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A method for kinetic analysis of catalytic reactions and accompanying catalyst poisoning reac-
tions is suggested. The kinetic laws of these reactions are considered in the nth order form. The
method allows one to determine the orders of reactions in each gas-phase reactant and in the
surface concentration of active sites, and to find the rate constants of the main and poisoning
reactions. The suggested way of obtaining and treating the experimental data provides the opportu-
nity of a direct determination of a form of linear anamorphoses describing the data, and presents a
criterion of their validity for a particular system. The possibilities of the method are illustrated by a

kinetic investigation of thé model reaction of acetylene cyclotrimerization on NbO,.

demic Press, Inc.

INTRODUCTION

The kinetics of catalytic reactions ac-
companied by poisoning are usually de-
scribed in terms of empirical correlations.
Such a description suffers, however, from
the restricted applicability of these correla-
tions (7). In contrast, the kinetic approach,
involving independent experimental deter-
mination of kinetic parameters both for the
main reaction and the poisoning reaction,
provides much more information than does
the choice of a proper empirical correla-
tion, since the obtained kinetic equations
represent the overall mechanism of a pro-
cess.

During recent years the kinetic descrip-
tion of deactivation processes has been de-
veloped considerably. This is primarily due
to Levenspiel’s method (2) of determining
some parameters of kinetic equations for a
main reaction and an accompanying poi-
soning reaction carried out in flow reactor
regime.

In the present work we suggest a new
method for determination of parameters of
kinetic equations which equally applies to
studying catalytic reactions both in closed
and flow systems (in continuos-flow stirred
tank reactor, CSTR, regime).
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RESULTS AND DISCUSSION

The nth order kinetic form of the reaction
rates was shown (2) to be quite common for
main and poisoning reactions both in the
case of consecutive and parallel mecha-
nisms of poisoning. Therefore, we suppose
the kinetic laws to be as

w=—;i—‘7=aksm1:[P;'x )
ds
W, = —E=0'kpsxl:IP¥', ¥y

where W is the rate of the reaction leading
to the main products (main reaction), W, is
the rate of the poisoning reaction, P; is the
partial pressure of the ith component in the
gaseous mixture, S is the concentration of
active sites on a catalyst surface, k and &,
are the rate constants of main and poison-
ing reactions, respectively, per active site,
o is the surface area of a catalyst sample, v;
is the stoichiometric coefficient of the ith
component in the main reaction.

It should be noted that the necessary
condition for applicability of Eqs. (1) and
(2) is either the absence of the reaction
products slowing down the main reaction,
or their removal from the reaction area.
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Let the poisoning be considered as a
result of irreversible blocking of catalyti-
cally active sites by products of a side reac-
tion (blocking of the active sites by impuri-
ties as well as reversible blocking of the
surface by main reaction products are not
considered here).

As follows from Eqgs. (1) and (2), the rate
of a catalytic process is dependent, on the
one hand, on the concentration (partial
pressures) of reacting gases and, on the
other hand, on the concentration of catalyt-
ically active sites characterizing the activity
of a catalyst which we define as

1 dP/dt

= okS™. 3

v [T P
i

By comparing the relation between the
activity and the active sites concentration
(Eq. 3) to the kinetic law (Eq. 2) of a poi-
soning reaction, one can easily obtain the
deactivation rate equation

- i
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where

kP
x-1

km

ko = mo~ ().

d=x-—1

+ 1 (d—order of deactivation).

Simple transformation of Eq. (4) gives

In (— I1 P %) =In [ma—(’;—'-')

.kg‘]+( —l+1)lnA
x m
P
—Ink +dnA. (5

Linearizability of experimental data in co-
ordinates
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In (— HP{”-%?—)—lnA

may be taken as a criterion of the validity of
Egs. (1) and (2) for the description of a
given set of reactions at any degree of con-
version.

If this condition is satisfied, the parame-
ters of a straight line plotted in coordinates
of Eq. (5) give information on the ratio of
orders in active sites concentration for the
main (m) and poisoning (x) reactions, on the
one hand, and on the ratio of the rate con-
stants of these reactions, on the other hand.

In order to present experimental data in
coordinates of Eq. (5), the orders in gas-
phase reactants for the main (n;) and poi-
soning (y;) reactions are required. These
can be determined by means of any known
technique (e.g., by measurement of initial
rates of the main reaction and deactiva-
tion). However, in some cases it appears
difficult to determine the orders by the ini-
tial rates measurement (e.g., when these
initial rates are high or if the initial stage
kinetics of a reaction are complicated by
adsorption). Then the ‘‘concentration jump
method’’ seems more appropriate.

The method consists of the following. A
reaction is carried out to a certain arbitrar-
ily chosen degree of conversion, then the
partial pressure of one of the reactants is
sharply changed within 1-2 s. In the case of
a static system this may be easily realized
by a pulse injection of an additional portion
of a reactant into the system (from a reser-
voir containing the gas at a pressure higher
than that of the reactant mixture in the sys-
tem). Change in the partial pressure of a
reactant affects the rates of the main reac-
tion and deactivation. If the injection time
is much less than the time required for reac-
tion to proceed to a considerable conver-
sion, then the catalyst poisoning in this time
can be neglected, i.e., the catalyst activi-
ties, and consequently the concentration of
active sites, immediately before (instant a)
and just after (instant b) the injection can be
taken to be equal. The rates W, and W, are
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determined by extrapolation of the W = f(¢)
curve to the moment of injection. With this
in mind, the following equation for deter-
mining the order of the main reaction in an
injected component is obtained:

lim W = W, = (akS"' g p;'i) . PY;

lim W = W, = (oksm IT P1) - P

i#j
where t* is the injection time,

_ In(WJ/W,)

" = Tn(Pu/Pr) ©)

This technique was successfully applied
to determine the order of the cyclotrimer-
ization of acetylene in benzene on NbQ, ac-
companied by poisoning (3). It should be
noted that the method appeared to be very
useful in studying the reactions unaccom-
panied by poisoning, as well. Thus, for ex-
ample, it was used to determine the orders
in nitrogen and hydrogen of the ammonia
synthesis reaction complicated by adsorp-
tion at an initial stage (4).

If the orders n; in each reactant are
known, Eq. (3) allows one to calculate the
catalyst activity, A, at any time, and, con-
sequently, to find the deactivation rate,
—dAldt.

The deactivation rate is related to partial
pressures of reactants by Eq. (4). To deter-
mine the orders of the poisoning reaction in
gas-phase reactants one can use ‘‘concen-
tration jump method’’ experimental data.
After differentiation of the respective A-t
curves and extrapolation of the dA/dr—t de-
pendence to the instant of injection from
the left and right, the values of (dA/d1), and
(dA/dt), can be obtained. These are related
to the pressures of the components of a gas-
eous mixture by Eq. (4), which gives the
following expression for the orders of a poi-
soning reaction in gas-phase reactants;

o [(5)./ ()

A YT PR )
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Performing the injections of each gas at
different conversions, one can determine
these orders throughout the reaction run.

Knowing the orders n; and y;, the experi-
mental data can be represented in coordi-
nates of Eq. (5) which allows one to deter-
mine the ratio of orders in active sites
concentration for the main and poisoning
reactions ((x — 1)/m = d — 1) directly from
the experiment. As seen from its explicit
form, this ratio may take various (both inte-
ger and fractional) values. In the same way,
the values of orders of deactivation may be
just as various as this ratio is (cf. Eq. (4)),
which presents problems in determining
these values by the choice of a proper cor-
relation among a number of relationships
suggested by Levenspiel (2) for analysis of
deactivation kinetics in flow systems.

If a reaction is carried out in a CSTR and
the stream composition can be considered
as invariable in reaction (Py; — P; < Py;; Py
= P; = const), then Eq. (4) gives direct infor-
mation concerning the catalyst deactivation
kinetics:

-1 n f___l
—_ % = mq._(Tn_—l) . lip—l . A m + ,
km

4.1)

where k; = k, - [ | P¥.

From this it follows that

x=1

x—1 -1 '
Am = Ao”"-'_ + (x - 1)0'-(—;'_4) . _!‘_g__ {

x_—_l ’
km
ifx*1 (8
InA =1nAy - mokyt, ifx=109)

The form of the linearized plot of activity as
a function of the time of the catalyst expo-
sure at constant composition of a gaseous
mixture can be uniquely determined from
the experimental data. It is sufficient for
this to find the ratio (x — 1)/m from the data
linearized in coordinates In(— dJA/df)—In
A:
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km

1) InA. (5.1

It is noteworthy that Egs. (8) and (9) can be
easily reduced to the form of the linear cor-
relations suggested by Levenspiel (2) for
determining the order of deactivation. How-
ever, the choice of the best linearization,
which is of key importance in determining
the value of d according to Ref. (2), may be
quite difficult, since it may appear unrelia-
ble to discriminate the best form of a linear
anamorphosis for close values of d by the
comparison of the correlation coefficients
of the plots (or by any other way). In con-
trast, our method provides the possibility of
the direct experimental determination of
the order of deactivation

(=25 +1)

relating with the mechanism of a process.
This, in turn, gives a criterion of the valid-
ity of a linear anamorphosis of a given type
as applied to a particular system.

Equation (5.1) can also be used for inde-
pendent determination of the orders of a
poisoning reaction in gas-phase reactants,
y;. For this purpose a series of experiments
with gas streams of different compositions
is needed that allows the comparison of the
values of the intercepts found from Eq.
(5.1) with the values of the varied partial
pressures for each reactant:

In [mo-_(i;:_l—l) . ,:II:I
km

-1
=In [ma-(—'ﬂml) If_"_l] + 2 yiIn Py,

km

x—1
dln [ma'_(_'"__l) . Iff{l
kT
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yYi =

7.1)
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Using Egs. (3) and (4) one can obtain the
general form of a linear anamorphosis relat-
ing the catalyst activity to the amount of jth
gaseous reactant spent in the reaction (pro-
viding a substantial excess of other reac-
tants so that their partial pressures could be
considered unvaried during the reaction
run):

: 1—[ piitni . (P)gj'.-"j+l — P;J'—nj+l),

i#j
ifm+x—-1 (10)

m

InA =
Vj(yj - n + 1)

In Ao -

k -n; . (Pol—nj+l

k—m— i#f
- Py, (n

y; Egs. (10)

fm=x-1.

For the jth component with n; =
and (11) reduce to

A5 ) x e m ()

Vi
TP ap,
itf
km
ifm+#+x-1 (10.1
InA=InA4, -2
vj
__p Yi""t.
x LB
ifm=x—-1. (11.1)

For a CSTR with a constant stream compo-
sition Egs. (10) and (11) take the form

) (5

- m-1 -(=-
xX—m 10_( 1)

A Ao -+ m
Vj
k, i
x‘:l ' H P%‘)I,:_”" ) j()
km !
d(Poj ~-P@), ifm+x—-1 (10.2)
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lnA=lnA0--an
Vj

k . [

1

d(Py; — Pi®), ifm=x—-1. (11.2)

1t should be noted that Eqgs. (10) and (11)
relate the catalyst activity to the amount of
a reactant spent in the reaction rather than
to time that is characteristic of most of the
existing kinetic descriptions of the pro-
cesses accompanied by catalyst deactiva-
tion (5—10). Such an approach, in our opin-
ion, reveals better the physical sense of the
phenomenon and interrelation between the
main and catalyst poisoning reactions.

Extrapolation of the experimental depen-
dences of the activity on the amount of a
component spent in the reaction in coordi-
nates of Egs. (10) and (11) to P = P, allows
one to determine initial catalyst activity A
in a reaction under consideration.

Knowing the initial activities for cata-
lysts with different surface concentrations
of active sites and these concentrations
(e.g., for diluted supported catalysts or for
catalysts prepoisoned to a specified extent),
the reaction order m can be found from

InNnA=InA;g+minS, 3.1

and then the order x can be determined
from known m and the ratio of m and x
obtained from Eq. (5).

Equation (3) can also be used for deter-
mining the rate constant of a main reaction
which, in turn, allows one to find the rate
constant of a poisoning reaction from the
ratio of these constants available from Eq.

(5.

EXPERIMENTAL ILLUSTRATIONS

An experimental test of the method pre-
sented was carried out on the model reac-
tion of acetylene trimerization in benzene
on NbQ; at 0°C (benzene was frozen in a
trap through which the reacting gas, acety-
lene, was circulating). The ‘‘concentration
jump’’ technique (see above) was applied to
determine the orders in acetylene of the
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main (n) and poisoning (y) reactions for a
wide range of pressures and conversions:
1.0 = 0.1
y=10=0.1

With this in mind, relation (5) between the
deactivation rate and catalyst activity takes
the form

() o ) ]

n

)

P dt

k m
+ (f;—l + 1) In4, (5.2)

where P is the pressure of acetylene within
the reaction system.

Experimental data plotted in coordinates
of Eq. (5.2) are presented in Fig. 1. As seen
from the figure, the process clearly splits
into two stages. As was shown earlier (1),
the stages, characterizing the process on
the whole, differ in the way of catalytic de-
activation. It was determined that at 0°C
the transition from stage I to stage II takes
place when the growth of coke deposits is
completed and the newly formed hydrocar-
bonaceous monolayer starts functioning as
a catalyst. The stage-I deactivation is
caused by the blocking of the NbO; surface
by the coke deposits. The stage-1I deactiva-

1 dA

'"('F ﬁ
~17 2
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~19 '.'

-20 I

=21 |

22 !

]

-23 |

|

-9 -8 nALg -7 InA

FiG. 1. Determination of the ratios of the orders in
active sites concentration for the main and poisoning
reactions (in the process of trimerization of acetylene
on NbO, at 0°C).
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tion is caused by gradual deactivation of
these deposits.

The slopes of the straight lines (Fig. 1)
characterize the ratios of orders in active
sites concentration for the main and poison-
ing reaction at the stages I and II. The val-
ues of intercepts (at In A = 0) characterize,
other things being equal, the ratios of the
rate constants of these reactions for each
stage.

Figure 1 demonstrates that these ratioes
for the stages I and II are different. This
fact indicates the splitting of the process
into two stages with different kinetic laws.

The determined ratios are

x;—l

at stage | +1=225=*=0.10

xu-—l

at stage II + 1 = 2.00 = 0.10,

that is equivalent to xy = my + 1.
The kinetic laws are

r

~4E = olusm - p
at stage I 9

_%f_ = O.klpSI.25ml+l P

\

“% = gkyS™ - P
at stage II {
ds

_E_ — a-kleSmlI+l . P

\

The transition from stage I to stage II,

reflected in coordinates
1dA
In ( P dt)——ln A,

is represented by a ‘‘shoulder’’ connecting
the segments of the straight lines (Fig. 1).
This ‘‘shoulder’’ indicates the quantative
change in the deactivation rate (—dA/d?),
corresponding to the qualitive changes in
the deactivation mechanism characterizing
the process at the stages I and II. The loca-
tion of the ‘‘shoulder’’ depends on the cata-
Iytic activity in the transition region (Ap.u).
The AL, value, in its turn, other things be-
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ing equal, depends on the NbO, catalyst
surface area.

The results obtained and Eqs. (10) and
(11) can be summarized in a form of linear
anamorphoses, representing the experi-
mental data at stages I and II, respectively:

A0S = A70B + aAP;,

where

k
o = 0.25mo™0% - ;}%;

AP = AP (10.3)
InA =1n Ay — Py,

where

k
o = my 7:[%; Aot = A
APy = AP — AP ,y. (11.3)

The experimental data plotted in coordi-
nates of Eqs. (10.3) and (11.3) are presented
in Fig. 2.

Thus, the suggested method allowed us
to find the reaction orders or their ratios in
the reaction studied, and to determine di-
rectly the form of the catalytic decay linear

168
025 026 0 05 AP1G4 Pa
s sec X nA
|
-6
0.8
7
0.6 rin A
-8
04
-9
A
- {
o 0.5 1.0 aPg APAPA0 Pa

F16G. 2. Linear anamorphoses relating the NbO,-cat-
alyst activity to the amount of acetylene spent in the
reaction at stages I and II.
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anamorphoses without their empirical se-
lection.

It is noteworthy that quite a number of
empirical and semiempirical correlations
used by various authors to describe the ki-
netics of catalytic processes accompanied
by poisoning comprise different particular
cases of Eqs. (10) and (11).

Consider some other examples.

1. Hydrogenation of benzalaniline on Pt/
Si0, (7) is described well by equation

1 Zy— By + B
Wk
B ko Z
_ _ il Bl
- (ZO BBO) 23 + lg BBO
which takes place if
Z=2y— B(By— B) = Zy, — BAB, (12)

where Z and B are the concentrations of
active sites and reactant, respectively.

Equation (12) represents a particular case
of Eq. (10) at x = m and y = n. Comparing
Eqs. (12) and (10) within this condition in
mind, one can easily realize that the param-
eter entering Eq. (12) is B8 = ky/k.

2. Hydrogenation of cyclopentane on Pd/
ALO; (8) is described by the following rela-
tions:

(a) at temperatures below 320°C

r3=ka

- % = k{CpPa? = kga?,
where rp is the rate of hydrogenation, k is
the rate constant of the main reaction, a is
the catalyst activity at instant ¢, a = W/W,,
Cjp is the concentration of cyclopentane, kg
is the deactivation rate constant, and kj is
the effective deactivation rate constant at a
constant composition of the gaseous mix-
ture.
These relations reduce to the equation

(13)

Equation (13) is a particular case of Eq. (11)
at x = m + 1 and y, = n. Comparison of

Ina =Inay — aAB.
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Egs. (11) and (13) gives @ = m I—;E;

(b) at temperatures above 320°C

g = ka
da

'E; = kd(CB)Pa3 = kéa3.

This set of equations reduces to
(14)

which represents a particular case of Eq.
(10) at x = 2m + 1, y = n. The comparison

of Eqgs. (10) and (14) gives a = m %.

The above examples illustrate the possi-
bilities of the kinetic approach in studying
the reactions accompanied by poisoning.

The suggested method of obtaining and
treating the experimental data provides the
possibility of a direct determination of a
form of linear anamorphoses describing the
data, and presents a criterion of their valid-
ity for a particular system. The method al-
lows one to determine the orders of reac-
tions in each gas-phase reactant and in the
surface concentration of active sites, to find
the rate constants of the main and poison-
ing reactions, and to reveal the physical
sense of parameters entering the empirical
equations proposed earlier.
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