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Abstract

Diagnostic criteria for establishing the absence of heat and mass transport limitations in a porous pellet,
in which a complex network of heterogeneous catalytic reactions with Langmuir-Hinshelwood kinetics oceur,
arc given. The dimensionless criteria are derived by means of a perturbation technique. They usc only obser-
vable quantities and so can be eaxily estimated. The treatment |s readily extended to obtain the diagnostic tests
for detecting the relative importance of interphase temperature and concentrution gradicats. The use of the
criterin is illusteated by applying them (o several specific cases,

Introduction

The heat and mass transfer steps which affect
chemical reactions occurring in porous catalyst pel-
lets have received considerable attention in recent
years (Sauerfield, 1980: Van Parijs and Froment,
1986: Luss. 1977: Gonzo and Goltifredi, 1983a).
Under the conditions normally found in laboratory
catalytic reactors, heat and mass fluxes can be large
cnough (o cause finite concentration and tempera-
ture gradients both within catalyst particles and in
the surrounding fluid film, It has been stated that
calalytic data should be free from all transport influ-
ences 10 obtain the intrinsic kinetics of the reactions.
A number of uselul criteria have been developed in
the past to assess whether measured catalytic rates
are independent of the influence of these parasitic
phenomena (Mears, 197 1a: Madon and Boudart,
1982; Gonzo and Gollifredi, 1983 b).

Nevertheless, most of these works have been
concerned with a single chemical reaction. In many
important processes in the petroleum industry, such
as cracking, dehydrogenation, hydrogenation, desul-
furization, a large number of reactions oceur simul-
tancously, situation which is also mel in laboratory
studics of such reactions. Only recently attempts have
been made to model the more realistic situation of

multicomponent diffusion combined with mulliple
chemical reactions (Van Parijs and Froment, 1984:
Numaguchi and Kikuchi, 1988; Xu and Froment.
1989). Gonzo et al. (1983, 1988) and Goutifredi et
al. (1986) have succeeded in predicting analytically
the isothermal effectivencess factors for parallel cata-
Iytic reactions taking pliuce in a porous pellet of ar-
bitrary geometry, It is well known that one of the
most usclul aspects of the engineering concept of the
elfectiveness factor is its use (o obtain diagnostic
criteria for the kinetic regime of heterogencous cata-
Iytic reactions.

In this paper, using u perturbation technigue
previously developed (Gottifredi and Gonzo, 1987).
general intraparticle transport criteria are derived for
a complex network of catalytic reactions with kinetic
expressions commonly encountered in catalysis such
as those of Langmuir-Hinshelwood. The criteria for
delecting interphase transport limitations. as
demontrated by several authors (Cassiere and
Carberry. 1973; Gonzo and Gottifredi. 1983b;
Froment, 1984) for a single chemical reaction. will
be extended to a general set of heierogencous reac-
tions in series and/or in pamllcl, Finally, the use of
the criteria will be illustrated by applying them to
different experimental cases reported in the litera-
ture,
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Intraparticle transport limitations
Single Particle Analysis

Consider a set of catalytic reaclions occurring
in a single catalyst peliel. The mass and energy con-
servation equations can be expressed in dimension-
less form as:

de dC, ’
e LU
for i=1,2,3,.../(species)
j=1,2,3,.. J(reactions)
and
der dT 2
ot L (2)

Where n = 0, 1. 2 is to denote slab, cylindrical or
spherical geometry: and:

(3)

D ' (- AH
B = _'&(__l (4)
Kl 7.'l
The prime denote dimensional values.
Egs. (1) and (2) are subject to the following
boundary conditions:

dc, dr
—_—= — =0 x=0
dx dx
(5)
C=T=1 x=1

As can be scen, species | (f = 1) has been se-
lected as the key component. This selection depends
in the first place on the operating conditions, the
reactions kinetic and on the availability and preci-
sion of the required fundamental information.

Finally, parameter 8, is defined as:

o
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8, = hi/h? s (6)
The highest rate of reaction, under the system
conditions, is selected as reference reaction (j = 11
since taken into account Eq. (4):
& =r/r, <l (7
In order to judge whether the kinetic regime is
achieved, a gencral accepted criterion is to consider
that the deviation from unity of the comresponding
effectiveness factor (1) be less than five percent.
Then the inequality of Eq. (8) must be satisfied:

I —m,1<0.05 (8)

Itis known that as i — O (mainly A, — 0) the
effectiveness factors approaches unity, indicating that
the intraparticle heat and mass transport limitations
have anegligible influence on the observed reaction
rates. When this situation is met, the presence of a
small parameter (/°, in this case) in the nonlinear
differential Eqgs. (1) and (2) naturally suggests the
following perturbation solutions for the concentra-
tion and temperature profiles:

C=1+A(x)h'+O(h) )

T=14+B(x)h™+0(h) (10)

Substitution inte Eqs. (1) and (2), and collect-
ing terms of the same order in 4, the following set
of nonlinear ordinary uncoupled equations is found:

det  dA, (x)
——d‘ = = ; 8,7, (11)
dv  dB (x)
— =-x1X8 12)
dx dy i ,B, ¢

Egs. (11) and (12) must be solved subject to:

dA, (x) dB (x)
— = X= 0
dx dx
(13)
Ax) = B =0 x=1

duc to boundary conditions (5).
The dimensionless concentrations and lempera-
ture profiles in the pellet are then obtained:
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L5

L @-DRr+O0 (N
. +2(“”(x’ ) i+ O (k)

(14)

26,6,
-t (- 1)+ 0K
2(n+1)

T=13 (15)

With the aim of determining the criteria, 1), must
be calculated. It is given by:

n,=r (ob)fr, =(n+1) L' r* o dx (16)

To solve Eq. (16) it is necessary to know the
kinetic expression of reaction r. Since reaction j
= | has the highest rate, Eq. (7), and therefore the
highest Thiele modulus, the criteria will be deduced
for this reaction. So, a general ratc equation is con-
sidered

KTG™- K CY
r= ] !
' n+EKCYe

(1

By taking into account Eqgs. (14) and (15), the
dimensionless expression for r* , neglecting terms
of order higher than #*, is found

(¢ -1)
A ED R ey (18)
2(n+1)
where
o=Q' W,MCN(y b+Lp,a)-
-kJTCY) (b + Eq a)] -
K [EK,Cr(b+ma)l  (19)

and
Q=K TG K'TICY K=1+IK,Ch (20
q'f@&

Y=AH,RT,

b=- L8P, @n

v=E,RT, (22)

By substitution of Eq. (18) into Eq. (16) the
cffectiveness factor 1, is obtained, which introduced
in Eq. (8) gives the criterion for kinetic control:

r, (ob) R
D, G

005+ 1)(n+3)
lol

(23)

The criterion established by Eq. (23) is obeyed
only if A, is small, which is the basic assumption
stated,

Since intraparticle mass transfer resistance is
normally greater than the corresponding heat trans-
port, it is useful to have separately the criteria for
checking mass and heat transport effects; specially
when the reacting system is exothcrmic and com-
pensation effect may arise.

In this case, the denominator of the right hand
side of Eq. (23) is o, or o, for checking abscence of
mass ot heal transport effect respectively; where:

o_:a(yl-.-y‘=0) (24)

and

o,=0(aq=0) (25)

The application of the criteria obtained through
Eqgs. (24) and (25) is somewhat limited by the fact
that, the mass transfer criteria assume uniform tem-
perature and the heat transfer criteria assume negli-
gible concentration gradients.

Interphase transport limitations

When external transport phenomena are ana-
lyzed mass and heat balances at the outer pellet
surface must be considered. The procedure presented
by several investigators (Luss, 1977: Gonzo and
Gottifredi, 1983b; Cassiere and Carberry, 1973) for
the case of a single reaction is extended to a network
of reaclions.

The mass and heat balances are:

A,

(26)

(n+l)(%-l) B =Lk,

T
(n+l)(17'--l) B, =- };a,h;n, 27

Taking into account the definitions of 0, and &,

g B
2 “’l"

= (28)
G

",

1

Eq. (28) when substituted into Egs. (26) and (27)
gives:

3



Latin American Applied Research

G R, P, (ob)
=l+———— =1+¢ (29)
C. (n+ )k, C
/55 R G (ob)
—=l+r— =l +g (30)
T. (m+ )b T
where
P, (ob) = 47-' a, 7, (ob) (31)
@ (oh) = J): (- A )7, (ob) (32)

Sometimes, the relative difference of concentra-
lion or temperature (g, or ;) is enough to check the
absence of interphase transport limitations. Never-
theless, to obtain a correct criterion, this must be
related with the kinetics of the reaction network
occurring in the pellet,

Defining r,” as the relation between the rate of
reaction j under external pellet surface conditions (r) )
and the rate which would prevail if the conditions
were the corresponding to bulk fluid phase (r)

f:’s rlﬂlrl’ (33)

Then. the criterion 1o establish the absence of
interphase transport limitations can be expressed as:

r—1 <005 (34)

Taking into account that for avoiding interphase
limitations, €, and &, must be small, and considering
Egs. (29), (30) and (17): rPresults:

=1+ (35)
with
¢, = Q' [k, (MCT) (¥, & + p, €) -
-k, 0CY) (o, &, + q,€)] -
(36)

~eK'IZK C™(y e +mig)

where any neglected terms are of order €, €5 €, €,
or higher. Then, the dimensionless interphase crite-
rion is:
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0.05
1< (37)
L,

which is valid whether heat and mass limitations exist
inside the particle or not. As can be seen, the crite-
rion is similar in form to Eq. (23).

In general, the heat transfer resistance of the [ilm
adjacent 10 the particle, can be much larger than the
resistance inside the particle. In contrast, the princi-
pal mass transfer resistance occurs inside the cata-
lyst pellet. Therefore, the film concentration gradi-
ent is usually negligible and the external transport
limitation is exclusively due 10 heat transport (Mears,
1971b). Then, it is interesting 1o have the criterion
discriminated for heat and for mass transport influ-
ences, which is specially useful for the case of
exothermic reacting system where compensation
effect occurs,

To obtain the criteria for checking interphase
heat or mass transport effects, the denominator of
the right hand side of Eq. (37) must be changed by
@, or @, respectively, where:

P =1, (=0 (38)

and

P =P, (,=0) (39)
Here, the comment previously done for the use
of Eqs. (24) and (25) is also valid,

Examples of use of criteria

1) Allan and Voorhies Ir, (1972) studied the si-
multaneous dehydrogenation and isomerization of
cyclohexane over a halogen free Pl-ALO, -morde-
nite catalyst. The experimental runs were made at
686 K, 5.78 atm and 20 mol H/mol cyclohexane
feed. It was shown experimentally that interphase
transport is not rate limiting. When intraparticle
effects were checked, by a reduction in catalyst
particle size, the data indicated that no intermal trans-
port limitations cxists for pellets with diameter less
than approximately 0.25 mm.

The reaction network can be represenied by:

e B
OS5

2
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A Il =525 Kcal/mol

A H, =125 Keal/mol

The rale equations are:

n=kP rn=kpP

‘

being P, the cyclohexane partial pressure in atmos-
pheres.

Using the information shown in Table 1. the right
hand side of mequality in Eq. (23) is found to be
0.626.

Then

r,lob) R*,
D et

e n

<0.626

from which the maximum particle size that can be
uscd, before intraparticle limitations become signifi-
cant, It is calculated as

Tuble 1.— Use of criteria

Example (I)

Catalyst:

P = 0.65 glem’ s, = 489 mi/g e=0.75
t=25 Ke=353.10cal{semK) F=47um

DilTusivities:
D _=1.05. 107 em¥/s
D, =3.15.10" em/s

Kinetic parameiers:
k= 004484 mol/(g , atm min)
A, = 0.00777 molfig_, atm min)

Dy . = 1303 . 107 em/s

E, = 14.4 Kcal/mol
E, = 12.5 Keal/mol

Example (11)

Kinetic paramerers:
k=994 . 10 min'
KJK, =8.68.10°

Effective diffusivities:
D, =284, 10%em’fs D

&, = 8.38 10 min"
K JK, =289 .10°

Il = 346.4 bar . I/mol
K, = 15.1 l/niol

A=D =D  =663.10" cm¥s

Example (II1)

Catalyst:

Py =14 glem'  § =57 mi/g £=0217
=5 K=710%cal/(s em K)  r= 10" nm

Kinetic parameters,
Al = 28.2 Keal/maol
K =01

Effective diffusivities:
D, ,=0.079 cmfs

A M. = 4.8 Keal/mol

D . =0055 cov’/s

Al = - 23.4 Keal/mol

D, = 0.346 cin’fs
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d, (max) = 2 R, (max) = 0.17 mm

This value is in close agreement with that expe-
rimentally obtained, taking into account the uncer-
tainty involved in the parameter values.

II) The liquid phase hydrogenation of phenolic
compounds was studied by Zwicky and Gut (1978);
on 5% Pd/C catalyst.

The reaction scheme for the hydrogenation of
pure o-cresol (A) to 2-methyl-cyclohexanone (B) and
to 2-methyl cyclohexanol (D) is the following:

r r
A+2H,— >B+H, —> D

The kinetic expressions are of the Langmuir-
Hinshelwood type, with adsorption of hydrogen and
substrate on different active siles of the catalyst

g Gk Co (K,/H) C,,
UG+ (KJK,) Cot (KJK) CY(1 + (K JH) C)

C, %,C;, (K JH) C,,
(K JK,) C,+Cy+ (K JK,) CYUI+ (K JH) C )

Here 7' is the reaction rate in mol/l.min, C, is
the total concentration of phenolic compounds in
mol/l. K,, K,, K, and K, are the adsorption equilib-
rium constants and #/ the Henry's law constant for
hydrogen solubility.

The reaction was carricd out at a constant pres-
sure of 40 bar, a temperature of 393.2 K and a stirrer
speed that make the hydrogen liquid absorption re-
sistance negligible. The amount of catalyst used was
1 % by weight with particle of 10 cm diameter.

The criteria is applied to the system in a point
where:

C,, = 0.89 mol/l C,e = 7.12 mol/l

C, = 0.89 mol/l
while

C'”'0 =0.115 mol/l

Interphase transport

Using the information presented by Zwicky and
Gut (1978) and data in Table 1; the relative concen-

23: 1.9 (1991)

trations gradients A C/C'in the fluid-solid film
result:

€, = - 6.03. 10 g, =- 1.342. 10°

g, = 694 . 10 g, = 7.86 . 10*

which when compared with the bulk concentrations,
indicate that the mass transport effects in the film
are negligible.

Applying the criteria, Eq. (37), assuming g, =0

1 <158, I(F

which tell us that interphase transfer resistances do
not affect the experimental resulls,

Intraparticle ransport

By taking the hydrogen as the key component
and using the information given in Table 1, a value
0f 0.259 results for the right side of the criterion Eq.
(23). considerably exceeding the value of 0.0012 for
the left side.

Hence, insignificant intraparticle mass transport
limitations are indicated for this case.

The maximum particle dinmeter that could be
used is:

2. R, (max) =d, (max) = 15. 10* cm

which means that under these experimental condi-
tions, it is possible to use particles of approximately
15 pm diameter before detecting transport influences
on the rate data.

I1T) Finally, the butadiene (D) production by
dehydrogenation of 1-butene (B) and the simultane-
ous coking (C) from butene and butadiene over a
Cr,0,/ALO, catalyst is studied. The kinctic of this
network of reactions was determined by Dumez and
Froment (1976).

D+H,

B r,

T, C+Hz

The set of rate equations are:
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. 3154107 exp (- 29236/RT) (P, - PP JK)

; (1 +1.727 P, +3.593 P, + 38,028 P )’

exp (- 4212 C,)

. 3117 10° exp (- 32800/RT) P7®

r

’ (1+ 1.695 VP, )’
exp (- 4553 C,)
o _1:0216 . 10" exp (- 21042/RT) P2™
r,o= .
- (1+ 1.695 VP,

exp (-45.53 C)

Where Piis the partial pressure of component |
in atm, Cc is the coke content of the catalyst in g =
8., and activation energy is given in cal/mol , ris
expressed in mol/g . h. r; and 7; are expressed in
g-h/gul Y h'

The catalyst used was a Cr,0,-Al,0, catalyst
containing 20 wt % Cr,0,. The properties of this
catalyst as well as value of the different parameters
are given in Table 1.

The authors had shown that interphase transport
limitations are negligible.

The analysis is carried out after two minutes of
reaction at 873K where the conditions arc:

P, =0.204 atm P, =0.022 atm

P, = 0.024 atm

and

C,=076.10°g_ /g,

The binary diffusion coefficients were obtained
using the Fuller et al, formula (Reid et al., 1987).
The mean binary diffusion coefficient D, _ of com-
ponent B in the multicomponent mixture was calcu-
lated according to the Stefan-Maxwell equation
(Froment and Bischoff, 1979);

L= yn.g.N/Nn

}:-'.v. YV /N,

= o

where N, is the component i flux, y, its mole fraction
and D,  the molecular diffusion coefficient for bi-

(20)

7

nary mixture of B and i. The flux relationships can
be easily established by the reaction stoichiometry
for a single reaction (Butt, 1963). It is introduced
the following cxpression for the Mux relationships in
the case of a network of reactions:

z 5 a,
7 i)

NJ/N, =
/R Izs'n',

(41)

The effective diffusivity for species i is given by the
expression:

ey 1 ry
g airg =L
T Dl.i Dl.n

The criterion for freedom from intraparticle limita-
tions can be obtained dircctly from Eq. (23).

The dimensionless group of the left of the criterion,
for catalyst particle diameter of 0.4 mm is:

[ OO R,

=291, 10?
Dl.. C.la
and the right hand side:
0.75
=746. 107
9.8754 + 0.1785

where 9.8754 came from the mass transfer contribu-
tion and 0.1785 from the heat transport.

As it can be seen the criterion is satisfied and it
can be concluded that the reaction system is free of
all transport influences.

Also, the limiting particle diameter for which
the kinetic regime is cnsured can be calculated:

2. R, (max) = d, (max) = 0.64 mm

To avoid internal transport influences, catalyst
particles of d, = 0.4 mm were used by Dumez and
Froment in experiment at 873 K, which is in agree-
ment with the result obtained applying the criterion.

Conclusions

Criteria for evaluating the significance of inter-
phase and intraparticle transport limitations in a
complex network of catalytic heterogencous reac-
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tions. have been developed. If the criteria are obeyed.,
one can be sure that the observed kinetic dta are
those correspondent to true reaction rates and free of
transport artifacts.

In the case of exothermic reacting system, the
denominator of the right side of the criterin, Egs. (23),
(37) can be close to or equal to zero. When this
occurs, the heat effect compensates for the diffusion
effects. For this peculiar case it is better to apply the
diagnostic test separately for checking mass and heat
transfer effects. For endothermic system, the [ull
criteria must be applied. since both effects add up to
each other.

The main disadvantage of theoretical criteria is
that they require knowledge of the Kinctic expres-
sions and the value of the associated parameters.
Nevertheless, the conclusion based on theoreticul
calculations of the possible role of transport proc-
esses are frequently more reliable and less time con-
suming (Temkin, 1979).

Finally, the philosophy of using thesc criteria
should be conservative and when diagnostic tests are
slightly fulfilled more precise parameter estimation
is needed before neglecting heat and mass transport
cifects.
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Nomenclature

B Biot number for heat transport

8:, Biol number for mass transport of specics i
D, .D.D,, effective, molecular and Knudsen dif-
fusivity of component i

et

d, pellet diameter

E apparent activation energy of reaction f

G (ob) observed heat gencration rate

he heat transfer coefficient in the film

h, * Thiele modulus for rcaction f

k, mass transfer coefficient for species / in the
film

Pi (ob) observed production rate of species i

q, reaction order for specics i, reverse reaction

r rate of reaction j per unit pellet volume

r, ratc of reaction j per unit mass of catalyst

F mean pore radius

23: 149 (1993
Ro characteristic length of the pellet

Greek letters

a, stoichiometric coefficient of species | in
reaction J

B, Prater number for reaction j

Y, Arrhenius number

Al heat of reaction §

A l/‘ heat of adsorption of species i

E catalyst porosity

n, catalyst effectiveness factor for reaction j

K effective thermal conductivily of catalyst

pelict
Py pellet density
T tortuosity factor

Subscripts

s external pellel surface value

0 bulk fluid phase value

ob observed

Superscripis

f parameters for the forward reaction
R parameters for the reverse reaction
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