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Reactants in low concentration are carried in an inert fluid stream at constant velocity
through a porous solid catalyst bed (or solid reactant) of definite length. The reactants
are adsorbed by the catalyst according to the first order rate law, and the reaction prod-
ucts are adsorbed irreversibly by the porous surface of the catalyst bed, whose effective
reaction surface area is thus gradually depleted. This paper presents a mathematical
solution of both the reactant mass and the adsorbed mass as functions of time and of dis-
tance from the entrance of the bed. The utilization of this solution to evaluate the adsorp-
tion rate constant in the laboratory is also indicated.

INTRODUCTION

In the laboratory examination of reactions
involving heterogeneous catalysts or gas—
solid adsorption, an arrangement as shown
schematically in Fig. 1 may be employed.
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F1a. 1. Catalyst bed.

An inert fluid carrying reactants in low con-
centration is introduced into the catalyst
bed at the left end with a velocity v(ecm/sec),
which is calculated from Eq. (1),

v = u/AX, 1)

where % = volume rate of flow (cc/sec),
A = cross-sectional area of the catalyst bed
(em?), and A = void fraction of the solid bed.
Ordinarily, the catalyst is assumed to be
continuously regenerated by desorption of
reaction products and, as a result, the
catalytic surface available for reaction re-
mains constant with time. Hence, the reac-
tion rate and reactant concentration distri-

butions thoughout the catalyst bed also
remain constant with time and the system
is considered to be in a steady state. By
measuring the concentrations of reactants
and products at the exit of the reactor at
different flow rates and initial concentra-
tions, the rate parameters of the reaction
can be derived and the catalysts’ activity
and selectivity can be determined. Adequate
treatments of the normal situation are avail-
able (7).

This paper is concerned with a catalyst
(or solid-phase reactant) which is not being
regenerated because reactants or products
are being irreversibly adsorbed so that the
surface available for reaction is being de-
pleted. Therefore, the rate of reaction de-
creases with time, and the rate of escape of
unused reactants increases with time. In
addition, the reaction product mass is ac-
cumulated by the catalyst bed at a decreas-
ing rate. In the following paragraphs, a
method of determining the adsorption rate
constant from the time-dependent data and
the theoretical basis for the method will be
described. This method would have impor-
tant applications in the areas of air purifica-
tion, removal of CO, from air by a regen-
eratable silver oxide bed, poisoning or coking
of catalyst beds, and in gas chromatographic

368



METHOD FOR DETERMININ
and ion exchange columns where kinetic
rather than equilibrium factors are con-
trolling and adsorptions are irreversible.

NoTATION

A Cross-sectional area of the catalyst bed,
cm?

{ Length of catalyst bed, cm.

A Void fraction of catalyst bed.

Linear velocity of fluid flow in the
catalyst bed, cm/sec.

Time, sec.

Volume rate of flow, cc/sec.

Distance from the entrance section, cm.

Adsorption rate, g/sec cc.*

Porous surface density, cm?/ce.*

Mass Poncentratmn of reactants in

fluid phase, g/cc.*
k  Adsorption rate constant, ce/cm? sec.®

<

RN

m  Mass adsorbed, g/ce.*

sy Initial s, cm?/ce.*
Maxi Lk

Mg aximum m, g/cc.

¢ Initial concentration of reactants in
fluid phase, g/cc.*

DERIVATION OF THE DIFFERENTIAL
EQuATIONS OF ADSORPTION

For the reaction products adsorbed onto
the porous solid catalyst surface, a first order
rate law is assumed

(om)/(8t) = v = kes (2)
Aa +tha moaa adanrhoad ineroaang the avail_
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able surface for reaction decreases propor-
tionately. Hence

s = sl — (m/my)] (3)

Combining Egs. (2) and (3), we have
(0m)/(0t) = ksoll — (m/ms)]c (4)
On the other hand, if attention is focused

on a small element of volume, Adz, fixed in
space (Fig. 1), then the rate of mass dis-
appearance of the reactants must be equal
to the rate of accumulation of the mass
adsorbed in the solid. Thus

— (de)/(dt) = (om)/(3t) (5)

Here ¢ is differentiated totally, rather than

partially, with respect to time since ¢ is a

* In these, cc means “‘cc of catalyst bed including
both voids and selids.”
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quantity in a moving stream, and hence,
has a convective part, in addition to the
usual nonconvected part, i.e.,

(de)/(dt) = (dc)/(31) + v(dc)/(dx)
Combining Eqs. (5) and (6), we get
(@m)/(8t) + (9¢)/(30) + v(dc)/(8x) = 0 (7)

In the above derivation, the pressure and
temperature variations throughout the proc-
ess are assumed small and the volume and

atrmipture of the volde are accsiimed to remain
Struciure o6i il vVOIGas are assuimed vo reimaln

(6)

unchanged by the reaction process.

To obtain the boundary and initial condi-
tions, 1t is noted that Egs. (4) and (7) are
defined in the (z,) plane only between the
linesz = 0 and 2z = [, and for 2 < »t. More-
over, physically downstream adsorption does
not affect upstream adsorption. Hence, the
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he lines x = 0 and = = »t. Obviously,
m=0onzx=v and ¢c=¢onz =0 (R
Therefore, Eq. (4) at £ = 0 becomes
(dm)/(dt) = kspeoll — (m/my)],
which has the solution
M = M|l — exp (—kscol/ms)]  (9)

under the condition that m = 0 at ¢t = 0.
On the other hand, Eq. (7) may be written

[using Eq. (4)] as
(3¢)/(3t) + v(3¢)/(9x) = —ksul[l — (m/me)]e
which on the line x = »f becomes

(de)/(dx) = — (kso/v)c (10)

A A N . e, 1NN\ e R T T S s .,
unabl(}ll \lU) Comes abouu SINee uie Ccol-
vective term in ¢ is zero as we move with

the fluid (i.e., on z = vt) and that m = 0 on
x = vi. Equation (10) has the solution

¢ = ¢yexp (—kspx/v) (11)
under the condition that ¢ = ¢ at 2 = 0.

The boundary and initial conditions for
the system of Eqgs. (4) and (7) are summa-
rized below:

NN o o— 0

m = Ml — exp (—ksocol/My)], ¢ = ¢
onax = vi: ‘ _

m =0, c¢= cyexp (—kspx/v) (12)
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SOLUTION oF THE DIFFERENTIAL
EQUATIONS OF ADSORPTION

It can be easily verified by direct substi-
tution that the solution of the system of
Eqgs. (4), (7), and (12) is

z exp (—ksox/v)

m/me = 1 — 2[1 — exp (—ksoex/v)]
_ exp (—ksox/v)
/ey = 1 — 2[1 — exp (—ksox/v)] (13)
where

z =1 — exp [ksocolx — v1)/(mv)]

DETERMINATION OF THE
ApsorpTioN RATE CoNSTANT, £

In laboratory experiments, it will be neces-
sary to measure the value of ¢ at the exit end
of the reactor (x = 1) as a function of time.
In general, the initial increase in ¢ with time
will be gradual, starting at a low value
(possibly zero), followed by a more rapid
increase and finally leveling off as ¢ ap-
proaches ¢, when the catalyst bed becomes
completely spent. From Eq. (13), (¢/co)s=:
can be plotted versus time with £ as a
parameter. Thus, the determination of &
involves the selection of a theoretical
(¢/ce)—1 Vs t curve which best fits the
experimental one. The rapidly rising portion
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of the curve may require the most attention
since it will be the most sensitive to changes
in £. In practice, however, a number of varia-
tions from the procedure just described could
be developed, depending upon the conven-
ience of application and the objectives in
each individual case.

ExaMPLE

Let the catalyst be contained in a tube of
l-cm inside diameter. The catalyst bed has
a void fraction of 0.35 and a length of 6 cm.
The reactant concentration in the virgin
fluid is 3.857 X 10~% g/cc before entering
the catalyst bed. The volume rate of flow is
1650 ce/min. Also s, = 6 X 10 cm?/ce, and
My, = 0.45 g/ce. (see Notation Section).

From Eq. (1),

v = 1650/4r X 0.35 X 60 = 100 cm/sec

Also, from the definition of ¢, (see Notation
Section),

¢ = 0.35 X 3.857 X 105
= 135 X 10~® g/ce

after entering the catalyst bed. Hence, all
quantities required for Egs. (13), except k,
are now provided.

The results of the computation for several
values of k are plotted in Fig. 2. The rapidly
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Fiqa. 2. Example of the calculation of ¢/¢o using Eqs. (13).
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rising portion of the curves are rather evi-
dent. Needless to say, the time scale can be
expanded or contracted to suit the individual
problem.
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