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Abstract—The foundations of the theoretical concept of nonbranched radical-chain reactions involving heter-
ogeneous catalysts are considered for hydrocarbon pyrolysis. These include the phenomenological model and
the concept of the “ catalysis sphere”” Surface active sites S participate in chain propagation along with hydro-
carbon radicals R" from the gas phase. Surfaces show either inhibiting or neutral action depending on the Eg_
r bond energy. If the Eg ; value is comparable with the energy of the breaking bond in the reacting molecule,
the reaction accelerates due to the acceleration of either the heterogeneous or homogeneous component of the
overal rate of the process. In the latter case, the catalyst ensures the generation of additional radicals for the
gas phase, which result in the formation of a catalysis sphere. The catalysis sphereis defined, the radical distri-
butionin it is presented, and its properties and role in radical-chain processes are discussed.

INTRODUCTION

Since the discovery of radical-chain reactions, spe-
cial attention has been given to the influence of the sur-
face on their development. For example, the effect of
the surface on the generation and decay of radicals has
long been established for branched chain processes.
Recently [1-4], surface active sites have been shown to
participate in chain propagation and branching as
adsorbed atoms or radicals and to affect the ignition
limits of the reaction mixture [1-4]. In the papers
devoted to nonbranched chain reactions, the surface has
long been considered to exhibit no effect on chain prop-
agation. Only in the past 20 years, many researchers
have observed the catalytic action of the surface, for
example, on hydrocarbon pyrolysis. However, they
only reported facts and did not consider the mechanism
for the surface action on nonbranched radical-chain
Processes.

In our previous studies of hydrocarbon pyrolysis on
heterogeneous catalysts [5-11], we determined the
mechanism of radical-chain processes with their partic-
ipation. In the presence of catalysts, the heterogeneous
chain propagation involving active sites of the surface
takes place along with the homogeneous one. A phe-
nomenological model of the catalytic pyrolysis of
hydrocarbons was proposed, which comprised a system
of kinetic equations describing both the homogeneous
and heterogeneous stages of the process. The aim of
this paper is to discuss possible catalytic radical-chain
processes and to consider the “catalysis sphere,” which
is one of the most interesting phenomena in non-
branched radical-chain processes involving catalysts.

Thermal pyrolysis of hydrocarbons occurs by the
nonbranched radical-chain mechanism consisting of
three steps:

Initiation or radical (chain) generation

R-Ry— R +Ry,. D
Chain propagation
R’ — Ry, + a-olefins (II)
(the decomposition of long-chain radicals),
RH+R§ —~ R +RgH (111
(hydrogen atom abstraction), and
Chain termination
Re+ Ry — ReRg, Iv)

(radical recombination).
In this scheme, Ry, stands for short radicals acting

as chain carriers (CH;3, C,Hs, or H); R’ represents
long-chain radicals, and RH, Ry Ry, and R, H are the
molecules of paraffin hydrocarbons. Each of reac-
tions (I)—(1V) includes several elementary processes
involving molecules and radicals of different structures.
Step (111) is rate-limiting chain propagation. The prod-
uct composition is determined by chain propagation
reactions.

Inthe presence of catalysts (except for the gas-phase
thermal reactions), the following processes occur on
the surface [5, 6]:

S+RH —»SH+R or S+R4R SRy, +R" (V)
(heterogeneous initiation),
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SR, —= S+ R, (VD)
(dissociation),
SH+Ry,— S+RyH or VID
SRy, + Ry, — S+ Ry Ry,
(regeneration of active sites), and
S+ Rg —= SRy, (VIII)

(chain termination).

Here, S represents a generalized surface active site
containing an unpaired electron. This can be a radical

anion of the O type or a transition metal ion, a hole
center, etc.

Reaction (V) is the heterogeneous initiation of a
chain process. It would be completed immediately
because of the consumption of active sites in reac-
tions (V) and (VI111) if the regeneration of active sites S
(VII) did not occur. In fact, the sequence of reac-
tions (V), (VII), (V), (VII), ... (heterogeneous initia-
tion—regeneration) is heterogeneous chain propagation.
Therefore, both homogeneous (11), (111), (11), (111), ...
and heterogeneous chain propagations take place in the
presence of catalysts. It is impossible to separate the
homogeneous and heterogeneous components because
the chain can propagate viarandom pathwaysincluding
both homogeneous and heterogeneous reactions, for
example, (V), (1), (111), (11, (V11), (V), (V1I), ..., (VIII)
or (1), (VII), (V), (1), (1), (VIN), ..., (IV).

The steady-state concentrations of active sites [
and [Rg,] are related to and dependent on each other.
Theprocessrateisdetermined by the overall concentra-
tion of the free valence per unit reaction volume. In this

case, the free valence partially belongsto the gas phase
(radicals) and partiadly to the surface (active sites S).

The chain length during the thermal pyrolysis of
hydrocarbons is of several units, and the rates of chain
initiation and propagation are comparable. Therefore,
the rate of hydrocarbon consumption under thermal
conditionsisthe sum of therates of homogeneouschain
initiation and propagation: w, = w; + wj. During cata-
lytic pyrolysis, the rate of hydrocarbon consumption is
Ws =W, + W; + Ws. The ws term in this equation can be
substituted with w; if the heterogeneous chain propaga
tion (in the sequence of reactions (V), (VI1), (V), ...)is
limited by ws rather than by w;. Taking into account that
the catalyst affects the radical concentration in the gas
phase, it can aso influence the rate of homogeneous
chain propagation w; may differ from w;. Assuming
that [S], istheinitial concentration of the surface active

sites, the concentrations of the homogeneous R, and
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heterogeneous S active sites are described by the fol-
lowing equations [6-8]:

[S] = (ka[Rg] W

+ ke[ Slo[Ral —w1)/(ks[RH] + kr[Rg]),

Wy +Wg = [Ri]?+ (Ky[Ra]” + ks[ Sol [Ran] —wy) o

x ke[ Rnl/ (Ks[ RH] + k7[Rg]).

Using these equations, one can estimate the influence
of the surface on aradical-chain process [6]. With the

estimated steady-state concentrations of Ry, and S, one

can assess the rates of all heterogeneous and homoge-
neousreactions, aswell astherate of acatalytic process
wy as a whole. For example, the rate constants for all
elementary reactions of n-butane pyrolysis under ther-
mal conditions were determined. As can be seen from

the above kinetic scheme, the Ry, and S concentrations

depend on the reactivity of the surface active sites S,
which, inturn, isdetermined by the E5_ bond energies.
Let us consider an energetically uniform surface with
the active sites of the same reactivity. Then, the enthal-
pies of reactions (V) and (VII) can be estimated from
the given Eg  values, and their activation energies and
rate constants can be evaluated using the Polanyi—
Semenov rule. Findly, by solving Egs. (2) and (1), we
can estimate the ratio of the rate of catalytic pyrolysis
and thermal pyrolysis and thus assess the contribution
of the catalyst to aradical-chain process [6].
Therefore, the rate of hydrocarbon pyrolysis with a
catalyst is determined by the catalyst properties (the Eg
values, the initia concentration of surface active sites
[S],, and the steady-state concentration of the interde-

pendent active sites S and Rg,). Henceforth, for the

sake of simplicity, we will write [R] instead of [Rg,].
Notethat the catalyst aff ectsthe steady-state concentra-
tion [R] and causes its deviations from the thermody-
namic-equilibrium value and from the steady-state
value established during thermal pyrolysis under simi-
lar conditions (without a catalyst). Let us discuss this
problem in more detail.

Most petrochemical processes are equilibrium,
whereastheyield of the desired productsin the thermal
pyrolysis of hydrocarbons under conditions allowed by
thermodynamicsiscontrolled by kinetics. Thisisdueto
the high reactivity of radicals (consumed in both chain
propagation and recombination), which determines the
product distribution. When analyzing a radical-chain
process, one should distinguish between the thermody-
namic-equilibrium concentration of radicals (deter-
mined by thermodynamics) and the steady-state con-
centration (determined by the kinetic scheme of aradi-
cal-chain process). For example, during the thermal
pyrolysis of ethane, the steady-state concentration of
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methyl radicals is lower than their thermodynamic-
equilibrium value, whereas the steady-state concentra-
tion of ethyl radicals is higher than their thermody-
namic-equilibrium value [12]. For n-butane at 1000 K,
the calculated thermodynamic-equilibrium constants

logKe, are—10 and —8.4 for methyl and ethyl radicals,

respectively. The steady-state concentration of radicals
calculated using the kinetic scheme of the thermal
pyrolysis of n-butane under the same conditions [R]; =

4.5 x 107'° mol/cmd. Therefore, the steady-state con-
centration of methyl radicals is higher than their ther-
modynamic-equilibrium value, whereas the steady-
state concentration of the ethyl radicals is lower than
their thermodynamic-equilibrium value. The existence
of the overequilibrium concentration of at least one
main radical is a typical feature of chain reactions,
which ensurestheir occurrence and explainswhy arad-
ical-chain process should be considered as a nonequi-
librium one.

The catalysts for radical-chain processes (aswell as
the catalysts for any other chemical process) have no
effect on the thermodynamic equilibrium of the forma-
tion of the pyrolysis products: ethylene, propylene, and
other a-olefins. However, the catalyst affects the
steady-state concentration of radical chain-carriers of
the process and, as a consequence, the rate of the whole
process, because the rate of the processin the presence
of a catalyst is determined by the overall concentration
of thefreevalence (R and S). Theradical concentration
during the reaction (the typical contact times during
hydrocarbon pyrolysis T = 1-1.2 s) always attains its
steady-state value both with and without a catalyst. In
the presence of a catalyst, this value can be either
higher or much lower than the thermodynamic-equilib-
rium concentrations of R. In the latter case, the process
rate increases due to the high steady-state concentration
of active sites S [7]. Therefore, it is better to compare
the steady-state concentration of radicals for the cata-
lytic radical-chain processes with their steady-state
concentration established during thermal pyrolysis
without a catalyst under similar conditions (tempera-
ture and pressure) rather than with their thermody-
namic-equilibrium concentration. This can also be
explained by the fact that the contribution of the cata-
lyst is judged based on the comparison of the rates of
the catalytic and thermal pyrolysis. The steady-state
concentration of radicals during thermal pyrolysis [R],
will be referred to as “equilibrium” in quotation marks
to distinguish it from the thermodynamic-equilibrium
concentration without quotation marks.

Theoretical analysis of the phenomenological
model [6, 7] suggeststhat there are four types of effects
of asurface on aradical-chain process depending onthe
Eg r values and the initial concentrations of surface
active sites [S],: inhibiting, neutral, and accelerating
either the heterogeneous or homogeneous component
of the process. If the Eg_ values are comparable to the
bond energies in the molecules subjected to pyrolysis
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(ranging within 300400 kJmal), the surface catalyzes
the process, and wg/w, > 1. The existence of four types
of surface effects on radical-chain processes was exper-
imentally confirmed in [11, 13-17].

The acceleration of the heterogeneous component is
observed when the steady-state concentration of hydro-
carbon radicalsin the presence of acatalyst isbelow the
“equilibrium” value [R] < [R]; [7, 16]. The process rate
is determined by heterogeneous propagation (V), ws >
w; and reaction wg = ws. For such catalysts, the main
regularities of heterogeneous catalysis are valid.

Let us consider the fourth type of catalyst effect, the
acceleration of the homogeneous component of the
process rate. This acceleration is observed when the
catalyst favors the formation of the overequilibrium
concentration of radicalsin the gas phase, and the cata-
Iytic contribution is due to homogeneous reactions in
the gas phase: [R] > [R];, w; > ws, and wg = w; [7].

To elucidate the mechanism of the generation of the
overequilibrium concentration of radicals, let us com-
pare the main parameters of the thermal and catalytic
pyrolysisfor the accel eration of the homogeneous com-
ponent. To illustrate, we used the phenomenological
model to calculate the characteristic parameters of the
thermal and catalytic pyrolysis of n-butane at 980 K
and E = 320 kJ/moal, [S], =2 x 10 mol/ml. The calcu-
lation results are given in the table. Under these condi-
tions, the step withw;, w, <€ ws, israte-limiting for het-
erogeneous chain propagation. The rate of homoge-
neous initiation w, is much higher than the rate of
heterogeneous initiation equal to w,. However, it isthe
heterogeneous chain propagation that ensures the gen-
eration of additional radicals. An increase in the R con-
centration in the processincluding (V), (VII), (V), (11),
(10, ... is caused by the high steady-state concentra-
tion of active sites Sinvolved in chain propagation (see
table) and, hence, is due to kinetics. Therefore, the
mechanism of the formation of overequilibrium radi-
calsin our case differs from the mechanism of radical
generation under irradiation when the rate of radical
formation increases.

If active site Sis considered as apoint, then asphere
containing overequilibrium radicals in the gas phase
surrounds it. If the active site is located on the surface,
a hemisphere containing overequilibrium radicals is
formed over it.

The space over the surface active site of acatalyst of
aradical-chain process containing the overequilibrium
concentration of radicals (as compared to therma
pyrolysis under similar conditions) is referred to as the
catalysissphere.1 The catalysis sphereistypical only of
radical-chain processes and catalysts accelerating the
homogeneous component of a radical-chain process.

1 The notion of the catalysis sphere refers to any configuration of
the space containing overequilibrium radicals. For example, the
configuration depends on the location of an active site S. For the
active sites located at the face, edge, or top of the crystal, the
catalysis sphere configurations are different.
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This term reflects the mechanism of the catalytic con-
tribution of the sphere to the overall rate of the process
and indicates that ordinary thermal pyrolysis occurs
beyond this sphere. Catalysis is observed only within
this sphere [8-11].

The catalyst surface contains a certain number of
active sites S each generating a catalysis sphere. These
catalysis spheres on and above the surface merge and
form a continuous spatial (gas-phase) zone with a high
radical concentration. The topography of merged
spheres reflects the location of active sites on the sur-
face. The radical catalysis occurs precisely within this
zone packed with the spheres.

The catalysis sphere has a definite size and a com-
plex structure. The size of the catalysis sphere, normal
to the plane surface of acatalyst, determinesthe size of
the zone of action of radical catalysisand is determined
by the radii of the hemispheres containing the overequi-
librium concentration of radicals. The size of the catal-
ysis sphere should be taken into account in the techno-
logical design of aradical-chain process to ensure the
best ratio of the catalyst surface to the free volume
within which the sphereis formed.

Let us consider a plane catalyst surface (for exam-
ple, the wall of arectangular channel), over which the
catalysis sphere is formed. The chain process over an
activesite S, developing normally to the surface, can be
described by aclassical equation:

DA’ [R]/0x*—k,[R]*+w, = 9[R]/ot, 3)

wherethefirst term determines changesin the concentra-
tion of radicals during their diffusion from the catalyst
surface (x = 0) to the gas phase over the distance x, the
second term isthe rate of the quadratic decay of radicals
in the bulk of the gas phase, the third term is the rate of
the thermal generation of radicals w,, D is the diffusion
coefficient, and k, is the rate constant of the homoge-
neous quadratic decay of radicals (reaction (1V)).

Fundamental studies of the surface effect on aradi-
cal-chain process usually considered the linear decay of
radicals on the surface: radicals are thermally generated
in the bulk and decay on the surface. The radical distri-
bution near the surface is described by a hyperbolic
function [18]. In this case, we have quite the opposite
situation. Radicals are generated on the surface with
parameters determined by the catalyst properties and
the reaction conditions and are consumed by the qua-
dratic law as they move away from the surface. We set
thedistancer, at which theradical concentration attains
avalue of 0.1([R], — [R];), to be equal to the radius of
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[R] % 10'°, mol/mI3
30
25
20
15
1 1 1 ]
5 10 15 20 25 30 35
xx 103 cm
Radical distribution |n the sphere: (1) T = 1000 K, E =
300 kJmol, [S]y = 10— mol/ml, [R]y = 2.6 x 107 moI/mI
[R]y= 3.9 x 10719 mol/ml, andr = 1.8 x 10*
2 T 980 K, E 320 kJ/moI [S]O =2 x 10* mol/ml
[Rlp=1x 10~ mol/ml, [R]y=2.5 x 10719 mol/ml, and

r,=2.4x1072 cm.

the catalysis sphere. This radius of the sphere indicates
that the distance between the walls of the channel of the
catalyst block, where a radical-chain process occurs,
should be less than 2r. In this region, radical catalysis
occurs. If the distanceis morethan 2r, the reaction zone
is used inefficiently because a region appears between
the zones of radical catalysiswhere only thermal pyrol-
ysistakes place.

When solving Eq. (3), we assume that the steady-
state concentration of radicals [R], is immediately
established on the surface and that [R],=10°a x=0
and [R]; = 2.5 x 1071 mol/ml at x = o (see table). The
calculations were performed for the ethyl radical, D =
0.65 cm?/s. At theinitial moment t = 0, thefirst integra-
tion of Eq. (3) gives (d[R]/dx)*> = 2k, [R]}/3D —
2w [R]/D + C (4). From the boundary conditions
d[R]/dx =0 a x = o and [R] = [R];, we determine the inte-
gration constant C. Upon substituting [R] = 10~ mol/ml
into Eq. (4) at x = 0, we obtain that d[R]/dx = 6.578 x
10-%. Using the gradient of the concentration of R at
t=0and x =0, we solve Eq. (3) by the method of finite
differences. The curves calculated for the above condi-
tions (see table) and for the conditions ensuring the
higher overequilibrium concentration of radicals are
presented in the figure. The relevant equilibrium con-
centrations of radicals are marked with dotted lines.

Main parameters of the thermal and catalytic pyrolysis of n-butane at 980 K

Reaction [S], mol/ml | [R], mol/ml | wy, mol mI=t s | wg, mol mi=t s | wy, mol mi=t s | wg, mol mi=t s
Thermal pyrolysis - 25x 10710 25x10° - - 45x10°
Catalytic pyrolysis | 1.6x10° | 1.0x107° 25x10° 3.6x10° 6.0x 1078 1.8x10°
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The above data suggest acertain radical distribution
within the sphere, which allows one to choose the
appropriate radius of the catalysis sphere r. With an
increase in the radical concentration, the sphere con-
tracts in the direction of the surface. For example, r =
1.8 x 102 cmat 1000 K and E = 300 kd/mol. Thisisdue
to the fact that the higher the radical concentration in
the sphere, the more significant is the contribution of
quadratic radical decay. For a decrease in the radical
concentration, we have the opposite situation when the
r value increasesto 2.4 x 102 cm. However, the contri-
bution of such a“dilute” sphereisinsignificant. A real
catalyst has a number of active sites S with different E
values. We set r = 2 x 102 cm to be the average radius
of the catalysis sphere during the catalytic pyrolysis of
n-butane. The steady state in this sphere is established
during t=3 x 10* s. The distance between the opposite
walls of catalyst channelsfor n-butane pyrolysis should
be shorter than 4 x 102 cm. Therefore, one can set the
requirements to the technological design of radical-
chain processes using the radius of the catalysis sphere.

Theradicd digtribution withinthelocd catalysissphere
ispresented in thefigure. The catalysis spheres can overlap
depending on the location of active sites S on the surface.
Then, in each section of a separate cataysis sphere parald
to the catalyst surface at adistance Ax from the latter, there
should be a digtribution of overequilibrium radicals that
continuously changes within the concentration range from
~2[R], to 0.1 ([R], — [R]y). Taking into account that the
structure of the zone of radica catalysisis determined by
the combination of incorporated catalysis spheres, therad-
ical digtribution within this space zone dso has a complex
dynamic nature that depends on baoth the activity of sites S
and the degree of sphere overlap. The highest radical con-
centrationin the catalysis sphereis observed right above an
active dte (see figure). When overequilibrium radicas
move away from thesiteand diffusein different directions,
they participate in chain propagation and recombine (reac-
tion (IV)). Therefore, the concentration of radicas
decreases as they move away from a site S. The optimal
steady-state concentration [S] should exist that determines
the degree of the overlap of cataysis spheres. An inggnifi-
cant overlap is preferable because it favors an increase in
the concentration of radical carriersof the process. A stron-
ger overlap isundesirable because an abrupt increasein the
radical concentration in this case causes the same increase
intheyield of radical recombination products, light paraf-
fin hydrocarbons. Asaresult, the selectivity with respect to
the desired products, a-olefins, will decresse.

The determination of the permissible degrees of
overlap of the catalysis spheres for a particular radical-
chain processis aseparate theoretical and experimental
problem. It is important that the sphere radius is a
parameter that one can useto estimate the required opti-
mal concentration of surface active sites S and the best
density of the catalysis sphere packages.

To conclude, we note that the concept of the cataly-
sis sphere considered for hydrocarbon pyrolysisis also
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applicable to other radical-chain processes, for exam-
ple, dichloroethane pyrolysis [9]. The catalysis sphere
can be formed in any catalytic process where the reac-
tion is transformed from the catalyst surface to the gas
phase. Simple experiments were performed that con-
firmed the formation of such a sphere [10, 11, 13-16].
The catalysis sphere concept not only extends the the-
ory of catalysis by determining the zones of radical
catalysis, but also forms a practical basis for the devel-
opment of catalysts for radical-chain processes and
their technological design.
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