
(19)

t,R = Nt,R

Ni max
(20)

t,S = Nt,S

Ni max
(21)

sually in the literature, the effectiveness factorηt is plotted as
function of the generalized Thiele modulusm* which for the
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given reaction schemes is written as follows:

m∗ = L

√
r1ρa

DA(Al)i
(22)

The chemical reaction rate in Eq.(22) is expressed by Eq.(3),
for the two reaction schemes(1) and (2).

2.2. Traditional modeling of catalyzed chemical reaction,
when only the gaseous phase diffusion is considered

Usually in the literature[1], the fluxes in adsorbed phase are
considered very weak compared to the fluxes in the gaseous
phase. With this hypothesis, traditional modeling takes into
account only the gaseous phase diffusion process. In stationary
conditions, the mass balances of the reactantA and the products
R (andS) are given by Eqs.(23) and (24)for the simple reaction
(1), and(23), (25), (26) for the consecutive reactions(2):

Dv
d2CA

dx2 − k1(Al)ρa = 0 (23)

Dv
d2CR

dx2 + k1(Al)ρa = 0 (24)

Dv
d2CR

dx2 + k1(Al)ρa − k2(Rl)ρa = 0 (25)
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the adsorbed phase. This case considers that the gaseous phase
fluxes is very weak compared to the adsorbed phase flux. The
mass balances in stationary conditions are written here after:

DA
d2(Al)

dx2 − k1(Al)ρa = 0 (30)

DA
d2(Rl)

dx2 + k1(Al)ρa = 0 (31)

and respectively:

DA
d2(Rl)

dx2 + k1(Al)ρa − k2(Rl)ρa = 0 (32)

DA
d2(Sl)

dx2 + k2(Rl)ρa = 0 (33)

The boundary conditions are specified as follows:

• in x = 0, the mass fluxes are null:d(Al)
dx

= d(Rl)
dx

= d(Sl)
dx

= 0;
• at x = L, the component concentrations are obtained with

respect to the equilibrium conditions (Eqs.(4)–(6)): (Al)i =
KACAi (l), (Rl)i = KRCRi (l), (Sl)i = KSCSi (l). The number
of free active sites (l) is obtained according to Eqs.(7) and
(8).

The coupled equations(30)–(33)are solved numerically. Eq.
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v
d2CS

dx2 + k2(Rl)ρa = 0 (26)

he coupled equations(23)–(26)are solved numerically wit
pecified boundary conditions:

at x = 0 the mass fluxes are null:dCA
dx

= dCR
dx

= dCS

dx
= 0;

atx = L the concentrations are respectively:CA = CAi , CR =
CRi , CS = CSi .

he fluxes of the consumed reactant are defined by Eqs(27)
nd (28)and are also obtained numerically:

i,A = SpDv

(
dCA

dx

)
x=L

(27)

i,R = SpDv

(
dCR

dx

)
x=L

(28)

i,S = SpDv

(
dCS

dx

)
x=L

(29)

he effectiveness factors,ηA, ηR andηS are calculated in th
ame manner than the in the previous (Eqs.(19)–(21)) as the
atio between the consumed respective consumed flux an
aximal flux of the reactantA (Eq.(18)).

.3. Modeling of a catalyzed chemical reaction, when only
he adsorbed phase diffusion is considered

Let us study now the evaluation of the performance of
eaction catalyzed by a porous solid when the diffusion tr
ort of the reactantA and the productR (andS) occurs only in
e

-

30)can be solved also analytically and the (Al) profile over the
ellet is given by Eq.(34):

Al) = (Al)i
cosh

[(√
k1ρa
DA

)
x
]

cosh
[(√

k1ρa
DA

)
L
] (34)

he flux of the reactant consumed in adsorbed form (Al) can be
btained directly by deriving Eq.(34):

∗
i,A = SpDA

(
d(Al)

dx

)
x=L

= SpDA(Al)i

√
k1ρa

DA

th

(√
k1ρa

DA

L

)
(35)

he product fluxes are calculated from the numerical resul
qs.(36) and (37):

∗
i,R = SpDv

(
d(Rl)

dx

)
x=L

(36)

∗
i,S = SpDv

(
d(Sl)

dx

)
x=L

(37)

he symbol “* ” is used to describe the adsorbed phase.
ffectiveness factorsη∗

A, η∗
R andη∗

S are defined as the ratio
he transferred flux in the adsorbed phase to the maxima
hich can be transferred in chemical regimeNi max.

. Numerical resolution

The differential equations presented in the previous se
re solved by the finite volume method described by[3]. The
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Fig. 3. Grid of points covering the integration domain.

integration domain is recovered by a grid of pointsPi. A control
volume is constructed around each pointPi (seeFig. 3). The sur-
faces of these volumes are commune for two adjacent volumes.
The fluxes are evaluated through these surfaces.

The discretization aims on focusing attention on the val-
ues at the grid points. The continuous information contained
in the exact solution of the differential equations is replaced
with the discrete values at each grid pointPi. The discretiza-
tion concept makes possible to replace the governing differential
equations with simple algebraic equations, which can be solved
with relative ease. When the number of grid points covering
the integration domain is large enough, the solution of the dis-
cretization equations is expected to approach the exact solution
on the differential equations. The most attractive feature of the
control-volume formulation is that the resulting solution would
imply that the integral conservation of quantity such as mass
is exactly satisfied over any group of control volumes and over
whole the calculation domain.

Fig. 3 shows the characteristics of the control volume sur-
rounding a grid pointPi situated at half distance of the volume
surfaces (dashed lines) with coordinates “i − 1/2” and “i + 1/2”.
A regular grid is applied here.�xi represents the control volume
width andδxi−1/2 denotes the distance between the two adjacent
grid pointsPi andPi−1.

The discretization method will be illustrated using the steady
state equation(23), which can be written in a simplest way:

D

H
i atio
e -
t
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g

(

I -
v tion

equation takes then the form:

Dv,i+1/2(CA,Pi+1 − CA,Pi )

δxi+1/2

− Dv,i−1/2(CA,P − CA,Pi−1/2)

δxi−1/2
+ S̄�xi = 0 (40)

whereCA,Pi+1 is the concentration of the reactant at the grid
point Pi and will be denoted afterward by simplicity asCi. S̄ is
the averaged value ofS over the control volume. In our study, the
diffusivity is considered constant and equal toDv for the entire
integration domain. It is useful to cast Eq.(40) in the following
form:

aiCi = ai+1Ci+1 + ai−1Ci−1 + b (41)

where

ai+1 = Dv

δxi+1/2
(42)

ai−1 = Dv

δxi−1/2
(43)

ai = ai+1 + ai−1 (44)

b = S̄�x (45)

The solution of the discretization equations for the one-
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v
d2CA

dx2 − S = 0 (38)

ere, the term introducing the chemical reactionS =−k1(Al)ρa
s treated as a source term. In order to derive the discretiz
quation the grid point scheme given byFig. 3is used. The atten

ion is focused on the grid pointPi and its neighbors pointsPi−1
ndPi+1. The integration of Eq.(38) over the control volum
ives:

Dv
dCA

dx

)
i+1/2

−
(

Dv
dCA

dx

)
i−1/2

+
∫ i+1/2

i−1/2
S dx = 0 (39)

t is assumed that the value ofCA at a given grid point pre
ails over the control volume surrounding it. The discretiza
n

imensional situation can be solved by the standard Gaus
limination method.

. Numerical simulation and results

The present work aims on comparing the flux of consu
eactant when the diffusion process is considered simul
usly in the gaseous and the adsorbed phases with th

imit cases where only the gaseous phase flux or the ads
hase flux are considered. As it was underlined in the i
uction, the chemical reaction always occurs in the adso
hase on the catalytic surface. The study is realized for s
tate conditions (gas temperature is equal to 400◦C and pres
ure equal to 1 atm). The surface concentration of the
ant A and the reaction productsR and S are respectivel
Ai = 12 mole m−3, CRi = 8 mole m−3 and CSi = 4 mole m−3.
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The equilibrium constant are fixed toKA = 0.0333 m3 mole−1,
KR = 0.0250 m3 mole−1 KS = 0.02 m3 mole−1. The pellet size
used in this study is equal toL = 5× 10−4 m and the apparent
density of the catalystρa = 1500 kg m−3. The apparent diffusiv-
ity in the gaseous phase is fixed to beDv = 10−7 m2 s−1, and the
study have been carried out for diffusivity ratiosDA/Dv less then
1 and respectively equal to 10−1, 10−2 and 10−3. The reason to
choice such diffusivity ratios is that in the adsorbed phase the
diffusivity of constituents can be close to the liquid phase diffu-
sivity. Consequently, the ratioDA/Dv is expected to be close to
10−3. As this study aims on underline the importance of the con-
sideration of both the gaseous and the adsorbed phases fluxes the
simulation is made in bringing some values included between a
limit case (DA/Dv = 10−1) to a realistic one (DA/Dv = 10−3). For

F
D
a
f
η

the consecutive reactions, it has be chosen that the reaction rate
coefficients are related byk1 = 2k2.

The effectiveness factorsη, η* andηt are calculated for a
large range of Thiele modulus and plotted as a function of the
Thiele modulus characterizing the adsorbed phasem* (Eq.(22))
in view of the fact that the reaction occurs in this phase. Results
concerning the effectiveness of the consumed flux of the reactant
A by a simple chemical reaction are presented inFig. 4a–c.
ResultsηA, η∗

A andηt,A for the consecutive reactions are shown
in Fig. 5a–c.

For the two reaction schemes (Eqs.(1) and (2)) it can be
observed inFigs. 4a–c and 5a–cthat in chemical regime (for
ig. 4. (a) Effectiveness factors obtained with a simple reaction for

A/Dv = 10−1 (©,ηA; �, η∗
A; – – –,ηt,A). (b) Effectiveness factors obtained with

simple reaction forDA/Dv = 10−2 (©, ηA; �, η∗
A

; – – –,ηt,A). (c) Effectiveness
actors obtained with a simple reaction forDA/Dv = 10−3 (©, ηA; �, η∗

A
; – – –,

t,A).

F
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η

ig. 5. (a) Effectiveness factors obtained with consecutive reactions for

A/Dv = 10−1 (©, ηA; �, η∗
A

; – – –, ηt,A). (b) Effectiveness factors obtained
ith consecutive reactions forDA/Dv = 10−2 (©, ηA; �, η∗

A
; – – –, ηt,A). (c)

ffectiveness factors obtained with consecutive reactions forDA/Dv = 10−3 (©,

A; �, η∗
A

; – – –,ηt,A).
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small values ofm* ), the consumed fluxes are identical and the
effectiveness factors are very close to 1 whatever the consid-
ered diffusions. Even though, in the intermediate and diffusion
regime, the obtained consumed fluxes are quite different. The
difference depends on the ratio between the reactant’s appar-
ent diffusivity in adsorbed (DA) and gaseous phase (Dv) and the
trend of numerical result is different according to the investigated
reaction scheme. When a simple chemical reaction is consid-
ered, apart from the chemical regime, the consumed fluxes are
different for the three described cases of diffusion taken into
account.Fig. 5a concerns the scheme of consecutive chemical
reactions characterized by chemical reaction rate coefficients

F
D
w
E
η

such thatk1 = 2k2 for small values of the ratioDA/Dv = 10−1.
The consumed flux of the reactantA when the coexistence of
the diffusion processes is considered is equivalent to the con-
sumed flux when only the gaseous phase diffusion is taken into
account in this case. The differences appear in the intermediate
and the diffusion regime for values ofDA/Dv equal to 10−2 and
10−3. The consumed flux when both diffusion fluxes coexist
(Eq.(11)) is always greater then these obtained when every dif-
fusion process is considered separately. These numerical results
allow concluding that the diffusion in the adsorbed phase could
not be neglected and in general for given operating conditions,
the fluxes of consumed reactant are not identical.
ig. 6. (a) Effectiveness factors obtained with consecutive reactions for

A/Dv = 10−1 (©, ηR; �, η∗
R; – – –, ηt,R). (b) Effectiveness factors obtained

ith consecutive reactions forDA/Dv = 10−2 (©, ηR; �, η∗
R; – – –, ηt,R). (c)

ffectiveness factors obtained with consecutive reactions forDA/Dv = 10−3 (©,

R; �, η∗
R; – – –,ηt,R).

F
D
c
t
�

ig. 7. (a) Effectiveness factors obtained with consecutive reactions for

A/Dv = 10−1 (©, ηS; �, η∗
S
; – – –,ηt,S). (b) Effectiveness factors obtained with

onsecutive reactions forDA/Dv = 10−1 (©, ηS; �, η∗
S
; – – –,ηt,S). (c) Effec-

iveness factors obtained with consecutive reactions forDA/Dv = 10−1 (©, ηS;
, η∗

S
; – – –,ηt,S).
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Fig. 6a–c shows the calculated normalised fluxes for the prod-
uct R when for the consecutive reaction scheme, andFig. 7a–c
represents the normalised fluxes for the secondary productS.
The analysis of the normalised fluxes of the intermediate prod-
uctR is similar to the previous one. Numerical results depend of
the fluxes considered in the mass balance equation. For the prod-
uct of the secondary reactionS, performed with the reaction rate
coefficients ratiok1 = 2k2 the influence of the considered diffu-
sion in less sensible.

5. Conclusion

According to the obtained results we can deduce that if the dif-
fusion of components in adsorbed phase is neglected, the kinetic

parameters obtained from the experimental results in a catalytic
bed of particles do not represent the real kinetic parameters.
Therefore, it is necessary to introduce simultaneously the dif-
fusion in the gaseous and the adsorbed phase and to keep in
mind that the estimations of the apparent diffusivities of the
constituents in gaseous and adsorbed phase are required.
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