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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 f
Traditionally, in the mass-balance equations, the transport of reactants and products in a porous catalyst is introduced by the diffusionmphenom
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. Fro
K.B. Bischoff, Chemical Reactor Analysis and Design, Wiley, New York, 1979]. However, in stationary conditions and with the hypothesis of th
thermodynamic equilibrium between the gaseous and the adsorbed phase, the existence of a concentration gradient in the gaseous phase
about a concentration gradient in the adsorbed phase. The diffusion process occurring in the adsorbed phase is usually neglected in the tradi
modeling. The present work aims to investigate the influence of the considered diffusion processes on the evaluation of the performance of
catalyzed chemical reaction. The analysis is based on the study of a simple chemical reaction and consecutive reactions. The study shows th
flux of consumed reactant, evaluated by a traditional way could be different from the flux obtained with the diffusion in the adsorbed phase. Al
in these conditions the kinetic parameters obtained by the traditional modeling of the experimental results do not represent then the real kir
parameters.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction e (g) Desorption of the products (e Bl<> R+, Sl < S+]).
e (h) Diffusion transport of the products in the catalyst pores.
The analysis of a simple chemical transformation carried ous (i) Transport of the products back to the bulk fluid.
in gaseous phase and catalyzed by a porous solid consists of the
nine following steps (sekig. 1). Chemical engineering models of heterogeneous catalysis
usually consist of the seven steps |} Two additional steps d
° (a) Transport of reactants from the bulk fluid to the externaﬁnd fare used in that Study, and their existence will be discussed
surface of the catalyst pellet. here after. On the other hand, the diffusion between the bulk
(b) Diffusion transport of the reactant A in the catalyst poresfluid and the gaseous phase in the catalytic pore (steps a and i)

(c) Adsorption process (chemisorption) of the reactant A oriS not considered in this analysis.
the active catalytic site W(+ < Al). The association of the steps c, e and g leads to the expression

(d) Diffusion of the reactant! in adsorbed phase. of the chemical reaction rate as a function of the reagent (and
(e) Chemical reaction between the adsorbed molecules. THgoduct) concentration in gaseous phase (see E)sand
reaction takes p|ace 0n|y in the adsorbed phasel‘érg,_ RI, (10)) The analySIS of the performance IS Usua”y realized with
Rl— SI). the consideration that the diffusion transport takes place only
(f) Diffusion of the products in adsorbed phase_ in the gaseous phas[&] However, there exists a gradient
of concentration of the components in the gaseous phase of
the catalyst pellet. In stationary conditions, the reactant and
* Corresponding author. Tel.: +33 3 83 68 48 42; fax: +33 3836848 51.  the products in the adsorbed phase remain in thermodynamic
E-mail address: Anelie.Petrissans@lermab.uhp-nancy.fr (&tissans). equilibrium with the gaseous phase composition. Also, the
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Nomenclature

(AD), (RD), (SI) concentration of the componemsR, S in
the adsorbed phase (mole )

Cy, Cgr, Cs concentration of the componetsr, S in the
gaseous phase (mole™)

Dy apparent diffusivity in the adsorbed phase
(m?s~h)

Dy apparent diffusivity in the gaseous phasé )

ki, ko rate coefficients (fkg—1s™1)

Ka, KR, Ks equilibrium constants of adsorption of the
components, R, S (m3 mole™1)

) concentration of vacant sites (mole )

(lo) total concentration of active sites (mole'®)

L size of the pellet (m)

m Thiele modulus in adsorbed phase

M Thiele modulus in gaseous phase

N; flux transferred in the gaseous phase
(molestkg™1)

N} flux transferred in the adsorbed phase
(moles1kg™1)

Nimax maximal flux which can be transferred in chemi-
cal regime (molest kg—1)

M total transferred flux (moles kg™1)

Greek symbols

n effectiveness factor of the catalyst, determined for
the gaseous phase

Mt effectiveness factor of the catalyst when the two
fluxes coexist

n' effectiveness factor of the catalyst determined for
the adsorbed phase

Pa apparent density of the catalyst (kg &)

©

Bulk fluid

Gaseous phase

®,—©

X

Adsorbed phase

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

Gaseous phase

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 (sed-ig. 2). The diffusion flux in adsorbed phase is
superposed then to this one in gaseous phase and itis 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 readtigand
simple consecutive reactio() carried out in gaseous phase in
stationary isothermal conditions:

A— R (1)

()

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 length{the distance from the
particle center to the particle surface) is given by the relation
L=VplSp, Vp and S, are respectively the external volume and
area of the catalytic particle.

A—>R—S

2. Mathematical formulation

When simple chemical reactiofl) or simple consecutive
reactiondq2) are considered, the reaction rate of transformation
of the reagent A is supposed of first order with respect to the
concentration of the adsorbed reactant:

r1 = k1(Al) ®3)

wherer; introduces the reaction rate for unit weight of solid
catalyst and; is the reaction rate coefficient.

Considering the chemical reaction between the adsorbed
molecules as determinant step, the adsorption and the desorp-
tion processes remain close to the thermodynamic equilibrium
given by the following relations:

(Al) = KaCa(])
(Rl) = KrCg(l)

4

(5)

and respectively for the consecutive reaction scheme given by
Eq.(2):

(81) = KsCs(l) (6)

A Ci Al

(offrcriid
dsor

Chemical reaction

0 L X
A bed phase

Fig. 2. Schematic representation of the existing thermodynamic equilibrium between the gaseous and the adsorbed phase, the resulting beagresteand t

ch

emical reaction.
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whereky, Kr andK;s are the equilibrium constants. Accordingto  ¢2¢c, d?(RI)

the conservation of the total number of active sites of the catalystv—g 2~ + Pa— 5~ +k1(AD)pa=0 12)
and taking into account relatior(8)—(6) the total number of
active site is given by E(q7):

Respectively, for the case of consecutive reaction, the mass bal-
ance of the produck have to introduce the term of chemical
(lo) = () + (AD) + (Rl) = ()(1 4+ KaCa + KRCpg) (7)  transformation oR in S (13). The mass balance of the product

or respectively for the consecutive reacti§B@¥/p is expressed § have to be added al$@4):

by Eq.(8): d?c d?(RI)
(lo) = (1) + (D) + (RI) + (S1) Digs +Dago +ki(Alpa— ka(RDpa =0 (13)
2 2
= (l)(l + KACA + KRCR + KSCS) (8) Dvd C;S + DA ddiil) + kZ(Rl),Oa =0 (14)

The chemical reaction rate for the transformation of the reactant ) ]

A can be then written as function of the concentration of theVherepa is the apparent density of the catalyst. The coupled

component’s concentrations in gaseous phase: equationg11)—(14)are solved simultaneously using the finite
volume method3]. The boundary conditions are specified as

r = k1KaCalo 9) follows:
14+ KaCy + KgrCp
" k1K 4Calo (10) e in the particle centerv(=0) the mass fluxes are nuﬂd%‘ =

4% — 0 (and for the schemg) %s = 0);

. . . : e atthe surface of the catalytic particke{ L) the concentrations
The expression of the reaction rate given by E§sand (10)s of the reactant,, and the producté (andCs) are equal to

classically used .for the modeling qf a _catalytlc pqrtlcle. those in the overflowing gas streay = C1., Cx = Cr.,
When a gradient of concentration is present in the gaseous C c i i
= Si .

and adsorbed phase, a diffusion flux occurs consequently in each 5
phase. The magnitude of the resulting fluxes depends on the
concentration gradients and on the respective diffusion coeffi-
cients. In the following paragraphs the governing macroscopiEI

T 1+ KACa+ KrCr+ KsCs

The resulting total fluxes given by Eq45)—(17)are obtained
umerically.

mass-balance equations describing the functioning of a catalytic dCa d(Al)
particle are written in the three cases given below: Nea = Sp DVE + Da de |, (15)
o the fluxes in the gaseous and the adsorbed phases are of the dCg d(RI)
=S| D D 16
same order of magnitude. The diffusion of constituents in the *% — *P| ™V "dx 4 "y —L (16)

two phases has to be taken into account. This is the most ” d(s)
general case; Nes = Sp [DVS + Dy } (17)

o the diffusion of constituents occurs only in gaseous phase. dx dr ]
This limit case supposes that the flux of constituents in thg=o every simulation it was verified that the sum of the fluxes
_adsorbed phase is negligible. Thls S|tua_t|on_|s classically Use(tqs.(15)—(17) is equal to zero. The maximal flux of the reac-
in the treatment of the chemical reaction in gaseous phasgni4 which can be transferred in is the flux which can occurs

catalyzed by a solid catalygt]; in chemical regime (Eq18)):
o the diffusion of constituents occurs only in adsorbed phase.
The second limit case admits that the flux in the gaseous pha$é max = Vpk1(Al); pa (18)

[ d k.
'S Stipposed very wea The normalized fluxes will be called here for more simplicity

the effectiveness factors. They are defifigcas the ratio of the
transferred flux of the respective constituents in the gaseous and
the adsorbed phases (E€E5)—(17) to the maximal flux of the
reactantd (Eq.(19)—(21):

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

The analysis is made with the assumption that the transport Nt a

of the reactant and the product® ands in the gaseous phase A = N; max (19)

as in the adsorbed phase occurs only by diffusion. The apparent

diffusivities in gaseous phad® and in adsorbed phage are  ;, » = Mg (20)

supposed equal for all the constituents. In stationary conditions, Nimax

the mass balances of the reactardnd the product® (andS) Nis

are written as follow§2]: s = N (21)
d?Cy d?(Al) Usually in the literature, the effectiveness factprs plotted as

Dy dx? +Da 2 ki(AD)pa =0 (11) a function of the generalized Thiele modul$ which for the
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given reaction schemes is written as follows: the adsorbed phase. This case considers that the gaseous phase

o fluxes is very weak compared to the adsorbed phase flux. The
a

m* =L 504 (22)  mass balances in stationary conditions are written here after:
AlAlL);
_ _ _ _ d*(Al)
The chemical reaction rate in E(R2) is expressed by E¢3), Da o2 k1(Al)pa =0 (30)
for the two reaction schemés) and (2)
d?(RI)
2.2. Traditional modeling of catalyzed chemical reaction, Da—q7 dx2 +ka(A)pa= (31)
when only the gaseous phase diffusion is considered and respectively:
Usually in the literaturgl], the fluxes in adsorbed phase are _ d?(RI)
considered very weak compared to the fluxes in the gaseou$? g2 T k1(Al)pa — ka(Rl)pa = 0 (32)
phase. With this hypothesis, traditional modeling takes into 2
account only the gaseous phase diffusion process. In stationagy, d*(s1) + ko(RI)pa = (33)
conditions, the mass balances of the reactaartd the products dx?
R (andS) are given by Eqg23) and (24¥or the simple reaction The boundary conditions are specified as follows:
(1), and(23), (25), (26) for the consecutive reactiolfd):
2c e inx=0, the mass fluxes are nuﬂg’i—l) = % = % =0;
Dy—2 — k1(Al)pa=0 (23) e atx=L, the component concentrations are obtained with
dx? respect to the equilibrium conditions (Eq4)—(6)): (Al); =
d?Cp KACa; (1), (RD); = KrCg;(1), (SI); = KsCs;(1). The number
Dv—go + k1(Al) pa = (24) of free active sites/) is obtained according to EqéZ) and
(8).
d?Cr
Dvgz +ki(AD)pa = ka(RD)pa =0 25) e coupled equationg@0)—(33)are solved numerically. Eq.
?Cs (30) can b_e solved also analytically and tig)(profile over the
Dy,—— ™ + ko(RD)pa=0 (26) pellet is given by Eq(34):

The coupled equation@3)—(26)are solved numerically with

specified boundary conditions:

e atx=0 the mass fluxes are nufifa = %r — 9Cs _

e atx=L the concentrations are respective(ly4 Cy;,, Cr=
Cg;, Cs = Cs,.

The fluxes of the consumed reactant are defined by €33.
and (28)and are also obtained numerically:

dCy
Nia = SpD ( ) (27)
Py dx x=L
dCpr
Nig = SpD ( ) (28)
Py dx x=L
dCy
Nis = SpD. ( > (29)
Pev d’x x=L

The effectiveness factorg,, ng andng are calculated in the
same manner than the in the previous (HG9)—(21) as the

ratio between the consumed respective consumed flux and thiigne symbol *” is used to describe the adsorbed phase. The

maximal flux of the reactamt (Eq. (18)).

2.3. Modeling of a catalyzed chemical reaction, when only
the adsorbed phase diffusion is considered

o ()
oo () 1

The flux of the reactant consumed in adsorbed fotih ¢an be
obtained directly by deriving E¢34):

N* = S.D (d(Al) )
A= A
A p dx —L

= SpDa(AD); | 1path (

(Al) = (Al (34)

klpaL> (35)
Dy

The product fluxes are calculated from the numerical results by

Eqgs.(36) and (37)

d
R—SpDv( ;’f’) } (36)

d
Nig = spDV< ((jil) ) ., (37)

effectiveness factorg’,, nj andn% are defined as the ratio of

the transferred flux in the adsorbed phase to the maximal flux

which can be transferred in chemical regiMgax.

3. Numerical resolution

Let us study now the evaluation of the performance of the
reaction catalyzed by a porous solid when the diffusion trans- The differential equations presented in the previous section
port of the reactam and the produck (andS) occurs only in  are solved by the finite volume method described3jy The
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Fig. 3. Grid of points covering the integration domain.

integration domain is recovered by a grid of poiRfsA control ~ equation takes then the form:
volume is constructed around each pditpfseeFig. 3). The sur-
faces of these volumes are commune for two adjacent vqumesl.)v”'Jrl/Z(CA’P“+1 —Ca.r)
The fluxes are evaluated through these surfaces. 8xiq1/2

The discretization aims on focusing attention on the val- Dy,i—1/2(Ca.p — Ca,p_y)5)
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 pot The discretiza- WhereCy p,,, is the concentration of the reactant at the grid
tion concept makes possible to replace the governing differentidioint 7; and will be denoted afterward by simplicity &s S is
equations with simple algebraic equations, which can be solveldne averaged value fover the control volume. In our study, the
with relative ease. When the number of grid points coveringdiffusivity is considered constant and equalipfor the entire
the integration domain is large enough, the solution of the disintegration domain. It is useful to cast H¢0)in the following
cretization equations is expected to approach the exact solutidarm:
on the differential equations. The most attractive feature of the
control-volume forn?ulation is that the resulting solution would @Ci = aixaCivt +ai-1Cima + b (41)
imply that the integral conservation of quantity such as massvhere

+ SAx; =0 (40)

8xi—1/2

is exactly satisfied over any group of control volumes and over D
. . \"
whole the calculation domain. i1 = o (42)
Fig. 3 shows the characteristics of the control volume sur- Xit1/2
rounding a grid poinP; situated at half distance of the volume Dy
surfaces (dashed lines) with coordinates /2" and ‘i +1/2". =1~ 5o 12 (43)
Aregular grid is applied heré\x; represents the control volume
width andsx;_1/» denotes the distance between the two adjacerfti = %+1 + di-1 (44)

grid pointsP; andP;_1. b= SAx (45)
The discretization method will be illustrated using the steady
state equatiok23), which can be written in a simplest way: The solution of the discretization equations for the one-
dimensional situation can be solved by the standard Gaussian-
d’cy elimination method.
D\,W -§5=0 (38)
4. Numerical simulation and results
Here, the term introducing the chemical reaction—k1(Al) pa
is treated as a source term. In order to derive the discretization The present work aims on comparing the flux of consumed
equation the grid point scheme givenfig. 3is used. The atten-  reactant when the diffusion process is considered simultane-
tion is focused on the grid poift; and its neighbors point3_1  ously in the gaseous and the adsorbed phases with the two

andP;+1. The integration of Eq(38) over the control volume  |imit cases where only the gaseous phase flux or the adsorbed

gives: phase flux are considered. As it was underlined in the intro-
) duction, the chemical reaction always occurs in the adsorbed
(D ch) <D dCA) /’H/z _ phase on the catalytic surface. The study is realized for steady
v—— —\ Dv—— + Sdx=0 (39) - 4
dx i+1/2 dx i—12  Jic1y2 state conditions (gas temperature is equal to°4Dand pres-

sure equal to 1atm). The surface concentration of the reac-
It is assumed that the value @fy at a given grid point pre- tant A and the reaction product® and S are respectively
vails over the control volume surrounding it. The discretizationC 4, =12 mole nt3, Cg, =8molent> and Cs, =4 mole n13.
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the consecutive reactions, it has be chosen that the reaction rate
coefficients are related by = 2k».

The effectiveness factong 1 and; are calculated for a
large range of Thiele modulus and plotted as a function of the
Thiele modulus characterizing the adsorbed phasgq.(22))

The equilibrium constant are fixed % =0.0333 ni mole™1,
Kr=0.0250nimole™? K3=0.02n¥ mole 1. The pellet size
used in this study is equal tb=5 x 10~4m and the apparent
density of the catalysi, = 1500 kg nm3. The apparent diffusiv-
ity in the gaseous phase is fixed tolg=10""m?s~1, and the
Study have been carried out for d|ffus|v|ty ratibg/Dy, less then in view of the fact that the reaction occurs in this phase. Results
1 and respectively equal to 18, 10-2 and 10°3. The reason to ~ concerning the effectiveness of the consumed flux of the reactant
choice such diffusivity ratios is that in the adsorbed phase thd by a simple chemical reaction are presentedrig. 4a—c.
diffusivity of constituents can be close to the liquid phase diffu-Resultsna, n7 andn:4 for the consecutive reactions are shown
sivity. Consequently, the ratib,/Dy is expected to be close to in Fig. 5a—c.

10-3. As this study aims on underline the importance of the con-  For the two reaction schemes (E¢%) and (2) it can be
sideration of both the gaseous and the adsorbed phases fluxes served inFigs. 4a—c and 5a-ihat in chemical regime (for
simulation is made in bringing some values included between a
limit case P4/Dy = 1071) to a realistic onelp,/Dy = 10~3). For

E A A, ﬁ‘\\
* A
Mas Ma My N
| & 2 R - An
8, 'y
NA, MAF, NeA 4o
.ﬂo &
A 0,1
Q A
ay “a
o
0,1 L
a
%A a
o A
n(.‘l
m*
0,01 : :
2 0,01 0,1 1 10 100
0,01 T T L (a)
0,01 0,1 | 10 100
1 7 g
(El) oa AAAA hat) o
« °
| MasNa % My a ®
B Apn A o
NaNA% N, A 8,
o
o
° A
) 0,1
A
0,1 4 s,
AAA AAA
Y o 'h%
o
A m*
o 0,01 : . :
0,01 T T T 0,01 0.1 1 10 100
0,01 0,1 1 10 100 (b)
(b) 1
Lo - - i 9 rA - T)
| 5 = 4 AAA ® e
S B R MasMa M "
Na, Na®, Na B
f A
° 0,1
0,1 4 2 i
a A
A A
A %A
A
o
AA
m nr*
0,01 A 0,01 . . .

1
(c)

10

0,1 1
(c)

10

100

Fig. 4. (a) Effectiveness factors obtained with a simple reaction forFig. 5. (a) Effectiveness factors obtained with consecutive reactions for

DalDy =101 (O, n4; A, A ———a)- (b) Effectiveness factors obtained with DalDy=10"1 (O, na; A, n%: ——— ma). (b) Effectiveness factors obtained
asimple reaction faba/Dy = 1072 (O, na; A, 7y, ———nta). () Effectiveness  with consecutive reactions fabs/Dy =102 (O, na; A, n’y; === ). (€)
factors obtained with a simple reaction f5/Dy =103 (O, 74; A, nh === Effectiveness factors obtained with consecutive reactiongfab, = 102 (O,
NtA)- na; A0y ———ma)-
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small values ofn”), the consumed fluxes are identical and thesuch thatk; = 2k, for small values of the rati®4/D, =101,
effectiveness factors are very close to 1 whatever the consid-he consumed flux of the reactafitwhen the coexistence of
ered diffusions. Even though, in the intermediate and diffusiorthe diffusion processes is considered is equivalent to the con-
regime, the obtained consumed fluxes are quite different. Theumed flux when only the gaseous phase diffusion is taken into
difference depends on the ratio between the reactant’s appaaecount in this case. The differences appear in the intermediate
and the diffusion regime for values b,/Dy equal to 162 and
trend of numerical resultis different according to the investigated 0-3. The consumed flux when both diffusion fluxes coexist
reaction scheme. When a simple chemical reaction is consiqEq.(11)) is always greater then these obtained when every dif-
ered, apart from the chemical regime, the consumed fluxes afasion process is considered separately. These numerical results
different for the three described cases of diffusion taken intallow concluding that the diffusion in the adsorbed phase could
account.Fig. 5a concerns the scheme of consecutive chemicahot be neglected and in general for given operating conditions,
reactions characterized by chemical reaction rate coefficienthe fluxes of consumed reactant are not identical.

ent diffusivity in adsorbedI,) and gaseous phase,( and the

1
-5 = s, NS*, Nus
MR, NR*, MR 2
Ad
A
B
0,1 0,1 A
d a
AA
A
'
AA . A m*
0.01 Ly 0,01 - - -
0,01 0,1 ] 10 100 0.01 0.1 1 10 100
(a) (a)
. 1
° ° ”“““”"f"&"’°”"“°"°‘"ﬁ°¥;"----\ s, Ns¥, Mes
% 3 A ° M
MR, MR LR % o . T TSI, Y- 0 SEESIRRIE oi peti
% 2a
0,1 0,1 .
a
AA
AﬂA
s 5
A
& 2 n*
0.01 - . i “ay i 0,01 . : .
0,01 0,1 1 10 100 0,01 0.1 ! 10 100
(b) (b)
1 1
° R 1 B " s, NeE, Nos
- a o
MR, MR*, N,R L ° asth P
G - A-A-foA---A 5. 000-p--s00-“FT0 o ©o cmDoO
) By
0.1 0,1 5
Y
AA
£
A
s "oy,
A
& sk m*
0,01 . . ; ‘s, m 0,01 . . .
0,01 0,1 1 10 100 0,01 0.1 1 10 100
(©) (c)
Fig. 6. (a) Effectiveness factors obtained with consecutive reactions foFig. 7. (a) Effectiveness factors obtained with consecutive reactions for
DalDy=10"1 (O, ng; A, nR, ——— nr). (b) Effectiveness factors obtained Da/Dy =101 (O, ns; A, N ———mts). (b) Effectiveness factors obtained with
with consecutive reactions fab4/D, =102 (O, nz; A, Ngy === NtR)- (C) consecutive reactions fab4/Dy =101 (O, ns; A, n§ ———ms)- (c) Effec-
Effectiveness factors obtained with consecutive reactiond féb, = 103 (@} tiveness factors obtained with consecutive reaction®fdb, = 101 (O, 7s;
nRy A, ks ———0tR)- A, 0§ —==nts)-
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Fig. 6a—c shows the calculated normalised fluxes for the prodparameters obtained from the experimental results in a catalytic
uct R when for the consecutive reaction scheme, Bigd 7a—c ~ bed of particles do not represent the real kinetic parameters.
represents the normalised fluxes for the secondary pratiuct Therefore, it is necessary to introduce simultaneously the dif-
The analysis of the normalised fluxes of the intermediate prodfusion in the gaseous and the adsorbed phase and to keep in
uctRr is similar to the previous one. Numerical results depend ofmind that the estimations of the apparent diffusivities of the
the fluxes considered in the mass balance equation. For the protbnstituents in gaseous and adsorbed phase are required.
uct of the secondary reactisnperformed with the reaction rate
coefficients ratick = 2k, the influence of the considered diffu- References

sion in less sensible.
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