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HYDROCARBON OXIDATION

Oxidation has been of great interest to humanity since the discovery of fire (1). Some understanding of the
subject began at the time of Lavoisier (2). Hydrocarbon oxidation has been studied for well over 100 years, but
modern understanding of the mechanisms of free-radical chain reactions did not begin until the 1930s (3—12).
Since that time, a vast body of multilingual literature has accumulated. There is significant agreement on
underlying principles, but sharp controversies on various important points remain and, indeed, are probably
growing, undoubtedly because the oxidation of even simple materials is complex. One simplification, however,
is that radical reactions in the gas phase and in not strongly polar solvents do not differ appreciably in kinetic
parameters. Differences can usually be traced to well-understood kinetic phenomena (13).

The scope of oxidation chemistry is enormous and embraces a wide range of reactions and processes. This
article provides a brief introduction to the homogeneous free-radical oxidations of paraffinic and alkylaromatic
hydrocarbons. Heterogeneous catalysis, biochemical and biomimetic oxidations, oxidations of unsaturates,
anodic oxidations, etc, even if used to illustrate specific points, are arbitrarily outside the purview of this
article. There are, even so, many unifying features among these areas.

1. Kinetics of Chain Reactions

One characteristic of chain reactions is that frequently some initiating process is required. In hydrocarbon
oxidations radicals must be introduced and to be self-sustained, some source of radicals must be produced in
a chain-branching step. Moreover, new radicals must be supplied at a rate sufficient to replace those lost by
chain termination. In hydrocarbon oxidation, this usually involves the hydroperoxide cycle (eqs. 1-5).

RH +In- —> R + HIn 1)
R + 0y —> ROO. @)
ROO. + RH—?» ROOH + R- (3)

ROOH - RO + OH- (4)
1



2 HYDROCARBON OXIDATION

ROO. + ROO- > nonradical products (5)

In reaction 1, some initiating fragment (In-) reacts with the substrate hydrocarbon by abstracting a
hydrogen atom, generating a carbon-centered radical with the structure of the original hydrocarbon. The origin
of the initiating fragment has remained largely unresolved. A direct reaction of the hydrocarbon wit oxygen
(eq. 6) is frequently proposed (1, 14). This reaction has such a high energy of activation that a termolecular
alternative (eq. 7) is sometimes suggested (15, 16).

RH + Oy — R- + HOO- (6)

2RH + 0Oy — 2R- + HOOH (7

However, reaction 7 suffers other shortcomings, eg, entropy problems. Other proposals range from trace
peroxidic contaminants to ionic mechanisms for generating peroxides (1) to cosmic rays (17). In any event, the
initiating reactions are significant only during the induction period (18).

Carbon-centered radicals generally react very rapidly with oxygen to generate peroxy radicals (eq. 2).
The peroxy radicals can abstract hydrogen from a hydrocarbon molecule to yield a hydroperoxide and a new
radical (eq. 3). This new radical can participate in reaction 2 and continue the chain. Reactions 2 and 3 are the
propagation steps. Except under oxygen starved conditions, reaction 3 is rate limiting.

New radicals are introduced by thermolysis of the hydroperoxide by chain-branching decomposition (eq. 4).
Radicals are removed from the system by chain-termination reaction(s) (eq. 5). Under steady-state conditions,
the production of new radicals is in balance with the rate of radical removal by termination reactions and
equation 8 applies for the scheme of equations 1-5 where 7; = rate of new radical introduction (eq. 4).

~d[RH] /dt = k, [RH) V1i/2k  (8)

New radicals come exclusively from the decomposition of the intermediate hydroperoxide (eq. 4), provided
no other radical sources, eg, peroxidic impurities, are present. Hydroperoxides have varying degrees of stability,
depending on their structure. They decompose by a variety of mechanisms and are not necessarily efficient
generators of new radicals via thermolysis (19, 20).

Deliberate use of a different radical source with a known radical generation rate, under conditions where
the product hydroperoxide does not contribute appreciably to new radical generation, permits evaluation of
k,/~/2k; by using equation 8. This factor, usually called the oxidizability of the hydrocarbon, is a measure of the
relative susceptibilities of substrates to oxidation. It is independent of rates of initiation. The term oxidizability
refers to oxidations of single substrates. A material with low oxidizability may actually have a high propagation
rate constant but oxidize slowly because it also has a high termination rate constant. When cooxidized with
a material of higher oxidizability, it may very well cooxidize faster than the more highly oxidizable substrate,
depending on the ratio of propagation rate constants. Such ratios may be estimated in a number of ways (1, 22,
23) and can be useful in predicting product distributions. In cooxidations the high termination rate constant for
the peroxy radicals produced from the low oxidizability component generally retards the rate of the cooxidation
(22-24).

If a self-sustained oxidation is carried out under limiting rate conditions, the hydroperoxide pro-
vides the new radicals to the system (by reaction 4 or analogues) and is maintained at a low concen-
tration (decomposition rate = generation rate). For these circumstances, the rate equation 9 holds, where
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n = average number of initiating radicals produced (by any means) per molecule of ROOH decomposed and
f = fraction of RH consumed which disappears by ROO- attack (25).

~d [RH] /dt = nky [RH)* /2 fk, 9)

Under these conditions, a component with a low rate constant for propagation for peroxy radicals may be
cooxidized at a higher relative rate because a larger fraction of the propagation steps is carried out by the more
reactive (less selective) alkoxy and hydroxy radicals produced in reaction 4.

The simple hydroperoxide mechanism so far discussed is incomplete for representing reactions with
significant products other than hydroperoxides. It can be adequate for oxidations of certain unsaturates,
aldehydes, and alkylaromatics where the yield of the corresponding hydroperoxide can exceed 90%.

An important descriptor of a chain reaction is the kinetic chain length, ie, the number of cycles of the
propagation steps (eqs. 2 and 3) for each new radical introduced into the system. The chain length for a hy-
droperoxide reaction is given by equation (10) where HPE = efficiency to hydroperoxide, %, and 2 f = number
of effective radicals generated per mol of hydroperoxide decomposed. For 100% radical generation efficiency,
f = 1. For 90% efficiency to hydroperoxide, the minimum chain length ( f = 1) is 14.

chain length = (HPE + 100/2f) / (100 — HPE) (10)

Chain lengths of some oxidations can be quite long (>100), especially for substrates with easily ab-
stractable hydrogens when they are oxidized under mild conditions at low conversions. Aldehydes are good
examples of such substrates (26). Many other oxidations have chain lengths estimated from 3 to 10. At limiting
rates, the chain length is near 1 (25).

Products other than hydroperoxides are formed in oxidations by reactions such as those of equations 11
and 12. Hydroxyl radicals (from eq. 4) are very energetic hydrogen abstractors; the product is water (eq. 11).

OH-+RH — R-+ Hy0 (11)

Alkoxy radicals, such as those produced in reaction 4, can be vigorous hydrogen abstractors and may produce
alcohols (eq. 12), but they can undergo other reactions as well.

RO-+RH — R- + ROH (12)

The predominant radicals in hydrocarbon oxidation are usually alkylperoxy radicals, particularly when
sufficient oxygen is present to scavenge alkyl radicals by reaction 2. These radicals are weak hydrogen abstrac-
tors and they build up to relatively high concentrations (27), becoming the dominant species in the radical flux.
Depending on their structures, they can participate in various reactions other than chain propagation. They are
usually the main participants in bimolecular radical reactions. Other radicals are less involved in bimolecular
radical reactions because their high reactivities cause them to be present at very low concentrations.

There are two especially important radical-radical reactions of alkylperoxy radicals (28) both believed to
proceed via formation of a transient tetroxide (eqs. 13 and 15).

ROO: + -OOR — ROOOOR (13)

One decomposition of the tetroxide is not terminating, producing alkoxy radicals and oxygen (eq. 14).

ROOOOR — RO- + Oq + -OR (14)
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An alternative chain-terminating decomposition of the tetroxide, known as the Russell mechanism (29),
can occur when there is at least one hydrogen atom in an alpha position; the products are a ketone, an alcohol
and oxygen (eq. 15). This mechanism is troubling on theoretical grounds (1). Questions about its validity remain
(30), but it has received some recent support (31).

BN /GT_(?.\ RA Oﬁx
C 8] [ 0
R'/ \H (E)y R R'/ H—0O R (15)
N 4
HC—FR' HC—FR’

Bimolecular reactions of peroxy radicals are not restricted to identical radicals. When both peroxy radicals
are tertiary, reaction 15 is not possible. When an a-hydrogen is present, reaction 15 is generally the more
effective competitor and predominates.

Alkoxy radicals can abstract hydrogen (eq. 12), but they may undergo a B-scission reaction (eq. 16).

i i
| —0: —= R—C—R +R: (16)
R

R_

Under moderate conditions, primary alkoxy radicals tend to undergo reaction 12 whereas secondary and
tertiary alkoxys tend to undergo 8-scission. In general, the alkyl group that can form the lowest energy radical
tends to become the departing radical. The B-scission of secondary alkoxy radicals yields aldehydes as the
nonradical products; tertiary alkoxy radicals yield ketones.

2. Product Sequences in Hydrocarbon Oxidation

The products discussed so far (alcohols, aldehydes, and ketones) are produced by radical reactions involving
the hydrocarbon substrate or from further reactions of the intermediate (and frequently transitory) hydroper-
oxides. Under conditions of low rates and high chain lengths, hydroperoxides may be the principal precursors
for all other products. At high rates, however, significant quantities of chain-termination products (alcohols,
ketones, and aldehydes) can be produced directly from peroxy radicals (eqs. 14 and 15) without going through
hydroperoxides (25). In any event, there is a sense in which these products may be thought of as primary (22).

All components of the reaction mixture, whatever their source, are subject to the same kind of radical
attacks as the starting substrate(s). Any free-radical oxidation is inevitably a cooxidation of substrate(s) and
products. The yields of final products are determined by two factors: (I) how much is produced in the reaction
sequence, and (2) how much product survives the reaction environment. By kinetic correlations and radiotracer
techniques, it is possible to estimate these relationships and develop a mathematical model of the system (22).

Primary and secondary alcohols oxidize rapidly (frequently ca 6-10 times as fast as the parent hydrocarbon
(22, 32)), and probably efficiently, to the corresponding carbonyl compounds (22, 33-35) (Fig. 1). The initial
attack is highly selective for the hydrogen in the alpha position relative to the hydroxyl group. The addition
of oxygen to the resulting radical is reversible (36). If the peroxy radical abstracts hydrogen (Path I), the
hydroxyalkylhydroperoxide decomposes to hydrogen peroxide and the corresponding carbonyl compound (37,
38). If, however, hydrogen is abstracted from the hydroxyalkyl radical by oxygen (Path II), the production of
the carbonyl component is accompanied by the formation of a hydroperoxy radical. This radical is notable in
that it has an exceptionally high chain-termination rate constant (1); hydroperoxy radicals may react readily
with almost any other radical in the system to given oxygen and a nonradical product (eg, eq. 17).
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Fig. 1. Production of carbonyl compounds from alcohols by various oxidation routes.

HOO - +R- — RH + 0Oy 17

Carbonyl compounds can be primary (from radicals or hydroperoxides) or secondary (from alcohols). Thus
the picture emerges of hydrocarbon oxidations occurring through complicated series-sequential pathways as
in Figure 1, where clearly other reactions could be going on as well. All possible pathways are pursued to some
extent; traffic along any pathway is a function of energy requirements and relative concentrations.

Carbonyl intermediates are also susceptible to further oxidation. Aldehydes can oxidize very rapidly to
acids (39—42); peracids are likely intermediates.

O
-.//D Y O a’fo
R—C] +R —= RH+R—C R—C{
H 00- (18)
0
A AP A 7
r—¢” +r—¢ —r—c +R—C (19)
AN AY A
00 H 0O0H
0 0 0
FY, F, p
R—C\/ + R—C: —_— —= 32 R—C::
00H H OH a0)

Two important inefficient routes for aldehyde oxidation are (eqs. 21 and 22).

e

R—C: —= R-+CO @1
IP q.\ ,.r;r‘o D\\J

R—CO00- + -00C—R —= R—C\ jC_R —= 2R- +2C03 + Oy (22)

0000
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Reaction 21 is the decarbonylation of the intermediate acyl radical and is especially important at higher
temperatures; it is the source of much of the carbon monoxide produced in hydrocarbon oxidations. Reaction 22
is a bimolecular radical reaction analogous to reaction 13. In this case, acyloxy radicals are generated; they are
unstable and decarboxylate readily, providing much of the carbon dioxide produced in hydrocarbon oxidations.
An in-depth article on aldehyde oxidation has been published (43).

Ketones oxidize about as readily as the parent hydrocarbons or even a bit faster (32). Although the
reactivities of hydrogens on carbons adjacent to carbonyl groups are perhaps doubled, the effect is small
because one methylene group is missing in comparison to the parent hydrocarbon. Ketones oxidize less readily
than similar primary or secondary alcohols (35).

Acids are usually the end products of ketone oxidations (41-44) but vicinal diketones and hydroperox-
yketones are apparent intermediates (45). Acids are readily produced from vicinal diketones, perhaps through
anhydrides (via, eg, a Bayer-Villiger reaction) (46, 47). The hydroperoxyketones reportedly decompose to dike-
tones as well as to aldehydes and acids (45). Similar products are expected from radical—radical reactions of
the corresponding peroxy radical precursors.

The carboxyl group of acids appears to deactivate the hydrogens on the alpha carbon atom toward attack by
the free-radical flux in oxidation reactions. Acetic acid, therefore, is particularly inert toward further oxidation
(hydrogens are both primary and deactivated) (48). For this reason, it is feasible to produce acetic acid by the
oxidation of butane (in the liquid phase), even under rather severe oxidation conditions under which most other
products are further oxidized to a significant extent (22).

Beginning with propionic acid, all the higher saturated acids are significantly less resistant to oxidation
than acetic. For longer chain acids, all carbons in the gamma or higher positions are essentially equivalent to
the corresponding carbons in the parent hydrocarbon with regard to susceptibility to oxidation (49-51). For
the B-position, however, the picture is not so clear. Some investigators indicate deactivation of the B-position
for hydrogen abstraction in autoxidation (49, 50), but others report activation (by a factor of about 2) of this
position for abstraction by hydroxyl radicals (51).

Esters are also formed in hydrocarbon oxidations. Although their source is still a matter of debate, there
is rather convincing evidence that esters generally do not form in the early stages of an oxidation before the
appearance of significant quantities of acids (41, 42, 52, 53). The clear implication is that most esters come from
esterification reactions of free acids and alcohols produced by the oxidation. There is widespread agreement
that, once formed, most esters are exceptionally resistant to further oxidation, at least in the region of the
ester group. Indeed, the consumption of lower molecular weight esters probably proceeds largely through prior
hydrolysis and rapid oxidation of the liberated alcohol (54, 55). Since primary and secondary alcohols oxidize
readily (secondary > primary) and also esterify (Primary > secondary), the role of alcohols in hydrocarbon
oxidation can be even more complex than the role of many other intermediates.

Earlier reports have indicated that esters can form before significant amounts of acids accumulate (16).
The Bayer-Villiger oxidations of ketones with intermediate hydroperoxides and/or peracids have been suggested
as ester forming mechanisms (34, 56). However, the reactions of simple aliphatic ketones with peracetic acid
are probably too slow to support this mechanism (57, 58). Very early proposals for ester formation, although
imaginative, appear improbable (59).

In addition to production of simple monofunctional products in hydrocarbon oxidation there are many
complex, multifunctional products that are produced by less well-understood mechanisms. There are also
important influences of reactor and reaction types (plug-flow or batch, back-mixed, vapor-phase, liquid-phase,
catalysts, etc).

2.1. Efficiency of Intermediate Formation

The variation of the efficiency of a primary intermediate with conversion of the feed hydrocarbon can be
calculated (22). Ratios of the propagation rate constants (ky/%;) and reactor type (batch or plug-flow vs back-
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Fig. 2. Efficiency to a primary intermediate as % of maximum (zero conversion) efficiency; x axis is feed conversion.
Parameters are oxidation rate-constant ratios (k2/k) for primary intermediate vs feed and reactor type: A, plug-flow or
batch; B, back-mixed.

mixed) are important parameters. Figure 2 shows that even materials which are rather resistant to oxidation
(ky/ k1 = ~0.1) are consumed to a noticeable degree at high conversions. Also the use of plug-flow or batch
reactors can offer a measurable improvement in efficiencies in comparison with back-mixed reactors. Inter-
mediates that cooxidize about as readily as the feed hydrocarbon (eg, ketones with similar structure) can be
produced in perhaps reasonable efficiencies but, except at very low conversions, are subject to considerable
loss through oxidation. They may be suitable coproducts if they are also precursors to more oxidation-resistant
desirable materials. Intermediates which oxidize relatively rapidly (k;/k; = 5 — 50; eg, alcohols and aldehydes)
are difficult to produce in appreciable amounts, even in batch or plug-flow reactors. Indeed, for k;/k; = 50, to
isolate 90% or more of the intermediate made, the conversion must not be greater than about 0.4%, even for a
batch or plug-flow reactor.

The maximum yield of a primary intermediate, as well as the efficiency (and conversion) at maximum
yield, can also be calculated (22). Maximum yield plots are shown in Figure 3.

3. Vapor-Phase Oxidation

Above about 250°C, the vapor-phase oxidation (VPO) of many organic substances becomes self-sustaining.
Such oxidations are characterized by a lengthy induction period. During this period, peroxides accumulate
until they can provide a source of new radicals to sustain a chain reaction. Once a critical threshold peroxide
concentration is reached, the reaction accelerates very rapidly.

3.1. The NTC Phenomenon

VPO reactions of typical alkanes may be considered conveniently in three temperature regions. Under some
circumstances, particularly at pressures not greatly exceeding atmospheric, a curious and fundamentally
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Fig. 3. Plot of maximum yield as a % of maximum (zero conversion) efficiency to a primary intermediate; x axis is ratio
of oxidation rate constants (k2/%1) for primary intermediate vs feed: (¢) plug-flow or batch reactor; (W) back-mixed reactor;
(A) plug-flow advantage, %.
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Fig. 4. Plot of maximum rate of pressure change for propane VPO showing NTC region; 5.33 kPa propane, 13.33 kPa O,.
Courtesy of Blackwell Scientific Publications, Ltd., Oxford (60). To convert kPa to mm Hg, multiply by 7.5.

important phenomenon known as the negative temperature coefficient (NTC) region is observed between
the low and intermediate temperature ranges. In the NTC zone, increasing temperature actually results in
lower reaction rates. A typical plot for propane VPO is presented in Figure 4. In the lower temperature regions,
oxygenated materials are usually the principal products. As one progresses through the NTC zone, unsaturated
products, usually with the same carbon skeleton as the feed (conjugate olefins), begin to predominate. Further
increases in temperature are usually accompanied by production of lower molecular weight olefins as well as
products derived from methyl radicals. Figure 5 illustrates these relationships for the VPO of butane.

At still higher temperatures, when sufficient oxygen is present, combustion and “hot” flames are observed;
the principal products are carbon oxides and water. Key variables that determine the reaction characteristics
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Fig. 5. The effect of temperature on product distribution in VPO of butane with air.

are fuel-to-oxidant ratio, pressure, reactor configuration and residence time, and the nature of the surface
exposed to the reaction zone. The chemistry of hot flames, which occur in the high temperature region, has
been extensively discussed (60-62) (see Combustion science and technology).

Modern real time instrumental methods permit analyses of unstable transient species and the free-radical
intermediates as well. These methods have greatly expanded the scope and power of VPO studies, but important
basic questions remain unresolved. Another complication is the role of surface. Peroxide decompositions and
radical termination reactions can occur on a surface so that, depending on circumstances, surfaces can have
either an inhibiting or accelerating effect. Each surface has varying amounts of adventitious contaminants and
also accumulates deposits during reaction. Thus no two surfaces are exactly alike and each changes with time.

3.1.1. Reversibility of Equation 2

Notwithstanding the problems and conflicts, there is widespread agreement that the NTC phenomenon may
well be related to the reversibility of equation 2 (13, 60, 63—67): R- + O2 =— ROO-. In the low temperature
regime, the equilibrium lies to the right and alkylperoxy radicals are the dominant radical species. They form
hydroperoxides, the chain-branching agent, by reaction 3.

The principal isolated products are alcohols, aldehydes, and ketones, formed by reactions shown in equa-
tions 12, 15, 16, and Figure 1. Although aldehydes are very susceptible to further oxidation, acids are not
usually significant products in low pressure VPO (below ~1.4 MPa (200 psig) in many cases). This appears to
be because the decarbonylation of acyl radicals (eq. 21) competes very effectively with the addition of oxygen
(eq. 18) under these conditions. As a result, carbon monoxide is a prominent product, along with lower molec-
ular weight alcohols and ketones produced from the alkyl radical made in reaction 21. At higher pressures,
reaction 18 becomes more competitive and acid yields rise (Table 1).
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Table 1. Products from the Reaction of a Propane: Air Mixture? at Various Pressures, %"

Compounds At 0.101 MPa,® 378°C At 2.03 MPa,* 281°C At 6.08 MPa,* 251°C At 10.1 MPa‘ 250°C
total aldehydes 20.5 21.8 13.5 13.7
n-alcohols 19.7 21.0 17.5 15.2
isopropyl alcohol 1.3 2.8 6.2 16.0
acetone 0.5 4.3 12.5 7.9

acids 4.3 17.0 19.0 18.9
carbon dioxide 7.3 17.1 21.4 20.6
carbon monoxide 21.3 16.0 9.9 7.7
propylene 25.1 0 0 0

“Ref. 68. Propane : air ratio=1: 3.6.
bValues are % carbon of propane burned.
¢To convert MPa to atm, divide by 0.101.

As the temperature approaches the NTC zone, the reversibility of reaction 2 comes into play and the
steady-state concentration of alkyl radicals rises. There is a competing irreversible reaction of oxygen with
radicals containing an alpha hydrogen which produces a conjugate olefin (eq. 23).

\F S

_o—d. — o= . (23)
R—C—C + 0y =G+ HOO

R R R R

Alternatively, a number of investigators (69—-73) have proposed, on the basis of plausible kinetic argu-
ments, that the conjugate olefin is produced by a rearrangement of alkylperoxy radicals (eq. 24).

RCH2CH200- — [RCCHCHQOOH] —> RCH=CH,; + HOO- (24)

This proposal, however, has been criticized on the basis of transition state theory (74). Hydroperoxy radicals
produced in reaction 23 or 24 readily participate in chain-terminating reactions (eq. 17) and are only weak
hydrogen abstractors. When they succeed in abstracting hydrogen, they generate hydrogen peroxide:

HOO- + RH — HOOH +R- (25)

HOO- + HOO. — HOOH + O9 (26)

The sequence that makes alkylhydroperoxide has thus been diverted to make hydrogen peroxide, and with
lower efficiency. Hydrogen peroxide generates radicals thermally but its decomposition temperature is higher
than that of alkyl-hydroperoxides. The overall effect is that the rate of generation of new radicals drops, the
reaction rate is reduced, and the oxygenated products are displaced by olefins (mostly conjugate).

HOOH — 20H. (27)

As the temperature is increased through the NTC zone, the contribution of alkylperoxy radicals falls.
Little alkyl hydroperoxide is made and hydrogen peroxide decomposition makes a greater contribution to
radical generation. Eventually the rate goes through a minimum. At this point, reaction 2 is highly displaced
to the left and alkyl radicals are the dominant radical species.
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Fig. 6. Schematic ignition diagram for a hydrocarbon+ Oy mixture, with applications. Region A, very rapid combustion, eg,
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oxidation to useful chemicals, eg, O-heterocyclic compounds in C and alcohols and peroxides in D. Courtesy of Blackwell
Scientific Publications, Ltd., Oxford (60).

At the higher temperatures a decomposition of alkyl radicals, which is an olefin-producing variation of
the B-scission reaction, becomes competitive with reaction 23 (or sequence 2, 24):

R\ {R R\ fR

R—C—C- —= R-+ C=C (28)
/ Y / kY
R- R R R

In principle, this degradation can continue until the residual radical contains only hydrogen or methyl
groups attached to the carbon with the odd electron. Those radicals which still contain a carbon—carbon bond
can form an olefin via reaction 23 (or sequence 2, 24). Methyl radicals are a special case with limited options.

3.1.2. Cool Flames

An intriguing phenomenon known as “cool” flames or oscillations appears to be intimately associated with NTC
relationships. A cool flame occurs in static systems at certain compositions of hydrocarbon and oxygen mixtures
over certain ranges of temperature and pressure. After an induction period of a few minutes, a pale blue flame
may propagate slowly outward from the center of the reaction vessel. Depending on conditions, several such
flames may be seen in succession. As many as five have been reported for propane (75) and for methyl ethyl
ketone (76); six have been reported for butane (77). As many as 10 cool flames have been reported for some
alkanes (60). The relationships of cool flames to other VPO domains are depicted in Figure 6.

Below a certain critical temperature, which varies with pressure and stoichiometry, cool flames for several
hydrocarbons propagate from the wall inward; above this temperature, they propagate from the center of the
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vessel (78). This transition is interpreted as evidence for a changeover from a predominantly heterogeneous
preflame mechanism to a homogeneous one.

When the necessary conditions are met, a cool flame seems to arise when heat generation during the
low temperature oxidation exceeds heat losses. This leads to increasing temperature and increasing rates
because of a higher radical generation rate by the low temperature chain-branching agent, ROOH. At a critical
temperature, a cool flame appears. This causes the temperature to rise into the NTC region. Provided the
temperature does not rise enough to permit the intermediate temperature chain-branching agent, HOOH, to
become effective in providing new radicals, the flame can be quenched and the temperature drops. When the
temperature returns to the low temperature reaction region, if sufficient amounts of the reactants remain,
the whole process can proceed through another cycle (79). If, on the other hand, the temperature rise is great
enough to bring about significant reaction of the intermediate temperature chain-branching agent, two-stage
ignition occurs, ie, the cool flame is followed, after ca 1 s, by a hot flame (explosion or rapid combustion) (80).

The blue luminescence observed during cool flames is said to arise from electronically excited formalde-
hyde (60, 69). The high energy required indicates radical—radical reactions are producing hot molecules.
Quantum yields appear to be very low (1076 to 1071) (81). Cool flames never deposit carbon, in contrast to hot
flames which emit much more intense, yellowish light and may deposit carbon (82).

The composition of an oxidizing mixture is altered extensively by the passage of a cool flame (66, 83, 84).
Before passage of the flame, oxygenated materials are present. In the case of hexane oxidation, ROO- radicals
are reportedly displaced by HOO- radicals above 563 K (85), in concordance with previous work (86, 87). After
the passage of a cool flame, olefins, some conjugate and others of lower molecular weight, are observed.

The relationships that give rise to cool flames in static reactors are also associated with oscillations in
flow reactors (88-91). Flow reactors offer significant advantages in studying these phenomena because, during
stable operation, greater quantities of intermediates are available for sampling and sampling probes can be
moved to points of interest. Moreover, stationary temperatures can be much more accurately determined. Such
systems are characterized by sudden shifts from one stable state to another or oscillations between them.
Hysteresis is frequently encountered in approaching a particular steady state.

Using the flow technique, one group of investigators report evidence that ROO- radicals are not unstable
at higher temperatures (ie, reaction 2 is not readily reversible) (88). The concentration of ROO. radicals is
drastically reduced by the passage of a cool flame, but can be quite high, even at elevated temperatures, prior
to the actual flame passage. The ROO. radicals may decrease because they are destroyed by RO- and HO-
radicals generated in the cool flame and not because of the reversibility of reaction 2 (88).

Even though there is some challenge, the reversibility of reaction 2 as the root cause of the NTC and
cool flame phenomena is widely accepted. It is also generally accepted that, as a consequence of reversibility,
there is a temperature-dependent switchover from a low temperature chain-branching agent, ROOH, to an
intermediate temperature chain-branching agent, HOOH. However, there are some instances where NTCs and
cool flames are reported, but the generation of HOO- by either reaction 23 or 24 is not possible. The oxidations
of acetone and methane are notable examples (76, 92—-94). These cases apparently require the presence of some
other intermediate that can trigger the switchover to HOO- radicals. This role is often assigned to formaldehyde.

Additional evidence indirectly supports the reversibility of reaction 2. The addition of oxygen to a highly
conjugated radical is readily reversible even at 40°C according to a study of the isomerization of methyl
linolenate hydroperoxides in the presence of 180, (95).

3.1.3. Effect of Pressure

The effect of pressure in VPO has not been extensively studied but is informative. The NTC region and cool
flame phenomena are associated with low pressures, usually not far from atmospheric. As pressure is increased,
the production of olefins is suppressed and the NTC region disappears (96, 97). The reaction rate also increases
significantly and, therefore, essentially complete oxygen conversion can be attained at lower temperatures.



HYDROCARBON OXIDATION 13

The product distribution shifts toward oxygenated materials that retain the carbon skeleton of the parent
hydrocarbon.

3.2. Molecular Structure

Molecular structure strongly influences the reaction rate in low temperature VPO but has less effect in the
intermediate and high temperature regions (96, 98). At low temperature and low pressure, relative rates vary
from 1.0 for pentane to 1380 for decane (96, 99). This variation is much greater than the variation in the ease
of abstractability of the hydrogen atoms. The relative efficiency of production of chain-branching agents is also
involved (96). This is further borne out by the observation that branched-chain isomers oxidize more slowly
than their straight-chain counterparts (96, 98) even though the ease of hydrogen abstractability increases in the
series primary < secondary < tertiary. Reaction 2 is more readily reversible for 3° radicals (63). Furthermore,
they produce ketones (through reactions 2, 13, 14, and 16) rather than aldehydes. Aldehydes oxidize very
rapidly and are more effective in subsequent chain branching.

The similarity of oxidation rates of different hydrocarbons in the higher temperature regions is probably
related to the predominance of alkyl radical cracking reactions under these conditions (reaction 28). The
products of such reactions would be similar for most common hydrocarbons (96).

3.2.1. Methane

As our most abundant hydrocarbon, methane offers an attractive source of raw material for organic chemicals
(see Hydrocarbons). Successful commercial processes of the 1990s are all based on the intermediate conversion
to synthesis gas. An alternative one-step oxidation is potentially very attractive on the basis of simplicity and
greater energy efficiency. However, such processes are not yet commercially viable (100).

At ordinary pressures, the rate of homogeneous oxidation of methane [74-82-8] is not very high (<500 °C)
(101). Reaction 2 is highly reversed, ie, the ratio of CHg- to CH30O0-. is very high. The radicals present in highest
concentration tend to be the principal participants in radical-radical reactions. The generation of intermediate
ethane from methyl radicals has been found to be a significant path in the oxidation of methane (102). In
oxidations near 1100 K, roughly half of the methyl radicals are directly oxidized; the remainder dimerize
before oxidation. Moreover, the methyl radicals that are directly oxidized under these conditions tend not
to react with oxygen molecules but with HOO. radicals or atomic oxygen. The principal reactions producing
methyl radicals involve HO- or atomic oxygen.

A previous proposal for the initiation mechanism at temperatures up to 2000 K is an analogue of equation
6 (103):

CH4 + 02 —> CH3- + HOO-

An alternative suggestion, based on a mathematical model fitted to experimental data, is that initiation occurs
by thermolysis of a carbon—hydrogen bond:

CH,+M* — CH;-+H- + M (29)

where M* represents an energy-rich molecule (102).

Methane oxidations occur only by intermediate and high temperature mechanisms and have been reported
not to support cool flames (104, 105). However, others have reported that cool flames do occur in methane
oxidation, even at temperatures >400°C (93, 94, 106, 107). Since methyl radicals cannot participate in reactions
23 or 24, some other mechanism must be operative to achieve the quenching observed in methane cool flames.
It has been proposed that the interaction of formaldehyde and its products with radicals decreases their
concentrations and inhibits the whole oxidation process (93).
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The reported characteristics of methane oxidation at high pressures are interesting. As expected,the
reaction can be conducted at lower temperatures; eg, 262°C at 334 MPa (3300 atm) (100). However, the cool
flame phenomenon is observed even under these conditions. At high pressures, in excess of about 5 MPa (50
atm), the product distribution shifts toward methanol (100, 108-110).

Very extensive investigations have been conducted on the oxidation of methane over a number of hetero-
geneous catalysts, particularly Ij+— MgO (111, 112). A typical oxidation is conducted at 700°C (113). Methyl
radicals generated on the surface are effectively injected into the vapor space before further reaction occurs
(114). Under these conditions, methyl radicals are not very reactive with oxygen and tend to dimerize. Ethane
and its oxidation product ethylene can be produced in good efficiencies but maximum yield is limited to ca 20%.
This limitation is imposed by the susceptibility of the intermediates to further oxidation (see Figs. 2 and 3).
A conservative estimate of the lower limit of the oxidation rate constant ratio for ethane and ethylene with
respect to methane is one, and the ratio for methanol may be at least 20 (115).

Some control over the split between methyl radical oxidation (to HCHO) and dimerization in hetero-
geneous oxidation can be achieved by varying conditions (116). For homogeneous oxidation, an efficiency of
70-80% to methanol has been claimed at 8-10% conversions (110). This is the high end of the reported range
and is controversial. Even so, such technology appears unlikely to be competitive for regular commercial use
until further advances are made (117). The critical need is to protect the products from further oxidation (118).

Although there are no new methane VPO competitive processes, current technology may be useful for the
production of impure methanol in remote areas for use as a hydrate inhibitor in natural gas pipelines (119,
120).

3.2.2. Ethane

Ethane VPO occurs at lower temperatures than methane oxidation but requires higher temperatures than the
higher hydrocarbons (121). This is a transition case with mixed characteristics. Low temperature VPO, cool
flames, oscillations, and a NTC region do occur. At low temperatures and pressures, the main products are
formaldehyde, acetaldehyde (HCHO:CH3CHO= ca 5) (121-123), and carbon monoxide. These products arise
mainly through ethylperoxy and ethoxy radicals (see eqs. 2 and 12—-16and Fig. 1).

As the temperature is raised, ethylene and hydrogen peroxide become important products. In the 600—
630°C region, hydrogen peroxide is a significant product but it is isolated in much smaller quantities than
ethylene (124). There is strong evidence that hydrogen peroxide must be made primarily by reaction 26 rather
than reaction 25. In this mode, it does not serve as a chain-branching agent but rather as a delayed chain

carrier through the following reaction scheme.

2 CyHs- +2 0y —> 2 HOO- —> HOOH —> 2 HO- 2% 9 0 H;- + 2 H,0

+ +

2 CzH4 Oz

Chain-branching requirements are met by HOOH formed in reaction 25 and by HCHO oxidation (egs. 30
and 31).

HCHO + 0, — HOO- + HCO (30)

HOO. + HCHO — HOOH + HCO (31)
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Ethylene oxide is a coproduct, probably formed by the reaction of ethylene and HOO. (124-126). Chain
branching also occurs through further oxidation of ethylene; hydroxyl radicals are the main chain centers of
propagation (127).

Most HCHO (>75%) is formed directly from ethane [74-84-0] (perhaps via reactions 2, 13, 14, 16, etc)
without going through ethylene (126, 128), although this is controversial (129).

Increasing pressure increases yields of methanol and ethanol, increases the CoH;OH:CH30H ratio, and
reduces yields of acetaldehyde and formaldehyde (96, 97, 130). Ethylene is insignificant at 790 kPa (7.8 atm)
even at 460°C (96).

3.2.3. Propane

The VPO of propane [74-98-6] is the classic case (66, 89, 131-137). The low temperature oxidation (beginning
at ca 300°C) readily produces oxygenated products. A prominent NTC region is encountered on raising the
temperature (see Fig. 4) and cool flames and oscillations are extensively reported as complicated functions
of composition, pressure, and temperature (see Fig. 6) (96, 128, 138-140). There can be a marked induction
period. Product distributions for propane oxidation are given in Table 1.

Aldehydes are important products at all pressures, but at low pressures, acids are not. Carbon monoxide
is an important low pressure product and declines with increasing pressure as acids increase. This is evidence
for competition between reaction sequence 18-20 and reaction 21. Increasing pressure favors retention of the
parent carbon skeleton, in concordance with the reversibility of reaction 2. Propylene becomes an insignificant
product as the pressure is increased and the temperature is lowered. Both acetone and isopropyl alcohol initially
increase as pressure is raised, but acetone passes through a maximum. This increase in the alcohol:carbonyl
ratio is similar to the response of the methanol:formaldehyde ratio when pressure is increased in methane
oxidation.

The changeover from ROO. radicals to HOO- radicals and the switch from organic peroxides to HOOH
has been shown as temperature is increased in propane VPO (87, 141). Tracer experiments have been used
to explore product sequences in propane VPO (142-145). Propylene oxide comes exclusively from propylene.
Ethylene, acetaldehyde, formaldehyde, methanol, carbon monoxide, and carbon dioxide come from both propane
and propylene. Ethanol comes exclusively from propane.

Commercial VPO of propane-butane mixtures was in operation at Celanese Chemical Co. plants in Texas
and/or Canada from the 1940s to the 1970s. The principal primary products were acetaldehyde, formaldehyde,
methanol, and acetone. The process was run at low hydrocarbon conversion (3—10%) and a pressure in excess
of 790 kPa (7.8 atm). These operations were discontinued because of various economic factors, mainly the
energy-intensive purification system required to separate the complex product streams.

A process to produce propylene by VPO of propane was patented in the former USSR in 1987 (146).
Similar processes have the potential to coproduce hydrogen peroxide. Yields of hydrogen peroxide as high as 1
mol/mol propylene produced have been reported with 60—70% propylene selectivity (147).

3.2.4. Butane

The VPO of butane (148-152) is, in most respects, quite similar to the VPO of propane. However, at this carbon
chain length an important reaction known as back-biting first becomes significant. There is evidence that a
B-dicarbonyl intermediate is generated, probably by intramolecular hydrogen abstraction (eq. 32). A postulated
subsequent difunctional peroxide may very well be the precursor of the acetone formed.
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At combustion temperatures, the oxidation of butane [106-97-8] is similar to that of propane (153). This
is because most butyl radicals are consumed by carbon—carbon bond scission (reaction 28).

3.2.5. Isobutane

The VPO of isobutane [75-28-5] is similar to the VPO of other low molecular weight paraffins; however, among
the significant differences, conjugate olefin can be a main product even in the low temperature region (78).
The selectivity of isobutylene is ca 50% at 1% conversion at ca 290°C. The selectivity decreases with increasing
temperature, passing through a minimum of ca 20% at ca 350°C. In the NTC range, the selectivity to isobutylene
increases as expected. The low temperature mechanism for isobutylene is postulated as heterogeneous (78,
154), whereas the higher temperature mechanism is the usual homogeneous one. In contrast, 80% selectivities
of isobutylene have been reported in the initial products (<1% conversion) (155) over the range 270-330°C by a
mechanism that was postulated to be mainly homogeneous. Increasing surface-to-volume ratio has a significant
impact on product distribution (156).

Isobutane shows the usual NTC and cool flame phenomena (78, 154, 157, 158). As the pressure is increased,
the expected increase in oxygenated products retaining the parent carbon skeleton is observed (96). Under
similar conditions, isobutane oxidizes more slowly than n-butane (159). There are still important unresolved
questions concerning isobutane VPO (160).

3.2.6. Higher Hydrocarbons

The VPO of higher hydrocarbons is similar to that of the lower members of the series with two significant
additional complications: (1) the back-biting reactions of alkylperoxy radicals (eq. 32), particularly at positions
2 or 3 carbons removed from the peroxy position, and (2) above the NTC region, radical fragmentation (eq. 28).

Below the NTC region, intramolecular abstraction appears to generate S-dicarbonyl intermediates that
are consumed during cool flames (161-164). Secondary attack on nonradical monofunctionals does not appear
to be a significant source for these difunctional intermediates.

In the NTC region, back-biting reactions appear to be responsible for the formation of cyclic ethers
(60, 165-170). In addition to oxetanes and tetrahydrofurans, tetrahydropyrans, oxiranes, and others are also
observed (60, 96, 169); the tetrahydrofurans are favored. O-Heterocycle yields of 25 to 30% have been reported
for n-pentane (165, 171). Conjugate and other olefins are also prominent products in this region (60, 169-172).

More complete understanding of VPO of hydrocarbons, especially in the fuel range, is vital for continued
development of modern technology (60). The quenching phenomena associated with NTC regions and cool
flames have been recognized as producing significant emissions of unburned and partially oxidized fuel (102).
A significant correlation between cool flame phenomena and octane number has been reported. The use of a flow
reactor under cool flame conditions has been suggested as a rapid method for octane number determination
(173).
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4. Liquid-Phase Oxidation

Although there are many similarities between VPO and liquid-phase oxidation (LPO), there are sharp distinc-
tions. First, of course, in LPO with a gaseous oxidant (such as air), it is necessary that the oxidant (oxygen) be
transported from the vapor phase into the liquid phase before LPO can occur. Moreover, it is possible to have
a homogeneous catalyst dissolved in the liquid phase. If the solvent and/or products are volatile, they may be
vaporized in significant amounts into any vent gas issuing from the reactor. Thus each individual component
may have its own residence time in the system. Under these conditions, the hydrocarbon conversion no longer
has a simple relationship with the exposure of individual components to oxidation conditions and alternative
relationships are needed for kinetic studies (22). LPOs generally occur at lower temperatures than VPOs. LPOs
do not exhibit NTC phenomena; oscillations are known to occur (174, 175), but these seem to be related to
catalyst valence shift cycles and involve oxygen mass-transfer rate limitations. Another rate reduction effect
is encountered if the temperature increases enough so that the vapor pressure approaches the imposed system
pressure. In this case, oxygen is swept out of solution and the reaction stops; a boiling liquid does not support
LPO. Generally, olefins are not significant products of the LPO of saturated materials. The high heat capacity
and high heat of vaporization of the solvent, combined with limited oxygen supply, tend to damp temperature
excursions in the liquid. Of course, runaway VPO reactions are possible if the LPO is quenched and unconverted
oxygen collects in the vapor space.

The lower temperatures and reduced degree of oxygen starvation in LPO (vs VPO) generally reduce carbon
monoxide production markedly by promoting reaction 18 and suppressing reaction 21. As a consequence, acids,
from further oxidation of aldehydes, are usually the main products.

4.1. Mass Transfer

The transfer of oxygen from the vapor to the liquid phase is a critical part of any LPO involving a gaseous
oxidant. A simplified view of this process can provide a rationalization of the observed system behavior when
air is the oxidant (176, 177). The typical air-sparged LPO system can be considered to consist of two zones. The
zone near the sparger is chemically rate limited since the liquid contains enough dissolved oxygen to scavenge
alkyl radicals by reaction 2. Under these conditions, the reaction is zero order with respect to oxygen (178); the
kinetics are thus determined by the initiating and chain-branching, chain-terminating, and chain-propagating
reactions.

As the concentration of oxygen in the ascending bubbles falls, a point is reached where the mass transfer
of oxygen from the bubble becomes rate limiting. Above this transition region (assumed to be negligible), if
the partial pressure of oxygen in equilibrium with the dissolved oxygen is negligible compared to the partial
pressure of oxygen in the bubble and if the bubbles are of constant size and rise at a uniform rate, the delivery
of oxygen to the solution is approximately first order, in both time and distance, with respect to the oxygen in
the bubble. The system therefore has a characteristic transfer height. As the bubbles rise through this distance,
they deliver ca 63.2% (100 x (1 — 1/e)) of the oxygen they contained at the start. The transfer characteristics
of a mixed zone system can be approximated with a relatively simple equation (177).

In the chemically rate-limited zone, the energy of activation is on the order of 105 kdJ/mol (25 kcal/mol) (25,
176, 177). Mass transfer, since it is a physical process, is likely to have an energy of activation <21 kdJ/mol (5
kecal/mol) (179). The effective overall energy of activation for the oxygen-transport process is even lower because
increasing temperature results in larger bubbles that rise faster (less surface per unit volume, lower contact
time). The two zones can interact in such a way that the activation energy for the oxidation process can be
very low as long as both zones are present. This lends stability to the operation. If the chemically rate-limited
zone is so large that the energy of activation is significant, the operation becomes unstable because a small
temperature fluctuation (reduction) can result in a significantly reduced reaction rate. This causes a reduction
in the heat evolution rate and a further reduction of temperature ensues. The minimum stable operating
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temperature for a given system and set of conditions may be sharply defined; a reduction of as little as a few
tenths of a degree in temperature may mean the difference between stable operations and loss of the reaction.
The lowest minimum stable operating temperature can be approached when the temperature distribution in
the reactor approaches uniformity.

Stable operation of LPO reactors thus requires the presence of a mass-transfer rate-limited zone. It is
usually desirable to limit this zone to minimize oxygen starvation problems.

4.2. Pressure

Within limits, pressure may have little effect in air-sparged LPO reactors. Consider the case where the pressure
is high enough to supply oxygen to the liquid at a reasonable rate and to maintain the gas holdup relatively
low. If pressure is doubled, the concentration of oxygen in the bubbles is approximately doubled and the rate
of oxygen delivery from each bubble is also approximately doubled in the mass-transfer rate-limited zone. The
total number of bubbles, however, is approximately halved. The overall effect, therefore, can be small. The
optimum pressure is likely to be determined by the permissible maximum gas holdup and/or the desirable
maximum vapor load in the vent gas.

4.3. Reactor Configuration

The horizontal cross-sectional area of a reactor is a critical parameter with respect to oxygen mass-transfer
effects in LPO since it influences the degree of interaction of the two types of zones. Reactions with high
intrinsic rates, such as aldehyde oxidations, are largely mass-transfer rate-limited under common operating
conditions. Such reactions can be conducted effectively in reactors with small horizontal cross sections. Slower
reactions, however, may require larger horizontal cross sections for stable operation.

4.4. Catalysts and Promoters

The function of catalysts in LPO is not well understood. Perhaps they are not really catalysts in the classical
sense because they do not necessarily speed up the reaction (25). They do seem to be able to alter relative
rates and thereby affect product distributions, and they can shorten induction periods. The basic function in
shortening induction periods appears to be the decomposition of peroxides to generate radicals (eq. 33).

ROOH + M™ — RO- + OH™ + M"+D+ (33)

Although the decomposition rate of peroxide is thus increased, the consequent lowering of steady-state peroxide
concentration leaves the effective rate unchanged in the simple peroxide cycle kinetic scheme (25). In real
systems, at certain critical levels, a catalyst can become an inhibitor (2, 180).

An important function of manganous ions is the ready reduction of alkylperoxy radicals (181) (eq. 34).

ROO. + Mn2* — ROO~ + Mn®* (34)

Higher valence-state metal ions can abstract hydrogen from a hydroperoxide (25) (eq. 35) or from a substrate
(eq. 36).

ROOH + M™V* . ROO. + H" + M™ (35)

RH + M™D* 5 R+ H + M™ (36)
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Reaction 36 may occur through a peroxy radical complex with the metal ion (2, 25, 182). In any event, reaction
34 followed by reaction 36 is the equivalent of a metal ion-catalyzed hydrogen abstraction by a peroxy radical.

Reactions 33 and 35 constitute the two principal reactions of alkyl hydroperoxides with metal complexes
and are the most common pathway for catalysis of LPOs (2). Both manganese and cobalt are especially effective
in these reactions. There is extensive evidence that the oxidation of intermediate ketones is enhanced by a
manganese catalyst, probably through an enol mechanism (34, 96, 183—-185).

Mn(II) is readily oxidized to Mn(III) by just bubbling air through a solution in, eg, nonanoic acid at 95°C,
even in the absence of added peroxide (186). Apparently traces of peroxide in the solvent produce some initial
Mn(III) and alkoxy radicals. Alkoxy radicals can abstract hydrogen to produce R- radicals and Mn(III) can react
with acid to produce radicals. The R- radicals can produce additional alkylperoxy radicals and hydroperoxides
(reactions 2 and 3) which can produce more Mn(III). If the oxygen feed is replaced by nitrogen, the Mn(III) is
rapidly reduced to Mn(II).

Chromium compounds decompose primary and secondary hydroperoxides to the corresponding carbonyl
compounds, both homogeneously and heterogeneously (187-191). The mechanism of chromium catalyst inter-
action with hydroperoxides may involve generation of hexavalent chromium in the form of an alkyl chromate,
which decomposes heterolytically to give ketone (192). The oxidation of alcohol intermediates may also proceed
through chromate ester intermediates (193). Therefore, chromium catalysis tends to increase the ketone:alcohol
ratio in the product (194, 195).

Cupricion has a unique ability to compete with oxygen for a carbon-centered free radical (compare reaction
2):

R- + CuXy; — [complex] — RX + CuX or RCH=CH; + hX + CuX (37)

Depending on the nature of the radical and the copper ligands, the complex formed in reaction 37 may form an

olefin or a ligand-substituted product (2, 196, 197) where X can be acetate, halide, etc. When the radical is acyl,
reaction 37 can compete with reaction 21 and improve efficiencies, especially for alpha-branched aldehydes
(43, 198). Since the acylium ion intermediate reacts with carboxyl groups to produce anhydride this approach
has been used to make anhydrides (199, 200). Copper catalysts generally retard LPOs, but soluble copper ions
from corrosion have been identified as a primary cause of oxidative degradation of lubricating oils (201-203).

Zirconium and other nonmultivalent metal ions can act as promoters in some manner not currently clearly
defined. For zirconium, the effect may be related to changes in monomer—dimer equilibria of Co(II) complexes
(2, 204, 205).

Increasing efforts to heterogenize homogeneous catalysts for LPO are apparent (2, 206-209). Significant
advantages in product recovery, catalyst use, and catalyst recovery are recognized. In some instances, however,
the active catalyst is reported to be material dissolved from the solid catalyst (210).

The selectivity to alcohol in LPO may be significantly increased when boric acid, meta-boric acid, or boric
anhydride is present in stoichiometric amounts (2). The boron compounds appear to convert alkylhydroper-
oxides to alkyl borates and may also intercept alkylperoxy radicals, converting them to alkylperoxyboron
compounds; these are later converted to alkyl borates. The alkyl borates are resistant to further oxidation; they
are hydrolyzed to recover alcohols.

4.5. Propane

Propane is difficult to oxidize in LPO because of its volatility and lack of reactivity. It can, however, be oxidized
with a suitable solvent and sufficiently high pressures and temperatures (211). The principal products are
acetone and isopropyl alcohol.
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4.6. Butane

Butane LPO has been a significant source for the commercial production of acetic acid and acetic anhydride
for many years. At various times, plants have operated in the former USSR, Germany, Holland, the United
States, and Canada. Only the Hoechst-Celanese Chemical Group, Inc. plants in Pampa, Texas, and Edmonton,
Alberta, Canada, continue to operate. The Pampa plant, with a reported annual production of 250,000 t/yr,
represents about 15% of the 1994 installed U.S. capacity (212). Methanol carbonylation is now the dominant
process for acetic acid production, but butane LPO in established plants remains competitive.

The production of acetic acid from butane is a complex process. Nonetheless, sufficient information on
product sequences and rates has been obtained to permit development of a mathematical model of the system.
The relationships of the intermediates throw significant light on LPO mechanisms in general (22). Surprisingly,
ca 25% of the carbon in the consumed butane is converted to ethanol in the first reaction step. Most of the
ethanol is consumed by subsequent reaction.

The proposed mechanism for producing ethanol [64-17-5] from butane involves B-scission of a sec-butoxy
radical (eq. 38). The sec-butoxy radicals are derived from sec-butylperoxy radicals (reaction 14 (213)) and/or
through some sequence involving reaction 33. If 25% of the carbon forms ethanol, over 50% must pass through
the sec-butoxy radical. Furthermore, the principal fate of sec-butoxy radicals must be the B-scission reaction;
the ethoxy radical, on the other hand, must be converted to ethanol efficiently.

[:I).
o)
CH3CHCHzCH3z — CH3zCHO + CH3CHa- — CH3CH: 00—

CH3CH;0- —— CH3CH,0H + R- (38)

Methyl ethyl ketone, a significant coproduct, seems likely to arise in large part from the termination
reactions of sec-butylperoxy radicals by the Russell mechanism (eq. 15, where R=CH3z and R’ =CHyCHs).
Since alcohols oxidize rapidly vs paraffins, the sec-butyl alcohol produced (eq. 15) is rapidly oxidized to methyl
ethyl ketone. Some of the sec-butyl alcohol probably arises from hydrogen abstraction by sec-butoxy radicals,
but the high efficiency to ethanol indicates this is a minor source.

Although it appears that methyl ethyl ketone [78-93-3] cannot be the principal product in butane LPO,
it has been reported that the ratio of methyl ethyl ketone to acetic acid [64-19-7] can be as high as 3:1 in
a plug-flow-type reactor (214). However, this requires a very unusual reactor (length : dia = 16,640 : 1). The
reaction is very unstable and wall reactions may influence mechanisms.

Water has a strong inhibiting effect above ca 3% concentration in the feed (214); in contrast, others report
that 14-16 wt % water increases the rate (215).

Acetone is a coproduct of butane LPO. Some of this is produced from isobutane, an impurity present in
all commercial butane (by reactions 2, 13, 14, and 16). However, it is likely that much of it is produced through
the back-biting mechanisms responsible for methyl ketone formation in the LPO of higher hydrocarbons (216).

Propionic acid made in butane LPO probably comes by a minor variation of reaction 38 that produces
methyl radicals and propionaldehyde. It is estimated that up to 18% of the sec-butoxy radicals may decompose
in this manner (213); this may be high since propionic acid is a minor product.

Between 6 and 30% of the radical attack on butane may occur at the primary hydrogen atoms (213). Since
ca 6% of the butane goes to or through butyric acid (22), the middle of this range does not seem unreasonable.
Because it is much more resistant to oxidation than its precursors or coproducts, Acetic acid (qv) is the main
product of butane LPO.

Butane LPO conducted in the presence of very high concentrations of cobalt catalyst has been reported
to have special character (2, 205, 217-219). It occurs under mild conditions with reportedly high efficiency to
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acetic acid. It is postulated to involve the direct attack of Co(III) on the substrate. Various additives, including
methyl ethyl ketone, p-xylene, or water, are claimed to be useful.

4.7. Isobutane

Isobutane can be oxidized noncatalytically to give predominantly ¢-butyl hydroperoxide [75-91-2] (TBHP)
(reactions 2 and 3). The temperature is kept within the range 100 to 140°C. TBHP can serve as the initiator. At
low rates of initiation and low conversions (which favor propagation reactions 2 and 3 over termination reaction
5), efficiencies greater than 90% can be achieved (2). Under practical conditions, the reaction is conducted at
125°C using di-tert-butyl peroxide, a more efficient initiator. TBHP is obtained in 75% efficiency at 8% isobutane
conversion. tert-Butyl alcohol (21%), acetone (2%), and isobutyl derivatives (1%) are formed as side products.
Using cobalt catalyst at 135°C gives predominantly tert-butyl alcohol (77%). Other branched-chain paraffins
give mainly cleavage products under these conditions, indicating the ter¢-butoxy radical is more resistant to
the B-scission reaction (reaction 16) than other tert-alkoxy radicals (205). With no catalyst at 150-180°C and
5 MPa (50 atm) in acetic acid solvent, the principal products are acetone and methyl acetate (220). Addition of
a manganese catalyst lowers acetone and increases formic acid.

A significant outlet for TBHP is the molybdenum-complex catalyzed production of propylene oxide, a
process developed by Oxirane (221-224). The reported U.S. capacity in 1991 was 0.55 x 10% t/yr (225). The
tert-butyl alcohol coproduct is used mostly to make methyl tert-butyl ether, a gasoline additive.

4.8. Higher Paraffins

The LPO of paraffins to produce synthetic fatty acids (SFAs) has been practiced extensively in the former USSR
and Eastern bloc countries. Production capacity reportedly exceeded 0.45 x 10% t/yr in 1975 (226). Elsewhere,
varying degrees of interest in the process have been evident in Germany, Japan, China (227), and a number
of other countries. Although the basic mechanisms are similar, several difficulties are encountered in higher
paraffin LPO that are not so evident in the LPO of, eg, butane. For one thing, the desired product SFAs have
virtually the same susceptibility to further oxidation, on a per carbon atom basis, as the feed hydrocarbon,
contrasting sharply with acetic acid from butane LPO. The minimum impact of this lack of oxidation resistance
can be viewed in Figure 2. As a limiting optimistic case, the SFAs can be treated as if they were primary
products, made straightforwardly by a single oxidative attack (neither of these assumptions is true); the ks /%
ratio would be about 1. Efficiency would be limited to ca 80% at a conversion of ca 35%, even with a plug-flow
or batch reactor. The real situation would, of course, be worse.

An even more significant limitation is that a higher paraffin, once attacked, is highly susceptible to the
back-biting reaction (eq. 32) before being converted to nonradical products (42, 216). Keeping the conversion low
reduces secondary attack on nonradical products by keeping the concentration of such products low with respect
to the feed; however, the site of a back-biting attack cannot be diluted with respect to the attacking radical.
Some of the products of back-biting attack are inevitably multifunctional products. Some are monofunctionals,
such as methyl ketones, which can be subsequently converted to acids of lower molecular weight. Many of the
multifunctionals, however, are essentially lost.

The typical SFA process uses a manganese catalyst with a potassium promoter (for solubilization) in
a batch reactor. A manganese catalyst increases the relative rate of attack on carbonyl intermediates. Low
conversions are followed by recovery and recycle of complex intermediate streams. Acid recovery and purifi-
cation involve extraction with caustic and heat treatment to further decrease small amounts of impurities
(particularly carbonyls). The fatty acids are recovered by freeing with sulfuric acid and, hence, sodium sulfate
is a by-product.
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4.9. Cyclohexane

The LPO of cyclohexane [110-82-7] supplies much of the raw materials needed for nylon-6 and nylon-6,6
production. Cyclohexanol (A) and cyclohexanone (K) may be produced selectively by using a low conversion
process with multiple stages (228-232). The reasons for low conversion and multiple stages (an approach to
plug-flow operation) are apparent from Figure 2. Several catalysts have been reported. The selectivity to A
as well as the overall process efficiency can be improved by using boric acid (2, 232, 233). K/A mixtures are
usually oxidized by nitric acid in a second step to adipic acid (233) (see Cyclohexanol and cyclohexanone).

A one-step LPO of cyclohexane directly to Adipic acid (qv) has received a lot of attention (233—238) but
has not been implemented on a large scale. The various versions of this process use a high concentration cobalt
catalyst in acetic acid solvent and a promoter (acetaldehyde, methyl ethyl ketone, water).

Until the 1960s, adipic acid [124-04-9] was virtually the sole intermediate for nylon-6,6. However, much
hexamethylenediamine is now made by hydrodimerization of Acrylonitrile (qv) or via hydrocyanation of Bu-
tadiene (qv). Cyclohexane remains the basis for practically the entire world output of adipic acid. The U.S.
capacity for adipic acid for 1993 was 0.97 x 10° t/yr (233).

4.10. Alkylaromatics

The aromatic ring is fairly inert toward attack by oxygen-centered radicals. Aromatic acids consisting of
carboxyl groups substituted on aromatic rings are good candidates for production by LPO of alkylaromatics
since their ky/k; ratios are low. Terephthalic acid [100-21-0] (TPA) and dimethyl terephthalate [120-61-6]
(DMT) are the outstanding examples of high volume chemicals made in this way; efficiencies are ca 95%. The
1989 U.S. capacity for TPA was reported to be 4.0 x 106 t/yr (206). TPA is produced mostly by the LPO of

p-xylene:
CH54©70H3 EI'- CH34©7C—ODH E]" HDOC@CWH (39)

The intermediate p-toluic acid [99-94-5] (PTA) does not oxidize readily; its concentration builds up and
the oxidation tends to stop before reaching high conversions to TPA (239, 240). A common explanation is
deactivation of the methyl group by the electron-withdrawing carboxyl group making the methyl particularly
resistant to oxidation (2). This conclusion is questionable, however, since methyl p-toluate is readily oxidized
even though the electron-withdrawing capability of simple carboalkoxy groups is equivalent to that of the
carboxyl group (241, 242). An appealing alternative explanation is that some phenolic material is produced
during the oxidation of PTA. It is known that the oxidation of substituted aromatics may produce aryl radicals,
probably through decarbonylation of aroyl radicals and decarboxylation of aroyloxy radicals (analogues of
reactions 21 and 22); that some phenols are produced (perhaps via aryl radicals through analogues of reactions
2 and 15); and that phenols are powerful inhibitors of this type of reaction (54, 240, 243-247).

Various ways of overcoming the PTA oxidation problem have been incorporated into commercial processes.
The predominant solution is the use of high concentrations of manganese and cobalt ions (2, 248—254), optionally
with various cocatalysts (204, 255, 256), in the presence of an organic or inorganic bromide promoter in acetic
acid solvent. Operational temperatures are rather high (ca 200°C). A lesser but significant alternative involves
isolation of intermediate PTA, conversion to methyl p-toluate, and recycle to the reactor. The ester is oxidized to
monomethyl terephthalate, which is subsequently converted to DMT and purified by distillation (248, 257-264).

A third method utilizes cooxidation of an organic promoter with manganese or cobalt-ion catalysis. A
process using methyl ethyl ketone (248, 252, 265-270) was commercialized by Mobil but discontinued in 1973
(263, 264). Other promoters include acetaldehyde (248, 271-273), paraldehyde (248, 274), various hydrocarbons
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such as butane (270, 275), and others. Other types of reported activators include peracetic acid (276) and ozone
(277), and very high concentrations of cobalt catalyst (2, 248, 278).

The aromatic core or framework of many aromatic compounds is relatively resistant to alkylperoxy
radicals and inert under the usual autoxidation conditions (2). Consequently, even somewhat exotic aromatic
acids are resistant to further oxidation; this makes it possible to consider alkylaromatic LPO as a selective
means of producing fine chemicals (206). Such products may include multifunctional aromatic acids, acids with
fused rings, acids with rings linked by carbon—carbon bonds, or through ether, carbonyl, or other linkages
(279-287). The products may even be phenolic if the phenolic hydroxyl is first esterified (288, 289).

Using high concentrations of cobalt catalysts under mild conditions, it is even possible, when oxidizing a
methylaromatic, to isolate relatively high yields of the aldehyde intermediate with consequently less production
of the corresponding acid. This is possible because the initial attack on the aromatic substrate may occur
through an electron-transfer mechanism (eq. 40) (2, 205) rather than through direct hydrogen abstraction by

a radical.
@CH3+ Co(Ill) —~ CHg — ©7CH2- +H* (40)

+ColII)

The cation—radical intermediate loses a proton to become, in this case, a benzyl radical. The relative rate
of attack (via electron transfer) on an aromatic aldehyde with respect to a corresponding methylarene is a
function of the ionization potentials (8.8 eV for toluene, 9.5 eV for benzaldehyde); it is much lower than one
would expect if the competition involved hydrogen abstraction by, eg, alkylperoxy radicals. For example, it has
been reported that a 90% efficiency to benzaldehyde can be obtained at 10% conversion in the oxidation of
toluene using a Co(OOCCH3)s catalyst and a NaBr or paraldehyde promoter (290). From Figure 2, this implies
a ky/k;y ratio near 1, which is orders of magnitude less than the ratio of reported propagation rate constants
(291). By varying catalysts and conditions to take advantage of this effect, a wide variety of simple to complex
aromatic aldehydes can be synthesized directly from the corresponding methylarenes with surprising efficiency
(2, 290-296).

An additional curious feature of alkylaromatic oxidation is that, under conditions where the initial attack
involves electron transfer, the relative rate of attack on different alkyl groups attached to the same aromatic
ring is quite different from that observed in alkane oxidation. For example, the oxidation of p-cymene can lead
to high yields of p-isopropylbenzoic acid (2, 205, 297, 298).

Synthetic phenol capacity in the United States was reported to be ca 1.6 x 10%t/yr in 1989 (206), almost
completely based on the cumene process (see Cumene; Phenol). Some synthetic phenol [108-95-2] is made from
toluene by a process developed by The Dow Chemical Company (2, 299-301). Toluene [108-88-3] is oxidized to
benzoic acid in a conventional LPO process. Liquid-phase oxidative decarboxylation with a copper-containing
catalyst gives phenol in high yield (2, 299-304). The phenolic hydroxyl group is located ortho to the position
previously occupied by the carboxyl group of benzoic acid (2, 299, 301, 305). This provides a means to produce
meta-substituted phenols otherwise difficult to make (2, 306). VPOs for the oxidative decarboxylation of benzoic
acid have also been reported (2, 307-309). Although the mechanism appears to be similar to the LPO scheme
(309), the VPO reaction is reported not to work for toluic acids (310).

Dihydroxyarenes can be produced from the corresponding diisopropylarenes in a manner similar to the
production of phenol from cumene (206, 311-315).

An oxirane process utilizes ethylbenzene to make the hydroperoxide, which then is used to make propylene
oxide [75-56-9]. The hydroperoxide-producing reaction is similar to the first step of cumene LPO except that
it is slower (2, 224, 316-318). In the epoxidation step, a-phenylethyl alcohol [98-85-1] is the coproduct. It is
dehydrated to styrene [100-42-5]. The reported 1992 capacity for styrene by this route was 0.59 x 108 t/yr (319).
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The corresponding propylene oxide capacity is ca 0.33 x 10% t/yr. The total propylene oxide capacity based on
hydroperoxide oxidation of propylene [115-07-1] (coproducts are ¢-butyl alcohol and styrene) is 1.05 x 108 t/yr
(225).
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