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Abstract

Variations in reaction rates and selectivities with conversion, temperature, pressure,
dilution, and reaction mixture composition have been discussed for kinetic models of vari-
ous forms and characters. The possibilities of a preliminary analysis of experimental data
have been shown for the kinetic models under study.

At present, the determination of adequate kinetic models for various
processes is considered a key problem of chemical kinetics in heterogeneous
catalysis. An important step in establishing these models should be a pre-
liminary analysis of experimental data directed towards the discrimination of
inadequate kinetic characteristics and selection of the most unambiguous
description. Methods of this preliminary analysis have been developed!~®
to reveal the effect of various parameters on the initial process rate, kind
of kinetic characteristics, and process selectivity. The analysis is generalized
in this paper and its employment has been discussed. The analysis covers
both single-route and multiple-route systems.”®

1. Principal Backgrounds

Let us consider a system of components Aj, A,, ---, Af, A}, ---, involving
a steady-state reaction described by different stoichiometric routes :

VA F 1Ay = v Ay uAy, (1 )
VA Ay = v ALHVAL,

(stoichiometric coefficients v, ---,v; can be positive, negative or equal to zero
for a parallel, consecutive or parallel-consecutive character of the conversion,
respectively).

*) Zelinsky Institute of Organic Chemistry, Academy of Sciences of the USSR, Leninsky
Prospect 47, Moscow, USSR,
*+) To be addressed for correspondence.
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Reaction rate for each of i-th routes can be expressed by a general
kinetic equation :
HP;M
i
ri =k ITz5n Vi (2)

where P; is partial pressure of the components (j=1,---), n;; and [, are
positive, negative or zero exponents, respectively, and 7; is coefficient of
reversibility for the reaction following the i-th route® expressed as

7i=1— (g KVt (3)

where o;, K; and ¢; are, respectively, stoichiometric number of the rate-
determining step” or a mean stoichiometric number?, equilibrium constant,
and the expression of mass action law for the equilibrium in the given route
where running reaction component concentrations are substituted for equilib-
rium concentrations., The denominator of Eq. (2) includes a z;, value which,
in the simplest case, is a polynomial

Zim = im+Zkiijj’ (4)
J

where C;, =0 or C;,=1 while k;,; values are adsorption coefficients or com-
plex expressions containing step rate constants:

kimj = (ko)im s €*2ms/ 2T, (5)

where g;n; are heat effects or algebraic sums of activation energies of the
steps. More complicated expressions of kinetic relationships than those in
Eq. (2)—(5) are very rare and can be neglected.

Eq. (2) holds for expressing the rate of a complex reaction proceeding
by each of the routes in the following cases:

(i) the reaction is irreversible for all routes (y,=1);
) the reaction is in equilibrium for all routes except one ;¥
ii) the reaction follows different routes having no common steps;
}  only fast (quasi-equilibrium) steps are common for different reaction
routes.?

The effect of process conditions on reaction rate for each ¢-th route
can also be expressed as a product :¥

Ty =Ty ¢z<xz) 71 (6 )

where 7, is initial reaction rate (reaction “level”) at ;=0 and ¢;(x) is a
dimensionless function of reaction conversion z; for a given route deter-
mined by a form of a kinetic equation. The 7y value is dependent on
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both the form of kinetic equation and initial process conditions. In this
case, the following restrictions are imposed on relationship :®

ri:7‘01>0 at xi—:o, (7)
r.=0 at ;=1 and y,=1 or at 7;,=0. (8)

Selectivity at a given catalyst activity is the most essential characteristic
of a process following different stoichiometric routes (i.e. described by dif-
ferent stoichiometric equations.®® It is defined as a ratio between an algebraic
sum of reaction rates for all independent routes leading to the formation of
the j*-th product and a sum of reaction rates for all routes of conversion of
the initial substance.? This is equivalent to a ratio of desirable product
accumulation rate (W) to total conversion rate (W)) of the initial substance

(Ap:
S=W,/W,. (9)

Let us consider a sufficiently common case where a by-product is formed
from and in parallel with desirable product (consecutive-parallel scheme).
Considering expression (9), we obtain :

¢(j*+1) 7+

ot w
P11
where
a="19/To1 > (11)
B="og+n/Tor, (12)

7*+1 index defines the route of further conversion of the desirable product
(A,;), and 7 defines all parallel routes of conversion of initial substances.
When =0 and a=0, expression (10) holds true for a parallel and consecutive
scheme, respectively. In this case, the following restrictions are imposed on
the dependence of selectivity on conversion of the initial substance for a
consecutive reaction scheme :

S=1 when 2, =0, (13)
0<S«<1 when z,=1. (14)

In contrast, a parallel scheme is characterized by 0<.S<1 both for x,+x,=0
and z;+x;=1 (where z, and x, are conversions for the two directions, re-
spectively).
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The above relationships offer a possibility of analysing the changes in
reaction rates and selectivities, i.e. their kinetic characteristics, for varying
process conditions according to the character of kinetic models. It is assumed
here that no changes in the process mechanism, and hence in the form
of kinetic equations, are involved within the region of variation of process
conditions —temperature (7°), pressure (P), dilution of reaction mixture with
an inert substance (6=P.,/P)), and conversion.

2. Effect of Process Conditions on Kinetic Characteristics

An analysis of changes in reaction rates and selectivities with temperature,
pressure, dilution, and initial composition at a constant conversion can be
a source of useful information for constructing kinetic models. It is expedient
here to place particular emphasis on revealing the extremes.

Optimum characteristics for a multiple-route reaction? are determined
by the expression

lnW,  olnW;

Y=oy (15)
from which a relation can be derived for a two-route reaction :
olnry  dlnr, (16)

oY — oYy
where Y is the parameter under investigation and r; and 7, are reaction
rates for the routes of desirable product and by-product formation respec-
tively.

Based on these expressions and also on (7), (8), (13), and (14), it is pos-
sible to analyse how the variations of any process parameter affect the kinetics
of the process as will be done below. The analysis will be carried out for
a selectivity of a two-route reaction. Moreover, optimum rate conditions for
a single route reaction can also be found from this analysis when r,=0.
It should be emphasized that condition (13) enable one to conclude whether
a parallel or a consecutive reaction scheme is involved. If variations of
process conditions tend to change the initial selectivity value extrapolated to
x,=0, it suggests a parallel reaction scheme. If the initial selectivity value
remains to be equal to unity (or about) even though the process conditions
are varied, it may be concluded that the reaction proceeds by a consecutive
scheme.

(a) Effect of Temperature

The occurrence of a temperature optimum for selectivity of a two-route
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reaction within the temperature range under study (Tmin <7< Tmss) is evident
from Egs. (2) and (16) when m=1 and the following condition is true :®

(Hjry, . <E\~E,<(Hr,_, (17)
where
H= lyhy _ Lhy + A=) O _ (1—=75) Qe ’ (18)
2, 2 9 278 ‘
h; = Z qu (l:l, 2) ’ (19)

3

E, and E, are reaction activation energies for route 1 and route 2, respectively,
and Q; and Q, are their heat effects. Expressions (17)~(19) also hold as
extremity conditions for a single-route reaction when E,=Q,=#h,=0.
Expressions (17)~(19) make it possible to relate experimental data to
the type of kinetic models. In Figs. 1 and 4, temperature dependences of
reaction rate and selectivity, respectively, are plotted for kinetic models of
different forms. It is seen that different forms of kinetic models exhibit
different rate-temperature and selectivity-temperature plots which make it

Inr
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2
3 ’ 3’\
N
4,477 N\

55 "
o

Trax Trnin

Fig. 1. Plot of reaction rate vs. temperature at a constant
reaction mixture composition and different forms of

kinetic models in Arrhenius-like coordinates for

endothermal and irreversible exothermal reactions
(1-6) and reversible exothermal reactions (3'~5):

1, 2>0; 2, 7=1at I=0 or h=0; 3, h<0 at E>(H)r,, ; 4, h<0 at (H)r,;, <
E<(H) .« 5 h<0 at E<{(H)ry, ; 6, E<0 at 7=1 and /=0 or A=0; ¥, E>
Hr 4 (Hrp <E<(H)rpaes 5 E<(H)rg,.

max ’

__||_ A 4
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possible to tentatively estimate the kinetics of the reaction.

(b) Effect of Pressure

Extreme dependence of process selectivity on pressure (P) is found to
be possible for a certain stoichiometry of the reaction and a certain relation
between the exponents of kinetic equations for the routes. For a two-route
reaction, Egs. (2) and (16), when m=1, give the following conditions for
the occurrence of selectivity maximum :¥

AVI >A}J2 R
;n1j—l1>;n2j“lz (20)
or
AVI<AU2 >
;nij_ll< z;nzj—lzy (21)

where M, =v3+v,—y,—v, and dv,=vf+v;—1{—1f while Y n;, and > n,; are
7 7
sums of exponents at partial pressures of the components in kinetic equations

for routes 1 and 2 respectively, the desirable product being formed in the
first route of system (1). When dv,= ) 7n,;=10,=0, expressions (20) and (22)
J

simplify to conditions of extreme rate/pressure dependence for a single route
reaction. The consideration of pressure dependences of process rate and
selectivity can be reduced to the analysis of their variations due to dilution
(6) of an initial mixture.”

If conditions (20) and (21) fail to be satisfied, different variations in
process pressure and selectivity are possible depending on the form of kinetic
models. These variations are plotted in Figs. 2 and 4. Conclusions concern-
ing kinetics of a process based on these plots can be readily drawn from
experimental results.

(c) Effect of Initial Composition of Reaction Mixture

When varying the composition of a reaction mixture (p) for a two-route
reaction, the selectivity can pass through a maximum if the following con-
ditions are satisfied for Eq. (2) type:

;7111—"12>;7l21—n22 >

(22)
;nu_h >§n2r‘lz
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>3
Fig. 2. Plot of reaction rate vs. dilution for irreversible (1~4) and
reversible (1’, 2/, 4/} reactions:

1, an>l at z= ijPj or an>l at *=1+ijP 2, an<l at z= Z]ijj,
3, Z}nj [ at z= Zk]Pj, 4, an<l at 2= 1+ZkJPj 1’ Zny}l at Au<0
an<l at Ju>0 4/, Zn]<l at 4v<0 or Zn,>l at Av>0

r

4\

3

— p
Fig. 3. Plot of » vs. @ for different kinetic equations:

1, (a) P, is in both numerator and denominator, 27;>n; at I>%nj; (b) P in
denominator only, Zn;<l; 2, (a) P> both in n]umerator andjdenominator,
Zn;<ng at l<ZnJ, ( ) P, in numerator only, Ln;>n, at I<2in; or 2ing<ny
at I>%n;; {c) Pz is not contained in equation, En]>l (d) gower ecJ]uation,
an<izz; 3, (a) P, both in numerator and denommator, 2inj>ny at 1<n;
or Z}n;<n2 at Z>an, (b) P; in denominator omnly, an]>n2; (c) P ianu-
merator only, Z}n]>n2 at Z>Zn] or Z]n]<ng at Z<Zn;, (d) P, is not con-

tained in equatlon Sing<iy (e ) power equatlon Zn]>n2
7 7
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row 2,2,2"

3,3, 3"

AR

4,4, 4"

>T,8,p

Fig. 4. Plot of selectivity vs. temperature {1~4), dilution & (1’ ~4"),
and reaction mixture composition £ (1’’~4"’) for the fol-
lowing cases:

1, El—E2<(H)Tmin; 2, E1~E2>(H)Tmax 5 3 E= Eg at H=0 or El-—Eg at 11—12—

and 71=7,=1; 4, (H)rp,<E—E<(H)rp,.; v, anj I at H=0 anj L at
dn<dvg; 2, Bms—h<Dngs—1lp at dn>dvp; 3 an—ll-—an,—lz, 4/, an
—-11<Zn2j—ljz at Au1<diz or anj—zl>JZ:n2j Zz at AL1>Au2, 177, ;‘nlj n12>
anj ngz at Zn19—11<2n21—12, JZ”IZ—‘”12<§7121—”22 at jZ"u'—lx>§.ﬂ2i
—lzy Znu—Z"zj at h=ly; 4 §"1j—n12>]z_]”2i—7722 at ;nu’—ll>jznzj
—1 or §n1]—n12<_§]n21 nyy at §n1j—ll<JZn2j——lz.

or
anj—n12< anj_nzz s
J F)

23
anj_l1<zn2j—lz ( )
Fi J

where 7, and ny, are exponents in kinetic equations of routes 1 and 2,
respectively, for the component being in excess. In a single-route process,
expressions (22) and (23) are also conditions of extreme reaction rate with
regard to p when ),ny;,=n,=,,=0. If conditions (22) and (23) fail to be
satisfied various reaction rates and selectivities as a function of o are possible
as is illustrated in Figs. 3 and 4. The different character of these relation-
ships indicates a possibility of revealing kinetic laws by analysing these de-
pendences.

3. The Effect of Conversion on Kinetic Characteristics

In a multiple-route reaction, the variation in selectivity with conversion
will be different for parallel and consecutive schemes and for different kinetic
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models. The following dependences of selectivity on conversion occur for
a parallel process scheme: selectivity increases with conversion if reaction
rate order for the main route is lower than that for the by-product forma-
tion route (in case of power kinetic equations or those of Eq. (2) type with
identical denominators for the two routes) or the reaction rate in the second
route is strongly inhibited by the products; selectivity is independent of
conversion where the structure of kinetic equations for the routes is similar
or when a=~0. In a consecutive process, a constant selectivity with changing
conversion is indicative of higher reaction rate orders for the side route (in
case of power kinetic equations or those of Eq. (2) type with identical de-
nominators for the routes), or strong reaction inhibition in the by-product
route in case of non-power equation. A similar case is when S=0 or the
reaction rate in all the routes is described by a zero-order equation. A
decreasing .S (x) relation is characteristic of the two process schemes where
the reaction rate order for the main route is higher than that for the side
route (in case of power kinetic equation), or reaction rate is strongly inhibited
by the products in the main product formation route. These S{x) depen-
dences are plotted in Fig. 5 and offer a means for revealing kinetic laws
governing complex processes.

It is seen from the analysis of reaction rate as a function of conversion
for a process involving only one stoichiometric route that different forms
of kinetic models are critical for the shape of such conversion curves."®
Convex conversion curves indicate a slight dependence of reaction rate on
the concentration of initial components whereas concave conversion curves
indicate either high orders for initial components or reaction rate inhibition
by the products. The analysis of the second reaction rate derivative from
conversion (0%/0x%.-, leads to the following expression :®

20[(1+P+5) Yy an"i‘d”(’h%‘f‘"z P>] s
=

& Y2 P
él[AV(Zo—l)—P;ijj][(O-*‘ y1>20+ 1+p+5 (AU"*‘P%}ij])],
24)
where 20=2(X)s=0; 2k;jv;=ksvs+kivs—ky—kv,; 7 =1,2. The inequality
7

signs ((and ») in expression (24) point to a convex or concave form of con-
version curves, respectively, while the equality sign indicates that the reaction
rate is independent of conversion.

It follows from expression (24) that a character of the »(x) function is
determined by a form of kinetic equations and their constants ratios as well

93
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SA

L
> X
Fig. 5. Plot of selectivity vs. conversion for a two-route reaction

with a parallel (1~3) and consecutive (2/, 3’) schemes of
conversion :

1, (a) power equations, Zn11<2n271 (b) 21 and 22 contain products, an<

any at 1</ or Zn1j>27l2j at Lh<¢ly; (c) z1 and z; contain no products,

Z"u>anJ at Zl>lz or Zﬂ1j<z:.:n2] at 13 h; 2, (d) Zn1j=>j:7lzj at hy=1; or

J 7 7 7

a=0; 3 and 3’ (a) power equations, Zn1j>2n2j, (b) 21 and =z, contain pro-

ducts, Znu>2nzj at 51>/, or Zn13<2n21 at L3 ly; () = and =z contain no

products, anj<anj at 1</ or Zn11>2n21 at [;<l; 2/, (a) power equa-

tions, Znu<Zn2j, (b) 21 and 22 contam products, Zn1j<2n2] at 1</ or

Z}n1j>anj at Iy &y (c) 21 and 23 contain no products, Zn1j>27lz] at 51>l

7
or Zn11<2n2j at > lz; (d) Z"u’—znzj hL=1=0 or 13“'0

as reaction conditions. It follows, then, that varying initial process con-
ditions may result in essential changes in the form of the r(x) function
which will correspondingly affect the form of kinetic equation. It virtually
means a possible transition of a kinetic equation to its particular cases, when
the variations of initial conditions are sufficiently great, and the effect of
these variations on the shape of conversion curves. It appears, then, that
these variations should be considered when analysing experimental evidence

which has, therefore, to be obtained within a sufficiently broad range of
process parameters.

It can be seen that an analysis of selectivity and reaction rate depen-
dences on reaction conditions and conversion gives an insight into the pro-
perties of kinetic models.

4. Analysis of Kinetic Models of Some Reactions

The potentialities of the above approach can be illustrated by the analy-
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sis of kinetic models for some reactions studied by our laboratory in gra-
dientless systems.

Dehydrogenation of isopentenes over a calcium-nickel phosphate catalyst.

This process occurs to form isoprene, cracked products, and small am-
ounts of coke.”® Kinetic studies of the reaction proceeding in a temperature
range of 580 to 650°C and with diluting isopentenes with steam (6 was 10
to 30) showed that variations in process conditions at low conversions result
in selectivity changes which indicate a parallel reaction scheme :

i'Cr)Hm = C5H8+ Hz ’ (25)
i-C;H,y = cracked products . (26)

Selectivity of this process is practically independent of conversion for
x being from 0.1 to 0.6 and represented by straight line 2 in Fig. 5 which
corroborates a parallel reaction scheme and describes the condition: 37,;=

J
2.ny, at ;=1 Selectivity as a function of temperature and dilution at
7

a constant composition of reaction mixture is described by curves 1 and 3,
respectively, in Fig. 4 characterized by the conditions : E,—E,<(Hjr_, , 27,
7

—1l,=>ny;—1{; and indicating that the kinetics of this reaction is similar
for the two routes.
Temperature and dilution dependences of the reaction for the two routes

T, A T A
o !
.08 cE)
. L
r= - 4r
S 6 | e
@ i I
o " 3F
E S
- (o]
£ 4 g2t
-~
| - - 2
2 L -
“ede |
O 1 1 > O ] 1 >
O 0204 06 «x 0] 0.5 10 "x
Fig. 6. Conversion curves of isopentene Fig. 7. Conversion curves of toluene
dehydrogenation at 7'=600°C and hydrogenation reaction at 7'=
6=3013: 216°C4) ;
1, isoprene formation route; 1, =33 and §=1.2;

2, cracked products formation route. 2, =145 and 6=5.3.
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(with a reversibility correction for the main route) are represented by curve

1 in Figs. 1 and 2, respectively, characterizing the conditions: A;=h,>0

and ),n;224. It can be seen from the curves in Fig. 6 that the reaction
7

rates are inhibited by the desirable product (isoprene). The results obtained
enabled us to establish a kinetic model of this process including an equation
of isoprene formation rate

k Pou,r

ry = m (27)
and an equation of cracking by-product formation rate
ky P
T — 27 G:H,, (28)

¢+ ks Po,u, ’

where ¢ is the amount of coke deposited on the catalyst.
Kinetic equation of coke formation and catalyst regeneration were also
obtained.

Hydrogenation of toluene over a nickel catalyst.

The reaction occurs within a temperature range of 150 to 270°C with
a high selectivity® and is characterized by a single route described by the
following stoichiometric equation :

C7H3 + 3H2 = CyHl4 . <29)

The experimental results of the reaction rate as a function of temperature
with a reversibility correction (r) are linearized in coordinates similar to
Arrhenius’ coordinates and described by straight line 6 in Fig. 1. The kinetic
equation is, therefore, a power equation with a formally negative activation
energy value. The reaction rate as a function of dilution is represented by
curve 1 in Fig. 2 characterized by the condition Zj:nj>0. The optimum

reaction rate for the initial composition of the reaction mixture (curve 3e in

Fig. 3), which is close to stoichiometric, defines the condition > n;>n,.
7

Here the dependences of reaction rates on conversion are characterized by
concave conversion curves (cf. curve 1 in Fig. 7) which indicates high-order
reaction rates for the concentrations of reacting components and points
to the fact that the kinetics of the process is described by the following
equation :¥

r=kPg% Pk 7, (30)

which satisfies condition (24) for concavity of the r(x) functions. If the



On the Analysis of Kinetic Models for Catalytic Reactions

hydrogen/toluene ratio is higher than stoichiometric, the experimental depend-
ence of reaction rate on reaction mixture compositions fail to pass through
a maximum and corresponds to curve 2d in Fig. 3 characterized by the
condition };n;,>0. The conversion curves are convex (cf. curve 2 in Fig.

7
7), that is characteristic of a slight dependence of reaction rate on the
concentration of initial components. The character of these curves corre-
sponds to a kinetic equation

r=KP%7, (31)

which satisfies condition (24) for the convexity of the »(x) functions in the
above variation range of the process parameters.

It can be seen that we have here is a transition of the conversion
curves from one shape to another due to a change in the initial component
ratio. Eq. (30) is a general equation for reaction (29) and, in particular case,
can transform to (31) at greater p.

Hydrogenolysis of n-pentane over platinum and nickel.™®
It was seen from the investigation of this process in the presence of
platinum and excess hydrogen at 420~480°C that a variation of reaction
conditions tends to change initial selectivity extrapolated to x=0. This
suggests a parallel reaction scheme :

n—C5H12 = i‘C5P112 y (32)
2n-C;Hp,+2H, = CH, 4 C;Hg+CH;+C,Hyy . (33)

The process selectivity varies inversely with conversion and is described
by curve 3c in Fig. 5 characterized by the conditions > 7,;< > ny; at 4, <<
7 7

ly or Y ny;> 3 ny; at LK1, Selectivity as a function of nitrogen dilution

g J

and hydrogen-to-n-pentane ratio is represented by curves 1’ and 2” in Fig.
4, respectively. The curves are characterized by the conditions Zn“ L>
Z‘nzj—lz and anj N < anj Ny at Znu——ll>2n2j—lz, respectlvely.
Temperature dependence of selectivity is descrlbed by curve 1 in Fig. 4
for the condition E,—E,<(H)r, . ~

Temperature dependences of reaction rates for the main and the side
route are represented by curves 2 and 1 in Fig. 1, respectively, which cor-
respond to the conditions /=0 and %,>0. These conditions indicate that
the kinetic equation has a power form for the first route and other than
power form for the second route. The reaction rate for the main route as
a function of nitrogen dilution and reaction mixture composition corresponds

97
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to curves 1 and 3e in Figs. 2 and 3, respectively, characterized by the con-
ditions >;7,;>0 and },n,,;>n;. Reaction rate for the side route as a func-
7 7

tion of § and p is represented by curves 3 and 1b in Figs. 2 and 3, respec-
tively, which indicate the condition ) n,;=/, Kinetic equations for isopen-
7

tane formation rate

ry = kP, csu,zP %Z (34)
and hydrogenolysis product formation rate
J— kZPCSHIZ
2T PH2+k3P05H,2 (85)

can be derived from this analysis.

An investigation of the same process over nickel in a temperature range
of 230 to 270°C showed that the reaction only proceeds in the direction
of hydrogenolysis products. Experimental dependences of reaction rate on
temperature and reaction mixture dilution correspond to curves 1 and 3 in
Figs. 1 and 2, respectively, characterized by the conditions A>0 and §nj=1.

This has offered a possibility of describing experimental data by Eq. (35).

Some other analyses of selectivities and reaction rates as a function of
reaction conditions and conversion which were aimed at elucidating process
schemes and the form of kinetic equations are discussed in our papers!™®.

Conclusion

It is shown that the analysis of reaction rate and selectivity changes
with varying process conditions can be effectively employed for elucidating
the form of kinetic models. The results of these analyses will appreciably
aid in selecting kinetic models for calculating experimental data by electronic
computers.
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