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The formation of alkylperoxy radicals on catalysts CuCr204/~-A1203, P t / 7 -AI20  3 and 
on alumina upon the interaction of amines and alcohols with oxygen has been observed 
applying the matrix isolation ESR technique. Surface-generated gas phase radicals are 
shown to initiate a radical chain reaction. The efficiency of the yield of radicals depends on 
the catalyst mass and its arrangement in a reactor: the desorption of radicals into the gas 
phase occurs primarily from the outer geometrical surface of catalyst granules. 
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1. Introduction 

At present it is well known that a solid surface traditionally considered as a 
radical decay site can take part in all elementary reactions of free radicals: 
radical generation, chain prolongation and branching. The formation of radicals 
on a catalyst surface is typical for reactions carried out under severe conditions, 
usually above 673 K, such as total oxidation, pyrolysis of organic compounds and 
methane coupling. 

The reactions of desorbed radicals can considerably contribute to the total 
catalytic transformation of hydrocarbons. For instance, recombination reactions 
of radicals desorbed from the surface make the main contributions to the 
catalytic conversions of propylene to 1,5-hexadiene [1,2] and methane to ethane 
and ethylene [3,4]. Surface reactions of chain prolongation and branching are 
less studied. There are some experimental data based on IR spectroscopy which 
show the possibility of the transfer of free valency from a gas phase radical to an 
aldehyde adsorbed on SiO 2 [5] and to a surface - O H  group on MgO with the 
formation of - O -  [6]. The data on the existence of surface chain branching 
have been mainly obtained by studying the reactor wall effect on the proceeding 
of gas phase radical-chain oxidation reactions [7]. The study of radicals and their 
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reactions in the presence of catalysts allows one to obtain the confirmation of 
the radical mechanism of a catalytic reaction and to determine the kinetic 
parameters of the elementary steps of a chain reaction. 

The possibility that gas phase radical reactions are initiated by the surface of 
catalysts for total combustion is studied insufficiently. Moreover, the very high 
activity of these catalysts, connected with the presence of active oxygen on the 
surface has led to the assumption, as e.g. in ref. [8], that the catalyst surface is a 
sufficiently strong inhibitor for the development of gas phase radical-chain 
reactions. In the present paper we report the results of the study of radical 
formation on oxide and platinum containing catalysts for total oxidation as well 
as the study of the conditions for the initiation of a gas phase chain oxidation 
reaction by the catalyst surface. Special attention is given to the elucidation of 
the influence of the geometrical parameters of the catalyst bed arrangement in 
the reactor and the structural parameters of the catalyst granules themselves on 
the generation of radicals by surface. Based on radical accumulation data the 
general regularities of catalytic reactions involving surface-generated gas phase 
radicals are discussed. 

2. Experimental 

One of the modern effective and versatile methods for the study of radicals 
desorbed from the surface is the so-called matrix isolation ESR technique which 
has proved to be useful in the study of gas phase radical reactions [9]. Using this 
method it is possible to study the structure of radicals desorbed from the surface 
and determine the kinetic parameters of their formation. 

The schematic diagram of the experimental set-up for the study of radical 
formation is shown in fig. la. Reactions were carried out in a quartz flow reactor 
with 8 mm i.d. at total pressure ~< 10 Pa. Catalysts in a shape of spherical 
granules with 2 mm diameter were placed into the reactor in one layer. 
Reagents were fed to the reactor via fine control valves. The freezing unit 
installed into the ESR resonator cavity was a quartz Dewar flask cooled by 
liquid nitrogen to 77 K. 

Catalysts 34% CuCr204/3,-A1203, SBE T = 110 m2/g and 0.64% Pt/~/-A1203, 
SBEa-= 190 mZ/g were used in the experiments. The kinetic parameters of 
radical formation from amines (Ca-C a) and alcohols (C1-C 6) of normal struc- 
ture were studied. 

The rates of radical formation in the experiments were determined from the 
accumulation curves - dependences of the intensity of frozen radical ESR 
signals on reaction time. Examples of various types of dependences are illus- 
trated in fig. 2, which shows that these dependences are not always linear. The 
changes observed in the radical accumulation rates may be ascribed to changes 
of the catalyst state. Actually it has been previously mentioned [10] that the 
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Fig. 1. (a) Experimental set-up for the study of radical formation on catalysts. (1) Flask with 
reagent, (2) valves, (3) thermocouple, (4) furnace, (5) catalyst layer, (6) ESR cavity, (7) Dewar 
flask, (8) to vacuum. (b) Schematic diagram of the apparatus for the study of heterogeneous-ho- 
mogeneous reactions. (1) Reaction mixture feed, (2) thermocouple, (3) furnace, (4) catalyst layer, 
(5) calibrated capillary tubing, (6) reaction products outlet, (7) Dewar finger, (8) ESR cavity, (9) to 

vacuum system. 

changes in the rates of radical formation in the reactions of alcohols on CuO 
(curve 2.3) were due to the reduction of the outer  surface of catalyst granules. In 
the experiments with amines over a lumina-p la t inum catalyst (curve 2.2) coking 
of the outer  catalyst surface was observed. These experimental  observations 
have shown that in order  to make an accurate comparison of reactivity of 
reagents and catalysts in radical generat ion reactions a possible alteration of the 
state of a catalyst during the reaction should be taken into account. In the 
present  paper  the comparison of the rates in all the experiments was carried out 
only from radical accumulation data having linear type of dependence  on the 
reaction time. 

The chain reaction of the oxidation of n-propanol was studied at atmospheric 
pressure. GC analysis was applied to all stable reaction products. The concen- 
tration of free radicals in the gas phase over a catalyst was de termined by ESR. 
The products were allowed to flow through a quartz capillary from the gas phase 
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Fig. 2. Kinetic curves of accumulation of R0 2 radicals (I (arb. units) versus time (min)) upon 
interaction of amines and alcohols with oxygen over various catalysts. (1) n-C3H7OH, 

CuCr204 /~/-AleO3, 781 K; (2) (C4H9)2NH, Pt/3J-A1203, 773 K; (4) n-C3H7OH, CuO, 797 K. 

to the low pressure region ( ~ 10 Pa) and further  to the Dewar  finger installed in 
the ESR resonator cavity (fig. lb). The tip of the capillary was placed at a 
distance of --0.5 mm above the catalyst layer. Catalyst samples in the experi- 
ments were of 0.5-1.0 mm fraction with the mass = 50 mg. They were placed in 
a thin l aye r  of = 1 mm in the reactor. Reactions were performed under  flow 
condition, the residence time being equal to about 0.07 s. 

3. Results and discussion 

Data on radical formation in reactions of a great number  of amines and 
alcohols were described in detail elsewhere [10,11]. The kinetic parameters  
measured and the study of alkylperoxy radicals observed in experiments made it 
possible to propose tentative mechanisms of their formation on oxide catalysts. 

The highest rates of radical formation were observed in the oxygen deficient 
media  at P (O  2) ~< P ( R O H  or RNH2). At  larger values of oxygen partial pres- 
sure the efficiency of radical formation decreased; this was attributed to the 
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Table 1 
Activation energy (E, kJ /mol )  and reaction rate (W, particles/m 2 s at 133 Pa) of RO 2 formation 
in reactions of alcohols at T = 760 K on catalysts CuCrO 4/',/-A1203 and Pt /~-A120  3 

Substance CuCr204 / ~/-A1203 Pt /~-A120  3 

E W E W 

CH3OH 113 5.1 • 1011 117 2.1 • 1011 
C2HsOH 126 4.3 • 1011 92 5.4 • 1011 
n-C3H7OH 121 5.0 x 1011 105 5.5 x 1011 
n-CeHgOH 121 5.0• 10 I1 117 4.5 x 1011 
n -CsHl lOH 121 2.5 • 1011 113 4.7 • 1011 
n-C6H13OH 117 1.8 X 1011 121 1.9 • 1011 

effective oxidation both of initial molecules and intermediate species on a 
catalyst surface. 

The kinetic parameters of radical formation in the reactions of amines and 
alcohols of normal structure are given in tables 1 and 2. The represented data 
make it possible to conclude that the number of radicals desorbed from the 
surface is sufficient for the initiation of a chain reaction in the gas phase. The 
least value of the radical formation rate is observed in the reactions of meth- 
ylamine on ~/-AI20 3. Under the experimental conditions at T =  760 K and 
[RNH2] ~ 1021 m -3 the concentration of free radicals over the catalyst, [RO2], 
is equal to -- 1014 m -3. Taking into account the predominating decay of radicals 
on the walls the length of the chain N, which is defined as the ratio of the rate 
of chain prolongation to that of radical decay, can be expressed as 

/p[R02] [RNH2] 10 -16 e-33500/RT X 1014 X 10 21 
N =  = ~ 7 0 ,  

k d [ U 0 2 ]  10 s e -41900/RT x 1014 

where kp = 10 -16 e -33s~176 m 3 s -1 is the value of the constant for chain 
prolongation [12], k d = 10 5 e -419~ S -1  is the constant of alkylperoxy radicals 
decay on the quartz surface [13]. Thus, if the temperature of a reactor is 
maintained close to that of a catalyst, a chain radical reaction can develop 
initiated by the radicals desorbed from the catalyst surface. 

Table 2 
Activation energy (E, kJ /mol )  and reaction rate (W, particles/m 2 s at 133 Pa) of RO z formation 
in reactions of amines at T = 760 K on catalysts Pt / - / -AI20 3 and ~/-A120 3 

Substance Pt/~-A1203 ~-A1203 
E W E W 

CH3NH 2 125 1.3 • 101~ 85 
C2H5NH 2 105 3.7 X 1011 127 
n-C4HgNH2 105 4.2 • 1011 117 

1.4 • 109 
1.9•176 
2.6 • 101~ 
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Fig. 3. Variation of radical accumulation rate W (arb. units) and efficiency of radical formation on 
one catalyst layer W/n with increasing the number of layers of ~-A1203 in the reactor. 

One of the characteristic features of gas phase radical reactions is the 
dependence of kinetic parameters on reactor geometry. In the case of heteroge- 
neous-homogeneous  reactions, reactor geometry and the catalyst distribution in 
a reactor are expected to have a considerable effect since the concentration of 
radicals in the gas phase determined from the data on radical accumulation 
depends on the reactions of their formation and decay and on the change of the 
concentrations of the components  of the reaction mixture on passing the catalyst 
bed. 

Fig. 3 shows the experimental dependence of radical accumulation rate on 
the mass of a catalyst sample. The number  of catalyst layers was defined as the 
ratio of the catalyst volume to the volume of one catalyst layer. If the number  of 
catalyst granules placed into the reactor does not compose the whole layer, the 
value of n should be estimated as the ratio of this number to the quantity of 
granules in the complete layer. As can be seen from fig. 3, the contribution of 
secondary reactions and the change of the mixture composition is small at the 
initial linear part of the dependence of the reaction rate on the number of 
catalyst layers. The efficiency of surface generation of gas phase radicals 
decreases with the increase of the number  of catalyst layers. 

Thus, in experiments with one catalyst layer it is possible to relate the rates of 
radical formation to the mass of the catalyst sample used in an experiment. 
However, the problem of the determination of the specific rate of radical 
formation from the data on radical accumulation has still to be clarified. The 
experimental observation of the change of the rates of radical formation due to 
the change of the state of the outer catalyst surface described previously [10] 



Z.R. Ismagiloc, S.N. Pak / Study of elementary reactions of free radicals 359 

[ 9 W  

14 

13 

12 

;1 
i 1 L I 

1.3 1.4 1.5 1 0 3 

-F 
Fig. 4. Temperature dependences of accumulation of RO 2 radicals W (particles/gs) at PRNH~ = 

133.3 Pa) in reactions of C2HsNH 2 with 02 over c~-Al203 (o) and ~-AI20 3 ([]). 

allows the assumption that under  the reaction conditions the outer  geometrical 
surface of  a catalyst is active in the formation of gas phase radicals. To verify 
this assumption a reaction with the formation of radicals was conducted using 
samples of alumina having the same geometrical dimension but  different pore 

1 

2 

Fig. 5. ESR spectra of species produced in the photolysis of RO 2 radicals formed upon interaction 
of CzHsNH2 with oxygen over (1) ~/-A1203, (2) c~-AlzO 3. 
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Fig. 6. The formation of radicals (x  1011 particles/ml) and stable products (vol%) of n-propanol 
oxidation over Pt/3~-A1203 versus temperature. CROH=20.0 VOI%,. C%=15.4 vol%. (n )  

CH3CHzCHO , (0) CHz=CHCH3, (I) CO2, ( � 9  RO 2. 
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Fig. 7. The formation of radicals (• 1011 particles/ml) and stable products (vol%) of n-propanol 
oxidation in empty reactor versus temperature. CRO H = 20.2 vol%, Co2 = 13.9 vol%, ( � 9  CO, (0) 

C2H4, ( 2 )  CH4, (e) CO2, ( 1 )  NO 2. 
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structure and SBET: ~/-A1203 with mean pore radius (r m) 40-100 A and 
SBE T = 220 m2/g, and o~-A120 3 with r m = 1000 ~k and SBE T = 7 m2/g. The 
reactor was loaded with equal number  of catalyst granules. In the temperature 
range 673-773 K the rates of radical accumulation on these catalysts were found 
to be practically the same, with Eel f being 115 _+ 10 k J / m o l  (fig. 4). 

Fig. 5 shows the spectra of radicals formed after the photolysis of alkylperoxy 
radicals obtained in the reactions of ethylamine with oxygen on "y-A1203 and 
o~-A1203. The use of this technique for the study of the structure of peroxy 
radicals formed in the oxidation reactions of alcohols and amines over oxide 
catalysts was discussed previously in detail [10,11]. For ethylamine reactions 
both on 3,-A1203 and a-A1203, after the irradiation the ESR spectra exhibit six 
components with 2.0-2.7 mT splitting with traces of hyperfine structure side 
components.  These spectra can be assigned to ethyl radicals. The close values of 
effective activation energies of radical formation and close chemical composition 
of the oxides used as well as the data on radical photolysis make it possible to 
assume the similar mechanisms of radical formation on -y- and o~-A120 3. 

The data on the dependence of radical formation rate on the mass of a 
catalyst sample and the evidence for the activity of outer catalyst surface in 
radical formation seem to be general for high temperature heterogeneous 
catalytic reactions with the participation of radicals. Taking into consideration 
the results obtained, the values of the rates given in the tables should be 
increased by a factor of = 104 and therefore the specific rates of radical 
formation at 760 K would be ~- 1015 m -2 s -1 which is comparable to specific 
rates of catalytic oxidation. 

The experimental confirmation of the possibility of the development of a gas 
phase chain reaction initiated by the surface of total oxidation catalysts is 
considered in detail in ref. [14]. Here we present as an example the data on the 
formation of free radicals and stable reaction products in the presence of a 
catalyst (fig. 6) and in an empty reactor (fig. 7) upon the variation of tempera- 
ture. As can be seen from the figures a homogeneous radical reaction initiated 
by the surface starts at 650-700 K, and the radical formation in an empty 
reactor is observed only at 750-800 K. The compositions of reaction products 
are also quite different. The presence of a catalyst leads to the increase of the 
yield of oxidation products; the correlation of the change of the concentrations 
of radicals and CO 2 is observed which is typical for branched chain reactions of 
hydrocarbons oxidation. 

4. Conclusion 

The experimental data obtained show that on total oxidation catalysts and 
aluminas alkylperoxy radicals can be formed, their concentration being sufficient 
for the initiation of a gas phase chain reaction. At fairly high temperatures 



362 Z.R. Isrnagilov, S.N. Pak / Study of elementary reactions of free radicals 

typical for heterogeneous-homogeneous reactions the catalyst pore structure 
and SBE T do not play a significant role in reactions of radical formation and 
decay. Apparently, the outer catalyst surface takes the main part in the desorp- 
tion of radicals into the gas phase. 
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