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Theoretical criteria for establishing the absence of heat and mass transport limitations are of
fundamental importance in chemical reactor engineering. Many criteria have been proposed in the
past, but they cover only particular situations. This work shows that only two general expressions
are needed to establish the absence of either intraparticle or interphase mass and heat transport.
They encompass all previous theoretical findings and cover new cases. Moreover, when properly
applied, the procedure can be used to generate useful criteria for systems with more than one

reaction.

INTRODUCTION

Criteria to establish whether or not mass
and heat transfer resistances can be ne-
glected are of great importance for catalytic
reactor design and in experimental Kinetic
studies dealing with heterogeneous cata-
lytic systems.

Some useful experimental criteria do not
require the knowledge of kinetic parame-
ters, for instance, that presented by Koros
and Nowak (7). The main advantage of the
latter, as pointed out by Madon and
Boudart (2), is that it can be used to estab-
lish inter- and intraphase mass and heat
transport limitations with supported as well
as with unsupported catalysts (Gonzo and
Boudart (3) and Boudart et al. (4)). On the
other hand, theoretical criteria save experi-
mental efforts but require some knowledge
of the kinetic behavior of the system to be
analyzed. When Kkinetic parameters are not
known their values must be estimated and
this may be very difficult.

Theoretical criteria has been extensively
reviewed since the first contribution of
Weisz and Prater (5) which is strictly valid
for first-order irreversible reactions. How-
ever, all contributions deal with some par-
ticular case, e.g., isothermal irreversible
mth-order reactions (6, 7) or just the effect

of temperature gradients inside a catalyst
pellet (8). A summary of existing criteria
was presented by Butt (9) and recently by
Madon and Boudart (2).

Our purpose is to show that there is no
need to assume any kinetic expression to
deduce useful criteria for transport limita-
tions. Only two expressions are needed for
interphase and intraparticle mass and heat
transport effects, respectively. The expres-
sions are obtained by means of a simple
perturbation procedure, previously devel-
oped by the authors (10, 11). The resulting
expressions include, of course, all previ-
ously deduced results based on some par-
ticular assumptions. It must be stressed,
however, that as in all previous theoretical
analysis, the deduced criteria cannot be ap-
plied to a given situation without the knowl-
edge of the kinetic expression as well as the
value of its parameters.

The two general expressions will be used
to analyze well-known experimental works
in order to check the sensitivity of the de-
duced criteria. The effect of a nonuniform
catalytic activity distribution is also taken
into account for the first time.

ANALYSIS

A. Intraparticle transport limitations.
Let us consider first the problem of estimat-
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ing the effectiveness factor (») in a catalytic
pellet where a single chemical reaction
takes place. It is assumed that the dimen-
sionless rate of reaction can be expressed
as some arbitrary function (F) of the dimen-
sionless concentration of the key compo-
nent (C). This can always be achieved since
the concentrations of other components
and the temperature are easily related:

CG=MC-1D+1 m
T=81-0C +1, @

where:
A = —(D C; a/DCy) €)
B =D C(-AH)/k T, @

D being the effective diffusivity, « the ef-
fective thermal conductivity, AH the heat
of reaction, «; the stoichiometric coeffi-
cient, C' the dimensional concentration of
the key component, and subscripts / and s
denote the ith component and surface
value, respectively. Further it will be as-
sumed that inside the pellet a nonuniform
catalytic activity can exist which will be
represented in terms of the normalized
function f(x) where x is the spatial coordi-
nate. Thus:

(n+1) J’ol Sfxmdx = 1. (5)

Where n = 0, 1, 2 is to denote slab, cylindri-
cal, or spherical geometry.

The general criterion used to establish
the absence of transport limitations is al-
ways written in the following fashion:

/1 — | =0.05, (6)
where 7 is the effectiveness factor:
1
0= [ @+ DFWFCOxdx. ()

The dimensionless balance for the key

component, under these circumstances,
can be written as:

&#C  ndC

pr il hf(OF(C), ®

where & = R(r/DC;)"? and R is the pellet
characteristic dimension. Boundary condi-
tions are:

ac _
dx
Cc=1 at x = 1. 9)

However, to fulfill condition (6) the Thiele
modulus (#) must be small and Eq. (8) sug-
gests for itself the following series solution:

C =1+ RA(x) + O(h%). (10)

After substituting Eq. (10) into Eq. (6) and
collecting terms of like powers of 4 it can be
shown that the auxiliary function A(x) must
be the solution of the following linear differ-
ential equation:

0 atx = 0;

d’A ndA

e (00 (11)
subject to:

dA

E =0 atx = 0;

A=0 atx = 1, (12)

Replacing Eq. (1) into Eq. (7) an expanding
F(C) in Taylor serie yields:

n=1+nraF 1)+ 0k, (13)

where F'(1) denotes the first derivative of F
evaluated at C = 1 and
1
a=- [ (n+ DA (1)
Now the criterion expressed by Eq. (6) can
be rewritten in a more useful form:

lee B2F"(1)] < 0.05, (15)

clearly a only depends on the pellet geome-
try and f(x) while the Kkinetic behavior of
the reaction system is concentrated on F’
(1).

The resulting Eq. (15) can be regarded as
the general criterion needed to establish the
absence of intraparticle transport limita-
tions. In fact it is valid for any kind of ki-
netic expression under nonisothermal con-
ditions and also takes into account the
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effect of a nonuniform catalytic activity dis-
tribution inside a pellet of any shape.

All previously deduced expressions are
particular cases of our expression (15).

B. Interphase transport limitations.
When external transport phenomena are
analyzed mass and heat balances at the ex-
ternal pellet surface must be considered:

c, dc|  hm
(& -1)Bn=%  =man (0

T, _dar hn
(f - 1) Be=lei™ Bwp U1

C"’i ) . dC, _ hz'f]
(1) =Gl =N

where B and B;, are the heat and mass
Biot numbers and the subindex ‘0’ is to
denote bulk values. Taking into account 7
and h? definitions:

ponlialion (19

= ()R

o \Ci/\r,
Equations (16), (17), and (18) can now be
used to provide a direct relation between

surface concentration and temperature to
their corresponding bulk values:

o= (%)

(20)

Co
_ 1 _ 'rlohcz) _
=l -y pEn =1 @)
C{s)
¥—= | —=
cr- (g
=l-p(l-CH=1-ps (2
T,
r=1
=1+o(=CH=1+¢e, (23)
where
A (ﬁ> 24
pl - io Bimi ( )
Bim
0= B (35) @s)

and ¢ is defined by Eq. (21).

The criterion to establish the absence of
interphase transport limitation can be ex-
pressed as:

= 0.05.

‘1 ~ Do (26)

According to Eq. (19) it can be shown that:

(e
n

(27)
since through Eqgs. (22) and (23) F, can be
reduced to a unique function of C*. To ful-
fill Eq. (26) £ must be small and then F, (C*)
can be expanded into a Taylor series, re-
sulting in:

F(C*) = F() + Fi()e + 0D, (28)

where Fy(1) is to denote the first derivative
of F,(C*) evaluated at C* = 1. By putting
Eq. (28) into Eq. (27) and this into Eq. (26)
the criterion can be expressed in the more
direct form:

|Fa(1)e| = 0.05. (29)

This expression was deduced without
any assumption except the existence of a
single reaction.

Thus Eq. (29) can be regarded as the gen-
eral inequality required to establish the ab-
sence of interphase transport limitations. It
is valid for any kind of kinetic expression,
pellet geometry, and activity distribution
function inside the pellet and encompasses
all previous deduced expressions for partic-
ular situations.

DISCUSSION

The effect of nonuniform catalytic activ-
ity distribution on « is presented in Table 1
for three pellet shapes. This effect can be of
great importance in some cases although it
was not taken into account in previous con-
tributions. In order to show the effect of the
kinetic expression on F'(1) three cases are
presented in Table 2. Case “*a’’ is for a gen-
eral power law reversible reaction assum-
ing an isothermal regime. Case ‘b’ is for
Langmuir—-Hinshelwood kinetics where the
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TABLE 1
Value of «
Activity fx) n=20 n=1 n=2
distribution
Constant 1 1/3 1/8 1/15
Lineal ax 1/5 1/12 1721
Parabolic ax? 1/7 1/16 1/27

inhibition of the rate of reaction by the
products concentration is considered under
isothermal conditions. Case ‘‘c’’ is for a
nonisothermal irreversible (m;b)th order
power law Kkinetic expression. None of
these cases have been previously analyzed.
Our method reduces the whole problem to a
very simple algebraic expression of C
which can be readily differenciated to ob-
tain F'(1).

Let us assume f(x) = 1, spherical geome-
try and an isothermal reversible reaction of
case (a). Then the criterion to establish the
absence of intraparticle mass transport lim-
itation results in:

roR?

DC;

- 0.75

= X 1 s
<—_K, — 1){"’! +b )\B - F (C)\C + d)\D)}

(30)
where K' = K [Ci" CRICE CH, and ry is
the observed rate of reaction. Equation (30)
reduces to the result derived by Hudgins
(6) when K’ — o, and Ag — 0. In fact this
would be the case of a pseudo-mth-order
irreversible reaction. Under the same con-
ditions a Langmuir~Hinshelwood kinetic
expression (case (b) of Table 2) would lead
to the following inequality:

robR?
Tl =075 + K) 31
with

K, = (KAC,;s + 2 Kjxjc,-'s) /
J

[1 + 2 K1 - )\,)c;s].

TABLE 2
Expressions of F(C) and F'(1) for Different Cases

F)

F(C)

Kinetic expression

Case

1
= l[m + b)\B - F (CAC + dAD):I

L

J

(€ — AJC - Ap)*
K*C™(C — Al

l)C"‘(C - AB)”)\B"[I -

KI
K' -

(

CCCCDJ)

1
K

K(CA"'CB” -

r =

(a)

1+ K,

Cc( + K)
1 + K,C

kCa

(b)

1+ KaCa + 2, K;C;

m+b)\B"’)’B

1-C
CAs(C — 1) + 1] exp[ﬂ(ylﬁ(_ 5 +)1]

KC,"Cg?

r

(©)
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This rather simple result shows the impor-
tance of the effect of rate inhibition by
products on the criterion. In fact, the larger
the value of K; the smaller will be the im-
portance of mass transport on the observed
rate of reaction. This effect was pointed out
by Petersen (12) as a disadvantage of the
Weisz and Prater (5) criterion.

Finally from case (c) it can be shown that
Eq. (15), for the case of a spherical pellet
with uniform catalitic activity can be writ-
ten as:

ropR? - 0.75
DC; ™ |m + Agb — v

(32)

v being the Arrhenius number. Eq. (32) re-
duces to Anderson’s (8) criterion when |yf|
> (m + Agb). However, in most circum-
stances this situation is not met. On the
other hand Eq. (32) reduces to Kubota and
Yamanaka’s (13) criterion when Agh < m.
It is also clear that when:

lyB| = 0.05(m + Agb) (33)

isothermal conditions must prevail. This
result can be considered as an extension of
Mears’ (15) results valid for an irreversible
mth-order reaction.

The criterion deduced for interphase
transport limitation is wholly independent
of the corresponding intraparticle criterion.
In fact, it applies for any value of n,. How-
ever, from Eq. (29) and the definition of ¢ it
is clearly seen that the effect of external
transport is increasingly important as h, —
o, It is interesting to reanalyze case (c) tak-
ing into account external mass and heat
transfer phenomena. The expression for
F,(C*) becomes:

Fy(C*¥) = C*[1 — pa(l = CHP’
Yop(1 — C%)
oo (o =cm) O

which allows rewriting the criterion for in-
terphase transport limitation as:

raoR? _ (1 + 10.05Bim |
DC, ~ |m + ppb — @Y,

(35)

This expression encompasses the isother-
mal case analyzed by Mears (14) when m >
losb — @v.|- When heat transfer resistance
prevails |y.o| > (m + ppb), Mears’ (15)
results is readily obtained. It should be no-
ticed that in Eq. (32), as well as in Eq. (35),
compensation of mass and temperature gra-
dients can reduce the denominator to
nearly zero and apparently the criterion will
always be fulfilled. In this case further
terms in the expansion (Eqs. (10) and (28))
must be taken into account involving mag-
nitudes to the order of 4* or £? instead of A?
and ¢, respectively. It should be noticed
that due to compensation (only with exo-
thermic reactions) the criteria can be ful-
filled though perceptible temperature and
concentration gradients are already
present.

Comparison with experimental results.
Wu and Nobe (16) studied the reduction of
NO with ammonia. They measured the rate
of reaction on cylindrical pellets of 3.175
mm in diameter and length. All the data re-
quired to check the intraparticle criterion
are given except the Knudsen effective dif-
fusivity of the reacting components which
is estimated with a tortuosity factor of 2.
Resulting values are:

D
Dno = 0.012 cm? 5713 =2
DNH3

= 0.753.

Results are given in Table 3. It can be seen
that the criterion is not fulfilled in all runs
except runs 11 and 32 where experimental
values of n are 0.92 and 1.0, respectively.
From these results in can be concluded that
the criterion for interparticle mass trans-
port limitations can be safely used. As soon
as it is disobeyed experimental values of )
differ significantly from 1.

The second study is that of Kehoe and
Butt (17), where results for benzene hydro-
genation on supported nickel catalyst are
presented. We selected experimental runs
where the external mass transport resitence
was negligible. Equation (35) reduces in
this case to:
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TABLE 3

Application of Intraparticle Mass Transport Criterion

Run PN() x 106 PNH3 x 10¢ Fob X 104 )\NHS T Rzroh 0.4 _ Yob
number® (atm)® (atm) (mol cm™3 h™Y) (K)  DyoCio 0.2 + 0.12 Ay, e
3 495 356 2.037 0.698 638 12.56 1.41 0.26
8 485 990 2.525 0.246 633 15.76 1.74 0.30
12 750 430 1.670 0.876 588 6.27 1.31 0.35
15 750 736 1.232 0.511 538 4.23 1.53 0.51
1 495 356 0.535 0.698 488 2.52 1.41 0.64
4 485 445 0.387 0.547 458 1.76 1.51 0.85
11 750 430 0.409 0.876 453 1.18 1.31 0.92
32 1350 1117 0.662 0.607 458 1.07 1.47 1
4 Wu and Nobe (19).
¢ 1 atm = 101.3 kPa.
robR? - 0.1B; Each of them is applied independently to
DC; ~ |yoBl (36)  establish either the interparticle or the in-

Since Kehoe and Butt (17) also present
temperature differences between bulk and
surface values, it is shown in Table 4 that
the criterion is fulfilled up to a temperature
difference of 2.5°K.

CONCLUSIONS

Our main result is to establish with only
two criteria the absence of interparticle and
interphase heat and mass transport limita-
tions in catalyzed heterogeneous reaction
systems. These two criteria apply to any
kind of kinetic expression under either iso-

terphase transport limitations. As shown
above, previous results are encompassed
by the two general expressions deduced
here. It should be noted that they cannot be
applied to a given situation if the kinetic
expression is not known as well as the val-
ues of its parameters.

As a new feature, the effect of pellet ge-
ometry and of a nonuniform catalytic activ-
ity distribution are considered.

The deduced criteria are very sensitive
when compared with experimental results.
When inequalities (15) and (29) are slightly
fulfilled more precise parameter estimation
is needed before neglecting heat and mass

thermal or nonisothérmal conditions. transport phenomena.
TABLE 4
Application of Interphase Heat Transport Criterion
Run % Bo B (Cé - C, ) y rap X 108 Riry,  0.1B; °K
num- C, (mol cm~*s~Y)  DC, Yolo
bere T, T, AT
10 6.77 0.020 29.7 0.2 0.2726 252 2193 299 299 0
8 6.77 0.020 24 0.3 0.2839 250  17.7 299 300 1
9 677 0.020 17.2 0.4 0.2745 2.54 12,7 299 301 2
25 6.19 0.078 29.7 0.5 2.350 5.54 6.15 327 2295 2.5
28 6.17 0.110 29.7 0.4 2.957 512 438 328 332 4
24 6.12 0.078 24 0.7 2.831 674 503 331 3365 5.5
23 594 0.083 172 1.2 5.057 11.69 348 341 351 10

2 Kehoe and Butt (18).
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It was shown that compensation could
occur when highly exothermic reactions are
involved. Under these circumstances the
criteria can be fulfilled but with perceptible
concentration and temperature gradients.
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