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The Coupled Reactions of Oxidation by Hydrogen Peroxide
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The results of basic studies of chemical coupling in the gas-phase oxidation of various substrates by hydrogen peroxide have
been analysed. The general characteristics of the mechanism of chemical coupling in gas-phase and liquid-phase oxidation by

hydrogen peroxide have been examined.
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I. INTRODUCTION

Many reactions of practical importance involving the direct
oxidation of various substrates by molecular oxygen do not
correspond to present-day requirements, since practically
all existing technical processes take place with a low selec-
tivity.

In the development of present-day oxidation processes in
chemical technology, the use of chemically combined forms of
oxygen (0;, H,0,, ROOH, etc.) and the principles of
coupled processes are acquiring increasing importance.

Interest in the study of oxidation in coupled chain reactions
has increased considerably as a result of the work of
Academician N.M.Emanuel' and his school, ** who were the
first to formulate the concept of radical forms of coupled
chemical reactions: "...the radicals generated by one of the
reactions taking place in the system act as active reagents for
another reaction which does not occur to a significant extent
by itself under these conditions".

This statement forms the basis of the mechanism of the
coupled oxidation of various substrates by hydrogen per-
oxide.

The present review examines reactions involving coupled
oxidation by hydrogen peroxide, in which it has been shown
that H,0, can be used effectively both to discover new chem-
ical reactions and to intensify and simplify the technology of
oxidation processes of practical importance.

Hydrogen peroxide has various applications, and its world
production has been estimated as several hundred thousand
tons.

The use of H,0, in industry in most cases has led to an
improvement in the quality of production, a decrease in its
cost, a decrease in environmental pollution, and increase in
productivity, simplification of the technology, etc.

Because of its intermediate position in the redox triad

oH

0,=2

H,0, shows a dual reactivity, and can act as an electron
donor or as an electron acceptor, depending on the nature
of the substrate.

Studies of reactions involving H,0, have dealt chiefly with
methods of preparation, the mechanism of the homogeneous
and heterogeneous decomposition of H,0,, and the use of
H,0, as polymerisation initiator and as oxidising agent for
the liquid-phase oxidation of organic substrates using trans-
ition metal compounds or enzymes as catalysts. Until
recently there were practically no published data on the use
of H,0, as an oxidising agent in the gas phase.

I1. CHEMICAL COUPLING IN GAS-PHASE OXIDATION BY
HYDROGEN PEROXIDE

The use of hydrogen peroxide as an oxidising agent in the
gas phase (as shown below) makes it possible to oxidise
effectively aromatic compounds, alcohols, halogen-containing
compounds, ® and even nitrogen."* It is assumed that the
oxidation is due to the existence of chemical coupling. ¢
The primary reaction in this case is

H,0, -+H,0, —~ [OH, HO,] - 2H,;0 + O, AG)= — 58.8 kcal mole™?

. . 1
intermediates (D

The HO’, free radicals formed in this reaction bring about the
oxidation of the substrate according to the overall equation

H,0, + acceptor = reaction products . (2)

In the H,0,—acceptor—H,0 system, hydrogen peroxide is
converted into the active form as the radical HO, (in which
the acceptor—donor properties of H,0, are preserved), which
transfers the inductive action of the primary reaction to the
secondary reaction. The HO; radical acts as it were as the
intermediary agent between the coupled reactions, and the
"acti\ge oxygen" in it is responsible for the selective oxida-
tion.

1. The Coupled Dehydrogenation of Various Substrates by
Hydrogen Peroxide

Experimental studies to detect chemical coupling in gas-
phase oxidation by hydrogen peroxide®’ were carried out in
a flow system using an integral reaction vessel (ideal dis-
placement conditions), whose design made it possible to intro-
duce H,0, into the reaction zone.

To determine which species is responsible for oxidation in
the RH-H,0,~H,0 system, the model system chosen was the
coupled dehydrogenation of ethylbenzene by a 15% aqueous
solution of hydrogen peroxide and by molecular oxygen.

For comparison of the results, the O, was supplied in quanti-
ties e7q;1ivalent to its concentration in 15% aqueous H,0, solu-
tion.

Experiments on the coupled dehydrogenation of ethyl-
benzene (ETB) in the range 580—620 °C showed that the use
of hydrogen peroxide gives high yields of styrene, equal to
39.3 mass % and 90 mass %, calculated respectively for the
initial ETB and the ETB reacted, at 620 °C. At the end of
the reaction, no condensation products (CP) were detected,
and the volatile products consisted chiefly of CO,, in
quantities not exceeding 1% by weight.
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In the dehydrogenation of ethylbenzene by molecular oxy-
gen, the yields of styrene are much lower (8—10 mass %)
than in the first case, and condensation products are formed
in quantities of up to 1.7% by wt. on the walls of the quartz
reaction vessel. In addition, the quantity of O, in the
gaseous products reaches 80 % by volume, whereas the
gaseous products of the conjugated dehydrogenation by
hydrogen peroxide do not contain molecular oxygen. Thus
the dehydrogenating agent in the system is hydrogen per-
oxide, that is the coupled dehydrogenation by hydrogen
peroxide takes place by a mechanism which differs funda-
mentally from that of high-temperature oxidation by molecular
oxygen. Although by itself the formation of an oxygen
atom by the decomposition of H,0, in a hydrocarbon medium
by a heterogeneous process is unlikely, nevertheless to
eliminate the possibility of the participation of the atoms of
0, in the dehydrogenation, the decomposition of nitrous oxide
was used as a source of oxygen atoms: °

N.O-»N,+0’

The degree of decomposition of N,O in the presence of
butane and cyclohexane at 500—600 °C is 25 mole % and 30
mole % respectively, %! indicating that the decomposition
of N,O is independent of the presence of hydrocarbons in
the medium.

In addition to unsaturated compounds, a large number of
side products (H,, CH,, C,H;, C,H,) were found in the
products of the transformation of C,H;,. The dehydrogen-
ation of C¢H;, in the presence of H,0, is also characterised
by a much higher selectivity at higher degrees of conversion,
compared with the reaction in the presence of N,0, where
the only active intermediate species is atomic oxygen (see
Table 1). %2

Table 1.
the participation of hydrogen peroxide and nitrous oxide.

The coupled dehydrogenation of cyclohexane with
11,23

[CeHg,mass| Selectivity,
%

System o o

CgH | g,mass % CgHg, mass %

CeHy+H,0, 20 4 3 8
CyH 15 +N;0 9 2 7 80

Thus the mechanism of dehydrogenation by hydrogen
peroxide differs from that of oxidative dehydrogenation by
molecule oxygen and nitrous oxid2. The participation of an
oxygen atom as an active reaction centre in the conjugated
oxidation of the substrate by hydrogen peroxide is therefore
unlikely, and elementary reactions involving it need not be
considered in the reaction mechanism. This conclusion is
confirmed by a study of the dehydrogenation of butane both
by hydrogen peroxide and by nitrous oxide. *°

To establish the possibility that surfaces influence the
nature of the reaction of H,0, with hydrocarbons, the con-
jugated dehydrogenation of various alkylbenzenes was
studied in reaction vessels treated with inorganic salts.*?
The results of these experiments indicate that in all cases the
reaction shows an appreciable sensitivity to the nature of the
surface of the reaction vessel. The yields of the desired
products decrease in the order:

<

B,0; > untreated reaction vessel >K,B,0,>KBr>KCl>BaBr,

The results correlate with data from Ref.13, where it was
shown that a quartz surface treated with metal salts influ-
ences the rate of the destruc_tion of HO; radicals, which
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decreases in the same salt sequence. This indicates that
the surfaces which are most active in chain termination as a
result of the destruction of HO; are least favourable for the
conjugated dehydrogenation of hydrocarbons.

The kinetic estimation of the decomposition of H,0, to HO}
and 'OH free radicals is of interest in this connection. The
decomposition of H,0, in the gas phase has been fairly well
studied, and takes place by the following mechanism:*~1€

lgA. cm®mole™!s™! E, kcal mole™!

H,0, + M 2 90H +- M 17.08 45
H,0, +OH % HO; + H0 130 1.8
HO; + wall > HO,,, 1.0 8.2
kS
"OH + wall = OH,gs 0.3 7.0

where M is the total number of molecules in the reaction
volume, and A the pre-exponential factor.
According to this scheme

[HO,] R
[OH] ‘;;' {H,0,] (3)

which makes it possible to estimate the ratio of the concen-
trations of the active centres in the system.

Under the conditions of the experiment,* the ratio (3)
usually lies in the range 10°-107, that is the concentration of
the radical HO; in the gas phase is many powers of ten
greater than that of "'OH.

Thus dehydrogenation in the presence of H,0, evidently
takes place by a free-radical mechanism, and the rate of the
process is determined mainly by the concentration of HO; in
the system.

The mechanism of dehydrogenation by hydrogen peroxide
can be illustrated by several examples.

The kinetics and yield of the products of the dehydrogena-
tion of ETB by hydrogen peroxide’s'” in the temperature
range 500—600 °C at volume rates of supply of ethylbenzene
of 0.2-0.8 h™ and ratios C;H;C,H;: H,0, in the range from
1:1 to 1:4 depend on the ratio of the surface area (S) to
the volume (V). Under optimum conditions the yield of
styrene reaches 40% by weight with a selectivity of 90% by
weight,

The mechanism of the process involves the following ele-
mentary stages: !’

H,0, - 20H — 52.0 kcal mole™ (4)

H,0, + OH — HO, -+ H,O -+ 96.7 kcal mole™! (5
CeH,CoHy++OH — CH,C,H, + H,0 -+ 42.9 kcal mole™? (6)
CgH,C,H, - CH,C,H, + H — 52.7 kcal mole™ )
CH;C,Hy +HO, — CeH,C,H, -+ H,0 + OH - 26.7 kecal mole™ (8)
H,0, + H— H,0 + OH +- 68.4 kcal mole™! (9
CgH;C.H; + HO: ~» C,H,;C,H, 4+ H,0, + 14.7 kcal mole™  (10)
HO; + wall > HO, 4, (11)

"OH + wall > OH, 4, (12)

This scheme includes three paths for the chain formation
of styrene in the C¢HsC.H;—H,0,—H,0 system.

The hydroxyl radical formed in elementary stage (4) is
consumed in the bulk phase by two possible reactions, (5)
and (6). Comparison of the kinetic parameters of the ele-
mentary stages (5) and (6), whose activation energies are
1-2 kecal mole™* * and 5—8 kcal mole™ !® respectively, shows
that the rate of reaction (5) is much greater than that of
reaction (6). Thus in the C¢gH;C,Hs—H,0,—H,0 system, of



976

the two paths by which 'OH are consumed, stage (5) is more
probable. A noteworthy feature is that the formation of
hydrocarbon radicals by the reaction RH + 'OH - R" + H,0
would have led, in subsequent stages of development of the
process, to the formation of new free radicals RO’ and RO;.
Their transformations should lead to the appearance of
oxygen-containing substances and products of oxidative
cracking in the reaction products, in addition to unsaturated
compounds.'® The products of the dehydrogenation of
ethylbenzene do not include organic oxygen-containing com-
pounds, however; at relatively low yields of styrene (about
20 mass %), products of oxidative cracking are not detected
either.’

Thus the elementary reaction (8) is apparently the most
probable.'” Usually, the activation energy of stage (10)
Ejo > 12.5 keal mole™ (lgA, = 9.4 em® mole™ s71), 2% and for
stage (8), E, does not exceed 11.0 kcal mole™ (lgA, = 9.6
cm?® mole™ §7%). %21 For chain termination reactions by the
destruction of the free radicals 'OH and HO} on the walls of
the quartz reaction vessel, their accommodation coefficients

were determined:¥7 ¢
OH

Thus estimation of the rates of the elementary stages (4) to
(12) indicates that coupled dehydrogenation is an unbranched
chain reaction, in which chain propagation involves two
stages:

H,0, - OH % HO, +- H,0 (5)

CoHiC.H, 4 HO, ™ CH,C,H, ~ H.O + OH (8
overall reaction

CgH;C,H; + H.O, = CgH;C,H, - 2H,0 (13)

The proposed mechanism and the method of stationary states
gave a kinetic equation®! for the reaction rate which ade-
quately describes the experimental data in the temperature
range 500—620 °C:

~d[ETB|/dt = ke [ETB] [H;0,]
ks _0.35. 101 exp (— 55300/RT) litre mole™'s!

kll

Kot =

The expression for keff does not contain the rate constant
of reaction (5), so that the limiting step in chain propagation
is reaction (8), which involves HO;.

The dehydrogenation of ethylbenzene by hydrogen per-
oxide (13) is a coupled reaction, since it is induced by the
decomposition of H,0, (the primary reaction). Both pro-
cesses in the system are complex, and take place via a com-~
mon intermediate active species, the HO, radical, »?? and in
the mechanism of the conjugated dehydrogenation a central
position is occupied by the new elementary stage

CH—CH 4+ HO; — C=C’ 4+ H,0 + CH (5)

This reaction involves the formation of the six-membered
transition state

OﬁC)\HJ

which subsequently decomposes to give H,0, alkene, and the
free radical ‘OH, which is more active than the original HO;.

Thus the available theoretical and experimental data lead to
a new and chemically specific mechanism of conjugated dehy-
drogenation, involving the primary (inducing) reaction of
H,0, decomposition and the secondary (induced) reaction of
conjugated dehydrogenation.®

= -6 = -5
0.5 x 10 and EHOZ 0.2x107°.
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The use of H,0, makes it possible to carry out effectively
the incomplete dehydrogenation of cyclohexane to cyclohexene
and cyclohexadiene; under other conditions this reaction is
thermodynamically difficult. ??

The conjugated dehydrogenation of cyclohexane by hydro-
gen peroxide can take place over a wide temperature range
(450—-630 °C) at different volume rates of supply of cyclo-
hexane (0.1-1.0 h™) and H,0, concentrations of 5—30% by
weight. Under the optimum conditions at 580 °C, a condi-
tional contact time T = 4.2 s, and a volume ratio of cyclo-
hexane to aqueous H,0, solution (20% by weight) of 1:3, the
vields of cyclohexene and cyclohexadiene are 20% by weight
and 4% by weight respectively, with a selectivity with respect
to double bonds of 97% by weight.

Fig.1 gives typical kinetic curves showing the consumption
of cyclohexane and the accumulation of reaction products at
580 °C; the kinetic curves for the accumulation of cyclo-
hexadiene and benzene are S-shaped.?® These kinetic data
indicate that the reaction products (cyclohexadiene and
benzene) are formed by the successive dehydrogenation of
the more saturated analogues. Thus the reaction products
are formed in the successive stages:

Eefh
kcal mole™

63.0
53.0
49.0

1g Aegs

cm®mole”!s™!
24 .95
23.95
22.86

1
6 Tetfl CgHyo - HO

HO, + {CH,, —T2, C,H, + H,0

CeHy — 222, C,H, + H,0

CoHy

B, mass % o, mass %

—1390
— 80

—70

L1 ! 0
f 2 J 4 5 6 7 8 9

Figure 1. Kinetic curves giving the consumption (a) of
cyclohexane (1) and the accumulation (B) of cyclohexene (2),
cyclohexadiene (3), and benzene (4) in the coupled dehy-
drogenation of cyclohexane; V, = 0.237 h™!, ratio C4H,,: 20%
aqueous H,0, solution = 1:3 (by volume), 580 °C, tis the
conditional contact time. 2

Each of the successive reactions described by the chain
unbranched scheme (4), (8), and (11) represents a combina-
tion of the stages of chain initiation, propagation, and ter-
mination.
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A system of kinetic equations providing an adequate
description of the experimental data has the form: **»2°

_ d[GaHyl
dt

— d[—cagl‘"]‘ = Kegr 1 [CeHiol HyOu] — kige 5 1H,0,] [CoHy]

= Kefr1 [CGH]?] [H-zOz]

QUG - Jege (H,04] [CaHiol — kerrs [HO5] [CH]

The overall dehydrogenation process is effectively
described by a chain radical scheme with the following rate
constants for the reaction of HO; with cyclohexane and
alkenes:

1g A, E,
cm®mole™’s!  kcal mole™!
( CoHyy CeH,, 1165 152
HO; +! CH,,—~OH + HO+ | C,H, 1065 3.2
| CeHy CgHy 9.86 9.2

The high selectivity of the process (95-99% by weight) and
the absence of oxygen-containing reaction products makes it
possible to eliminate a number of technological operations
involving the separation of an appreciable quantity of com-
ponents difficult to separate. Moreover, the high selectivity
makes possible more complete utilisation of the raw materials.

An important task is the synthesis of pyridine bases and
their derivatives, and the preparation of the corresponding
N-oxides.?® The realisation of the mechanism of chemical
coupling in the oxidation of 4-ethylpyridine (4-ETP) by
hydrogen peroxide?’ led to the development of a new method
for obtained 4-vinylpyridine (4-VNP) and 4-vinylpyridine
N-oxide. In a reaction vessel made entirely of quartz, in
the range of volume rates of supply of 4-ETP 0.065—0.783 ht
at a ratio of 4-ETP and 20% aqueous H,0, solution of 1:3, the
reaction takes place with a high selectivity up to 640 °C.
Under the optimum conditions (620 °C), the yield of 4-VNP is
20.9% by weight with a selectivity of 92% by weight. Under
the same conditions in a reaction vessel filled with quartz
granules, the yield of 4-VNP increases considerably and
amounts to 44.3% by weight with a selectivity of 96% by weight
(Table 2).%®

Influence of the S/V ratio on the yield of 4-VNP.?

Yield of 4-VNP (mass %) in
1 relation to temperature, °C

Table 2.

S/V ratio, cm”
600 620 | 610
Empty reactor, S/V = 0.8 15.2 20.9 I 21.8
With quartz packing, S/V = 8.2 39.1 44.3 46.7

The increase in the yield of 4-VNP when the reaction zone
is filled with quartz granules is probably related to the fact
that under the conditions studied, in a reaction vessel with
quartz packing, the homogeneous decomposition of H,0, is
accompanied by the heterogeneous decomposition

H,0, + wall —> On + %-on (14)

With chain initiation by reaction (14) there is a gain of
energy relative to the homogeneous reaction, equal to the
heat of formation of the M—OH bond. Other conditions being
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equal, increase in the value of the factor S/V apparently
leads to an increase in the concentration of active centres
and hence in the yield of desired product.

The kinetic parameters of the overall reaction and the
stage involving the reaction of 4-ETP with HO; are given
below : 2°

IgA, E,

cm’mole™!s7! kcal mole™
4-ETP + H,0, = 4-VNP + 2H,0 23.8 51.0
4-ETP + HO; > 4-VNP + H,0 + ‘OH 10.8 10.2

In the liquid phase and at low temperatures, H,0, can be
used for the N-oxidation of pyridine bases, using organic
acids and their anhydrides as catalysts. The synthesis of
N-oxides without the use of a catalyst is of interest, since
components giving decomposition products difficult to remove
from the system are introduced.

The oxidation of 4-ETP by hydrogen peroxide showed that
the maximum yield of 4-VNP N-oxide (Fig.2)®® is achieved at
300 °C. Under the optimum conditions at this temperature,
the chief reaction product is 4-VNP N-oxide, the yield of
which is 33% by weight with a selectivity of 98%. Increase in
temperature from 200 °C to 300 °C increases the yield of
N-oxide, probably because of an increase in the rate of the
production of active centres in the decomposition of H,0,.
Further increase in temperature from 300 °C to 400 °C leads
to a decrease in the yield and the selectivity of formation of
4-VNP N-oxide. At a temperature of 400 °C, 19.8% 4-VNP,
91% pyridine, and only about 7% by weight of the N-oxide are
formed.

«, B. mass %

0 L
1
40—
30—
20—
10 —
: l t ! 1
00 250 300 Js0 4021, °C
Figure 2. Influence of temperature on the degree of con-

version (a) of 4-ETP (1) and the yields (B) of 4-VNP (2)
and 4-VNP N-oxide (3) in the coupled oxidation of 4-ETP;
Vo = 0.045 h™, [4-ETP]:[H,0,] = 1:3, H,0, concentra-
tion 30% by weight. *°

Thus depending on the oxidation conditions, the coupled
oxidation of 4-ETP by hydrogen peroxide can be directed
towards the formation of 4-VNP or its N-oxide.

The possible coupled dehydrogenation of alkenes by hydro-
gen peroxide was confirmed by the dehydrogenation of
propene to allene and of isopentenes to isoprene. 3!:32

The familiar oxidative dehydrogenation of propene to allene
in the presence of iodine®® at a temperature of 625—700 °C is
characterised by low yields of allene, 3.6% by weight, and a
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low selectivity of its formation (6% by weight). In the case
of the coupled dehydrogenation of propene under the optimum
conditions (at 700 °C), the yields of allene and methylacetyl-
ene are ~20% by weight and 10% by weight respectively®*
(Fig.3). With increase in temperature above 700 °C, the
yield of methylacetylene continues to increase, whereas that
of allene decreases.

a, §, mass %
Js ,
30—
25 p—
20 |- 2
15 |~ J
10 |-
5
| ] ]
680 700 720 t °C

Figure 3. Influence of temperature on the degree of con-
version (o) of propene (1) and the yields of allene (2) and
methylacetylene (3) in the coupled dehydrogenation of pro-
pene; contact time 0.045 s. %

Fig.4 indicates that the coupled dehydrogenation of iso-
pentenes with isomer compositions close to that of industrial
fractions gives a fairly high yield of isoprene (25% by weight,
with a selectivity of 75% by weight). 32 An advantage of this
reaction over the oxidative catalytic dehydrogenation of
isopentenes, ° in spite of the relatively low selectivity, is
the absence of the effect of retardation of the process by
reaction products.

Of practical interest is the coupled dehydrogenation of
industrial fractions of di-isopropylbenzene containing
57% m-di-isopropylbenzene and 34% p-di-isopropylbenzene
by weight; 3® the yield of p-di-isopropenylbenzene in the
dehydrogenation product reaches 30% by weight. The
authors cited® compared the results with data on the catalytic
dehydrogenation of di-isopropylbenzene on Shell-105 catalyst,
and concluded that the yield and selectivity of the process
are much higher in the coupled dehydrogenation of p-di-
isopropylbenzene.

There are other examples of the preparation of alkenes of
practical importance by coupled dehydrogenation, and these
are considered below.

To some extent, the increase in the production of chloro-
alkenes’’ by existing technology is restricted by the loss of
chlorine in byproducts, so that the development of methods
for the dehydrogenation of chloroalkanes free from this
disadvantage appears promising.

The oxidative dehydrogenation of ethyl chloride by air
over a catalyst consisting of chromium oxide deposited on
Al,0; *® ig of interest in this connection. This process has a
low yield and selectivity, however, since at the optimum tem-
perature of 367 °C the yield of vinyl chloride is 17% by weight
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for a degree of conversion of 21% by weight. Some of these
unsatisfactory features can be eliminated by the development
of a new method for obtaining vinyl chloride, namely the
coupled dehydrogenation of ethyl chioride by hydrogen
peroxide.®® Under the optimum conditions at a temperature
of 450 °C, the yield of vinyl chloride is 37.8% by weight for a
degree of conversion of 52% by weight, which is more than
double the values for the process in Ref.38. It should be
borne in mind the halogenoalkenes with more complex struc-
tures can also be synthesised in this way.

v, B, mass %

—

90 —
30 —
70 —
60 —

30—

40 -
30
20
10

0.9 13 1.J
v, litre b

Influence of the rate of supply of the mixture

SO“CSHU):VNZ = 1:10) on the

selectivity of the coupled dehydrogenation (y) (1), the yield
of isoprene (2), and. the total yield of side products (3);
rate of supply of 20% aqueous H,0, solution 0,185 ml h™,
temperature 553 °C. ¥

Figure 4.
of isopentenes and nitrogen (Vi

The oxidative dehydrogenation of organic alcohols provides
a relatively new approach to the development of industrial
processes for obtaining aldehydes and ketones.*’~*? In this
respect, the most successful from the technological viewpoint
is the method for obtaining acetaldehyde by oxidising ethanol
(at 350—490 °C) in an alcohol—air mixture in the presence of
fused vanadium oxide or alkali metal vanadates catalysts with
alkali metal sulphates or chlorides as promoters. “2 The yield
of the desired product is 65.9% by weight, calculated on the
alcohol passed, for a degree of conversion of 69.2% by weight.
An unsatisfactory feature of the method*? is the relatively
low yield of the desired product and the increase in the com-
plexity of the process with the use of an expensive catalyst.



Russian Chemical Reviews, 54 (10), 1985

To simplify the process and increase the yield of product,

the oxidative dehydrogenation of C,H;OH has been carried
out"® by means of hydrogen peroxide by a conjugated mecha-
nism. By varying different parameters of the reaction in the
range 450—550 °C, it is possible, without using catalysts, to
achieve fairly high yields of acetaldehyde (up to 87% by
weight with a selectivity of not less than 97% by weight).

. n6 —3-1
10 [H,CO1 . mole - 10° W, mole cm™

0.9 J — 0.9
0.8 —0.8
0.7} —0.7
0.6 —0.6
0.5 09
0.4 —0-4
0.3 —0.3
02— —0.2
0.1 - ~{o
I I R R

500 520 540 560
Figure 5. Temperature dependence of the H,CO concentra-
tion (1) and the rates of accumultation (W) of HO; (2) and
‘CH; (3) in the oxidation of methane by hydrogen peroxide:
[CH,]: [25% aqueous H,0, solution] = 1:1, contact time

7= 1.2 s; the broken line gives the calculated curve for
the accumulation of H,CO. °

The high efficiency of the use of H,0, in the oxidation of
alcohols can also be illustrated by the dehydrogenation of
s-butyl alcohol (2-BA) to methyl ethyl ketone (MEK). The
oxidative dehydrogenation of 2-BA to MEK is now carried out
using as catalysts metals such as gold and silver; **** in the
temperature range 520—600 °C, the yield of MEK is 70~85%
by weight with a selectivity of 93—96% by weight. In spite
of the high selectivity and degree of conversion to MEK, the
presence of various side products such as acetaldehyde,
acetone, diacetyl, CO, and CO, creates additional technologi-
cal difficulties in the separation of MEK from the reaction
medium.

In the liquid-phase oxidation of 2-BA, *¢ although it is
possible to avoid the use of precious metal catalysts, the
characteristics of the process (the yield of MEK is 23.5% by
weight with a selectivity of 79.4% by weight) are much inferior
to those of the catalytic processes. Moreover, at 115—-135 °C,
it is necessary to use a pressure of 9—-20 atm, to carry out
the process and also to use initiating additives to decrease
the induction period. The coupled dehydrogenation of 2-BA
by hydrogen peroxide is free from most of these disadvan-
tages, and makes it possible to increase the selectivity to
99% by weight, and to simplify the technology of the process,
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since it can be carried out at atmospheric pressure without
using catalysts or special additives. The process is carried
out in the gas phase at 460—560 °C with a yield of MEK of
26—44% by weight.

The possibility of obtaining unsaturated hydrocarbons and
their derivatives by the conjugated decomposition of H,0,
and dehydrogenation of organic compounds indicates that this
method is to some extent general.

2, The Coupled Oxidation of Methane to Formaldehyde by
Hydrogen Peroxide

A large number of studies in the last ten years have been
devoted to the incomplete oxidation of methane. The increased
interest in the development of this method is due to the fact
that methane is a practically inexhaustible natural raw
material, whose possible utilisation will make it possible to
satisfy completely the requirements of the national economy
for methanol and formaldehyde.

The study of the mechanism of the oxidation of methane by
oxygen in the presence of small quantities of H,0, *»*® has
shown that H,0, has a promoting action in the formation of
formaldehyde. The intermediate species formed in the
reaction are the free radicals HO, and CH;0%, whose trans-
formations give the final reaction product H,CO. In this
reaction, H,0, remains an intermediate product and accumu-
lates in extremely small quantities.*’ The main oxidising
agent is molecular oxygen, and the mechanism of the oxidation
with added H,0, does not differ significantly from the mecha-
nism of the oxidation by O, in the absence of H;0,.

At the same time, the oxidation of various substrates by
hydrogen peroxide in the gas phase takes place by a mecha-
nism which is different from that involving molecular oxy-
gen."®

The oxidation of methane to formaldehyde can be carried
out with a high efficiency by the coupled oxidation of CH, in
the presence of H,0,."%5°

The yield of H,CO in the oxidation of CH, by hydrogen
peroxide passes through a maximum with increase in the reac-
tion temperature (Fig.5).*" This form of the dependence is
clearly related to the fact that H,CO undergoes secondary
reactions at temperatures above 520 °C. The maximum yield
of H,CO (39% by weight) calculated on the methane passed
is reached at 520 °C, and at higher temperatures H,CO is
oxidised to CO. The concentration of CO in the reaction
products increases with increase in temperature.

In the cxidation of methane by hydrogen peroxide, the fol-
lowing recaction becomes important:

CH, f OH'— CH; 4 H,0 184 =12.5 cm®mole™ 57! £ = 2.0 kcal mole™?

(15)

The concentration of HO; in the H,0,—H,0—~CH, system will
be determined by the ratio of the rates of reactions (5) and
(15). At a molar ratio CH,:H,0, = 1:1, corresponding to
the optimum condition for obtaining formaldehyde, the ratio
[HO,]/['OH) = 0.22 x 10", and the rates of the elementary
reactions (5) and (15) with allowance for the reaction

CH; 4 HO, -~ H,CO + H.O (16)

are practically equal and lie in the range (0.46-0.60) x 107°
mole cm™ 571,

Thus the radical ‘OH formed in reaction (4) reacts with
H,0, and CH, at practically identical rates.

In this respect, the oxidation of CH, by hydrogen peroxide
occupies a unique position, since in the presence of other
compounds, for example ethylbenzene, cyclohexane, etc.,
the concentration ratio [HO,]/[ 'OH] > 10,17 that is the main

active centre is HO;. Under the optimum conditions for the



980

oxidation of methane, the concentrations of ‘CH; and HO; are
related by the inequality [HO,]/[ ‘CH;] < 10°. This indicates
that the cross recombination by reaction (16) is the main route
to the formation of H,CO. Other alternative routes to the
formation of formaldehyde have been examined, '° such as:

g A, E,
cm®mole™!s™!  kcal mole™!
CH, + HO,—~ CH,0+0H 13.51 ~0 17)
CH,0 +4- CH,—~H,CO+ CH, 134 ~0 (18)

The elementary stages (17) and (18) apparently do not play
a signficant role, since the formation of the methoxy radical
by reaction (17) should have led to the accumulation of
methanol in the system by reaction (19), and this is not
observed:*°

CH,0 + CH, — CH,OH + CH, (19)
The addition of CH;0H to the CH,—H,0,—H,0 system leads to
the unambiguous conclusion that CH,0H is not an intermediate
product of the selective oxidation of CH, by hydrogen per-
oxide. 95!

Under the conditions of the selective oxidation of CH, by
hydrogen peroxide, the formation of CO and CO, is not
observed, so that at relatively low temperatures and short
contact times, the elementary stages involving their forma-
tion were not included in the proposed mechanism for the
oxidation of CH,.

In addition, the following stage was not taken into account
in the oxidation scheme®®

CH, 4+ HO, - CH, + H,0, lgA=13.3cm®mole”’s™ E = 18 kcal mole™!

since it has a low probability, because of its high activation
energy. Chain termination as a result of the destruction
of ‘CH,: %!

"CH; + wall > CHy 54, 184 = 0.68 51 E = 13.3 kecal mole™  (20)

was added to the elementary reactions (4), (5), (11), (12),
(15), and (16).

The overall equation for the coupled oxidation of methane
by hydrogen peroxide taking account of these stages has the
following form:

CH,+2H.0,=H,CO+3H,0 (21)

These studies indicated that the most probable mechanism
is one in which the chemical coupling between the decom-
position of H,0, and the oxidation of methane takes place
through common intermediates, namely the free radicals 'OH
and HO,.*°

The proposed mechanism of formation of H,CO was used to
compile the following system of kinetic equations, which pro-
vide an adequate description of the experimental data (see
Fig.5):%°

- ﬂ%’—d = ky, [CH,] [OH]
‘”f% — 9%, [H,0;] M] — ks [H,05] OH]—fy; [CH,} [OH] — &, [OH]
.‘%’ﬂ_‘ — kg [H,0,] [OH] — hyg [CHy] HO,] — &y [HOY,
d-[%]_ — kyy [CH, ] [OH] — kyg [CH,] [HO,] — kg [CH,]

In the calculation, on the basis of Ref.52, it was assumed
that the pre-exponential factor for the elementary stage (16)
lgAs =1gA,;. It was assumed that the activation energy
of the recombination of the free radicals is close to zero.

Thus these studies gave the conditions for the selective
coupled oxidation of methane by hydrogen peroxide to give
formaldehyde, and a mechanism was proposed for the pro-
cess.
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3. The Coupled Oxidation of Propene by Hydrogen Peroxide

The catalytic epoxidation of alkenes by combined oxygen
(ROOH, H,0,, peroxyacids) in the liquid phase has been
discussed in a detailed review, 5® where it is possible to find
detailed information on the kinetics and mechanism of the
homogeneous catalysis of these processes in the presence of
compounds of group V and VI elements.

Of particular interest is a single-stage method for obtain-
ing alkene oxides by the conjugated oxidation of the alkenes
with other organic compounds which are more easily oxidised,
namely aldehydes, ketones, etc.»?* The active oxygen of
peroxide radicals is used for the epoxidation of the alkene
in this system.

0] 0]
v —CH—. —- 9 AN ./ /
RC\ 00 + CH,=CH—CH; 2 [RCOOC3H¢] /C\—C/ N + RC o

These studies showed that it is possible in principle to
carry out the epoxidation of alkenes by peroxide radicals,
the simplest representative of which is the HO; radical.

In recent years, from considerations of cost and availability,
increasing use is being made of H,0, as an oxidising agent
for the selective oxidation of propene.®® In the direct epox-
idation in the liquid phase, however, hydrogen peroxide has
a low reactivity, and it is therefore necessary to use various
means of activating it, such as the reaction with carboxylic
acids or with various inorganic anhydrides, which is accom-
panied by the formation of active compounds. In some
studies, *®7 the epoxidising agents used were peroxyacids
formed by the reaction of H,0, with formic and acetic acids.
Of particular interest in this connection are the reactions
involving the epoxidation of alkenes by peroxyacids at the
moment of their formation from the acid anhydrides and
H,0,. In the formation of alkene oxides by the reaction of
the alkenes on the series of oxides of Ti, W, V, Ge, Mo, U,
and Ru as catalysts, the most effective catalysts are tung-
sten oxides or tungstic acid, formed by the reaction of the
oxides with H,0,.*®

A non-trivial route to the synthesis of the important
products propylene oxide, acrolein, and allene is provided
by the gas-phase oxidation of propene by hydrogen peroxide
by a coupled mechanism. 3*%°

Studies of the mechanism of the gas-phase and liquid-phase
oxidation of hydrocarbons are giving a clear indication of the
range in which a particular reaction path takes place, in rela-
tion to the specific conditions under which it is carried out.%

Thus depending on the conditions of the process (tempera-
ture, contact time, component ratio, H,0, concentration,

S/V ratio), the reaction of propene with hydrogen peroxide
may lead to the epoxidation of propene, or to its oxidation
to acrolein, or to coupled dehydrogenation.

In the range 500—580 °C, the main reaction is the coupled
epoxidation of propene by hydrogen peroxide (Fig.6), and
under the optimum conditions the average yield of propene
oxide is 50 mass %.°°

As already noted, in the gas-phase coupled oxidation by
hydrogen peroxide in a flow system under stationary condi-
tions, the HO; concentration is greater than the ‘OH concen-
tration by several powers of ten. This fact, and also pub-
lished data®® on the epoxidation of alkenes by alkyl peroxide
radicals, indicate that the epoxidation of alkenes by HOj
radicals in the gas phase takes place by the reaction:

Se=c{ + 6--0H >c\—;c< +OH
The rate of epoxidation by alkyl peroxide radicals is deter-
mined by their structure. In the epoxidation of propene by
hydrogen peroxide in the gas phase at 500—580 °C and a
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contact time 1= 4.4 s, the activity of HO; as epoxidising
species is greater than that of RO;.

The range 580—600 °C is an intermediate range in which
the epoxidation of propene is accompanied by the simultane-
ous oxidation of propene to acrolein at a comparable rate.
At 600—640 °C and 1= 1.2 s, the main reaction product is
acrolein, and its yield may reach 80 mass %.

v, 8, mass %

70r-
60 —/\()\10-
S0

40
Jo+
20 —

4
10 —

1 I I ! |
J30 550 570 590 610 1. °C

«, B, mass %

b
95
w —/_‘
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o _m
5 E
15[~
10 —
I P

| | |
600 620 &40 6601t °C

Figure 6. Temperature dependence of the selectivity (y)
(1), the yields (B) of propene oxide (2), acrolein (3), and
side products (4), and the consumption of propene (a) (5) in
its conjugated oxidation by hydrogen peroxide: a) 30 mass %
H,0,, VH202 =13mh™, V = 150 cm® h™!; b) 10 mass %

" C3Hg
LV =3, -1 - 31 89
H,0, H,0, 3.7 ml h™, Vcsﬂs 900 cm® h

Increase in temperature above 680 °C and T = 0.045 s leads
to the formation of allene and methylacetylene as a result of
the coupled dehydrogenation of propene (Fig.3), and under
the ultimate conditions the yields of these products are
~20% by weight and ~10% by weight respectively. **

Thus depending on the conditions, the coupled oxidation
of propene may take place in three preferential directions:

N

—— CH,—CH—CH,

CH,y=CH—CHs + H,0,—|—— CH,=CH—CHO
— CH,=C==CH,

+ unwanted products

In this system, as in the oxidations by hydrogen peroxide
examined above, the coupling occurs according to schemes (1)
and (2).°
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It has thus been possible to determine the boundaries of
the different mechanisms for the coupled oxidation of propene
by hydrogen peroxide in relation to the conditions (tempera-
ture and contact time), and also to determine the intermediate
ranges of the mechanisms of epoxidation and mild oxidation.

4, Coupled Oxidative Fixation by Hydrogen Peroxide

The problem of obtaining combined nitrogen from atmo-
spheric nitrogen can now be solved by both reductive®:®?
and oxidative fixation. Several reactions for oxidising N,
under severe conditions are known, for example the oxidation
of N, by oxygen in an electric arc or plasma or under the
influence of ionising radiation.®® The direct oxidation of N,
by oxygen is endothermic, and its realisation requires con-
siderable expenditure of energy and gives low yields. It is
therefore of considerable interest to develop nitrogen-fixation
systems in which the principles of coupled reactions can be
used.

The use of these principles in the oxidation of N, by hydro-
gen peroxide provides a new method for the fixation of nitro-
gen under conditions which are comparatively mild for reac-
tions of this type.

The oxidation of nitro%en by hydrogen peroxide in a flow
integral reaction vessel®®~°® makes it possible to obtain a
yield of combined nitrogen of about 19% by weight.®®

The mechanism of the oxidation of elementary nitrogen by
hydrogen peroxide to N,O includes a stage involving the
reaction of N, with the HOj radical, formed by the decom-
position of H,0,: ®°

H.,0, + OH — HO, -- H,0
N, + HO,~N,0 -+ OH

N, +H,0, == N,0 + H,O AG!s == —4.5 kcal mole™!

Nitrous oxide was identified by mass spectrometry and gas-
adsorption chromatography. The aqueous fraction of the
reaction products, assumed to contain nitrogen-containing
acids, was analysed by mass spectrometry and by a qualita-
tive test with AgNO;,°’ although the latter does not exclude
the possible formation of unknown forms of combined nitrogen
which react with AgNO; to give a precipitate.

The effective rate constant of reaction (22), determined
from the experimental data, 7 is:

kyy =101 exp (—-45 T00/RT) litre mole™'s™!

(22)

The second-order rate constant for H,0,, calculated

from the overall equation
H,0.+ M—products
is

. kesr = 10 exp (—46300/RT) litre mote™s™?

The proposed mechanism makes it possible to obtain rela-
tionships which provide an adequate description of the
experimental data in the temperature range 450—600 °C at
an H,0, concentration in the aqueous solution of 15—30% by
weight at supply rates of 1-5 litre h™ nitrogen and 8-24 ml
h™! H,0,.7*

At 450 °C, the only product is nitrous oxide, the quantity
of which amounts to 4% by weight, calculated on the original
nitrogen. Beginning at 500 °C, the formation of combined
nitrogen in the aqueous fraction of the reaction products is
also observed, probably in the form of nitrogen-containing
acids, the quantity of which increases to approximately
0.1% by weight with increase in the contact time.

Thus these studies have detected a new nitrogen-fixation
system, which makes it possible to bind molecular nitrogen
in an oxidative medium, as a result of chemical induction.
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A distinguishing feature of the coupled oxidative fixation of
N, by hydrogen peroxide is that the process takes place
under relatively mild conditions compared with other similar
reactions (at atmospheric pressure and at temperatures which
are much lower than those usually required for the oxidation
of nitrogen by oxygen).

In the biological fixation of molecular nitrogen, two differ-
ent routes to its activation in the earliest stages of its fixa-
tion are possible: by reduction on the one hand and by
oxidation on the other.’* There is no proof, however, of
oxidative fixation in the initial stages, although it is ener-
getically more favourable.

According to Burris and Wilson, the following mechanism
is ir;}'olved in the initial stages of the biochemical fixation of
N,:

Reduction Oxidation
N=N N=N—-0
2H,0] {-2H0 1,0} {-H,0
~2H
HO-N-=N—OH = HO—N=N—-OH
) | +2]
H H

In the oxidative part of this scheme, the question of the
formation of nitrous oxide is not clear. Since hydrogen
peroxide can induce chemical reactions, however, it has been
possible to carry out the oxidative fixation of N, to N,O by
an energetically favourable path. All these studies make
possible a new approach to the investigation of the mechanism
of the biological fixation of N, and provide a new aspect to
the nitrogen cycle.

111. CHEMICAL COUPLING IN LIQUID-PHASE OXIDATION BY
HYDROGEN PEROXIDE

The catalytic decomposition of H,0, in the liquid phase in
the presence of iron(II) salts, discovered by Fenton, 72 is
described by the following stepwise mechanism: 73

H,0, +Fe** — Fe* 4 OH™ + OH
Fes+ + H,0, — Fe** + HO; + H*
Fet* + OH — Fe?* - OH™
Fe* 4 HO; —~ Fe* + H* -+ O}
Fe?* 4+ HO; — Fe?* 4 HO;
H,0, + OH -~ H,0 + HO,

H,0, + O; -+ 0, + OH™ + OH

Salts of copper, chromium, vanadium, cobalt, and other
transition metals can also be used to catlayse the decomposi-
tion of H,0,.

The catalytic generation of "OH radicals, taking place as
a result of the alternate oxidation and reduction of iron(II)
and iron(IIl) ions, makes it possible to obtain free radicals
at temperatures much lower than in thermal homolysis.

The free radicals formed in the reaction can react with
practically any organic compound in acidic solutions.”

The oxidation of benzene in an aqueous solution of hydro-
gen peroxide in a Fenton system, which is taken as a classi-
cal example of a coupled process,® can be considered. The
addition of an iron(II) salt to the CcH¢—H,0,—H,0 system
leads to the oxidation of benzene to phenol and biphenyl
according to the following mechanism:

Fe** + H,0, — Fe** +OH™ + CH
Fe** + OH — Fe** 4+ OH~
CHe + OH — csHs +H0

CH, + OH -~ CH;OH
Cle + CgH; — CH; — CH,
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In this system, the phenomenon of induction is due to the
fact that both reactions, that is the oxidation of C¢Hg and
Fe2+, take place through common intermediate species,
namely ‘OH free radicals. ®

As noted above, Fe?* ions are effective catalysts for the
decomposition of H,0,, so that the chemical conjugation in
this system will not differ from that described in the previous
section . ¢

2-Amino-3,4-dihydroxyquinoxaline is comparatively readily
dehydrogenated to give 2-aminoquinoxaline by H,0, in the
presence of traces of iron ions:’®

7N NNH
.
NN N7\ 7 NH,

The dehydrogenation takes place as a result of the reaction
of the 'OH free radicals with the H(3) and H(4) hydrogen
atoms of 2-amino-3,4-dihydroquinoxaline. The iron ions
possibly bring about additional activation of the substrate
molecule.

Free radicals also apparently play an important role in the
degradation of carbohydrates by Ruff's method. ’®

The reaction of a-hydroxyacids with H,0, in the presence
of iron(III) salts takes place according to the overall equa-
tion:

N N
Fet+ TRV AVARN
H,0, _Fe or Fe¥

+ H,0

B0y | C- 0

S~ C, + 0O

In the successive transformation of D-glucose into
D-arabinose

electrolysis (;,?¢ Fe(OAC)LH,0,

= CeHy,0; =5

Col !xzou Col [11107 -CO, C;H,‘,Oy,

the stage involving the transformation of the aldonic acid
into the 2-ketoaldonic acid is a dehydrogenation reaction.
The role of H,0,; in this reaction is probably similar to that
described above: the oxidising agents in this case are the
highly active species formed by the decomposition of H,0, in
the presence of iron ions as catalyst.

The conjugated reactions of the decomposition of H,0, and
the oxidation of H,CO and HCOOH in the presence of plati-
nised graphites and Pt/(Pb with added Pb) was demonstrated
in Ref.78. These studies showed that the ratio of the
oxidation products is influenced significantly by the grade of
graphite, the Pt deposition conditions, the reagent concentra-
tions, and the percentage concentration of added Pb.

The detailed mechanism of the oxidation of dihydroxy-
fumaric and tartaric acids by hydrogen peroxide in the
presence of iron and copper ions was studied in Ref.79.

In the gas phase under the conditions of conjugated oxida-
tion by hydrogen peroxide, the HO; concentration (2 x 107°
mole cm™®) is greater by many powers of ten than the ‘OH
concentration (7 x 10723 mole em™®), and the ratio of the initial
concentrations of HO, and "OH is about 10*, %°

In accordance with Eqn.(3), however, when the hydrogen
peroxide is extensively diluted ([H,0,) = 107*% mole em™),
the system will contain chiefly "OH radicals, and these will
be responsible for the subsequent transformation of the sub-
strate.

Since the reaction of the substrate with ‘OH and HO;
radicals leads to the formation of different products, the com-
position of the products should depend on the degree of dilu-
tion of H,0,. According to Ref.80, 'OH brings about non-
selective oxidation, whereas HO; brings about the selective
gas-phase oxidation of substrates by hydrogen peroxide.
Thus in an RH-H,0,—H,0 system, decrease in the concentra-
tion of the reagents leads to an increase in the degree of
conversion and a decrease in the selectivity of the reaction,
whereas a decrease in the concentration of the reagents
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usually leads to an increase in the selectivity and a decrease
in the yield of the reaction products. This situation is
observed not only in the case of extremely low concentrations
of H,0, in the aqueous solution, but also in a liquid-phase
(Fenton) system, in which the principal active centre is 'OH.

Thus in a Fenton system it is impossible in principle to
achieve highly selective oxidation of the substrate.

IV. THE ABILITY OF HYDROGEN PEROXIDE TO INDUCE
OXIDATION, AND POSSIBLE NEW APPLICATIONS

The mechanism of chemical coupling in oxidation by hydro-
gen peroxide can be formulated as follows: the ability of
hydrogen peroxide to induce chemical reactions is due to its
decomposition to give active centres which take part in
another reaction which does not take place spontaneously
(for example nitrogen fixation, dehydrogenation, etc.).

An interesting question is whether more complex peroxy-
compounds such as organic hydroperoxides and peroxides
can induce chemical reactions.

The mechanism of the chain decomposition of the initiator
most widely used in chemistry, namely di-t-butyl peroxide,®
can be examined in this connection:

/O\
(CH3)3COH + CH,C(CH,),0 — CHy—C(CHs),

? .
(CH3)3COOC(CHjg)3 -+ 2(CH3)3CO" — 2(CH3),CO + 2CH; — GH;
IRH IRH
(CH;)sCOH + R CH, L R

Di-t-butyl peroxide decomposes in the gas phase at 300 °C
or in solution at pH 2 7 in different directions by a complex
chain mechanism to give different reactions products:

(o)
(CH;),COH, CH;—\é(Cﬂa)z, CH,, C.Hg, and (CH;),CO. The
variety of chain decomposition paths is related to the forma-
tion of several active intermediate compounds, (CHj);CO’,
‘CH,C(CH;),0°, 'CH;, and R’, whose transformation in the
presence of the substrate (RH) gives a large number of side
products.

Thus if attempts are made to use organic peroxides as
components in conjugated reactions of mild oxidation, the
above considerations related to the large number of active
centres present a serious obstacle. In this system, the
decomposition of the organic peroxide is accompanied by the
chain oxidation of the substrate by different active centres
to give the corresponding reaction products. Thus the
absence of selectivity and the large number of chain reac-
tions which can be initiated by organic peroxides create
serious difficulties in the use of these hydroperoxides to
induce reactions which do not take place spontaneously.

The ability of hydrogen peroxide to induce oxidative
transformations of chemical substances as a result of chemi-
cal coupling not only extends the ways in which it can be
used in new non-traditional directions but also leads to a
deeper understanding of the mechanism of the action of H,0,
in many systems.

It can be confidently state that extension of the ranges of
application of chemical coupling in general and in oxidation
reactions in particular will stimulate progress in this field.

This will lead finally to the development of fundamentally
new chemical-technological oxidation processes, correspond-
ing to present-day requirements, that is the economic
utilisation of energy resources and raw materials and an
increase in the unit power of chemical reactors, without lead-
ing to environmental pollution. The low cost of H,0, produc-
tion by existing technology (chiefly by the anthraquinone
method) provides a basis for increasing the use of H0, in
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modern industry. Thus the development of processes of
oxidation by hydrogen peroxide corresponds to present-day
requirements.

These studies raise another extremely important question
for chemical technology, related to the unification of chemical
production. It is surprising that unification, a powerful
means of scientific and technical progress which has trans-
formed many branches of industry, has hardly been intro-
duced in chemical technology. This situation has probably
arisen because almost every chemical reaction introduced
has its own specific characteristics, which make it impos-
sible to unify both chemical processes as a whole and indi-
vidual technological units. To these characteristics can be
added the use in industrial processes of specific catalysts
with different compositions and structural properties, the
formation of side products whose utilisation represents an
independent problem, the purification of the desired product
from side products, and the use of increased pressures and
different phase states of the components of the reaction sys-
tem.

The solution of the problem of the unification of chemical
production will be found not in the development of separate
chemical-technological processes differing considerably in
their technological and chemical aspects, but in the develop-
ment of chemical systems in which chemical reactions of the
same type, having many common characteristics, can be
realised.

Coupled reactions involving the oxidation of different
substrates by hydrogen peroxide can justifiably be included
among such chemical systems.

REFERENCES

1. N.M.Emanuel’, in collected papers "Gorenie i Vzryv"
(Combustion and Explosion), Izd.Nauka, Moscow,
1972, p.608.

2. N.M.Emanual', Khim.Fiz., 1982, 1, 91.

T.M.Nagiev, Azerbaidzhan.Khim.Zhur., 1979(1), 11.

4. T.M.Nagiev and T.N.Shakhtakhtinskii, "IV Mezhdun-
arodnyi Simpoziuma po Gomogennomu Katalizu"
(Fourth International Symposium on Homogeneous
Catalysis), Vol.2, Leningrad, 1984, p.123.

5. N.M.Emanuel' and D.G.Knorre, in collected papers
"Kurs Khimicheskoi Kinetiki" (A Course of Chemical
Kinetics), Izd.Vysshaya Shkola, Moscow, 1962, p.237.

6. T.M.Nagiev, Khim.Fiz., 1983, 6, 823.

7. T.M.Nagiev, Azerbaidzhan.Khim.Zhur., 1967(1), 135.

8. T.M.Nagiev, N.D.Medzhidov, Z.M.Magieva, and
S.Z.Zul'fugarova, Azerbaidzhan.Khim.Zhur.,

1976(4), 153.

9. F.Kaufman, Progress in Reactions Kinetics, 1961, 1, 1

10. M.F.Nagiev, T.M.Nagiev, R.M.Babaev, and
Sh.A.Tagieva, Azerbaidzhan.Khim.Zhur., 1973(5 and 6)
139.

11. M.F.Nagiev, T.M.Nagiev, and L.M.Poladova,
Azerbaidzhan.Khim.Zhur., 1975(3), 153.

12. M.F.Nagiev, T.M.Nagiev, and N.D.Medzhidov,
Dokl.Akad.Nauk SSSR, 1972, 205, 256.

13. I1.A.Vardanyan, G.A.Sachyan, and A.B.Nalbandyan,
Dokl.Akad.Nauk SSSR, 1970, 193, 253.

14. V.N.Kondrat'ev, in collected papers "Konstanty
Skorosti Gazofaznykh Reaktsii" (The Rate Constants
of Gas-Phase Reactions), Izd.Nauka, Moscow, 1970,
p.351.

15. K.Charles, Combustion Institute, 1982, 46(2), 191.

16. V.V.Azatyan, Khim.Fiz., 1982, 4, 491.

W
.



984

17.

18.
19.

20.

22.
23.

24.

25.

26.

27.
28.
29.
30.

31.

32.

33.

34.
35.
36.

37.
38.

39.

40.

41.

42.

43.
44.
45.

46.

M.F.Nagiev and T.M.Nagiev, in "Advances in
Chemistry Series-133, Chemical Reaction Engineering",
Washington, 1974, p.698.

M.Anbar and P.Neta, Int.J.Appl.Rad. and Isotopes,
1967, 18, 493.

N.A.Ogorodnikov, S.S.Polyak, and V.Ya.Shtern,
Kinetika i Kataliz, 1969, 10, 1439.

R.J.Sampson, J.Chem.Soc., 1963, 5095.

M.F.Nagiev and T.M.Nagiev, Dokl.Akad.Nauk SSSR,
1970, 195, 254.

T.M.Nagiev, S.Z.Zul'fugarova, and Z.M.Nagieva,
Azerbaidzhan.Khim.Zhur., 1980(6), 156.
T.M.Nagiev, S.I.Agaeva, F.G.Bairamov, and
Z.M.Nagieva, Azerbaidzhan.Khim.Zhur., 1977(4), 16.
T.M.Nagiev, S.I.Agaeva, Z.M.Nagieva, F.G.Bairamov,
A.I.Sultanova, and Z.Yu.Ramazanova, Symp.Com-
puters in Chemical Engineering, Czechoslovakia, 1977.
T.M.Nagiev, S.I.Agaeva, F.G.Bairamov,
A.A.Mamedova, Z.M.Nagieva, and R.T.Rustamova,
Azerbaidzhan.Khim.Zhur., 1978(2), 21.
Yu.I.Chumakov, in collected papers "Piridinovye
Osnovaniya" (Pyridine Bases), Izd.Tekhnika, Kiev,
1965, p.191.

T.M.Nagiev, G.M.Mamed'yarov, and N.I.Ali-zade,
USSR P.547446 (1975).

T.M.Nagiev, G.M.Mamed'yarov, and N.I.Ali-zade,
Azerbaidzhan.Khim.Zhur., 1977(5), 13.
T.M.Nagiev, G.M.Mamed'yarov, and N.I.Ali-zade,
Azerbaidzhan.Khim.Zhur., 1979(5), 10.

T.M.Nagiev, G.M.Mamed'yarov, Z.M.Nagieva, and
N.I.Ali-zade, USSR P.1068430 (1981).

T.M.Nagiev, S.I.Agaeva, V.P.Kasimova,
Z.M.Nagieva, R.A.Iskenderov, and N.N.Rzabekova,
USSR P.722890 (1978).

T.M.Nagiev and N.V.Bairamov, Azerbaidzhan.Khim.
Zhur., 1978(2), 5.

D.N.Tmenov, L.N.Raevskaya, L.P.Shapovalova,
R.I.Politaiko, I.V.Ermolenko, and E.V.Nosova, in
collected papers "Neftepererabotka i Neftekhimiya"
(Petroleum Processing and Petroleum Chemistry),
No.4, Moscow, 1975, p.32.

T.M.Nagiev, S.I.Agaeva, and Z.M.Nagieva,
Azerbaidzhan.Khim.Zhur., 1981(3), 143.
E.Nishikawa, T.Ueki, and Y.Morita, Bull.Japan
Petr.Inst., 1970, 12, 88.

A.Dimov and 1.Aleksandrova, Azerbaidzhan.Khim.
Zhur., 1983(1), 131.

Chim.Act., 1971(1447), 37.

R.Castanet and R.Vandamme, Compt.rend., 1965,
261, 4729,

M.F.Nagiev, T.M.Nagiev, G.M.Mamed'yarov, and
R.F.Kalantarov, USSR P.503842 (1972).

A .M.Borisov, A.I.Lapshov, N.R.Malyutin,
V.N.Karasev, V.I.Gaivoronskii, Yu.S.Nikitin, and
L.S.Bashilov, USSR P.618368 (1974).

L.N.Kurina and V.P.Morozova, Zhur.Fiz.Khim.,

1 51(9), 2257 [Russ.dJ.Phys.Chem., 1977(9)].
0.K.Koz'minykh, N.A.Makarevich, A.N.Ketov,
L.P.Kostin, and V.S.Burnyshev, USSR P.352874
(1970).

T.M.Nagiev, S.Z.Zul'fugarova, and R.A.Iskenderov,
USSR P.891623 (1980).

I.D.Huang, L.M.Polinski, and K.K.Rao,

US P.891623 (1979).

.N.Gvozdovskii, A.B.Gushchevskii, D.V.Mushchenko,
.N.Petrov, and Yu.l.Malov, USSR P.482434 (1973).
.Ya.Pneva, L.P.Selyutina, N.A.Andrianova,
.E.Krokhmalyuk, M.F.Sisin, A.S.Leont'ev, and
I

G
A
E
A
A.l.Yudaev, USSR P.697494 (1974).

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

59.

60.
61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Russian Chemical Reviews, 54 (10), 1985

I.A.Vardanyan, S.Jan, and A.B.Nalbandyan,
Kinetika i Kataliz, 1981, 22, 1100.

V.Ya.Basevich, S.M.Kogarko, and O.Yu.Berezin,
Izv.Akad.Nauk SSSR, Ser.Khim., 1979(9), 1986.
T.M.Nagiev and L.M.Gasanova, USSR P.1011627
(1981).

T.M.Nagiev and L.M.Gasanova, Khim.Fiz., 1984, 3,
1461.

A.D.Stepukhovich and V.A.Ulitskii, in collected
papers "Kinetika i Termodinamika Radikal'nykh
Reaktsii Krekinga" (The Kinetics and Thermody-
namics of Radical Reactions in Cracking), Izd.
Khimiya, Moscow, 1975, p.222.

V.Ya.Basevich and S.M.Kocharko, Izv.Akad.Nauk
SSSR, Ser.Khim., 1982(12), 2658.

1.P.Skibida, Uspekhi Khim., 1975, 44, 1729 [Russ.
Chem.Rev., 1975(10)].

E.A.Blyumberg, P.I.Balov, Yu.D.Norikov, and
N.M.Emanuel', Dokl.Akad.Nauk SSSR, 1966, 167,
579.

K.Griesbaum and W.Swodenk, Entwicklungen und
Entwicklingstendenzen in der Petrochemie, Erdol und
Kohle Ergdas—Petrochem., 1980, 33, 34.

D.Swern, J.T.Scanlan, and G.B.Dickel, in collected
papers "Sintezy Organicheskikh Preparatov" (The
Synthesis of Organic Substances), Vol.2, Moscow,
1961, p.19.

H.Fernholz, Ber., 1951, 84, 110.

R.J.Gall and F.P.Greenspan, Ind.Eng.Chem., 1955,
47, 147.

T.M.Nagiev, G.M.Mamed'yarov, Z.M.Nagieva, and
S.I.Agaeva, "XII Mendeleevskii S'ezd po Obshchei i
Prikladnoi Khimii" (Twelfth Mendeleev Congress of
Pure and Applied Chemistry), No.4, Baku, 1981,
p.268.

E.T.Densiov, Khim.Fiz., 1982, 1, 105.

A .E.Shilov, Uspekhi Khim., 1974, 43, 863 [Russ.
Chem.Rev., 1974(5)].

R.W.F.Hardy, F.Bottomley, and R.H.Burris, in
collected papers "Problems in the Fixation of
Nitrogen" (Translated into Russian), lzd.Mir,
Moscow, 1982, p.734.

M.I.Vedernikov, V.S.Kobezev, and 1.V.Rudoi, in
collected papers "Tekhnologiya Soedinenii Svyazan-
nogo Azota" (The Technology of Compounds of Fixed
Nitrogen), Izd.Vysshaya Shkola, Moscow, 1967.
M.F.Nagiev, T.M.Nagiev, V.M.Bairamov, and
R.A.lakenderov, Dokl.Akad.Nauk SSSR, 1973, 213,
256.

T.M.Nagiev, S.Z.Zokhrabbekov, and T.N.Shakhtakh-
tinskii, Azerbaidzhan.Khim.Zhur., 1978(1), 156.
T.M.Nagiev, R.B.Sadykhov, and P.S.Nagi-zade,
Zhur.Fiz.Khim., 1979, 53(1), 235 [Russ.J.Phys.
Chem., 1979(1)].

H.Remy, "Lehrbuch der anorganischen Chemie"
(Translated into Russian), Vol.1, Izd.Mir, Moscow,
1972, p.824.

T.M.Nagiev and S.Z.Zokhrabbekov, Azerbaidzhan.
Khim.Zhur., 1979(6), 142.

T.M.Nagiev and Ch.M.Nagiev, Azerbaidzhan.Khim.
Zhur., 1973(5 and 6), 131.

Ch.M.Nagiev and S.Z.Zakhrabbekov, Azerbaidzhan.
Khim.Zhur., 1978(6), 39.

V.I.Lyubimtsev, in collected papers "Biokhimiya
Fiksatsii Molekulyarnogo Azota" (The Biochemistry
of Nitrogen Fixation), Izd.Nauka, Moscow, 1969,
p.157.

H.S.Fenton, J.Chem.Soc., 1894(65), 899.

N.Uri, Chem.Rev., 1952, 50, 375.



Russian Chemical Reviews, 54 (10), 1985

74.

75.

76.

77.

78.

79.

E.G.Rozantsev and V.D.Sholle, in collected papers
"Organicheskaya Khimiya Svobodnykh Radikalov"
(The Organic Chemistry of Free Radicals), Izd.
Khimiya, Moscow, 1879, p.33.

K.Pfister, A.P.Sullivan, J.Weijlard, and M.Tishler,
J.Amer.Chem.Soc., 1951, 73, 4955.

L.F.Fieser and M.Fieser, "Reagents for Organic
Synthesis" (Translated into Russian), Vol.2, 1970,
p.79.

G.I.Efimova, 1.V.Mashnikov, and G.A.Bogdanovskii,

Kinetika i Kataliz, 1978, 29, 5. .
E.G.Khorozova, G.l.Shcherev, N.I.Elfimova, and
G.A.Bogdanovskii, "Vsesoyuznaya Konferentsiya po
Kataliticheskim Reaktsiyam" (Al Union Conference
on Catalytic Reactions), Alma-Ata, 1978, p.95.
A.Ya.Sychev, S.0.Travin, G.G.Duka, and
Yu.I.Skurlatov, in collected papers "Kataliticheskie
Reaktsii i Okhrana Okruzhayushchei Sredy"
(Catalytic Reactions and Environmental Protection),
Izd.Shtiintsa, Kishinev, 1983, p.271.

985

80. A.Ya.Sychev, V.G.Isak, and U.Pfannmueller, Zhur.
Fiz.Khim., 1979, 53(11), 2790 [Russ.J.Phys.Chem.,
1979(11)].

81. P.G.Ashmore, "Catalysis and Inhibition of Chemical
Reactions" (Translated into Russian), Izd.Mir,
Moscow, 1966, p.386.

Institute for Theoretical Problems

in Chemical Technology, Academy

of Sciences of the Azerbaidzhan SSR,
Baku



