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1. REACTION RATE AS A MEASURE OF CATALYTIC
ACTIVITY

Despite its wide employment in studies on catalysis, the
term “catalytic activity” is exceptionally indeterminate,
since various kinetic parameters are used, and not always
justifiably, as a meagure of activity. In some reports it
is actually not stated at all what is meant by this term,

To accord with the significance of the phenomenon of cata-
lysis, the change in the rate of chemical reaction as the
result of the introduction of the catalyst into the system
should be adopted as a measure of catalytic activity?.
Since the rate of the non-catalysed process is usually
negligibly small compared with the catalysed rate, the rate
of reaction in the presence of the catalyst may be regarded
as an accurate measure of activity!~4.

We shall define the rate of a heterogeneous catalytic
reaction as a change in the number of reactant or product
molecules per unit time per unit catalyst surface. On the
basis of this definition, we shall examine the expressions
for the rate of reaction in reactors with stationary catalyst
beds. Under steady-state conditions in an ideal-mixing
flow reactor (a gradient-free reactor, in particular a
stirred flow reactor), the rate of reaction is constant both
with respect to time and over the entire catalyst surface.
If the amount of substance ¢ changes by AN; moles in a
stream of reaction mixture passing through a catalyst bed
with a surface area S during a time ¢, the rate of reactionis

AN,
U= * ? ) (1)
where the sign depends on whether the substance ¢ is
formed or consumed. When the rate of reaction is
expressed in terms of various components of the reaction
mixture, account must be taken of the stoichiometric coef-
ficients. In a gtatic ideal-mixing reactor, the rate of
reaction is the same at each instant over the entire surface
but varies with time. Therefore the rate atagiventimeis

1 2
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In an ideal plug flow reactor under steady state condi-
tions, the rate of reaction varies along the catalyst bed but

remains constant with respect to time for each section of the
bed. Therefore for an infinitely thin bed with a surface
area dS, at right angles to the axis of the reactor, the rate
is

1 dN,

ras (3)

For a flow reactor, the amount of substance is usually
expressed in terms of the number of moles passing through
the cross-section of the reactor per unit time: N’ = N/,
Then Eqn. (3) becomes 3,®

U= +

a;
V=& —— »«
ds
The rate equations (1) —(3) can be formulated in terms of
other variables, For example, for an ideal plug flow
reactor,
Uzti’ﬁ:ﬂzdi:“_od}___”«_&, 4)
where « is the degree of conversion, N, is the number of
moles of the starting materials supplied to the reactor
during a time ¢, +tN; =Nga, s andp are respectively the
specific surface and the bulk density of the catalyst, o is
the cross-sectional area, and d! and dw are the length
and the volume of a catalyst bed with a surface area dS.
If the contact time 7 = w/u is employed as a variable for
a reaction without a change in the number of molecules, w
being the volume of the catalyst bed and « the volume of
gas passing through the cross-section of the bed per unit
time, Eqn. (4) becomes
_ Ny da _ Ny do P, da
U= e dw s v RTe & )
where N,/t = Pu/RT and P, is a constant pressure of the
starting material at the inlet to the reactor. An analogous
expression for the rate of reaction in terms of the contact
time may be written for an ideal-mixing flow reactor:

u=+.A£L=_l!‘f_=_f°__g__ (6)
1S tspw

In a reaction involving a change in the number of mole-
cules, the flow rate u becomes a function of the degree of
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conversion and the contact time 7 in the flow reactor is
determined by highly complex formulae, which depend on
the form of kinetic equation?. Here one can employ as a
variable in the rate equation® the quantity 7* = w/u,, where
u, is the volume of gas passing into the reactor per unit
time,.

Our definition of the rate of reaction is not unique.
Apart from the area of the catalyst surfaces$,?°,'°, the
rate of reaction may be referred to its unit weight!!, unit
volume!%!3, or the length of the bed!4, It is also possible
to refer the rate to the surface area of the active phase or
to the number of its active centres if these quantities are
known{i. The above definitions involve the number of
moles of the substance in the numerator and can be readily
interconverted on multiplication by appropriate constants.
The definition of the rate of reaction in terms of the con-
centration of the substance!5-17 instead of its amount is not
universal and is applicable only to reactions at constant
volume, when the concentration varies only due to the
reaction and not due to a change in the volume of the system
system10,18,19,

By definition, the rate of reaction v is the rate per unit
catalyst surface. However, in the literature the rate of
reaction is usually defined as the quantity v’ calculated
from the experimental data (the observed rate), which
refers to a catalyst with a surface area S and the rate of
reaction v = v’/S is called the specific rate. We may note
that the possible heterogeneity of the surface does not
preclude the assignment of the observed rate v’ to unit
surface, since v characterises the average activity of
1 m? of the surface area of the given catalyst. Although
in the vast majority of cases the observed rate of reaction
on solid catalysts is proportional to their amount??, it is
useful to verify this experimentally. Such a test® -2
confirms the validity of the definition of the activity of
catalysts, since, if the experimental conditions are chosen
erroneously, the above proportionality may not in fact
obtain. For example, it will not hold for very long contact
times in a flow reactor, when a linear relation is obtained
between the yield of products per unit time and the rate of
supply of the starting material, as has in fact been
observed?,?, In this case the yield corresponds to
equilibrium # and is attained on part of the catalyst bed,
while the remainder is inactive.

In this review we shall not consider the experimental
methods for the determination of the rate of reaction. The
problem of the choice of experimental conditions to ensure
that the observed rate of reaction characterises the activity
of the catalyst has been most fully examined by Boreskov!,2°,28
and also by Dowden and Bridger ®, Germain®, and
de Mourgues ¥, The rate of reaction must be measured
under isothermal conditions with the catalyst surface in a
steady state and in the absence of an effect of heat and

mass transfer processes, i.e. in the kinetic regioni. For

1 The assignment of the rate of reaction to unit
surface may be purely formal if the entire surface is
not active, which sometimes happens for a catalyst with
a large surface area or when the surface area of the
active phase of the catalyst is unknown. In some cases
the very concept of the catalyst surface is without signi-
ficance (zeolites). We have adopted the definition of
the reaction rate which is most widely used in the
Russian literature.

i For industrial processes in the diffusion region,

a quantitative comparison of the activities of catalysts
1s impossible; one can only compare the yields of prod-
ucts under specified conditions.
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a reversible reaction, the rate of the process in one direc-
tion only must serve as a measure of activity and not the
observed rate, which is equal to the difference between
the rates in the forward and reverse directions.

The rate of reaction in the presence of a given catalyst
depends on temperature and the concentrations (or pres=
sures) of the reactants and products and also extraneous
substances. By virtue of this dependence, the rates for
different catalysts can be compared only at the same
temperature and pressure and for the same composition of
the reaction mixture. Despite this, one sometimes
encounters in the literature comparisons where the relev-
ant mixture composition is not stated®. The relative
activities of a series of catalysts found for the same
composition of the reaction mixture may be altered for a
different composition owing to varying forms of the kinetic
equations valid for these catalysts.

In a gradient-free reactor the rate of reaction is calcu-
lated from data for a single experiment by Eqn. (6). It is
more difficult to satisfy the conditions of a constant compo-
sition of the reaction mixture. It is incorrect to compare
the rates of reaction for the same composition and rate of
supply of the mixture of starting materials as is some-
times done$2~%, This is because under such standard
conditions the mixture compositions in the system differ
owing to the different activities of the catalysts. Identical
compositions of the reaction mixture can be achieved by
varying the degree of conversion, the rate of supply of the
starting materials, the composition of the mixture of
starting materials supplied, or the amount of the catalyst
as was done by Dzis'ko and coworkers 3=, 1t ig also
possible to find the kinetic equation for each catalyst and
to use it to calculate the rate of reaction for a particular
composition of the reaction mixture %,

In integral reactors it is impossible to measure the
rate of reaction but it can be found by the graphical
differentiation of the kinetic curve. It can also be calcu-
lated from the differential kinetic equation by substituting
specified concentrations of the reactants and the rate
constant obtained by verifying the integral equation?®®,
When the reaction is carried out in an “adsorption
layer” %2,3,40,41  the condition of a constant composition of
reaction mixture must be replaced by the condition of
identical surface concentrations.

A special case of the comparison of catalysts in terms
of the rate of reaction for a constant composition of the
reaction mixture is the comparison based on the “initial
rate”, i.e. the rate at the start of the reaction when
the concentration of reaction products is zero. Naturally,
the concentrations of starting materials in such a compari-
son must be the same. The initial section of the “degree
of conversion—time” (duration of contact) kinetic curve
can never be measured directly and therefore the initial
rate can only be found by extrapolation. The minimum
degree of conversion determined experimentally depends
on the accuracy of the analytical method and other condi-
tions. The extrapolation is performed on the assumption
that near the zero time the same kinetic law holds as in
the region of conversions accessible to experiment.

The method of initial rates is usually employed when the
experimental curve has a linear section which on extension
passes through the origin of coordinates 24,30,43=45, A
linear section, i.e. a constant reaction rate, is charac-
teristic of the initial part of the kinetic curve described by
equations of the Langmuir —Hinshelwood type or by power
functions without product inhibition, which in the region of
low conversions can be approximated by the equation for
zero-order kineticg*®. Evidently the wider is the region
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under which a constant reaction rate is observed under
these conditions (up to 50% ** and 60% %% conversion), the
lower is the accuracy needed to demonstrate it. I the
accuracy of the analysis does not allow the attainment of
the region which may be linear, the use of a tangent to the
curve, as in the work of Wade et al.*?, involves large
errors. When the reaction kinetics at moderate con-
versions permit the assumption of a linear section, inter-
polation formulae and in particular Newton's formula 48,4
may be recommended for extrapolation of the curve.

The application of the method of initial rates to reac-
tions inhibited by products is open to objection (Kiperman5s®
and Boudart3!), since the kinetic equation v = kC{1 /an,

where C; and Cj are respectively the concentrations of the

reactant and the product, is not converted into the equation
for zero-order kinetics in the region of low conversions 46,
The slope of the curve described by this equation is

infinite at £ = 0 and extrapolation of the curve is pointless.

There exists the opposite view 32,5 that the initial rate
may be determined independently of the form of the kinetic
equation, since a power function with inhibition cannot
desgcribe the region of low conversions where reaction
products are virtually absent. Indeed the rate of reaction
in the initial instant cannot be infinite. However, as
already stated, a linear section must be always obtained
to determine the initial rate. ~Without this, the absence
of product inhibition cannot be assumed, since sometimes
it already has an appreciable influence for conversions not
exceeding 1% 5.

A flow reactor with a small amount of catalyst, which
allows experiments at low conversions and which is called
a differential reactor -3¢, is frequently used to determine
the initial rate. As in a stirred flow reactor, the rate is
calculated by Eqn. (6), i.e. the slight changes in the rate
in a thin catalyst bed are neglected. As stated above, the
constancy of the rate at low conversions depends not only
on the type of reactor and the experimental conditions but
also on the type of kinetic equation. Nevertheless, some-
times this problem is not discussed and only the maximum
degree of conversion is reporteds’. In determinations of
the rate of reaction at moderate and high product concen-
trations with the aid of the differential reactor %,56,%,5°
the type of kinetic equation does not play any role. In
this region the determination of the rate does not involve
an extrapolation.

2. COMPARISON OF CATALYST ACTIVITIES IN TERMS
OF THE REACTION RATE CONSTANT

We shall formulate in a general form the dependence of
the reaction rate on temperature and the concentrations of
the reaction mixture components:

v=F[T, Ci, C)).

As a rule, for heterogeneous catalytic reactions the
multiplier k(7T), which depends only on temperature but
not on pressure or the composition of the reaction mix-
ture, may be taken outside the function f:

v = k(T)9(T, Ci, Cp).

In particular, this possibility is illustrated by the review®®
of kinetic equations for catalytic gas-phase reactions
investigated in flow reactors. By analogy with the
kinetics of simple single-stage reactions, the multiplier
k(T) can be conventionally® referred to as the reaction
rate constant.
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For simple reactions, the rate constant is the propor-
tionality coefficient between the rate of reaction and a
power function of reactant concentrations only. For
heterogeneous catalytic processes, the function ¢ is
usually more complex. Fractional and negative power
exponents and variation with product concentration and
with temperature are typical. The rate constant in
equations with several constants (for example in equations
of the Langmuir —Hinshelwood type) is not equal to the
rate for unit concentrations of the reaction mixture com-
ponents, Only in single-term power equations can the
rate constant for a multistage process be formally treated
like the rate constants for simple reactions.

If in the presence of a series of catalysts a process
obeys the same kinetic law, the relative reaction rates
will be unchanged for different compositions of the reac-
tion mixtures but equal rate constant ratios. I is then
convenient to characterise the activity of the catalyst in
terms of the rate constant. However, identical rate
laws are usually found only for catalysts of similar types
and therefore the method of comparing activities in terms
of rate constants is not universal.

The identity of the equation implies the equality of the
reaction orders with respect to each substance and for
equations with several constants it implies in addition the
equality of all the constants which cannot be taken outside
the function ¢. These are, for example, the adsorption
coefficients in Balandin's equation'4, which may differ
sharply both for the same catalyst of different tempera-
tures and for catalysts of different chemical types 52,83,
Evidently, because of this difference, the result of
comparing catalysts in terms of the rate constants of
Balandin's equation, for example as in the work of Balan-
din and Teteni®?, can be actually directly opposed to the
result of comparing them in terms of the rate of reaction
for a gpecified reaction mixture composition. Likewise
the constant a in Frost's equation can be used as a
measure of activity only if the second constants of the
equation 8 are equal, which has been observed®4,% for
catalysts of the same chemical composition subjected to
different preliminary treatments.

Sometimes the constant taken outside the function ¢
can be represented by a fairly complex expression. For
example, in first-order reactions investigated in a pulse
microreactor, the adsorption equilibrium constant K and
a constant £, which is in fact referred to as the reaction
rate constant, may be isolated from this overall constant®e,
In this case the product 2K is a measure of the activity.
The activation energy is also found from the temperature
variation of the logarithm of the product kK. ¢7

Usually it is assumed that, when different rate laws
apply, it is impossible to compare the activities of catal-
ysts in terms of reaction rate constants because these
have different dimensions®. However, identical dimen-
sions are necessary but not sufficient. Thus, in the
equations v =k and v = 2CA/CR, the rate constants have
the same dimensions but their ratio is not equal to the
ratio of the reaction rates, which depends on the composi-
tion of the reaction mixture.

In the case of different power equations, the catalytic
activities are sometimes compared®® in terms of the rate
constants, since these are equal to the rates of reaction
at unit concentrations (or pressures). Such a comparison
refers of course only to a single composition of the reac-
tion mixture and essentially does not differ in any way
from the comparison based on the reaction rates. Similar
examples can also be found in the studies of homogeneous
reactions®-7t, Apart from unit concentrations, other
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compositions of the reaction mixture are sometimes
employed’®,”*, Suppose, for example, that the process
takes place in the presence of two catalysts according to
the equations

vy = k,Ca, U3 = kCaCs.
Then

Uy leA

v RCxCp = kCy

oy
’

and the activities of the catalyst at a specified concentra-
tion of the substance B may be characterised by the rate
constants, having multiplied %, or divided &, by Cg.

The method of comparing activities analysed above,
which arose as a result of the work of a number of
investigators, is widely employed. The catalysts are
compared in terms of the rate of reaction %,35-38,42-15,56,58,59
and, when the kinetic equations are identical, in terms
of the rate constant®5,2-7¢, For example, we shall
consider the work of Shcheglov et al.™, who determined the
activities of metals in the Fourth Period in the synthesis
of ammonia in a flow-circulation reactor. Because of the
identity of the kinetic equations for iron catalysts, their
activities were compared in terms of the rate constants.
Since the equations for other metals were different, the
rates of reaction for similar compositions of the gaseous
mixture were adopted as a measure of their activity. In
those cases where, by virtue of the large difference
between the activities it was impossible to obtain compar-
able data (the catalysts operated in different temperature
ranges), the reaction rates were extrapolated by the
Arrhenius equation to temperatures at which measurements
are impossible.

However, parameters of the kinetic equation and the
Arrhenius equation other than the reaction rate or the rate
constant are frequently employed as a measure of activity.
We shall consider the most widely used of these methods
for characterising activity. As will be shown below, many
of these are ambiguous and may lead to serious misunder-
standing. As in the discussion of the rate constants, the
agreement with the results of comparing catalysts in terms
of the reaction rates for the same composition of the reac-
tion mixture will be adopted as a criterion of the reliab-
ility of the results which they yield.

3. COMPARISON OF CATALYST ACTIVITIES IN TERMS
OF THE DEGREE OF CONVERSION

In studies on catalysts, the degree of conversion a,
i.e. the amount of substance which has reacted or the
yield of products referred to unit amounts of the catalysts,
are frequently employed as a measure of activity. The
comparison is carried out at a fixed temperature, initial
mixture composition, and time in a static reactor or for a
fixed duration of contact in a flow reactor§. Under these
conditions and in the absence of side reactions, the degree
of conversion is proportional to the yield of products. The
wide use of the degree of conversion as a measure of
catalytic activity can be explained by the ease of its experi-
mental determination., However, one can point to causes
which lead to erroneous conclusions and frequently vitiate
the results of such investigations.

§ For reactions involving a change in the number of
moles, the duration of contact T = w/u is not usually
calculated and therefore the conversions are compared
for the same value of w/u,, i.e. for different values of
T.
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A very common error is the assignment of the degree of
conversion to a unit amount of the catalyst’@~82, « is
proportional to the amount of catalyst only for zero-order
reactions. The proportionality obtains also in the region
of low conversions for reactions whose kinetics can be
treated approximately as zero-order under these conditions.
In all other cases, a change in the amount of catalyst, for
example in its surface area, does not entail a proportional
change in the degree of conversion. To demonstrate this,
we shall consider a plot of @ against time (duration of
contact) for reactors of different types. Usually this
relation is described by a kinetic curve with saturation®s,
The limit to which @ tends is independent of the catalyst
and is equal to the equilibrium yield for reversible reac-
tions and to total conversion for irreversible reactionsY.

Figure 1.
the amount of catalyst: a) static reactor; b) flow reac-
tor, u, = const.

Variation of the degree of conversion with

In a static reactor, there is a specific curve relating o
to time for each catalyst sample (Fig.1a). For two such
curves, the S,/S, ratio is constant and the (@, /a,); ratio
varies with time, since these curves reach the same limit
at different rates. Under these conditions for an arbitrar-
ily chosen time, both a/S and the ratio of such quantities
for two samples vary along each curve, i.e. (a,/S)) #
(@,/S;)t. Naturally, the quantity a/S, which depends on
the amount of the catalyst, cannot serve as a measure of
its activity.

In a flow reactor, it is impossible to determine the
variation of @ with S or %, for a constant contact time,
since a change in either of these quantities leads to a
change in 7. On the other hand, when S and «, are
varied simultaneously in such a way that 7 remains con-
stant, then @ does not vary either, Therefore it is
possible to investigate the variation of @ with S or %, only
keeping 4, or S constant but not 7. The variation of
with 1/u, for two samples of the same catalyst has the
same form as the @ —¢ plot for a gtatic reactor (Fig. 1a).
If the amount of catalyst is varied for a constant rate of
supply (of the reactants), the curve shown in Fig.1b is
obtained. It is readily seen that in both cases @ increases
more slowly than S despite the fact that the contact time
also increases, Two different catalysts are usually
compared for a constant ¥, and volume of the bed. The
degree of conversion obtained in such experiments
qualitatively characterises the activities of the catalyst
volumes employed but it cannot be adjusted for any other
volume or any other surface area,

Y The limiting non-equilibrium yield sometimes
observed may be due to the inhibition of the reaction by
its products.
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In a gradient-free reactor the degree of conversion is
proportional to the observed reaction rate and can be
referred to a unit amount of the catalyst. However, it
would be erroneous to assume that the degrees of conver-
sion obtained for constant rates of supply and compositions
of the mixture at the inlet to the reactor may serve as a
reliable characteristic of the activity. An increase in the
amount of catalyst under these conditions leads to an
increase of the observed reaction rate and degree of
conversion, i.e. to a change in the composition of the
reaction mixture, This in turn entails a decrease of the
reaction rate and causes a breakdown of the proportionality
between the observed rate and the degree of conversion,
on the one hand, and the amount of catalyst, on the other.
Therefore comparison of catalysts in terms of the values
of a/S is equivalent to the comparison of the reaction
rates for different compositions of the reaction mixture,

One can point to examples of unjustified conclusions
arrived at by referring o to a unit amount of the catalyst.
Tetenyi et al.? used a flow reactor to study the activity
in three reactions of nickel obtained by different proced-
ures. The conclusion that it had different specific
activities was based on a comparison of the amount of
unreacted starting material referred to unit catalyst sur-
face. The specific surface of the catalysts varied from
0.5 to 39.3 m? g1, i.e. by a factor of 80. Since zero
order kinetics were not observed for the reactions investi-
gated, the change in the amount of reactant for identical
catalyst samples should be less than the change in surface
area, if a constant specific activity is postulated. Indeed
the maximum difference between the amounts of starting
materials which have reacted is a factor of 12, After
referring the conversion to unit surface, catalysts with
larger surface areas proved to be “less active”. This
result provides no information about the constancy or
variability of the specific activity of nickel ohtained in
different ways.

Specific surfaces and activities of Ni—AL,O; catalysts
according to Swift et al. %

2 Activity, % conversion
i s t.
Catalyst Ni, % Ssp Np ™ Bc8 por g of cat. oot m2 o
Ni —n-Al, Oy 6.48 0.58 16.0 27.6
Ni— 1-AL.O; 6.00 1.24 25.0 2002

Similar objections can be made to a comparison of the
activities of two catalysts with the same contents of nickel
deposited on 7- and y-Al,0O, in the dehydrogenation of
cyclohexane®, The activity is characterised by the
degree of conversion of cyclohexane per gram of catalyst at
a constant flow rate through the reactor., The Table shows
that the surface area of the active phase in the Ni—y-Al,0,
catalyst wag twice as great, while the degree of conversion
of cyclohexane in its presence was higher by a factor of 1.5.
After referring @ to unit surface of nickel, this catalyst
proved to be “less active”. To account for the different
effects of carriers, the authorsinvestigated their structures
and put forward a number of hypotheses. However, the
method of comparison which they chose does not allow a
decision as to whether there really is a difference between
the specific activities of the catalysts investigated.
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Unfortunately similar misunderstandings are still
encountered fairly frequently on studies of heterogeneous
catalysis 86789,

The lack of proportionality between the degree of
conversion and the amount of catalyst is a serious obstacle
to the employment of @ as a measure of catalytic activity.
Naturally, one can point to certain specific problems
concerning one particular catalyst, where it is sufficient
to know the degree of conversion without referring it to
unit catalyst surface. For example, these include tests
for the reproducibility of the activity and for the absence of
diffusion-dependent inhibition #, the choice of regeneration
conditions ®°, the study of the effect of poisons® or
extraneous substances 2,83, etc, A qualitative comparison
of the change in product yield during the experiment and a
physical property of the catalyst®,% may be accepted,
provided that the specific surface remains unaltered in the
experiment. However, none of these cases have a direct
bearing on the problem of comparing the activities of
different catalysts.

As a result of the absence of a proportionality between
the degree of conversion and the amount of catalyst, the
experimentally determined value of @ characterises only
the activity of the amount of catalyst employed in the
experiment. In a static reactor, it is possible to compare
the degrees of conversion obtained during the same period
in the presence of different catalysts provided that samples
are employed for which the quantitative measure of activity
is the same. In a flow reactor samples are also some-
times chosen for which the surface area?,”, the number
of elementary zeolite cells®®, etc. are the same; the
comparison is performed at a constant rate of supply.
However, owing to differences between the volumes of the
catalysts, the comparison in this case involves different
contact times.

We shall now point to another cause of the unreliability
of characterising catalytic activity with the aid of o deter-
mined using an integral reactor. We shall suppose that
the amount of catalyst need not be taken into account,
since the degrees of conversion during equal periods have
been determined for samples with the same quantitative
measures of activity, for example the surface area of the
active phagse. Under this condition, it is also possible to
obtain erroneous results, since the ratio of the degrees of
conversion is not equal to the ratio of the reaction rates
for the same composition of the reaction mixture,

Suppose that in Fig. 2a curves I and II refer to two
different catalysts taken in identical amounts and catalys-
ing a single process at the same rate. The ratio a,/a,,
i.e. the ratio of the tangents of the angles ¥, and ¥,,
differs appreciably in magnitude from the ratio of the
tangents of the angles Y, and Y, defining the slopes of the
curves for the mixture composition corresponding to a,:

(@), = e
@1/y  taniy

npy _ (s
<:—"L’E- B (Ux )a, ’
because ¥, > ¥, and ¥y <Y,. Thus the degree of conver-
sion cannot serve as a quantitative characteristic of
activity. On the other hand, if the kinetic equations for
two catalysts are different, comparison in terms of @ can
also yield a qualitatively incorrect result. In Fig.2b, o
for the upper curve is larger, while the initial rate is also
higher but subsequently becomes lower than for the lower
curve. I the @ -t kinetic curves for two catalysts inter-
sect, the same pattern as in Fig, 2b is repeated up to the
point of intersection. At the point of intersection the
degree of conversion is the same but the rates of reaction
are different, In a comparison of the catalysts in terms
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of a, the form of the kinetic equation is usually unknown.
Therefore there is always a risk that an incorrect result
will be obtained, since the equations may be different
not only for catalysts of similar composition but even for
the same catalyst when the composition of the reaction
mixture is changed, as was observed, for example, by
Kiperman and coworkers 9,190,

[24 a
a b
I
H
% ﬁ/
,
(] I
a 3
4 g{' C!'
1l 2
0 t 0 t
Figure 2. Comparison of the activities of two catalysts

in terms of the degree of conversion and reaction rate:
a) o,/a, < (”z/”x)a13 b) v, > v, for o = a, and v, < v, for
o =a,.

Thus the method of comparing catalyst activities in
terms of degrees of conversion or product yields must be
treated with considerable caution. The errors associated
with the application of this method are still being
encountered in studies on heterogeneous catalysis,
although the risk of such errors has been pointed out
repeatedly”5,:%,192,  Dixon and Webb have reported0®
that, in contrast to heterogeneous catalysis, in the field
of enzymatic catalysis comparison of the changes in con-
centration over a specified period has been completely
abandoned in recent years and the method of initial rates
is mainly employed.

4. COMPARISON OF THE ACTIVITIES OF CATALYSTS
IN TERMS OF THE TIME REQUIRED FOR THE ATTAIN-
MENT OF A GIVEN DEGREE OF CONVERSION

The possibility of a quantitative comparison of catalytic
activities in integral reactors without determining the
type of kinetic equation, which is provided by the time
required for the attainment of a gpecified degree of con-
version as a measure of activity!'°?, is extremely attrac-
tive. R is possible to show!% that, for 2a —¢ curves
described by the same equation, the rate constant ratio is
equal to the reciprocal of the ratio of the times required
for the attainment of a specified degree of conversion of the
starting material when its initial concentrations are the
same:

M

==
I
& In"‘a

Therefore the quantity 1/f4 is referred to a unit amount of
the catalysts 22,1% and is uged as a quantitative character-
istic of activity. It is evident from Eqn. (7) that the ratio
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of the quantities ¢, for two catalysts is independent of the

degree of conversion chosen arbitrarily for comparison in
the range of mixture compositions where a single kinetic
equation holds (Fig. 3a).

For a flow reactor, the contact time w/u, 1%,!% or
the proportional quantities 1/u,, G/u,, 1% Su,, or G*/u, '®,
where G and G* are the weights of the catalyst and the
active phase respectively, etc., are employed instead of
time. f Depending on the factor used, different activities
are obtained. For the same degree of conversion, the
values of 1/u, are proportional to the rate constants corre-
sponding to the total amount of catalyst taken for the reac-
tion, the values of S/u, are proportional to the rate
constants referred to unit catalyst surface, etc.

a a b

7 St — 1
7

1 7 a, 7

a
/
i " 0 ’ ’ " "

O, ta, ! b, %, b, !

Figure 3. Time required for the attainment of a speci-
fied degree of conversion: a) ¢, /tg, =t /ti&z = const.;
1 1 2

D) ty [ty *to [t

Comparison of catalysts in terms of the time required
to attain the same degree of conversion is restricted by
the same condition as the comparison in terms of rate
constants—it is permissible only when the kinetic equations
are identical. We may recall that, for an equation with
several constants, identity implies the equality of all the
constants other than the rate constant. However, if the
equation is known, the rate constant is also known and
there is no need to replace it by f. It is possible to

verify the identity of the kinetic equations by a graphical
method without determining their form. For this purpose,
it is sufficient to superimpose the kinetic curves (Fig. 3a)
by altering the scale along the abscissa. The constancy
of the ratios of {, for different o can also serve to confirm
the identity of the equations. Without such a test, there
is always a risk that the equations are different and the
method of comparing the activities is inapplicable.

An impression might be created that, regardless of the
type of kinetic equation, a higher activity is always
agsociated with a shorter time to attain a specified percent-
age conversion. That this view is erroneous can be
demonstrated with the aid of Fig, 2b already examined:
ty for the upper curve is smaller, while the rate of reac-
tion (the slope of the curve) is initially higher and then
lower than for the lower curve. I the a—t curves inter-
sect, then at the point of intersection the rates are differ-
ent while £, is the same. Thus for different kinetic

T w/u, is more correctly called the reciprocal of the
space velocity.
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equations, comparison of catalysts in terms of the values
of 1/ty may be incorrect.

For a reversible reaction investigated at the same
temperature in the presence of different catalysts, the
same degree of conversion implies also the same degree
of deviation from equilibrium and therefore the effect of
the reverse reaction on the observed rate of the process
will also be the same. The derivation of Eqn. (7),
obtained for an irreversible reaction!®, can be extended
to this case. For this purpose, it is convenient to employ
the criterion of the effect of the reverse reaction y pro-
posed by Kiperman and Gadzhi-Kasumov!®, The
observed rate of the reverse reaction is

v = k9C)Ts

where & and 5’(Ci) are respectively the rate constant and
a function of the concentrations of the reaction mixture
components for the forward reaction; ¥ depends on the
degree of departure from equilibrium y. The latter is
determined as a fraction of the yield of reaction products
relative to the equilibrium value. For the same degree of
conversion and an unchanged equilibrium yield, the values
of y and y will also be the same, i.e. Eqn. (7) will hold for
a reversible reaction occurring in the presence of two
catalysts according to an identical kinetic law.

If the @ —{ curves have been obtained for the same
catalyst at different temperatures, the temperature vari-
ation of 1/¢, is used to determine the apparent activation
energy 4,110,111 This is valid either when the equilibrium
yield in the temperature range investigated is almost
constant or for large departures from equilibrium. In
the same cases, when the equilibrium yield varies with
temperature, an identical degree of conversion is associ-
ated with different degrees of deviation from equilibrium
and consequently with different values of Y. Then the
ratio t&/ t;, at two temperatures depends on the value of o
(Fig. 3b) and cannot be used to calculate the activation
energy. The constancy of the activation energy for
different @ can irdicate both!i! the absence of an effect by
the reverse reaction and the identity of the kinetic equation
in the given temperature range.

5. COMPARISON OF THE ACTIVITIES OF CATALYSTS
IN TERMS OF THE TEMPERATURE AT WHICH THE
DEGREE OF CONVERSION OR THE REACTION RATE HAS
A SPECIFIED VALUE

We shall consider in turn the different variants of the
methods for comparing catalysts in terms of the recipro-
cals of the temperatures at which a particular degree of
conversion or reaction rate is attained. The temperature
of the onset of reaction!!? is the most indeterminate
characteristic of the activity, The experimentally
observed onset of reaction depends on the sensitivity of
the analytical method and, since it is a quantity lying at
the limit of sensitivity, its determination is inaccurate.
The possible errors are compounded by the fact that in
the region of low conversions a small change in « usually
corresponds to a considerable change in temperature.
Comparison of the temperatures corresponding to complete
conversion is open to similar objections!2,

Therefore it is best to compare the temperatures Tq
at which the same degree of conversion is attained in a
gspecified time (the contact time) 113-12 for constant initial
concentrations. However, this method has a number of
disadvantages associated with the indeterminacy of the
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degree of conversion as a measure of activity, Tqy
depends on the amount of catalyst and it is impossible to
take into account this relation, Moreover, for integral
reactors Ty is not always the temperature at which the
catalysts have the same activity because, owing to
different forms of the kinetic equation, the same value

of o for a constant 7 may correspond to different reaction
rates.

1 I
o
0 T Tz i T
Figure 4. Temperature variation of the degree of
conversion.

The variation of @ with T for a constant 7 is represented
by S-shaped curves (Fig.4, curve 1)!8,117-120 which are
displaced when the rate of supply of the starting material
or the amount of catalyst is altered!®. Takeuchi et al.!?®
observed such a sharp increase of a at a specified temper-
ature (curve II) that this temperature was no longer
dependent on the amount of catalyst. Therefore they
regarded it as a specific characteristic of the catalyst,
although the phenomenon might have been associated with
the non-isothermal experimental conditions.

In work with reactors allowing the determination of the
rate of reaction in a single experiment, the activity is
characterised by the temperature Ty, at which the rate of
the reaction has a specified value3,:22-125,  Naturally, the
comparison must be made for a constant reaction mixture
composition. An attempt to employ this method was made
by Rubanik et al.1® in a stirred flow reactor. Deciding
against extrapolation of the reaction rate, they adopted as
a measure of activity the ‘“temperature at which the same
reaction rate, referred to unit catalyst surface, is
attained” for constant concentrations of the reactants in
the system. However, in fact this characteristic of the
activity was not obtained. The surface areas of the catal-
ysts differed at most by a factor of 15. The experiments
were performed at a constant volume of the catalyst bed,
flow rate, and composition of the gas mixture at the inlet to
the reactor. Under these conditions, an identical
observed reaction rate ¥’ would imply a constant concen-
tration of all the substances in the system. However, the
temperatures were not compared for the same value of v’
but for the same value of v’/S, which corresponded to
different values of v’ and consequently to different compo-
gitions of the reaction mixture.

It is possible to avoid the need to allow for surface
areas, using catalyst samples for which these areas are
the same. R is also possible to achieve the same mixture
composition in the reactor for identical values of v'/S by
altering the flow rate or the composition of the mixture
supplied. The above difficulty of allowing for the amount
of catalyst is obviated when the rate of reaction is deter-
mined in a differential flow reactor. A constant mixture
composition at the inlet and a sufficiently low degree of
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of conversion at all temperatures ensure an approximately
identical composition of the reaction mixture. This
permits a comparison of the temperatures at which the
values of v = v’/S are identical.

However, even in the most rigorous variant the recip-
rocal of the temperature cannot serve as a quantitative
criterion of activity in place of the reaction rate, since
these quantities are not proportional. In order to justify
the use of Ty as a qualitative characteristic of activity, we
shall consider the temperature variation of the reaction
rate. If for a particular process the same single-term
kinetic equation of a power function type holds over a
range of temperatures and the Arrhenius law is valid, then

0 = kp(C)) = kog E/RTg (C). (8)

In this case the temperature variation of the rate
constant for a positive activation energy is represented by
a rising S-shaped curve. Evidently for a constant compo-
sition of the reaction mixture, the »—T plot is also
S-ghaped. Its specific form is determined by the relative
values of k,, E, and the function ¢ for specified concen-
trations. In practice such curves can be readily obtained
in a differential flow reactor.

b
a T (44 ’ I 72
a v’ I 2 U, //—‘_‘
2 4
/—r r
I__-2 I
'UZ U,
a, U, a, Y
A A A =

Temperature variation of the reaction rate:

Figure 5.
b) flow reactor.

a) stirred flow reactor;

In a gradient-free reactor, for a constant contact time
and mixture composition at the inlet, the rate of reaction
calculated by Eqn. (6) can also only increase with temper~
ature. Suppose that, when the temperature is raised
from T, to T, and @ = const., i.e. ¢(Cj) = const., the
rate of reaction increases from v, to v, (Fig. 5a) and the
entire curve II lies above curve I, since by our hypothesis
they are described by a single equation and cannot inter-
sect. We then increase #, to t; =¢,. The reaction rate
v} will be higher than v,, since a; > a,.

In contrast to gradient-free reactors, in integral
reactors for constant initial concentrations and times
(durations of contact) the reaction rate can both increase
with temperature and pass through a maximum. Fig, 5b
shows that ¢, > a, but v; <wv,.

Hitherto we have assumed that a single-term power
equation holds over a range of temperatures and the
activation energy is positive. However, the kinetic
equation can contain, apart from the rate constant for the
forward reaction, also other constants which depend on
temperature (the adsorption coefficients and the rate
congtants for elementary stages or the reverse reaction).
Then both the degree of conversion and the rate of reaction
in any reactor are bound to increase with tamperature.
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Reactions are known with a maximum rate (hydrogenation
of olefing 1% and benzene!¥) and degree of conversion
(synthesis of ammonia!®) with réspect to temperature.
Therefore, for a comparison of catalysts both in terms of
T, and T, it is necessary to investigate the variation of
v or a with T over a wide temperature range.

The v—T curves for different catalysts may intersect.
It has been frequently pointed out!?-3! that temperature is
unsuitable as a criterion of activity for different activation
energies, since catalysts may be classified as identical
or different depending on the rate of reaction chosen
arbitrarily for the comparison. There is a risk of arriv-
ing at an incorrect result when each catalyst is charac-
terised by a single value of Ty. But if one considers two
intersecting curves, the dependence of the result of the
comparison on an arbitrarily chosen value of v cannot
serve as evidence against the use of Ty as a criterion of
activity. The temperature at which the reaction rates are
compared is after all chosen just as arbitrarily. At the
same time the comparison in terms of Ty yields the same
activity series as the comparison in terms of reaction
rates at the same temperature, provided that both temper-
atures and both reaction rates lie on one side of the point
of intersection (Fig.6). Indeed v, > v, and T, < T, but
v*<ofand T > TF. When several curves intersect, a
more complex pattern may be obtained. Therefore Ty
should not be used for the comparison of catalysts with
similar activities, particularly since Ty is a less sensitive
characteristic than v because of the exponential relation
between v and T.

v ut
2
/
7
ﬂ *
UI
y
0 Y
rL L 7
Figure 6. Comparison of the activities of two catalysts

in terms of Ty and v.

Thus comparison of catalysts in terms of Ty may yield
the correct series of their activities but not their relative
values. At the same time the reliability of the results
of the comparison in terms of Ty is extremely doubtful,
particularly if the differences between the activities are
not very great!!® or are absent!%?, the a —T curves are
not quoted, and there are no data concerning the identity
of the kinetic equations.

The use of Ty as a measure of activity is quite justified
when a direct comparison of the rates of reaction is
impossible because of the different temperature ranges
in which the catalysts were used3., De Mourgues 3° has
mentioned that a comparison of the T, “yields less
quantitative information but is more valid, since it is
based on actual and not extrapolated results”. This view
is shared also by other investigators25,!31,133  although
essentially temperature as a measure of activity has no
advantages over reaction rates. There may be doubts
about the actual values of the extrapolated rate ratios but
not about the order of activities based on them.
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6. COMPARISON OF THE ACTIVITIES OF CATALYSTS
IN TERMS OF ACTIVATION ENERGY

In order to correlate the activities of catalysts with
their physical properties, it is extremely desirable to
have a characteristic of the activity which depends on the
least possible number of process parameters. We shall
examine the possibility of using as a kinetic correlation
parameter the activation energy-—a quantity which is not
only independent of the amount of catalyst and the concen-
trations of the reactants and products but is also constant
over a range of temperatures. Although the catalyst
reduces the activation energy for the reaction, a reduced
value of E cannot be regarded as evidence of higher
activity. This method of characterising activity is
restricted by a number of conditions. In the first place
these are the conditions analogous to those restricting the
use of rate constants: (1) if the kinetic equation involves
several constants varying with temperature, the activation
energy found from the logarithms of the rate constant does
not fully reflect the temperature variation of the rate of
reaction! and cannot therefore replace it as a measure of
activity; (2) if different equations hold for different
catalysts, then, as shown above, the rate constants cannot
serve as a measure of activity and therefore the activation
energy is also unsuitable for the purpose of comparison.

Comparison of catalysts in terms of activation energies
is possible only when the kinetic equations, with a single
temperature-dependent constant, are identical. Eqn. (8)
shows that, by virtue of the exponential relation between v
and E, the activation energy as well as temperature can
serve only as a qualitative characteristic of activity and is
less sengitive than the reaction rate.

The last limitation of the method of comparing catalysts
in terms of activation energies, which has been frequently
pointed out101,131,134,135 ' jg the necessity to take into
account the pre-exponential factor &,.

Its variability for different catalysts leads to an
ambiguous relation between k and E. Indeed, for the
same E and different &,, the activities of catalysts
expressed by the rate constants will be different at all
temperatures. When E and k, vary in parallel (the com-
pensation effect), the linear Arrhenius plots should inter-
sect. Then the activation energy, which is constant over
the entire range of temperatures, cannot reflect the
reversal of the relative activities at the point of inter-
section (Fig. 7).

‘The Arrhenius plot always shows whether the straight
lines intersect in the temperature range investigated and
whether they can intersect beyond it. The rate constants
must then of course be referred to a unit amount of the
catalyst.

Thus, for a comparison of catalysts with the aid of
activation energies, it is necessary to analyse the relative
positions of the linear Arrhenius plots, just as for a
comparison in terms of Ty it is necessary to examine the
curves relating v to T. Bearing in mind all possible
cases of a simultaneous variation of E and &, for two
catalysts discussed in the literature!3,!%, we conclude
that the activation energy cannot characterise the activity
for parallel or intersecting straight lines when the point
of intersection lies in the temperature range investigated
or to the right of it.

Thus taking into account the limitations discussed
above, the activation energy may be used as a qualitative
characteristic of activity. But for the calculation of E,
it is necessary to determine initially the rate constant or
the rate of reaction over a range of temperatures, which
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makes it possible to characterise the activity incomparably
more accurately without resorting to the activation energy.

The activation energy is employed as a measure of
activity mainly in studies dealing with the elucidation of
the role of the electronic factor in catalysis. Examples
may be found in the reviews of Baker and Jenkins 3¢ and
Schwab1%9,14°,  When additives are introduced into catal-
ysts (semiconductors or metals deposited on semiconduc-
tors), the parallel changes in their activity and electrical
properties are compared. The activation energy is
determined as a rule from the temperature variation of the
initial rate. For equations with a single constant which
varies with temperature,

(6(:10) __dlnk R
T ),

i.e. when the composition of the gas phase remains
unchanged, the apparent activation energy may be deter-
mined from the rate of reaction!4,!42, Then, in order to
compare the catalysts in terms of the activation energies,
account must be taken, instead of 2,, of the variation of
y,—the rate of reactlon extrapolated to an infinite temper-
ature. Since for a single-term power equation

lgv:lgk»—znilgCu

the difference between the lgv, is equal to the difference
between the 1gk, when the equations for two catalysts are
identical, and the lgv—1/T and lgk —1/T straight lines
intersect at the same temperature.

gk

0 ) Iyr

Figure 7. Activation energy as a measure of the
activity when linear Arrhenius plots intersect,

When the reaction order changes over a range of
temperatures, the activation energies calculated from the
rates of reaction!43~145 ag well as from the rate constants
lose their significance. Therefore it is not surprising
that the values of E found for the hydrogenation of benzene
on the Ni—Al, 0, catalyst from the initial rates under the
conditions of a variable reaction order and from the rate
constants in an equation of the Langmuir —Hinshelwood
type are markedly different (16 and 28 kcal mole™) 43,
There is no reason to regard either of the above quantities
as the activation energy for the reaction.

Comparison of catalysts in terms of activation energies
is usually not reliable, since it is made without allowance
for all the above conditions. The retention of the identical
form of the kinetic equation on introduction of an additive
into the semiconductor has not been verified!46,!47 although
the mechanism and processes of semiconductor catalysts
may alter under the influence of very small amounts of
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impurities. For example, according to the data of
Bielanski et al.%, when 0.1 at. % of iron is added to nickel
oxide, the overall order of the CO oxidation reaction
changes from first to zero. The change in E is discussed
without taking into account the possible change in the
pre-exponential factor!46, Schwab has reported in some
papers 142,14 that there is a linear relation between E and
k4, and the temperature corresponding to equal rates for all
the catalysts lies above the working range. On the other
hand, in other studies this has not been verified4? or
confirmed'4®, but E is nevertheless regarded as a charac-
teristic of the activity.

It is clear from the foregoing that it is more desirable to
estimate the catalytic activity with the aid of rate constants
or reaction rates and the activation energy should be
correlated as an energy characteristic of the surface with
the activation energy for electrical conduction, electron
work function, etc.?4,'%, In correlations of this kind, the
variation of 2, does not play any role, while the remaining
limitations remain in force. Teichner%® concluded that
the correlation of the activity with the catalyst properties
is best based on the true and not the apparent activation
energy, since the change in E on introduction of an additive
may be caused by a change in surface coverage
and reaction order. The constancy of the reaction order
is of course a necessary condition for the comparison of
the values of E in the presence of different catalysts but
this need not be a zero order and the use of the true
activation energy is not necessary.

E, keal mole! a E

201

L L L Il I 3

T U 56783

1

T8 56 579

oo}
~t
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Figure 8. Variation of the activation energy for the
dehydrogenation of cyclohexane (curve 1) and isopropyl
alcohol (curve 2) with the number of the catalyst:

a) according to the data of Firth and Holland!52: b) when
the order of the catalysts is altered.

The correlation should not be based on the variation
with the number of the catalyst arbitrarily assigned by the
investigator 8,151,253,  For example, the parallel variation
of the activation energies for the dehydrogenation of
isopropyl alcohol and cyclohexane in the presence of a
series of nickel specimens prepared in different ways!s
can be readily transformed into the opposite variation
when the numbers of the catalysts are transposed (Fig. 8).

-==000==-
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Thus we have seen that catalytic activity should be
characterised in terms of the reaction rates under
rigorously defined conditions. The use for this purpose
of other quantities is possible if it is known that the
result of their comparison agrees quantitatively or at least
qualitatively with the result of a comparison of the rates
of reaction at the same temperature and for the same
concentrations of all the substances which affect the rate.
When this criterion is fulfilled, activity may be charac-
terised, apart from the parameters of the kinetic equation
and the Arrhenius equation discussed above, by any other
quantity, for example, the rate of evolution of heat when
the reaction is performed in a microcalorimeter?!s2,

Recently attempts have been made to employ correlation
analysis for a comparison of the activities of catalysts
with their properties. The reaction parameter is the
linear relation between free energies yields a general
characteristic of the activity of the catalyst for a series of
compounds undergoing the same reaction!%3,154, Ag for
the rate constant, its use is restricted by the condition
that the kinetic equations must be identical.

We must emphasise that for an accurate expression of
catalytic activity, it is sufficient to determine the reaction
rates and the knowledge of the mechanism and kinetics of
the process does not by itself play a role. Another
problem is that in integral reactors the study of kinetics
is necessary for the calculation of the reaction rates,
while in gradient-free reactors the kinetic equation can be
conveniently used to determine the rate of reaction for a
specified composition of the reaction mixture. Thus the
obligatory need to study the kinetics in order to estimate
catalytic activity, which is frequently pointed out!®,*%7,
is valid only for integral reactors.

The aim of a study of catalytic activity can be either
practical (the choice of the optimum catalyst and the
optimisation of the process) or theoretical (the elucidation
of the relation with composition, structure, and physical
properties of the catalyst)®. In both cases a comparison
of the reaction rates is necessary but not sufficient. For
the first aim to be achieved, it is in addition important
to know the activity of each catalyst under its optimum
conditions 188-187,18 and then to decide for which of them the
process is more economical.

Attempts are usually made to achieve the second aim by
correlating the activity with the properties of the catalyst
as a solid. The variation of the reaction rate with con-
centrations and temperature makes it impossible to
characterise the activity also as a property of the solid.
“One can speak rigorously only of the catalytic activity
characteristic of the entire system, including the catalyst
and the reaction mixture”!. Therefore the activity should
be characterised by a set of reaction rates over a wide
range of concentrations and temperatures. Comparison
of the activities under one particular set of conditions is
ingufficient for correlations with the properties of the
catalyst as a solid.

In theoretical studies on catalysts, de Mourgues %
recommends that the simplest reactions be chosen as
models., For complex processes, i.e. when several
reactions take place simultaneously, the rate of the main
reaction or the overall rate of the process may be adopted
as a measure of activity.

In conclusion we may note that in the present review
the authors endeavoured to describe the present state of
the problem and not its history. The review does not
pretend to be complete and the choice of specific
examples, the aim of which was to make them typical,
may inevitably prove to be arbitrary.
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