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Abstract

The kinetic and thermochemical analyses of the catalytic oxidatione€galkanes indicate that the overall reaction network includes
both homogeneous and heterogeneous elementary reactions of free radicals. Two thermochemical parameters of oxide catalysts, the affin
of the surface active sitE[o_] to a hydrogen atom and oxygen binding eneHjy, are the main factors determining the kinetic features
of the overall process. The possible contribution of free radical reactions to some metal-catalyzed processes (steam reforming, partial an
total oxidation of methane) is analyzed. Trends in the studies of catalytic chemistry of free radicals and in the development of innovative
catalytic processes of light alkane transformation into valuable products are discussed.
0 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction drocarbons. However, in the early 1980s, the oxidative cou-
pling of methane (OCM) was discovered [11-15], and it was
Recent developments in heterogeneous catalysis presenthown that the first OCM product, ethane, forms via the re-
numerous examples of the interplay between the practicalcombination of free methyl radicals, which escape into the
industrial needs and advances in the mechanistic studies ofyas upon methane molecule interaction with surface active
catalytic reactions. For instance, the petroleum crisis of the sites [16—18]. In other words, the formation of free radicals
late 1970s shifted an interest from olefins to light alkanes and their further transformation is the major and essential
as initial compounds in the chemical industry. As a result, reaction pathway, which determines the main features of the
peculiar features of alkane chemistry and reactivity became overall process and product distributions.
the focus. In particular, a revival of a considerable interest  As exemplified by the OCM process, the new family of
in the so-called heterogeneous—homogeneous processes angtalytic reactions requires special approaches to mechanis-
heterogeneous reactions of free radicals had appeared.  tic studies and the use of methods originally developed in
The heterogeneous reactions of free radicals were ini- homogeneous gas phase kinetics based on the techniques
tially considered as termination steps in chain processestnat enable the measurement of concentrations of free rad-
(see, for instance [1-3]). A possible role of such reac- jcais in the course of a catalytic reaction. Advantages and
tions in initiation [3,4] and propagation [5] of chains has |imjtations of such methods are discussed in review papers
also been discus§ed. More receptly, the possibility of ho'_(see, for instance [19-22]). At this point, it should be men-
mogeneous reactions accompanying heterogeneous catalytioned that either the presence of free radicals or their appar-
processes has been demonstrated [6-8]. Althoughthe idea of ¢ ghsence in the reaction mixture under certain reaction
heterogeneous-homogeneous processes [9,10] implied thatongitions becomes significant only by being analyzed in
such processes include steps Iocallfed b,,Oth in & gas phasge framework of distinct notions of the process under study.
and on any surface (reactor walls, “inert” reactor packing s paper demonstrates how such notions can be elaborated
materials, and active catalysts), their contribution was con- by combining the thermochemical and kinetic analyses of
sidered marginal in most catalytic transformations of hy- light alkane catalytic oxidation. Among others, the empha-
sis will be on two related processes: OCM and oxidative de-
E-mail address: sinev@center.chph.ras.ru. hydrogenation (ODH) of &-C4 alkanes.
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Table 1
Possible processes of alkane molecule activation
Type of activation process Chemical equations Expressiofdor
(i) Homolytic dissociation of [O] + RH— [OH] + R (2) Dr-H
C—H bonds
(ii) Heterolytic proton [02 ]+RH— [0%> ... HT]+ R~ %) DR_H + IH-Ir-

abstraction form C—H bond
on a strong basic center
(i) Heterolytic hydride ion [M"F]+ RH— [M"t...H ]+ Rt () DR_H+ Ir-In-
abstraction from C-H bond
on a Lewis acidic site

(iv) lonization of alkane [ht1+RH— [ht...e" ]+ RHT @) IrRH
molecule
(v) Synchronous abstraction of M +...02 + CyHgui2 A Ht(ol) —A He(al)

two hydrogen atoms (lower limit)

— M. H3 .Gy Hy, - -HOT .02
— M"t...0%" 4 C,Hp, +Hy oOF (5a)

— M"=2%. [ 4 CyHy, +Hp0 (5b)

[0], strong oxidizing surface center having a high affinity to the hydrogen atom, fiole center; [H---e~], trapped electronD;, energy of homolytic
dissociation of corresponding bong; ionization potentials of corresponding particl@st (i), enthalpies of formation of corresponding substance.

2. Activation of alkane molecules—ther mochemistry for the homolytic C—H bond dissociation process (1). On
the other hand, one may assume that the energy of the

Since alkane molecules have no specific “reactive cen- O—H bond formed in this process is comparablétg and
ters” such as functional groups or multiple bonds, they can it may be unnecessary to bind the second fragment (free
be activated only via bond dissociation or charge transfer. ;zdical R) to the surface to compensate for the energy of
The more energetically favorable the activation process, the c_H pond breaking. This assumption agrees well with direct
higher the probability of its contribution to the overall reac- g orimetric measurements: in the case of oxide catalysts
tion. The feasibility of activation processes can be estimated active in OCM and in ethane ODH [24,25], as well as in total
based on the value of the energy expendifige oxidation of alkanes [26], the O—-H bond strength ranges
Eex=AH — Eg, 0) from 250 to 470 kI mott.

On the contrary, in the case of the heterolytic C—H bond
dissociation, theEey value is so large that its compensation
requires the binding of both fragments to occur in a single
step. This can only take place in the presence of paired
centers with specific configurations and energy relations.

where AH is the overall enthalpy change aril; is the
energy of stabilization of an activated molecule (fragment)
on the surface.

According to Eq. (), the overall enthalpy changeH)

is an algebraic sum of two terms: the energy that should M . the | ¢ 2y and (3
be consumed for alkane molecule activatidiy{) and the Oreover, since ex Values for processes (2) and (3) are

exothermic effect of the interaction of activated molecule COMParable with the molar lattice energy for stable oxides
or its fragment(s) interaction with the catalyst surface SUCh as MgO and ADs, it is highly unlikely that these
(Esy). Possible activation processes and the corresponding“a'red centers can survive in the presence of such active
expressions forEey are presented in Table 1. Here the Ccomponents of the reaction mixture as water ang.(G%0r a
same numbering of reactions as in Table 1 is used. Thesimilar reason, the probability of process (4) is low, since it
values of Ecx calculated from available thermochemical requires the existence of stable hole centers with electron
data [23] and presented in Table 2 show that the energy ofaffinities comparable to the ionization potentials of light

stabilizationEs; required to compensate fdiqy is minimal alkane molecules ranging between 9 and 13 eV [23] and
Table 2
Energy expenditure on the activation of light alkane molecules
Molecule Energy expenditure, kJ mdi

Reaction (1) Reaction (2) Reaction (3) Reaction (4) Reaction (5)
CHy 431 1630 1308 1250 -
CoHg 410 1615 1183 1120 (137)
C3Hg 398 1609 1162 1078 (124)
n-CaH1g 393 1605 1154 1037 (115)

is0-C4H1g 389 1601 1120 1016 ~(1175)
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being higher than the gap width for most of the materials tioning. This analysis is based on the kinetic and isotopic
(semiconductors and even insulators). tracer data and catalyst characterization. Note that in these
One more process, which could also be considered aspapers the intrinsic mechanism is described almost exclu-
an initial activation step is the so-called “concerted” (syn- sively in terms of heterogeneous chemistry and the corre-
chronous or simultaneous) abstraction of two hydrogen sponding kinetic models. On the other hand, some results
atoms ¢), similar to that previously suggested [27] for the presented in the literature by several research groups (see,
first step ofn-butane transformation into maleic anhydride for instance [49-59]) offer a clearer view of how reactor
over V-P-0 catalysts. No simple expression can be written arrangements affect the features of light alkane oxidation
for Eex for process (5a), but the difference between the en- over traditional catalytic systems and demonstrate the impor-
thalpies of formation of olefin and initial alkan&,Hs(ol) — tance of homogeneous factors in the processes under study.
A Hs(al), can be taken as a lower limit (given in brackets in Table 3 illustrates that these two sets of results reflect dif-
Table 2). They indicate that thermochemistry is still a rul- ferent aspects of the overall process. The conditions cho-
ing factor. The thermochemistry of process (5b) will depend sen for kinetic studies in [38-48] (relatively low tempera-
on the binding energy of active oxygen that is involved in tures, low conversions, and the complete packing of the void
the water formation. One may assume that because of steriorolume with “inert” materials) sharply decrease the prob-
constraints, the smaller the alkane molecule, the lower theability of the homogeneous process development. Then, the
probability of such a process. observed reaction parameters presumably reflect the sole be-
The above analysis shows that free radical formation havior of surface active sites (or species). Nevertheless, it
is likely the most energetically favorable process of light can be shown that even in the absence of void zones gas
alkane activation. However, this thermochemical argument phase processes can affect the reaction under study and lead
does not an unambiguously prove the free radical characterto several unusual effects.
of any catalytic reaction. In each particular case the specific ~ An example of this kind is given in Fig. 1 (using data
kinetic evidence is required to prove or disprove it. In the from [59]): over a series of supported V-containing oxide
next section the data on the kinetic features g£C, alkane catalysts the conversion of iso-butane sharply increases
ODH are analyzed from this standpoint. with an increase in the particle size at a nearly constant
ODH selectivity, which remains close to 281.5% in the
case ofy-alumina and varies from 67 to 78% over all V-
3. Reactionsof freeradical in the course of catalytic containing catalysts. The only reasonable explanation of
process—Kinetic analysis such a behavior is the development of a chain reaction,
which becomes more pronounced as linear dimensions of
Currently there are two different approaches to the orga- gaps between catalyst particles increase. This is consistent
nization of the ODH process. One has been initiated by the with analysis performed in [60]: if the reaction proceeds
pioneering studies of Schmidt and coworkers [28-30] and via the formation and transformations of free radicals, the
assumes that catalysts operate at very short (millisecond)contribution of the gas phase to the overall reaction rate
contact times. Such processes proceed autothermally ovefthe conversion of reactants) drastically increases when the
gauze or monolith catalysts loaded with Pt-group metals or characteristic size of gas gaps increases fromf16 1 mm.
active oxides, i.e., at high temperatures (well above 1200 K) This is exactly the range of sizes when one series of samples
and with high void volume fraction in the reaction zone. It presented in Fig. 1 switches to the other.
is very probable that catalysts promote the ignition and then Interestingly, the difference in the hydrocarbon conver-
the process proceeds predominantly in the gas phase. Thisions observed over large and small catalyst particles (3.5—
concept tends to become prevailing in the literature (see, for17%) is much greater than the conversion that is usually
instance [31-37]). observed in the reactor packed with inert materials (1.3—
In the framework of the second approach, the ODH 2.5%) [39,51,56,59]. This fact suggests that the free radical
reaction is carried out in a “traditional” way: in reactors chain reaction initiated by the surface of active ODH cata-
packed with oxide catalysts, typically bulk or supported V- lysts is much more efficient than that occurring in the pres-
and Mo-containing oxide systems, at temperatures belowence of inert materials which, mostly terminate the process.
1000 K and relatively low flow rates. Kinetic features of In the case of OCM and ODH it is very likely that a seri-
such processes are discussed here in more detail. One caaus problem will be faced when trying to extract the intrinsic
recognize two groups of studies devoted to this subject. kinetic constants of elementary heterogeneous interactions
Although they at first glance seem to lead to contradictory from experimental data. The rates of reactant conversion and
conclusions on the mechanism of ODH process, a more product formation are a complex combination of terms at-
detailed analysis demonstrates that they are complimentary.tributed to numerous elementary reactions localized both on
First, publications by Stern and Grasselli [38,39] and by the catalyst surface and in the gas phase. Moreover, if the
Bell and Iglesia with coworkers [40-48] which present ex- contribution of homogeneous processes can be minimized,
tensive analysis of the ODH reaction mechanism over cat- the question arises as to whether and how the resulting rate
alysts with varied chemical composition are worth men- constants and equations can be used to describe the system
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Table 3
Reaction conditions for ODH studies and typical results obtained

471

Refs. [38-48]

Refs. [49-59]

Reaction conditions

1. Relatively low temperatures (typically—703 K or below; 823 K—
in [39])

2. Low hydrocarbon and oxygen conversions (typically between 2
and 20%) achieved by varying the flow rate and catalyst loading

3. In some cases—diluted with “inert” material (as a rule—quartz
chips)

4. Packing of the void volume with inert material

1. Relatively high temperatures (typically—above 773 K)

2. High conversions of reactants (up to nearly total consumption of
limiting reactant, as a rule—oxygen)

3. Both dilution of catalyst and packing of void spaces before and
after the catalyst bed are subjects for the study

Some results and conclusions

. Overall ODH is irreversible

. C—H bond activation is a kinetically relevant and irreversible step

. ODH selectivity decreases with increasing conversion

. ODH kinetics is consistent with Mars—van Krevelen redox scheme

. Carbon oxides (CQ are formed from both alkane and olefin

. Alkane transformations into olefins and C@volve the same
kinetically relevant step

7. The same surface sites participate in the activation of alkane C-H

bonds (ODH) and olefin C—H bonds (total oxidation)

oOUhsWNPE

1. Homogeneous reaction taking place in the postcatalytic volume
increase the yield of olefin in ODH reaction

2. High ODH selectivity (above 70% [59]) can be achieved at high
conversions

3. Product distributions are strongly affected by hydodynamic factors
and reactor arrangements (including dilution of active catalyst with
“inert” materials [55])

4. Unusual effect of catalyst particle size is observed (see text and
Fig. 1)

5. Processes over active catalyst and in the void volume (even
downstream) are interdependent

behavior under the conditions that allow the optimal yield of
a desired product.

spite some success of these attempts, this description is far
from being perfect. In fact, the total number of surface sites

It is evident that conventional kinetic models used in het- in the presence of a catalyst with a surface area of
erogeneous catalysis cannot describe the features of a reads comparable with the number of particles in the gas phase
tion if it proceeds in the gas phase at least partially. Neither jn 3 unit volume. Accordingly, the number of heterogeneous
can the only use of methods peculiar to homogeneous ki- co|lisions for any particle is comparable with that in the gas
netics be successful. Several attempts have been made (Sépase. The importance of heterogeneous reactions will fur-
for instance [61-67]) to complement the multistep kinetic a1 increase with the catalyst surface area. This means that,
models of homog_erj_eoys oxidation W'th some heterogen_eou%r each type of reactive particles existing in the gas phase
steps (as a_rule, |n|t|at|9n and/or termination of free radical during hydrocarbon oxidation, one should consider all pos-
processes) in constructing the models of such processes. Deéible types of reactions with surface active sites and include
them in the overall kinetic scheme. It is a really compli-
cated problem since neither the rate constants nor even a sto-
ichiometry of heterogeneous interactions of free radicals is
usually known.

Fortunately, the chemistry of free radicals involved in the
gas phase oxidation of light alkanes and the kinetics of their
elementary reactions have been very well studied [68—71].
These data provide a good idea of the main types of
radical reactions and their principal features. Based on
this information, an approach to the kinetic description
of complex heterogeneous—homogeneous catalytic reactions
was suggested and applied to the OCM process several years
ago [72,73]. This is based on two assumptions:

30
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o
L
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-
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1. The overall process is a combination of the gas phase
reaction with heterogeneous steps of three main types:
H- and O-atom transfer and radical capture.

. The main features of heterogeneous processes over
insulators and wide-gap semiconductors are similar to
those existing in homogeneous reactions of the same
types.

Fig. 1. Conversions of iso-butane at 550C over y-Al,O3 and 2
alumina-supported V-containing catalysts of different particle size:
1.8-2.0 mm (large) and 0.3-0.8 mm (small); initial gas mixture—22%
i-C4H10 + 12% G in Ny, flow rate 54.5 mimin, catalyst volume 4 ml,

and void volume totally packed with quartz chips.
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The former assumption allows one to compose multistep Ea, kJ/mol
reaction schemes by counting pairwise interactions between
gaseous species and surface active sites. The next crucial
step is the evaluation of the corresponding rate constants. 200 1
The latter assumption provides the possibility of evaluating
the kinetic parameters for each elementary step. The preex-
ponential factors can be estimated based on the gas surface

collision frequencies and steric factors taken by analogy with 100 -
the corresponding homogeneous reactions. The activation

energiesE, can be estimated from the Polanyi-Semenov ) 34,'
equation [3]: l,/

Ea=a+bxAH. (D) 200 100 0 100 200 300

- . AH, kJ/mol
The values of coefficientg andb in Eq. (II) depend on

the type of a reaction and on the sign of the reaction enthalpyFig. 2. Activation energy as a function of enthalpy change for gas-phase

AH [3] They can be evaluated from data on gas phase reactions of CH-radical formation X+ CH; — XH + CHg and for ethane

reactions of the same type (see, for instance [68—71]). In formation during methane interaction with the OCM catalysts= X (1),
rticular, for reaction )fllﬂ (t m abstraction fr r[n t r])t g O (), GHs (3), CF (4), Chg (5), H (6), €1 (7), O (8), SH (9), CHO

particular, torreactions or H-atom abstraction from saturated ;o) gy (11), 1 (12), G (13). OCM catalysts—LiMgO (A), K /Al,03 (B),

hydrocarbonsg = 25-50 kJmol; b ~ 0.75 andb ~ 0.25 Phb/ Al O3(C).

for endothermic and exothermic reactions, respectively. To

accomplish the evaluation procedure, information on the h lanvi ) for the h

enthalpies of elementary heterogeneous reactions, i.e., thé)beySt e Polanyi-Semenov equation (Eq. (II) for the ho-

pertinent data on the catalyst thermochemistry, is required. MOgeneous reactlon§ of H-_atom abstraction from hydrocar-
bons, from methane in particular,

X+ CH XH + CHg, 7
4. Thermochemistry of oxide catalystsand kinetics Ll s Q)

of heterogeneousreactions where X is a gaseous species with an affinity to a hydrogen
atom: atoms (H, O, F, Cl, Br, and I), radicals (OH, &H
The importance of thermochemical information in ana- CHzO, CFs, CgHs, and SH), and @molecule.
lyzing the mechanisms of catalytic processes is beyond any  Since it is believed that methyl radical formation is the
question. At the same time, the properties of a solid should rate determining step in the formation of ethane molecule,
refer to its state in the conditions close to those in which the these data suggest the analogy between heterogeneous and
catalytic reaction of interest occurs. Taking this into account, homogeneous reactions of H-atom transfer from methane.
we have developed an in situ calorimetric technique thaten-  The second important parameter of oxide catalysts is
ables the study of the thermal effects of various processesoxygen binding energyE|oj, that is, the energy required
in heterogeneous gas—solid systems at temperatures of up téor O-atom abstraction from the oxidized surface active
1000 K. The experimental set-up is based on the Setaramsite [O]. Although the hydrocarbon activation step does not
DSC-111 calorimetric unit with flow cells and online gas require catalyst oxygen abstractidijo; (together with with
chromatographs; it combines the advantages of transient-E[o-H]) does control the mechanism and kinetics of the ac-
response (pulse) techniques with simultaneous quantitativetive site reoxidation [74] and, as a result, the rate of the
measurements of thermal effects in the conditions of real Steady-state reaction which proceeds via the Mars—van Krev-
catalytic processes. The outline of the method and someelen redox mechanism. The value Bfo) also affects the
examples of its application are presented in [25]. Here it rate of a heterogeneous—homogeneous reaction by control-
is worth noting that this method provides unique informa- ling the activation energies of elementary reactions of the
tion on the surface chemistry and thermochemistry of oxide O-atom transfer.
OCM and ODH catalysts. In particular, it was demonstrated ~ The above idea receives further support from the results
that the strength of the surface O—H bond formed in reac- of the numerous spectroscopic structural studies (EPR, IR,
tion (1) is the factor that controls the activation of methane and UV-Vis) and the reactivity of mechanochemically and
and ethane over oxide catalysts: the higher the O—H bind-chemically generated defects on the H80rface [75]. It has
ing energyE[o-+], the more rapid the reaction between the been demonstrated that (i) free methyl and ethyl radicals are
hydrocarbon molecule and the preoxidized catalyst surface.formed when methane and ethane interact with certain sur-
Moreover, as can be seen from Fig. 2, the relationship be-face species; (i) the rates of such reactions are controlled
tweenE, and A H for the reaction by the thermochemistry of surface sites; and (iii) free rad-
icals undergo heterogeneous transformations of three types
[O] + CHg — [OH] + %CZHG (6) proposed in [72,73]. The energy relationships are discussed
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. 1000
as governing factors for another type of heterogeneous—

homogeneous reactions—surface-initiated pyrolysis [76].
The relationships between thermochemical and kinetic
parameters made it possible to construct the kinetic scheme~
for the catalytic OCM process. This scheme accounts forg 100 ~
several nontrivial effects in the OCM process:

—+—endo —A—€xo0

— The complex effect of hydrogen peroxide;
— The existence and kinetic features of previously un- 10

known mechanism of the catalyst reoxidation without .—/t//“/’—t/*

intermediate dehydroxylation and formation of oxygen

k(C3H8)/k(C

vacancies;
— The difference in the action of molecular oxygen and 1
N20 as oxidants. 0.0012 0.00135 0.0015 0.00165

1T, 1/K
Importantly, this scheme can be used an initial stage for

developing the kinetic description of more realistic spatially Fig. 3. Temperature dependence of the evaluated ratio of the rate constants
distributed systems [77]_ for the reactions (1) with propylene and propane; the equal preexponentials
There are several factors hindering the progress in their 2 taken for two hydrocarbons.
kinetic description of ODH reactions, especially over the
most efficient V and Mo-containing catalysts: the » values given above and taking into account that the
difference in the dissociation energies of the weakest C-H

— The use of the above assumptions applicable to the bonds in GHg and GHg molecules is 40 kdmol [80], one
OCM catalysts (as a rule, insulators which do not can evaluate the ratio of the corresponding rate constants (as-
contain transition metal cations) is not well grounded suming that the ratio of preexponential factors is close to 1).
in this case; The results given in Fig. 3 show that at 800 K this ratio is

— Because of relatively high specific surface areas, the ~ 90 and 4.5 for endothermi® (= 0.75) and exothermic
model should include a detailed description of the re- (b = 0.25) reaction (1), respectively, and tends to decrease
active diffusion of radical species inside the pores; al- with an increase in temperature. This is a dramatic differ-
though the examples of such description are known [78], ence since it may cause the limiting ODH yield variation
it is not a well-developed area yet; from ~ 1 to 14%.

— The experimental measurements of the individual ther-  The relative reactivities of propane and propylene evalu-
mochemical parameter#o_y) and E[oj, in the case ated above based on thermochemistry are within the same
of the ODH catalysts are much more difficult because range as those obtained from kinetic measurements over
of the rapid subsequent dehydroxylation, which follows Ni—Co molybdates [39], zirconia-supported V, Mo, and W
the H-atom addition to the surface active site; this is pre- oxides [45], and alumina-supported ODH catalysts [48].
sumably due to the lowe [o_H) and E[o] values com- Moreover, it was demonstrated that both hydrocarbons react
pared to the OCM catalysts. over the same active sites, and the difference in the activa-

tion energy between propane ODH and propylene combus-
Nevertheless, there is an important consequence of thertion (AE3) decreases with an increase in the vanadia load-
mochemistry—reactivity relationships. The extensive analy- ing from 40 kJmol to nearly O over the ¥Al,O3 catalysts.
sis of experimental data for numerous partial oxidation re- This decrease could be described in terms of the Polanyi—
actions has demonstrated [79] that their selectivity dependsSemenov correlation, if the relevant thermochemical data for
on the difference in the strengths of the weakest bonds inthe catalysts used in these studies were available. In fact, for
the reactant and the product molecules. This is evidently propane and propylene theE, value can vary in the same
due to the differences in the activation energies of the ini- range: from 40 kdmol (“weak” active sites, positive\ H)
tial steps for two substances. As mentioned above, the val-to 0 (“strong” active sites, highly negative H). Unfortu-

ues of the parameters in Eq. (Il) depend on the sign Hf, nately, for the reasons mentioned above the experimental

and the difference irE, for two given hydrocarbons will  measurement dfjo_y) is complicated. Available calorimet-

be much greater for endothermic reactions compared toric experimental data [81] only indicate that the correlation

exothermic becaudexo < bendo Hence, for instance, inthe  between the oxygen binding ener@yo; and the ODH se-

pair “propane (reactant)—propylene (ODH product)” the dif- lectivity of V/Al,O3 catalysts does exist. However, this is
ference in reactivity should be lower and ODH selectivity insufficient for drawing any unambiguous conclusion.
should be higher over a catalyst having active sites with  Another interesting effect was observed when ethane and
higher E|o_n) provided both molecules are activated via the propane reactivities were compared over the same ODH
abstraction of H-atom from the weakest C—H bond. Using catalyst [48]. It was found that in spite of the substantial
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difference in the strengths of the weakest C—H bond in If so, steps (8)—(14) and methane dissociation on metal sur-
propane (in methylene group) and ethane (in methyl group) face compose a heterogeneous—homogeneous reaction net-
and much lower rates of reaction for ethane than for propane,work which qualitatively describes the phenomena observed
there is no difference in the activation energies in their ODH. in [82—85].
Although it is evident that this effect is due to kinetics and On examination of methane partial and total oxidation, let
thermochemistry, no satisfactory explanation has been foundus restrict our consideration to the processes at short (mil-
yet. lisecond) contact times. There are numerous examples of
such processes, which proceed over woven materials, metal
or metal-loaded monoliths (see, for instance [87]). Note that
5. Other oxidativetransfor mations of light alkanes for each geometry of the reaction zone there is a certain
threshold in linear gas velocities, above which the frequency
It would be interesting to see whether or not the above Of gas—solid collisions becomes less than the number of re-
concepts could be extended to any other catalytic oxida- actant molecules supplied onto the catalyst in a unit time.
tive reactions of light alkanes. In particular, some processesFor instance, for a single-gauze catalyst this threshold is
are widely believed to be strictly heterogeneous pathways, close to 1 mst. With methane and oxygen sticking coef-
first of all those catalyzed by metals such as methane oxi-ficients taken as I& [88], we must conclude that a strictly
dation (total and partial) and steam reforming. In a series of heterogeneous reaction does not afford high degrees of con-
publications by Bobrov et al. [82—85] it was shown that ki- Vversion, which are observed experimentally. In other words,
netic features of methane steam reforming over nickel andwe should take into consideration a substantial contribution
ruthenium catalysts are very similar to those observed in of gas phase reactions to the overall process. A reaction
typical heterogeneous—homogeneous processes: the appafetwork in this case could include steps identical to (8)-
ent rate constant of methane conversion and activation en-(14) added with oxygen chemisorption on metal and chain-
ergy decrease at increasing catalyst loading or if the catalystPranching processes due to homogeneous reactions involv-
is diluted with carbonaceous material able to terminate free ing molecular oxygen; for instance,

radlcgl processes. AIthpggh these authors do not dISCUS.S an)éH3 + Oy < CH30,, (15)
reaction scheme explaining the observed effects, they likely
could be rationalized in the framework of the nonbranched CHzOz2 4+ CHq — CH3OOH+ CHg, (16)

chain reaction scheme proposed earlier by Lavrov and Pe-CH3;OOH — CH3z0 + OH, (17)
trenko [86]. They assumed that the process is initiated by CHs + Oy — CHsO+ O (18)

homogeneous dissociation of methane

Unfortunately, because of a substantial lack in kinetic
CHz — H+ CHg (8) data and a limited range of conditions under which the
and water molecule is activated on reduced metal sites Z asexisting qlata have been collectegl one.fac'es serious problems
follows whe.n_ trying to compose a detallled kinetic model even for

traditional heterogeneous reaction pathways [88]. As to
Z +Hy0 — ZO + Ho. (9) the heterogeneous reaction of free radical species, to date

there are no well-grounded approaches to their description
The subsequent interaction of oxidized site ZO with gaseousin the case of metal surfaces. An additional complication
radical species regenerates the catalyst is caused by very large temperature and concentration

gradients in reaction systems operated at short contact

20+ CHs = 2+ CHYO. (10) times [87]. Nevertheless, one may anticipate a substantial

The formation of carbon monoxide can occur via the development in mechanistic studies of processes at short

sequence of homogeneous steps; for instance, contact times and in their practical implementation in the
near future.

CH30 (+ X) — CHO + H (or XH), (11)

CH,O+ X — CHO+ XH, (12)

6. Concluding remarks
CHO (+X) — CO+ H (or XH). (13)
In [82-85] it is also assumed that the methane molecule can  The above analysis of light alkane catalytic oxidation
undergo a dissociative adsorption followed by an escape ofindicates that:
methyl radicals to the gas phase. The difference between two

metals (Ni and Ru) is explained by a weaker binding ohCH ~ — The formation of free alkyl radicals is the most energet-
radicals on ruthenium. The sequence of steps (8)—(13) can ically feasible process of the initial molecule activation;
be added with chain propagation Steps’ such as — The observed kinetic regularities of the OCM and ODH

reactions are characteristic of typical heterogeneous—
CHs + X — CHz + XH. (14) homogeneous reactions;
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— The overall reaction network includes both homoge- generated on the surface of one solid can further react on
neous and heterogeneous elementary reactions of pri-the same surface, on the surface of the second catalyst, as
mary and secondary free radicals; well as in the gas phase, the apparent kinetic behavior is an

— The heterogeneous reactions of free radicals can be deinterplay of chemical and mass transfer processes. On the
scribed using the analogy with homogeneous reactionsone hand, this makes the system very complex to control.
of the same types; However, on the other hand, the high reactivity of free

— Certain thermochemical parameters of surface active radicals easily formed from relatively inert alkanes can lead
sites, particularly the H-atom affinitf|o_+; and the to previously unexpected achievements in the development
oxygen binding energyE[o; govern the kinetics of  of new-generation catalytic processes.
elementary heterogeneous reactions of free radicals and,
to a large extent, the overall process kinetics;
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