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CHEMICAL REACTIONS IN A CHROMATO-
GRAPHIC REGIME

In studying chemical transformations in a flow, one usually seeks to maintain
the system in a stationary state, reducing as far as possible the concentration
gradients of the reacting substances (!). Under these conditions the kinetics
of reactions under dynamic conditions is closest to static kinetics, but all the
complications characteristic of the latter are preserved.

In papers by one of the authors and O. M. Todes (), the features of the kinetics
of catalytic reactions before the establishment of a stationary state throughout
the entire bed and the dynamics of adsorption of radioactive substances were
considered; in kinetic terms, the latter may be regarded as a model of a reaction
carried out under conditions of frontal chromatography (%).

The kinetics of nonstationary chemical reactions with chromatographic separa-
tion has acquired particular importance in connection with the appearance of
rapid methods for studying catalytic processes using pulse development chro-
matography (>®). As was shown in 1961, when reacting substances move
through a reactor in which chromatographic separation of the components of
the mixture occurs simultaneously with the reaction, such unusual kinetic con-
ditions are created that one may speak of special chromatographic regimes of
reaction, differing substantially from both static and dynamic regimes (7). The
study of cyclohexane dehydrogenation on supported platinum and certain al-
loy catalysts confirmed the feasibility of the chromatographic regime and the
correctness of the conclusions concerning the distinctive qualitative features of
chemical reactions in this regime. In particular, the possibility was demon-
strated of eliminating self-poisoning by reaction products and of carrying out
reversible reactions irreversibly (®).

In the chromatographic regime, many of the complications that hinder the study
of true kinetics and of the stepwise mechanism of a reaction disappear. In prin-
ciple, this regime can be realized for any particular variant of chromatography
and for the most diverse types of homogeneous and heterogeneous reactions
occurring in the gas phase, in the liquid phase, and on the surface of solids.
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The present communication sets forth the theory of this method as applied
to gas processes carried out under conditions of development chromatography
with pulse introduction of the reacting substance. In studying a reaction in the
chromatographic regime, a carrier gas is passed at constant velocity through
a column of length L with a stationary phase. Beginning at time ¢t = 0, the
reacting gas is added to this gas, and after a short interval of time ¢, this
addition is stopped. The reacting gas is carried by the carrier gas into the
column, in which the chemical process takes place. At the outlet from the
column, the degree of conversion and the shape of the curve of the concentration
distribution of the initial substance and the reaction products can be measured.
It is especially simple to record the time of appearance of the maxima of the
peaks, t7'**. The problem is posed of relating these quantities to the constants
of the chemical process.

Because of the difference in the adsorption properties of the initial substances
and the reaction products, the molecules of the latter are continuously removed
from the reaction zone, and in typical cases the effects associated with the
presence in this zone of a small number of product molecules may be neglected
without substantial error.

Below we consider a homogeneous first-order reaction in the gas volume and
a heterogeneous catalytic first-order reaction with respect to the surface con-
centration of the adsorbed reacting substance. The surface is assumed to be
homogeneous, the degree of surface coverage small, and the interaction of ad-
sorbed molecules in the adsorption layer so weak that it does not change the
adsorption coefficients and rate constants of the surface reactions. Under these
assumptions the rate of adsorption is proportional to the partial pressure of the
reacting gas, and the rate of desorption to its amount on the surface.

In the theory of chromatography (?), wall effects, edge effects, gas compressibil-
ity, and also the change in the carrier-gas velocity caused by introduction of
the sample are usually neglected. The porosity of the bed and the carrier-gas
velocity are assumed constant along the length of the column from z = 0 to
x = L. In this work we shall also assume that the influence of gas diffusion may
be disregarded.

The distribution of gas concentrations along the column satisfies the system of
equations

0 0 0

£+£+u£+klp+k2q:0; (1)
Jq
o ksp — (ko + ky)q, (2)

where z is the distance through the charge from the place where the gas enters
the column; p is the number of molecules of the reacting gas per unit volume of
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the gas phase (this number is proportional to the partial pressure of the reacting
gas); ¢ is the number of adsorbed molecules of the reacting gas, referred to
unit volume of the gas phase; u is the linear velocity of the carrier gas in the
column (u = uy/e, uq is the linear velocity of the carrier gas before entering
the column, € is the porosity); ky, ks, k3, ky are, respectively, the rate constants
of the homogeneous reaction, the heterogeneous catalytic reaction, adsorption,
and desorption. For adsorption within a monolayer, g and the degree of surface
coverage 6 are related by

q= nsg‘sp(l - 5)/6,

where n, is the number of vacant sites per unit surface; S is the surface area of
the adsorbent, p is the density of the adsorbent. Equation (1) is the equation
of conservation of matter with allowance for chemical reaction; equation (2)
describes the sorption kinetics.

The partial pressure of the reacting gas before entering the column is a known
function of time ¢(¢). This function may be taken to be zero at t = 0 and ¢ > ¢,.

At the entrance to the column the condition of material balance must be satis-
fied,

Ug

?90@ = UPr=0

or, since eu = uy,

o(t) =p(x,t) for z=0. (3)

At the initial moment of time the column is free of the reacting gas. The first
molecules of the reacting gas arrive at point = at the time ¢, = uz. The solution
of the system of equations (1), (2) must satisfy the condition

p(z,t) =0 fort=t,. (4)

Let us first consider the case of adsorption equilibrium k3 — oo, k; — oo,
ks/k, = a (where a is the adsorption coefficient). In this case

q = ap, and equation (1) takes the form

dp dp B
E+up%+7p—0, (5)

U kg +aky
Pl4a’ T T 1va
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The solution of equation (5) is the function

plz,t)=¢ (t - ,Z)) exp (—75) : (7)

Under adsorption equilibrium, all molecules of the initial gas move along the
column with the constant velocity w,. Molecules from the beginning of the
column arrive at the point z after the time ¢, = :r/up. The quantity w, is
measured experimentally, and from the first relation in (6) it is possible to
calculate the adsorption coefficient. It follows from (7) that the decrease in the
amount of the reacting substance occurs according to the same law as in a first-
order reaction under static conditions with the constant y. The dependence
of the logarithm of the fraction of undecomposed substance at the gas outlet
from the column on the time of gas passage through the column is linear. From
the slope of the line the constant v can be found; after this, from the second
of formulas (6), one of the kinetic constants k; or k, is calculated, provided
that the other constant is equal to zero. In the general case, when k; # 0 and
ky # 0, measurements at different temperatures should be made to determine
these constants.

When studying the kinetics of heterogeneous reactions under dynamic condi-
tions, chromatographic effects caused by the difference in the velocities of motion
of the components of the gas mixture through the reactor cannot be detected by
ordinary methods (these effects can be observed by special methods, for exam-
ple, by adding a pulse of a labeled gas to the gas stream). From experimental
data obtained under dynamic conditions, only the product of the reaction-rate
constant and the adsorption coefficient can be found. When studying the kinet-
ics of a reaction in the chromatographic regime, in addition to the quantities
determined in a dynamic reactor, the true passage time of the reacting substance
through the column is measured, and as a result it is possible to calculate both
the reaction-rate constant and the adsorption coefficient.

From the graph of the dependence of In+y on 1/T", the observed activation energy
E is calculated. In the case when the reacting substance is strongly adsorbed on
the surface and a > 1, v = k;/a+k,; if only a heterogeneous reaction occurs and
k, = 0, then E is equal to the true activation energy E.y; if only a homogeneous
reaction occurs and ky = 0, then £, = F,+Q),4.- In the case of weak adsorption
of the reacting substance, when ¢ <« 1 and v = k; + ak,, measurements in
the chromatographic regime lead to the same results as measurements under
ordinary dynamic conditions; for a homogeneous reaction E, = FE,, and for a
heterogeneous reaction E, = Fiy — @, 45

Equation (5) and its solution (7) remain valid also for an energetically nonuni-
form surface, provided that the degree of filling for any group of sites is small;
however, in this case the relation between the observed and the true activation
energy becomes more complicated.
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Let us turn to the case where the adsorption and desorption rate constants
are comparable with the reaction-rate constants. The solution of equations (1),
(2) for the case k, = ky = 0 is given in 1%; in paper (V) diffusion effects
in adsorption are taken into account. The solution of equations (1), (2) with
account of the chemical reaction can be obtained by ordinary methods (12).

The relative amount of unreacted gas at the point x, g/g,, is determined by the

relation
e} to
oo = [ pletae] [ o
t, 0

From equations (1), (2) it can be established that

9/90 = exp(—pz/u), (8)

where p is the following combination of kinetic constants

 kyky + kyky + koks
a ky + iy ‘

(9)

If the duration ¢, of introducing the reacting gas into the column is close to
zero, then for times ¢ considerably exceeding t,, the function p(x,t), found by
solving equations (1), (2), is written in the form

p(a,t) = 2gokgky exp {[(ky — Ky + kgu_zkz;)x/u — (ky + bt} 4 (Z)’ (10)

2 =2 ks (1= 2),

where I;(z) is the Bessel function of the first kind, first order, of imaginary
argument.

In the region of large values of the argument, for the Bessel function one may
take the asymptotic expression

vV oz

after which it can be established that, for values of x satisfying the relation

Ii(2) =

3(ky + ky)

x
u
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the function p(z,t) reaches a maximum at the value t2'**, determined by the
formula

pmax — L4 _Phar (1 41 Bulks £ Ry k‘*)) . (11)
u  2(ky + ky)? kykyx

The time at which the peak maximum leaves the column can be found experimen-

tally. By determining the velocity of peak motion and the degree of conversion

at a variable carrier-gas velocity and using formulas (8)—(11), one can calculate

the constants of sorption and of the chemical reaction.

In many technically important topochemical and catalytic processes (for ex-
ample, in a fluidized bed of dust-like particles) the composition of the gas
around the particle changes with time; in laboratory study of such processes
it is necessary to investigate the kinetics of the reaction under a rapidly chang-
ing, controlled gas composition around the particle. Possibilities of this kind are
opened up by the chromatographic mode of carrying out the reaction. In partic-
ular, as the present consideration shows, the difficult experimental problem of
simultaneously determining sorption kinetics and reaction kinetics can be solved
comparatively simply when the reaction is carried out in the chromatographic
mode.
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