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The Chemistry and Physicochemical Features of the Microbiological
Oxidation of Petroleum Hydrocarbons

V.I.Karban, R.V.Kucher, and N.I.Mironenko

The review examines Soviet and foreign literature on the microbiological synthesis of proteins from petroleum hydrocarbons.
The general characteristics of the process and the conditions for its occurrence are described together with the chemical
mechanism of the microbiological oxidation of aliphatic, aromatic, and heterocyclic hydrocarbons. Particular attention
has been devoted to the physicochemical and topochemical features of the process. It has been shown that the process
is similar from the physicochemical standpoint to the oxidation of hydrocarbons in emulsions. The bibliography includes
241 references.
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I. INTRODUCTION

The enzymic synthesis of proteins and vitamins in the
yeast cell has been attracting recently an increasing amount
of attention from workers in many fields. A new branch
of industry, dealing with the microbiological manufacture
of amino-acids, vitamins, and other valuable products, has
arisen and has been developing vigorously. Certain
micro-organisms are known to be capable of utilising pure
hydrocarbons1"5, alcohols, andacids6"9, and also petrol-
eum and petroleum products 10~16 as sources of carbon and
energy. The possibility of the oxidation of petroleum
hydrocarbons by micro-organisms was pointed out as early
as the 1920's-1930's by the leading Soviet microbiologist
Tauson17. Certain species of micro-organisms develop
very successfully in stagnant waters in petroleum-proces-
sing factories18, in subsurface waters in petroleum
deposits, in soils impregnated with petroleum19, and also
under bituminous road surfaces20'21. These micro-
organisms are mainly aerobic and they metabolise satura-
ted hydrocarbons, mainly with straight-chain struc-
tures22 '23. Since the microbes are living organisms, they
have a fairly rich protein store. Thus petroleum can
become a source of proteins, which are an essential and
the most deficient component in the food of man and
animals.

According to McFerson's data24, to make good this
deficit, which is acute as far as the bulk of the world popu-
lation is concerned, it will be necessary to produce in
1980 an additional amount of about 18 million tons of fats,
9.9 million tons of animal protein, and 11.4 million tons of
amino-acids per year. The most convenient and cheapest
of the principal raw materials for the synthesis of food
products is petroleum and atmospheric nitrogen fixed in
the form of ammonia.

The microbiological synthesis of food products is very
convenient because of the high rate of multiplication of
micro-organisms, their high biochemical activity, the
possibility of using relatively cheap starting materials,
and also the independence of the manufacture of climatic
and weather conditions. Thanks to the progress in the
technology of the growing of micro-organisms, favourable
conditions have been created for the control of their
development under industrial conditions.

At the present time there exists a fairly extensive Soviet
and foreign scientific literature on the development of
micro-organisms on separate fractions of petroleum and on
pure hydrocarbons25"32. In particular, one should men-
tion the work of French investigators led by Champag-
nat33"37. By growing micro-organisms (mainly yeasts) on
various petroleum fractions, they obtained proteins and
valuable water-soluble vitamins. The product was called
the protein-vitamin concentrate (PVC). At the same time
the removal of paraffins improved the quality of the petrol-
eum, since the solidification temperatures of the fuels and
oils obtained from it are thereby reduced38. The work of
Senez and coworkers39"42 is of great interest in this res -
pect. Recently extensive studies are being carried out in
the USSR on the isolation and selection of micro-organisms
assimilating petroleum hydrocarbons, experimental indus-
trial apparatus for the manufacture of PVC has been set
up, and tests are being made on the nutritional value and
the possible harmful effects of the product43"54.

The microbiological synthesis of proteins and vitamins
from petroleum is based on the enzymic oxidation of
hydrocarbons and their derivatives. Little is known at
present about the conditions of the occurrence, mechanism,
and products of microbiological oxidation, which differs
appreciably from the chemical oxidation of these hydro-
carbons, and the available information is not systematic
and requires revision. Chemists, in close collaboration
with microbiologists, biochemists, and workers in other
fields, should play the main part in the creation of a theory
of the enzymic oxidation of hydrocarbons.

II. GENERAL CHARACTERISTICS OF THE MICROBIOLO-
GICAL SYNTHESIS OF PROTEINS FROM HYDROCARBONS

The principal raw material for the manufacture of the
protein-vitamin concentrate are liquid saturated petroleum
hydrocarbons with a straight-chain structure obtained in
the process of elimination of paraffins from Diesel fuels
with subsequent purification by adsorption. Saturated
hydrocarbons obtained in the low-temperature elimination
of paraffins and purified with sulphuric acid are also suit-
able. As a result of such purification, the saturated
hydrocarbons contain not more than 0.5% of aromatic
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hydrocarbons. Certain species of micro-organisms can
be grown on individual fractions of Diesel fuels without
preliminary isolation of straight-chain saturated hydro-
carbons from the latter. Then the paraffin-free part of
the fuel must be separated from the crude protein mass.

In petroleum from different deposits the content of
alkanes with different carbon chain lengths varies within
wide limits. Different micro-organisms assimulate main-
ly saturated hydrocarbons with 10-24 (C^-C^) 1~5 and
also 1-4 (Cj-Cj 25-32,49 carbon atoms. Thus in most
cases yeasts assimilate hydrocarbons ranging from
n-nonane to n-octadecane (Ce-C18) and also unsaturated
hydrocarbons with the same carbon chain length50.

Experiments show that micro-organisms exhibit definite
selectivity in their capacity to assimilate a particular
substrate5 1"6 5. Isoalkanes are utilised by micro-organism
less satisfactorily than straight-chain alkanes68. Aro-
matic compounds are not very suitable as sources of
carbon for micro-organisms of the genus Candida5β'67»68.
An even narrower substrate specificity has also been ob-
served. Micro-organisms can grow on one hydrocarbon
but not on another with a similar structure6 9.

At the present time search is going on for highly active
micro-organism cultures (mainly yeasts) ensuring rapid
accumulation of biological material. Most investigators
have devoted particular attention to yeasts of the genus
Candida, since these are the most active 3»29»70.

Yeasts are rich in Β vitamins, the content of which
depends on the yeast culture, the nutritional medium, and
the method of cultivation (Table 2), 47,4β,β9,9<\ Yeasts
grown on petroleum hydrocarbons contain vitamins com-
bined with other growth factors of unknown composition.

Table 2. Content (mg) of water-soluble vitamins and their
importance30.

Daily requirement
in man

Content of vitamins in
various products:
Meat (beef)
Liver
Milk
Grain
Dry yeast
Protein-vitamin
concentrate

Functions

Consequences of
vitamin deficiency

ThiamineBj

2

1—3
5 - 1 0

0.3—0.7
0.5-7.0

2—20
3—16

carbohydrate
metabolism

nervous
disorder,
beri-beri

Riboflavine B 2

3

2
16

1 - 3
1 - 1 . 5

30—60
75

dehydrogenation,
oxidation

arrest of
development

Nicotinic
acid PP

15

40—100
75-275

1—5
10—30

200-500
130-200

carbon
transport

pellagra

Pantothenic
acid

3

7-21
30—60

1-4
5—20

30—200
150-192

acetylation.
synthesis of
aliphatic
acids

arrest of
development

Pyridoxine
B 6

2

1 - 4
5

1 - 3
3-6

40—50
23

transamina-
tion

dermatitis

Table 1. Content of certain amino-acids in yeast,
meat, and wheat grain3 0.

Amino-acid

Arginine
Histidine
Lysine
Tyrosine
Tryptophan
Phenylalanine

Cystine 1
Methionine J
Leucine
Isoleucine
Valine
Threonine

Daily require-
ment in man, g

3.5
2.0
5.2
3.9
1.1
4.4

3.8

9.1
3.3
3.8
3.5

Amino-acid content, g/lOOg

in yeast

4.3
2.8
6.4
4.2
1.4
4.1

1.3
traces
13.2
3.4
4.4
5.0

in animal
tissues

7.1
2.2
8.1
3.1
1.2
4.5

1.1 1
3.3 |

12.1
3.4
3.4
5.2

in wheat
grain

3.0
1.2
2.7

—
1.0
9.3

with tyrosine

4.3

13.0
4.0
3.5
3.3

The nutritional value of yeast was first pointed out by
Dellbrook in 1875; this hypothesis was developed in later
studies by other workers7 1"7 8. The nutritional value of
protein is determined in the first place by the relative
amounts of its constituent amino-acids79. The amino-
acid composition of yeast protein depends on the yeast
species, the nutritional medium, and the method of cultiv-
ating the yeast80»81. However, different yeast species do
not show sharp differences in their amino-acid content82

and this is the reason for the high biological value of yeast
protein83»84 (Table 1).

Yeast proteins are assimilated by [animal] organisms to
the extent of 85-88%; in this respect they occupy an
intermediate position between proteins of plant (65-75%)
and animal (90-95%) origin8 5"8 7. Because of their high
lysine and valine content, yeasts are a useful additive to
cereal proteins and improves their nutritional value m.

Like any other living organism, yeasts can exist only
in the presence of water. Their nutrient must contain
carbon, nitrogen, phosphorus, potassium, magnesium,
and many micro-elements. Petroleum hydrocarbons are
the exclusive source of carbon and energy. Nitrogen,
phosphorus, potassium, and magnesium form part of the
nutrient medium in the form of a solution of mineral salts
in water. Thus microbiological oxidation takes place in
an emulsion of the hydrocarbon in the aqueous phase. The
elements essential for the growth and development of yeast
include in the first place iron, zinc, and manganese91»92.
Iron enters into the composition of many enzymes and is
necessary for the growth of yeasts and the accumulation of
biological material93»94. Zinc also enters into the com-
position of carboxyoxidase, cytochrome, cytochrome
oxidase, and certain other enzymes95. Manganese
influences the catalytic activity of many oxidative enzymes.
One may assume that other elements, required in smaller
doses, such as copper, molybdenum, cobalt, iodine,
boron, and others, are present in sufficient amount in tap
water and in the mineral salts usually employed in the
cultivation of yeasts.

The principal parameter of process development is tem-
perature. For each micro-organism there exists an
optimum temperature at which the time required for cell
division is a minimum. All these temperatures lie in the
range 25-40°C 42>96>97 and therefore the microbiological
oxidation of petroleum hydrocarbons is energetically more
favourable than chemical oxidation, which occurs at an
adequate rate only at elevated temperatures.

An important factor in the cultivation of micro-organ-
isms on hydrocarbon substrates under aerobic conditions
is the supply of oxygen. Oxygen is required not only to
synthesise the biological material itself, but also to
oxidise the hydrocarbon and to satisfy the energy require-
ments of the metabolism of yeast cells. The overall
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requirement of oxygen in the growing of yeasts on hydro-
carbons is higher by a factor of 2-4 than on carbohydrate
substrates, since in the latter case oxygen is required only
to make good the energy expended on the growth and is not
fixed by the cell3 0. The oxygen needed by the micro-
organisms must be dissolved in the aqueous medium. The
limiting cell growth is determined by the diffusion of
atmospheric oxygen into the medium.

At the present time the efforts of scientists and
engineers are directed towards the development of a theory
and the improvement of apparatus for continuous micro-
biological oxidation of petroleum hydrocarbons98"102. The
microbiological oxidation of petroleum hydrocarbons may
be carried out in two ways: by growing micro-organisms
to be used as such in the form of protein-vitamin concen-
trates or by extracting from the aqeuous medium the
valuable products synthesised by the micro-organisms.
The industrial methods for the microbiological synthesis
of amino-acids and vitamins used in many countries are
based on these properties of micro-organisms1 0 3"1 1 0. The
micro-organism species which, after metabolising the
carbon-containing substances secrete into the reaction
medium predominantly one or other amino-acid, are of
particular interest. Glutamic acid and lysine are at
present manufactured in this way on an industrial scale
from carbohydrates and plant raw material. Scientists in
the laboratories of Japan, the USA, the Soviet Union, and
other countries are working intensively on the development
of methods for the biological synthesis of other amino-
acids 1 1 1" 1 2 0.

ΠΙ. THE CHEMICAL MECHANISM OF THE MICROBIO-
LOGICAL OXIDATION OF HYDROCARBONS

Numerous experiments have shown that the mechanism
of the oxidation of hydrocarbons by micro-organisms
differs from that of chemical oxidation. It has been firm-
ly established that in the liquid-phase oxidation of hydro-
carbons the primary oxidation product is a hydroperoxide,
subsequently responsible for the degenerate branching of
the complex chain oxidation process. The main radical
propagating the reaction chains is the peroxy-radicalROO*.

The chemical oxidation of hydrocarbons has been
investigated in detail by EmanueF and coworkers121»122,
who elucidated a number of its kinetic features and pro-
posed the following oxidation mechanism:

RH Ί - O 2 - R* + HO 2

R' + O3 -» RO2

RO2 + RH — ROOH + R-

ROOH — RO + O H

2RO2 \j
R' + R02-» chain termination.

2R· ^

The mechanism of the microbiological oxidation of
hydrocarbons differs from that given above and has been
much less studied.

The assimilation of hydrocarbons by micro-organisms
depends on the following conditions: the penetration of
the hydrocarbons into the cell, the capacity of micro-
organisms to become adapted to the hydrocarbons, and
finally the presence of enzymes necessary for the primary
oxidation of the hydrocarbons123»124. The penetration of
hydrocarbons into the cells of the micro-organisms, which
largely determines the topochemistry of the reaction, is to
a considerable extent associated with the physicochemical
features of the process, which will be examined below.

The adaptation phenomenon, which probably takes place
at the level of enzymic systems, is now attracting the
attention of many investigators1 2 5"1 3 5. Micro-organisms

assimilating hydrocarbons must be adapted to the nutrient
medium, which under natural conditions undergoes con-
siderable changes. Some micro-organisms, die, having
failed to adapt to the new conditions. Others gradually
become adapted, and begin to assimilate the new sub-
strates 1 3 6 .

The intrinsic oxidation process takes place with the aid
of enzymes which lower the activation energy by 16-
18 kcal mole"1, while non-biological catalysts result in a
lowering of activation energy by only 4-8 kcal mole"1.1 3 7

Both the prosthetic group and certain groups of the protein
carrier forming part of the active centre of the enzyme
take a direct part in catalysis138. It has been shown139'140

that the configuration of molecules in certain enzymes
changes appreciably in the course of interaction with the
substrates. Evidently the catalytic groups are then
arranged in the order necessary for enzyme action on the
substrate1 4 1"1 4 3.

In the formation of the enzyme-substrate complex bonds
are polarised and this is the cause of the "strained con-
figuration" of the complex. In a complex of this kind the
bonds are stretched and weakened140. The binding of the
substrate by the enzyme induces a change in the conforma-
tion of the protein base of the enzyme, and, conversely,
under the influence of the enzyme the substrate molecules
are distroted and activated. The coordinated action of two
of several groups of the active enzyme centre involving the
polarisation of definite bonds in the substrate constitutes
the basis of the catalytic action of the enzyme l4*>145. The
kinetics of enzyme action are described by the Michaelis
equation or more complex equations, depending on the
number of components in the active centres 14e»147.

The data on the role and mechanism of the action of
enzymes in the microbiological oxidation of hydrocarbons
are inadequate. Only recently interesting studies on the
participation of enzymes in these processes have begun to
be published129'132'133»135»148.

The primary step in microbiological oxidation is attack
by oxygen on the hydrocarbon molecule. Unfortunately,
so far there is no unanimous view in the literature concern-
ing the site of the attack. Many investigators believe that
the most likely pathway in the microbiological oxidation of
straight-chain paraffins involves the oxidation of one of the
terminal methyl groups to a carboxy-group via the inter-
mediate formation of an alcohol and an aldehyde149"154.

Using the tracer atom method, Stewart and coworkers155

showed that molecular oxygen is incorporated in the hydro-
carbon molecule, the primary oxidation product being a
hydroperoxide:

+o,
R—CH 3 • R—CH 2

l 8 O l e O ->R— R—C 1 8 OOH.

The presence of a hydroperoxide in the metabolic products
is indicated also by other workers40»156'157. The possibil-
ity of the formation of a hydroperoxide as an oxidation
intermediate is confirmed by the fact that synthetic alkyl
1-hydroperoxides are oxidised by micrococci grown on
hydrocarbon substrates1 3 6.

The process mechanism described above is not as yet
reliably established. Apart from the oxidation of the
terminal atom in the straight-chain hydrocarbon, it is
believed that the carbon atom in the α-position may be
oxidised158. Then the formation of aliphatic acids takes
place via secondary alcohols and alkyl methyl ketones:

R_CH 2-CH 3 -» R—CHOH-CHg -» R-CO-CH 3.

Foster explains the oxidation of the carbon atom in the
α-position on the hypothesis that the free radicals within
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the chain of the straight-chain hydrocarbon are in equili-
brium1 6 5. Primary activation consists in the formation of
a free n-alkyl radical at the terminal carbon atom. How-
ever, the hydrogen atom can migrate within the molecule
and activate the adjacent carbon atom, i.e. the primary
radical isomerises to a radical with the corresponding
iso-structure. The initial stable products formed by this
mechanism are ketones. These compounds are detected
only in certain cultures, grown on saturated hydro-
carbons1 5 8"1 6 1, but the relative ease with which methyl
ketones are assimilated by micro-organisms oxidising
hydrocarbons suggests that these substances may behave
as intermediates in the oxidation of straight-chain alkanes,
particularly those with a short chain 1 5 8~1 6 2.

In the cultivation of various bacteria (Pseudomonas
aeruginosa, Achromobacter sp., Nocardia sp., Myco-
bacterium sp.) on purified hydrocarbons with an even and
odd number of carbon atoms (Ce and C7), Treccani et al.
noted the formation of saturated aliphatic acids with un-
branched chains 1 6 3 ' 1 6 5 . Lower alkanes with an even and
odd number of carbon atoms yield various oxidation prod-
ucts 6 9. When n-hexane is used as a substrate, caproic,
butyric, and acetic acids are formed, while with n-heptane
the products are all the [straight-chain] aliphatic acids
containing between 1 and 7 carbon atoms in the molecule.
This investigation requires additional experimental con-
firmation. The assimilation of alkanes with an even
number of carbon atoms is hindered by the presence in the
reaction mass of acids with an odd number of carbon
atoms. If, on the other hand, the cells assimilate a
hydrocarbon with an odd number of carbon atoms the pres-
ence of any aliphatic acids in the reaction medium does
not interfere with the reaction1 6 5.

It has been established that Pseudomonas methanica
converts gaseous hydrocarbons into oxidation products with
the same number of carbon atoms as the initial hydro-
carbons1 6 6"1 6 9. When ethane, propane, and η-butane were
added, the products detected were respectively acetic acid
and acetaldehyde, propionic acid and acetone, and butyric
acid and 2-butanone. In the microbiological oxidation of
methane the extracellular products formed are methanol,
formaldehyde, formic acid, carbon dioxide, hydrogen, and
polysaccharides 17°.

In the oxidation of n-hexadecane the final product is
cetyl palmitate1 6 5"1 7 1. The cetyl alcohol which esterifies
palmitic acid is formed from n-hexadecyl hydroperoxide,
which is probably the first intermediate in the oxidation of
n-hexadecane. Micro-organisms grown on hexadecane
readily oxidised this hydroperoxide. An ester is also
formed when micro-organisms are grown on octa- and
tetra-decane1 7 2. The alcoholic component of the ester
has the same hydrocarbon skeleton as the alkane in the
substrate. On this basis, one may say that the alcoholic
component of the ester obtained from the hydrocarbon is
formed directly from the alkane by the oxidation of the
terminal carbon atom.

On the other hand, according to Treccani6 9, the acid
component of esters in all cases of bacterial oxidation of
alkanes probably contains 16 carbon atoms regardless of
the chain length of the straight-chain hydrocarbon used as
the substrate.

Gololobov believes136 that palmitic acid is not always
the acid component of the esters. This is also the view
of Kallio and Finnerty173»174, who isolated two esters from
the medium in which micrococci were grown with octa-
decane: octadecyl palmitate ^
and octadecyl stearate C

The acid component of octadecyl stearate is formed
as a result of the oxidation of the terminal carbon atom
in octadecane:

CH,- (CH,)16-CH2~CH3 - CH 3 - (CH2j15 — CHi-CH,OH -> CH 3 - (CH2)16-CH2-COOH.

In octadecyl palmitate the acid component contains 2 car-
bon atoms less than the hydrocarbon. The formation of
palmitic acid may be explained by assuming the oxidation
of the a -carbon atom in octadecane with formation of a
secondary alcohol and then an alkyl methyl ketone, the
latter being subsequently split by the following mechanism:

CH 3 -(CH 2 ) 1 5 -CH 2 -CH 3 >• CH3—(CH2),5-CH—CH3 —*•
OH

CH3—<CH2)M CH 3—(CH 2) 1 4—COOH + CH3COOH.

2O ! Ο + Ο

As stated above, in the microbiological oxidation of
hydrocarbons direct binding of oxygen is observed175'176.
Many investigators suggest that primary enzyme action on
the hydrocarbon molecules is possible with direct partici-
pation of oxygen. This hypothesis has been proved169 by
the incorporation of oxygen-18 into cetyl palmitate.

The possibility of the microbiological decomposition of
hydrocarbons under anaerobic conditions appears to be less
likely 1 7 7>1 7 8, but recent communications describe the
development of specific hydrocarbon-oxidising bacteria of
the genus Pseudomonas on a mineral medium with petrol-
eum under anaerobic conditions179.

Thus the conversion of aliphatic hydrocarbons consist
in the formation during the initial reaction period of
saturated aliphatic acids with unbranched chains. Differ-
ent workers have obtained not entirely consistent results
concerning the further breakdown of the aliphatic acids.
In the view of the majority156»159, acids with an even num-
ber of carbon atoms break down by a mechanism involving
β -oxidation to acetic acid. When the number of carbon
atoms is odd, the acids can also undergo a -oxidation and
be converted into acids with an even number of carbon
atoms, which subsequently undergo only β-oxidation to
propionic and acetic acids. Thus, according to Stadman23,
Methanobacterium suboxydans converts valeric acid by
β-oxidation into propionic and acetic acids, while butyric
and caproic acids are converted into acetic acid.

Certain bacterial species are capable of oxidising
straight-chain alkane molecules from both ends, forming
both mono- and di-carboxylic acids1 8 0, ω-Oxidation to
dicarboxylic acids is evidently a secondary pathway and
constitutes the first stages of the subsequent β-oxidation.

The oxidation of metabolic intermediates may be artific-
ally retarded by adding to the reaction medium inhibitors
such as sodium azide, sodium cyanide, αα'-dipyridyl,
heavy metal ions, and others23»181. Possibly the use of
inhibitors will prove useful in the investigation of the mech-
anism of the formation and accumulation of valuable prod-
ucts and also for the determination of the role of the
enzymes involved in the process.

The mechanism of the bacterial oxidation of unsaturated
compounds has been little investigated. It is known that
micro-organisms are capable of assimilating olefins as
sources of carbon and energy. According to Shturm's
paper1 8 2, unsaturated hydrocarbons are assimilated by
micro-organisms more readily than the corresponding
alkanes. Both saturated and double bonds in olefins are
attacked. Thus van der Linden and coworkers established
that in the decomposition of oct-1-ene by cells of Pseudo-
monas aeruginosa the principal changes take place at the
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saturated end of the molecular chain of the olefin, while
the double bond is not affected183.

The finding that the oxidation of hexadec-1-ene by the
yeast Candida lipolytica results in the accumulation of
hexadecane-l,2-diol as an intermediate184 is interesting.
This indicates the possibility of the simultaneous oxidation
in the olefin at the two carbon atoms linked by a double
bond185:

R-CH=CH2 — — R~CH-CH2

I I
OH OH.

Little is known about the mechanism of the microbiologi-
cal oxidation of cyclic saturated compounds such as cyclo-
hexane, decalin, perhydrophenanthrene, and perhydro-
anthracene «β,ιβ? -phe formation of a peroxide
formaldehyde, and valeric and formic acids when Pseudo-
monas fluorescens is grown on cyclohexane has been
demonstrated. When Flavobacterium is grown on decalin,
adipic acid is an intermediate189:

H2

/ C X
HjC COOH

H 2 C COOH

HjC COOH

H2C CH2-COOH.

\ C /

H,

Micro-organisms assimilate aromatic compounds by
converting them into o- or ̂ -dihydroxy phenolic deriva-
tives and then splitting the ring to aliphatic acids190»191.
In the oxidation of benzene1 9 2 '1 9 3 catechol is formed as an
intermediate; phenol and cis, cis -muconic acid also accu-
mulate1 9 4. Benzene oxidase, which converts benzene into
3-oxoadipic acid, has been isolated from cells grown on
benzene 19s»19e. The enzymic extract does not contain
phenol oxidase and only whole cells grown on phenol (but
not adapted to benzene) immediately bind oxygen in the
presence of phenol. The oxidation of benzene can be
represented by the following mechanism:

Λ

HC COOH

HC COOH

H 2

OC COOH

HJJC COOH.

Walker and Wiltshire showed in their investigation of
the pathways for the decomposition of naphthalene during
the growth of five different microorganisms that in all
cases the intermediates are naphthalenediol, salicyclic
acid, and catechol. The same mechanism has been con-
firmed by the work of Azoulay and coworkers1 9 8 '1 9 9:

t—OH

ring opening.

The mechanism of the oxidation of aromatic and hetero
cyclic hydrocarbons has been described in detail in

Treccani's review69. For example, the decomposition of
tryptophan takes place by the following mechanism:

NH,
NH,

wti}—CH--COOH-
oxidase

triphophase peroxide»

CO-CH,—CH— COOH formylase

NH,

CO-CHi-CH— COOH NH,

+ CHj-CH-COOH

kynurenine

Indole reacts similarly. The microbiological oxidation of
indolylacetic and nicotinic acids, nicotine, aromatic nitro-
compounds, and compounds of the lignin group have also
been studied.

IV. PHYSICOCHEMICAL AND TOPOCHEMICAL FEATURES
OF THE PROCESS

Brief examination of the chemistry of the oxidation of
petroleum hydrocarbons convincingly demonstrates that
only the first steps have been taken in its investigation.
The available data are far from adequate.

At present no papers have been published on the physical
chemistry of microbiological oxidation and the kinetics of
its individual stages. However, in view of the current
importance of this process and its application in industry
such information is very necessary, since without the
knowledge of the physical chemistry and kinetics of the
process it is difficult to consider the possibility of its
rational control.

It is stated in papers published recently that during the
growth of yeast cells free radicals are observed200»201.
This is confirmed by the presence of ESR signals in the
yeast Saccharomyces cervisiae and also in the oxidation of
NADH by the cells of Mycobacterium phlei. In the latter
case it is suggested that the ESR signals may be due to
radicals similar in structure to semiquinone. The pos-
sible participation of free radicals in microbiological
oxidation may be established by studying the chemilumines-
cence arising when free radicals act upon yeast cells2 0 2.
The considerable role of free radicals in enzymic oxidation
processes has been confirmed by the work of Emanuel'
and coworkers on enzymic oxidation involving succinate
dehydrogenase and other enzymes 2 0 3 ' 2 0 e . Free radical
reactions in enzymic oxidation may be inhibited by inhibi-
tors of chain oxidation processes, such as phenolic com-
pounds and others. All these findings show that one
cannot exclude the possibility that individual stages in the
microbiological oxidation of petroleum hydrocarbons take
place with participation of free radicals.

The microbiological oxidation of petroleum hydrocar-
bons takes place in a complex system consisting of several
phases. The hydrocarbon in a dispersed state and the
cells of the micro-organisms are present in the aqueous
medium. As a result of the growth of the micro-organ-
isms, surface-active substances responsible for the
additional emulsification of the hydrocarbon are prod-
uced38»37. All this suggests that the system is extremely
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complicated. Factors associated with the vital activity
of micro-organisms and also with the colloidal-chemical
nature of the system are superimposed on the purely
chemical processes. From this point of view, it is
desirable to examine the mechanism of the penetration of
the hydrocarbon into the cells present in the aqueous
phases, since the process is impossible without the two
component parts of the system coming into contact.
There exist various theories explaining the mechanism of
the entry of nutrient materials into the cell. Thus John-
son suggests66 that the penetration of the hydrocarbon into
the cell takes place with participation of the lipids in the
cell membrane the long alkane chain becoming part of the
phospholipid micelle of the cell membrane. This explana-
tion is very general and it leaves many facts obscure. It
has been suggested that the initial oxidation of the alkane
takes place outside the cell207. Then it would be neces-
sary for certain enzymes to be secreted by the cell into
the medium208, but many workers disagree with this postu-
late136. An interesting amount of evidence shows that the
enzyme must be incorporated in definite structural forma-
tions within the cell in an unchanged form in order to
exhibit its activity209"217.

The intracellular activity of enzymes may be increased
by surface-active emulsifying agents, as happens when
such agents act upon the yeast Candida albicans 218. In
this case the catalase activity of Candida albicans in-
creases by virtue of the increase in the permeability of
the cell wall under the action of ionic surface-active sub-
stances. The interaction of surface-active emulsifying
agents with Saccharomyces ellipsoideus leads to the for-
mation of complexes with the lipids, lipoproteins, or
proteins of the cell surface, whereby metabolic processes
are distorted219.

The complexity of the reaction system suggests that, in
order to formulate the general laws governing the process,
it is necessary to examine its topochemistry. Since
virtually no such investigations of microbiological oxida-
tion have been made, we believe it interesting to consider
briefly the oxidation in emulsion of petroleum hydrocarbon,
which resembles microbiological oxidation from the
physicochemical standpoint. Probably later it will be
possible to draw a number of analogies between the two
reactions. The kinetics of the oxidation of hydrocarbons
in emulsions have been thoroughly studied by Kucner and
coworkers, who put forward a hypothesis concerning the
topochemistry of the process220"222.

In the first place they showed that surface-active emul-
sifying agents constitute an important kinetic factor; they
alter the rate of the process (usually increase it) as a
result of the stabilisation of the hydrocarbon droplets and
also the droplets of the reaction products in the aqueous
medium.

When hydrocarbons are oxidised in emulsions, it is
quite possible that individual stages of the process take
place in the aqueous phase222. By postulating the exist-
ence of micelles of the emulsifying agents, the nucleus of
which consists of the organic part of the molecule and is
oleophilic, one may assume that water-insoluble sub-
stances will dissolve fairly readily in the nucleus of the
micelle. As a result, the loose micellar structure, which
is constantly in contact with water, contains a high local
concentration of the reactants which are subject to the
polarising action of water. Here it is quite reasonable to
assume an enhanced reactivity of the solubilised sub-
stances.

In this case the hydrocarbon phase is a source of the
reactants which undergo solubilisation. Furthermore,

the reaction products formed in the aqueous phase diffuse
into the hydrocarbon phase. It is quite reasonable that all
these processes should be coupled with the diffusion of
the reactants from one phase to the other. A somewhat
simplified topochemical mechanism of the reaction is
presented in Fig. 1.

Figure 1. Topochemical mechanism of the oxidation
of hydrocarbons in emulsions in the presence of an
emulsifying agent. [HP (hydroperoxide) and HC
(hydrocarbon) are the tentative interpretation of the
Russian abbreviations GP and UVC (Ed. of Transla-
tion).]

However, this mechanism is not universal. It postu-
lates the presence of surf ace-active emulsifying agents in
the system and completely disregards the oxidation of
hydrocarbons in emulsions not stabilised by such agents.

A number of experiments223 convincingly demonstrate
that the pressure of oxidising oxygen plays a significant
role in the oxidation of hydrocarbons in emulsions. Thus
in the oxidation of isopropylbenzene in a stainless steel
autoclave an increase of pressure up to 10 atm leads to an
increase of the reaction rate, which, however, scarcely
changes any more when the pressure is raised above
15 atm. All these findings suggest that the oxidation of
hydrocarbons in emulsions at atmospheric pressure is
diffusion-dependent and is not determined by the kinetics.
Then the rate of the process is limited by the solubility of
oxygen in the emulsion and particularly in the aqueous
phase. It has also been established224 that the solubility
of oxygen in the aqueous phase increases appreciably in
the presence of dissolved surface-active emulsifying
agents. Fig. 2 shows that the solubility and particularly
the rate of dissolution of oxygen are higher in solutions of
emulsifying agents than in pure water.

Finally, it has been established by a number of kinetic
experiments on the oxidation of hydrocarbons in emulsions
that the individual stages of the reaction (in this case it is
the initiation reaction, taking place in the decomposition
of a hydroperoxide) occur at the interface225. In parti-
cular, this applies to reactions in which surface-active
agents (for example hydroperoxides), which are adsorbed
on the surface of hydrocarbon droplets, take part. Here
different media act upon different parts of the reactant
molecule. The organic (hydrophobic) part of the molecule
is drawn into the hydrocarbon medium, while the hydro-
philic part is solvated by water molecules.

Thus the difference between the chemical potentials of
the substance, different parts of the molecule of which are
in different phases, gives rise to an additional polarising
effect, which leads to an enhanced reactivity of the reac-
tant. This is particularly evident in the decomposition of
the hydroperoxide, the rate of which increases appreciably
in the presence of the aqueous phase (Fig. 3).
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Turning back now to the consideration of the micro-
biological oxidation of hydrocarbons, we may note the
similarity of a number of its features with the oxidation of
hydrocarbons in emulsions. In the first place the individ-
ual stages of the reaction take place in different phases or
at the interface. The cell membrane consists of diphilic
protein molecules, the structure of which resembles the
diphilic structure of the molecules of surface-active
emulsifying agents2 2 6. In this case the incorporation of
the hydrocarbon between the organic chains of the hydro-
phobic "tails" of the protein molecules, similar to that
occurring in the solubilisation of oleophilic substances in
the so called "lamellar" micelles, is quite likely227.

γ

1

T,h

Figure 2. Kinetics of the dissolution of oxygen:
1) in 5% solution of Nekal; 2) in 5% solution of Leuka-
nol; 3) in 0.1 Ν solution of potassium palmitate in
0.1 Ν solution of sodium carbonate; 4) ditto with
solubilised isopropylbenzene; 5) in isopropylbenzene
at 80°C; 6) in 0.1 Ν solution of sodium carbonate at
25°C.

Probably exceptionally favourable conditions are
achieved at the interface, and in the first place on the
surface of the cell, for the formation of the enzyme-sub-
strate complex, since in this case a very high local con-
centration of these species is set up. The rate and
kinetics of microbiological oxidation should also be influ-
enced by the degree of dispersion of the reactants. This
applies both to the degree of dispersion of the hydrocarbons
droplets and the bubbles of the oxidising gas. These
questions require systematic investigation. In their solu-
tion it is necessary to carry out experiments showing to
what extent the rate of the process changes during the
mechanical stirring of the reaction mixture. The study
of the effect of the mechanical stirring of the oxidising
emulsion of the hydrocarbon should make it easier to
elucidate the role of diffusion factors in the kinetics of the
microbiological oxidation of hydrocarbons, since an in-
crease in the stirring rate produces an increased rate of
diffusion of the individual components.

It is quite likely that, when the reaction is carried out
at atmospheric pressure, the topochemical mechanism
quoted above (Fig. 1) may be used for its explanation to
some extent. In this connection it is also interesting to
elucidate the effect of the solubilisation of the individual

components in the aqueous phase on the process kinetics.
We believe that such studies should be performed under
conditions of a continually decreasing amount of the hydro-
carbon phase until the complete disappearance of the
hydrocarbon-aqueous solution interface.
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Figure 3. Kinetic curves for the oxidation of iso-
propylbenzene in emulsion (curve 1) and for the
breakdown of the hydroperoxide in the separated
hydrocarbon phase (curves 2-4) and in the emulsion
(curves 2'-4') at 110°C.

Finally, the last process requiring solution at the
present time is the effect of the increasing pressure of the
oxidising gas containing oxygen. At an elevated pressure
the solubility of oxygen increases. Thus, when the con-
centration of oxygen in the aqueous phase is raised, the
rate of its diffusion into the hydrocarbon droplets or cells
saturated by the hydrocarbon also rises. Then the process
may be accelerated, as is observed in the oxidation of
hydrocarbons in emulsions, but in microbiological oxida-
tion account must be taken of the effect of pressure on the
metabolism of the micro-organisms228. It is known from
the literature that high pressures (up to 200 atm) are
destructive to yeast organisms70. At a pressure in excess
of atmospheric, oxygen may suppress and limit the growth
of micro-organisms capable of developing in various
nutrient media. Further studies should be directed to-
wards the search for cultures stable under conditions of
increased oxygen pressure.

From the kinetic standpoint, microbiological synthesis
of proteins (more correctly its individual stages) takes
place in an open system, since there is material exchange
between the reaction site and the external medium229. A
change in the amount of substance in an open system results
not only from chemical processes but also from material
exchange with the surrounding medium, which must be
taken into account in the determination of the reaction rate.

- — o 0 o - - -

The aim of the present review was to examine the
present state of our knowledge of the mechanism of the
microbiological oxidation of petroleum hydrocarbons. The
importance of this problem is evident. The interest which
it has aroused has led to what is actually a new branch of
natural science, at the boundary between chemistry and
microbiology, which deals with the problems of the pre-
paration of various substances with the aid of micro-
organisms. Although microbiological synthesis itself has
been known and used industrially for a longtime, insufficient
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attention has been devoted so far to the processing by this
procedure of petroleum hydrocarbons, despite its im-
portance. This applies to the physicochemical features
of the process, since its microbiological and biochemical
aspects have been vigorously investigated. To avoid
overloading the review, many important purely biochem-
ical and microbiological problems, which have been dealt
with in other reviews, are omitted.

Much attention was devoted to the biosynthesis of proteins
and vitamins at the Eighth and Ninth International Micro-
biological Congresses held in recent years (Moscow, 1962
and 1966), the Conference on Applied Microbiology,
(Stockholm, 1963), the Symposium on Petroleum Micro-
biology (Czechoslovakia, 1964), and other scientific meet-
ings230-233. At the present time most of the work in the
field of microbiological synthesis concerns the accumula-
tion of experimental data on the selection of the raw
material and the micro-organism cultures, the study and
isolation of the oxidation products, the development of
methods for the control and investigation of the process,
and also the relevant apparatus. Process conditions are
selected and the nutritional value of the oxidation product
is studied. Some advances have been made in the estab-
lishment of the mechanism of the enzymic oxidation of
hydrocarbons and the role of trace elements in this process,
and the mechanism of the interaction of the living cell with
the hydrocarbon is being studied.

However, we believe that the time has come for a more
detailed investigation of the chemical (particularly physico-
chemical) aspect of the microbiological oxidation of hydro-
carbons. As in all developing branches of science, there
are a number of factors here concerning which there exist
only reasonable guesses or the data are contradictory.
There has been hardly any work on the physicochemical
aspect of the process, although such studies are of primary
importance for the improvement of the technology. The
chemists studying this process should employ the available
literature data on similar processes (liquid-phase oxida-
tion of hydrocarbons, reactions in emulsions, etc.).

The main difficulty in the investigation of the enzymic
oxidation of hydrocarbons is in the first place the complex-
ity of the reaction system, which requires the combined
efforts of investigators in many fields, including many
branches of chemistry. The weak development of our
knowledge concerning the purely chemical aspect of enzymic
processes, particularly as regards the microbiological
oxidation of hydrocarbons, also hinders studies in this
field. The development of such investigations promises to
create a new technology of the preparation of food products
and animal feed and also the synthesis of valuable organic
substances (amino-acids, vitamins, etc). There is
reason to believe that the development of the theory, the
elucidation of the general laws governing the microbiologi-
cal oxidation of hydrocarbons, and in particular the chem-
ical mechanism of the process, will advance significantly
in the next few years. It is quite clear that the extension
and deepening of knowledge concerning the mechanism of
the enzymic oxidation of petroleum hydrocarbons will lead
to a real improvement of the existing technological proces-
ses for the synthesis of proteins from petroleum and also
the organisation of new processes involving the selective
conversion of petroleum hydrocarbons into important
products and intermediates in industrial organic synthesis.

During the preparation of this review for the press,
new papers on the enzymic oxidation of solid straight chain
alkanes by different groups of micro-organisms were
published234'235. The unsatisfactory growth of certain
hydrocarbon-oxidising micro-organisms on solid alkanes

can be explained in many cases by the instability of the
dispersions of these hydrocarbons. Even in the presence
of emulsifying agents, comminuted solid alkanes form
large particles in an aqueous medium, which hinders the
growth of micro-organisms. Miller and Johnson234 sug-
gest that solid alkanes be dissolved in liquid hydrocarbons
which are not themselves assimilated by a given micro-
organisms (or are assimilated to only a slight extent) and
can serve as solvents. These workers grew Candida
intermedia and Candida lipolytica on eicosane (C20) and
hexadecane (C16) dissolved in pristane (2,6,10,14-tetra-
methylpentadecane) and noted a high yield of cells. How-
ever, the number of alkanes which can be investigated
under these conditions is limited by their solubility in
pristane.

Recently papers have also been published on the action
of surface-active substances on micro-organisms and the
study of the relation between the structure and functions of
surface-active substances236»237. These investigations
show that surface-active materials react with the cell wall,
altering its permeability and giving rise to a loss of meta-
bolically important components of protoplasm (various
amino-acids and nucleic acid derivatives) as a result of the
breakdown of osmotic equilibrium. Surface-active sub-
stances also influence the localisation of enzymes within
the organism and the interaction between the enzymes.
Depending on the pH of the medium, there is either an
increase in the activity of enzymes in the presence of sur-
face-active materials or their catalytic effect is suppres-
sed.

As before, much attention is devoted to problems of
the microbiological conversion of aromatic hydrocar-
bons238»239 and also the growth of micro-organisms on
gaseous hydrocarbons240»241.
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