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Abstract  The thermal oxidation of propane in the temperature range 350-425°C was studied in order
to elucidate the role of higher aldehydes as degenerate branching intermediates in the oxidation of
hydrocarbons. In the slow combustion of propane, the high yield of propylene and methanol as the primary
products, the formation of hydrogen peroxide, carbon monoxide, carbon dioxide, formaldehyde and
steam as the final products and the presence of propylperoxy radicals and acetaldehyde as the branching
intermediate are confirmed. The effect of the addition of small quantities of acetaldehyde to propane/
oxygen mixtures was being monitored for the reduction and removal of the induction period and also
changes in the maximum rate using mass spectrometry. It is concluded that the higher aldehydes and, in
particular, acetaldehyde, are the degenerate branching agents in the combustion of hydrocarbons. An
activation energy of 161 KJ mole! was measured for propane oxidation which decreased when the
reaction was initiated by acetaldehyde. The reaction kinetics as well as the mechanistic feature of the
propane/oxygen mixture and the competitive oxidations of propane-acetaldehyde system have been
investigated. The kinetics data obtained by the mass spectrometer have been analysed by computer
programming and the results were represented by the appropriate kinetics plots.
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INTRODUCTION

Investigation on the combustion of fuels has already
shown that the oxidation of a fuel depends mainly on
the molecular nature and on the operating conditions
under which the fuel is oxidized. The combustion
behaviouroforganic fuels in the internal combustion

engines is greatly correlated with their octane number.
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The conversion of chemical energy to heat and to
mechanical energy; or to potentially useful chemi-
calsinvolves the ignition of fuel molecules to various
extent under specified circumstances.

The low-ignition temperature fuels tend to be
pre-ignited at all pressures along the lowest
temperature boundary without the presence of any

ignition source to produce aldehydes, ketones,
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alcohols and peroxides. Such fuels exhibit knock in
the internal combustion engines, thus with fuels
combusted under these conditions, no useful thermal
or mechanical energy can be obtained.

The high-ignition temperature fuels are combusted
rapidly to generate high pressures which lead to the
production of heat and mechanical energy. The fuels
ignited at moderate temperatures are those prepared
widely in the blended form and applied as motor
fuels.

Knowledge of the branching chain mechanism
and behaviour of the relatively stable intermediate
products during the slow combustion of many or-
ganic fuels, suggests that such compounds play a
degenerate branching role in the oxidation of hydro-
carbons. The rates of formation and subsequent con-
sumption of these intermediatgs are the main points
which will be discussed in this article.

As aconvenientexample,the gas-phase oxidation
of propanc was studied mass spectrometrically in a
static system. Acetaldehyde was selected as a pos-
sible intermediate product, the study of which could
be expected to help to elucidate the involvement of
carbonyl compounds in the slow com bustion of

hydrocarbons.

EXPERIMENTAL

Propanc and propylene gases were obtdined from
cylinders (99.5% pure instrumental grade supplied
by Air Products Ltd.). Acetaldehyde was prepared by
vacuum fractionation of a 99% pure liquid (B.D.H.)
and formaldchyde prepared by vacuum distillation of
paraformaldehyde. Pure hydrogen was obtained from
cylinders. Oxygen was obtained from cylinders
(99.5% pure BOC) and oxygen-free nitrogen was
obtained from cylinders. Hygdrogen (99.9%), carbon
monoxide {99.7% pure) and carbon dioxide (99.9%
pure) gases were obtained from cylinders. Methanol

and watervapour were prepared in appropriate vacuum
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distillation apparatus.

The sampling system was constructed from high
vacuum pyrex glass tubings for operating under a
pressure of (2-4) x10-*mm Hg. The reactor was made
of clean pyrex glass in the form of an open hook and
one end was connected to a probe with a small hole
and the whole was suspended in an electric heating
furnace which was heat insulated by the refractory
bricks. The temperature was controlled by a thermo-
couple controller within £2°C and its accuracy was
occasionally checked by a potentiometer and adjust-
ments were applied when required. The gas pressure
was measured by a spiral gauge to an accuracy of
+ 0.2mm Hg. The leak point of the reactor was
connected to the ion source of a mass spectrometer
MS10-C2 for continuous sampling of the reaction

mixture.

RESULTS AND DISCUSSION

A number of runs were carried out at various tem-
peratures, pressures and fuel/oxygen ratios to choose
suitable conditions for studying the role of aldehydes
and peroxides in the oxidation of propane. A mixture
of 40 mm Hg C ,H,and 55 mm Hg O, at temperatures
between 350 to 425°C was found to be the most
practicable for this reaction system and for the mass
spectrometer.

With a continuous sampling technique, required
mass peak heights were obtained from repeated runs
with the same fuel-oxygen mixture. Analysis was
carried out by a subtractive method with calibration
curves for individual compounds.

The mass peaks for a typical propane/oxygen
mixture are shown in Figure 1. The decreasing pcaks
27, 29 and 32 indicate the consumption of propane
and oxygen respectively. The increasing peaks 42
and 42 are due mainly to the production of acetalde-
hyde. The increasing peaks 18, 28, 30, 31 and 44

show the formation of water, carbon monoxide,
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formaldehyde, methanol and carbon dioxide, respec-
tively. Some formic acid formation was monitored
by mass peak 46.

Pressure-time curves obtained for the consump-
tion of reactants and formation of products are shown
in Figures 2 and 3. A mass balance was made for a
typical oxidation mixture (Table 1).

Under the experimental conditions, (40 mm Hg
C.H,, 55 mm Hg O, at 400°C) an induction period of
about 12 minutes was observed; after which the
pressure of the system began to increase first slowly
and then sharply to a maximum (Figure 4). The
variation of log AP with time is a straight line whose

slope is the net-branching factor (Figure 5). The rate

of the pressure change versus time plot is shown in
Figure 6.

Both formaldehyde and acetaldehyde are found to
reach maximum pressures and then decrease (Figure
3). Although formaldehyde undergoes some thermal
decomposition and acetaldehyde is much more stable
at the experimental temperature, the rate of acetalde-
hyde disappearance is much greater than that of
formaldehyde.

The rate of propane consumption during the course
of the reaction reached a maximum shortly after
the attainment of maximum concentration of
acetaldehyde. This can be attributed to the importance

of acetaldehyde as a degenerate chain branching

TABLE 1. Mass Balance for Propane Oxidation (Time of analysis = 100

minutes)

Reactants C(mm. Hg) H(mm. Hg) O(mm. Hg)
Propane used 48.9 130.4 -
Oxygen used - - 39
Total 489 130.4 39
Products C(mm. Hg). H(mm. Hg) O(mm. Hg)
CH,CHO 8.64 17.28 432
HCHO 234 4.68 234
CH, 25.20 50.40 -

CO 6 - 6
Co, 4 - 8
H,0 - 32.60 16.30
H, - 7.00 -
Total 46.18 111.96 36.96
Difference* 2272 -18.44 -2.04
Error % 5.5 14.1 5.2

*The minor products such as CH,OH, H,0, and other carbon-hydrogen compounds

have not been measured.
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Figure 1. Mass peak height-time curves for slow oxidation of a
mixture of 40 mm. Hg propane and 55 mm. Hg. 0, at 400°C
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Figure 2. Pressure time curves for propane, oxygen and accumu-
lated acetaldehyde in slow combustion of propane at 400°C.
Inttial C‘(HK: 40, O,=55 mm. Hg
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Figure 3. Products formation in the oxidation of propane at
400°C. Inital C,H,= 40; O,=55mm.Hg
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Figure 4. Pressure change-time curve for the slow oxidation of
propane at 400°C. Initial C;H= 40; O,= 55 mm. Hg
Reactionvessel: clean pyrex glass, dia.=28.1 mm. Vol.=171 mL
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Figure 6. Variation of the rate of pressure change with ime for
propane oxwlation at 400°C. Initial C H,= 41, O,= 55 mm. Hg

intermediate in this oxidation system. Oxygen con-
sumpuion was initially slow and then became steady.
The rate-time curve and the rate-pressure rise curve
are shown in Figures 7 and ¥ respectively. The
reaction rate increases linearly with pressure change
and both increase exponentially with time and then
decrease. The maximum rate ot atypical reaction was
attained after about 46% of the initial propane has
been oxidized. The concentration ot acetaldehyde
also reached its maximum a short time before the
maximum rate attainment. This is characteristic of

degenerate branching chain mechanism (i.e. when
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Figure 7. Vanation of the rate ot reaction with time for propane
oxidation at 400°C. Initial reactants: C H,=40; 0= 55 mm. Hg.
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Figure8. Variationof the rate of reaction with pressure rise in the
slow combustion of propane at 400°C

d(M)/dt= 0 then d(W_ )/dt=0). Thus, if the concen-
tration of intermediate could be kept constant, or
increased by addition of intermcdiate then the

reaction rate will be constant or increuse.
The Rate Equation

Three series of experiments were carried out at 400°C
using different propane, oxygen and total pressure. In
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cach series, the two other factors were constant.
The effects of initial propane, oxygen and
total pressure were studied mass spectrometrically
and the results were plotted in logarithmic forms
(Figure 9). From the graphs obtained, for C H,/O, =
(40-20)/55 the order was tound to be 1.58 with
respect to propane, for O,/C H, = (55-20)/40 the
order was found to be 0.83 withrespect 1o oxygen
and for the mixtures of O /C H, = 1.4 the order
was 1.07 with respect to total pressure. The
following expression agrees with the experi-

mental data obtained:

Wm;u = K[C}Hxll.ﬂ{ x [OZ]U.S} % [P]l.(ﬂ
Total pressure has a great influence on the maxi-
mum rate since diffusion controlled surfacc
reactions occur as the termination steps of the
oxidation process [11.

With a typical oxidatign mixture and the
temperature region 350-425°C, an overall acti-
vation energy of about 161 kJ mole!' was ob-
tained for propane oxidation (Figure 10). This is
more than twice the activation encrgies of alde-
hyde oxidations.

A study of the thermochemical data of aldehydes
and hydrocarbons indicates that: the aldehydes have
a lower C-H bond dissociation energy than that of

hydrocarbons. This probably results from the ease of
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initiation in aldehyde oxidations compared with that
in hydrocarbon oxidations. The produced RCO and
RC(')3 radicals are more reactive than R radicals as the
addition of a hydrocarbon to aldehyde/oxygen sys-
tem retards the oxidation of aldehyde [2], while
addition of a small amount of aldehyde or a free
radical into hydrocarbon/oxygen mixture eliminates

the induction period and accelerates the reaction.
Accumulation of Intermediates

During propane oxidation mass peaks 33,34.74,75
and 76 were obtained inthe order H, > H > H, >
H_,>H_ . These peaks are characteristic of hydrogen
peroxide (m/e= 33 and 34) and propyl peroxy
radicals (m/e= 74, 75 and 76). Peaks 33 and 34
rcached a maximum almost immediately before
the maximum rate was attained, but peaks 74,
75 and 76 increased up to their maximum immedi-
ately after the maximum rate attainment. This
indicates that hydroperoxides may play an im
portant role in the branching steps of the oxidation

processes. A possible reaction sequence is:
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CH,+0, —  CH,+HO, (i)
CH,+0, - CHO, )
CHO,+CH, — CHOOH+CH, 2)

Products  (non-branching)

C,H.OOH
C,H.O+ OH (branching)
3)
Kirk and Knox, and Cartlidge and Tipper have not
confirmed the presence of this hydroperoxide | 3.4].
The formation of aldehydes in propane/oxygen sys-
tems at low termperatures could then be the result of

alkyl peroxy radical decomposition [4]:

CH,0, - CH,CHO + CH,O (4)

CH,0, —  CHCH,CHO +OH (5)

CHO+CH, — CH,OH + CH, (6)
AH=-322Kk]

At higher temperatures, however, a high yield of

olefin is produced via the internal hydrogen abstrac-

tion of R(‘)2 radicals [5 - 8]:

CH,CHCH, - CH,CH — CH, — CH,CH=CH, + HO
| |

2 3 2 2

00 OOH )

The dependence of the reaction rate upon the
concentration of acetaldehyde produced is shown in
Figure 11. The effect of the total pressure on the
maximum concentration of produced acetaldehyde
was studied using a mixture of 40 mm Hg C,H, and
55 mm Hg O, with various amounts of nitrogen gas.
The results observed indicate a direct dependence of
produced acetaldehyde on the total pressure of the
system. As Knox [5]has suggested and Ogorodnikov
etal [9], Cullis eral.| 7)have confirmed, the oxidation
of alkanes at low temperatures is related to the oxida-
tion of conjugate olefins produced during the reaction
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Figure 11. Variation of the rate with accumulated acetaldehyde
in the slow combustion of propane at 400°C

[5.9] (Reaction 7). This leads to the formation of a
large proportion of aldehydes, while only a minor
amount of aldehyde is formed by homogeneous
decomposition of alkyl peroxyl radicals (Reactions
4 and 5).

During the experiment it was frequently found
that in the oxidation of propane the yield of propylenc
was increased by an increase in the pressure or
temperature of the system. This could favour Reac-
tion 7 in the initial stages of the oxidation. The olefin
produced reacts with H(')2 radicals giving a
dihydroperoxide whose heterogencous decomposi-
tion yields acetaldehyde and formaldehyde [8]

CH, + HO, —  HOOCH, ®)
HOOCH, + O, —  HOOC,H,00 9)
HOOCH,00+HO, - HOOCHOOH+0, (10)
HOOCHOOH  — CH,CHO + HCHO + 20H

(11)
The hydroxyl radicals abstract hydrogen from a
molecule to form H,0 and C,H.. By addition of small
amounts of propylene (greater than the quantities of
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acetaldehyde (Figure 16) shows an exponential rela-
tionship:

P
[CH,CH] =K. exp (-Kt)

The effect of the added branching intermediate on
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Figure 16. The effect of added acetaldehyde to propane-
oxygen system on the induction period at 400°C. Initial
CH,=40; O,=55 mm. Hg

the temperature coefficient was also studied. With a
typical propane oxidation initiated by acctaldehyde,
the activation energy was found to decrease in agree-
ment with others [14] (Figure 10).

Mechanistic Feature
obtained by mass

From the analytical data

spectrometric studies of the formation and
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disappearance of various reaction species, and also
from the treatment of kinetics of propane oxidation
process, the overall reaction mechanism may be

proposed as follows:

CH,+0, — (n-iso)CH,+HO, 0)
n-CH, — CH,+CH, (1)
CH,+CH, — CH,+CH )
iso-CH, — CH +H 3
H+CH, — H+CH “)
n-CJH,+0,- n-CHO00 )
n-CHO0O — CHO+CHO 6)
C,HO — CH,0 + CH, 0
CH,+0, — CHO+OH ®)
OH+CH, —HO+CH )
C,HO+CH— CHOH +CH, (10)

iso- C;H,+0,—iso-C;HOO —» CH +HO, (11)

iso- C;H,00 — CH,CHO+CH0 (12)
CH,0+CH, -» CHOH +CH, 13)
CH,CHO + 0,~ CH,00 + HO, (14)

CH00+0, - M- Products+R“+R”  (15)

CH0+0, — HCO+HO, (16)
HOO+0, — M — products +R +R, (7
(n-is0)C,H,0, + CH,— (n-iso) C,H,OOH (18)
(n-is0)C,H,00H -  (n-iso)C,H,O+OH (19)
2C,HO, —  Products (20)
2C'3H7 —  products 21)
C3H., + C3H7(')2 —  products (22)

Thus the rearrangement reactions are probably

70 - Vol. 7, No. 2, May 1994

as follows:

CH, -0 CH,-O
. I\ | I
n-CH +0,»> CH, "O —» CH,-0O
|
CH, CH,
CH CH

3 3

! |
iso-CH,+ 0O, —» CH-O — CH-O

I'\l I

CH, O CH,-O

At low temperatures the scisson at (O-O) link gives
formaldehyde, acetaldehyde or expoxide:

CH, -0 H
*. | ,
CH,-O — C=0+CHCHO
| \
CH, H
CH,
|
CH C=0

CH, - CH-CH, - CH,-CH-CH,+OH
| \ /
0

OOH

At high temperatures, the isomerization is occurred
by hydrogen atom transfer [15-20]

. B« .
n-C;H,+0, — CI:IQ-CHZ—CP% - CHZ-CHz-(I2H2
~0-0 H-0-0
o’ o

iso-C3H7+O2 —)CHB-(IZH-CI?{3 —)CH3-CIH-CH2

0--0 0-0-H

These isomers give olefins and free radicals

Journal of Engineering, Islamic Republic of Iran



/O

CH,-CH, :CH, - CH,= CH, + H- C-H+OH
o
H-0-0

CH,-CH-CH, — CH,-CH= CH,+HO,

O0-0-H

From these reactions, the following important
reactions which involve alkyl and alkylperoxy radi-
cals are considered to examine the kinetic observa-

tions:

RH+0, — R+HO, (i)
R+ 0, N R(')2 ey
li+02 - AB+HC')2 (1a)
RO, — R'CHO+R"O )
R O+RH — R”OH+R 3)
RO+RH — ROOH+R (4)
R'CHO+0, — R'CO+HO, (5)
HO+RH — HOAR (6)
ROOH  — RO+OH )
OH+RH — HO+R ®)
2R — product &)}
2RO, — product (10)
1'2+R(')2 — product (11)

The rate of fuel consumption is derived from the
above reaction steps as:

G -1 ROl RH]
t

+K 4[ROz [RH] + Kg [HO,] [RH] + K 3 [OH] [RH]

Since the reactionis accompanied by arelatively long
induction period, step (i) is negligible. The rates of
production of other species are as follows:

Journal of Engineering, Islamic Republic of Iran

d[R“Ol/dt = K,[RO,]-K,[K ‘O] [RH] =0
d[HO,)/dt = K [R"CHO] [O,]-K,[HO,] [RH] =0
d[OH/dt = K,[ROOH]-K,[OH] [RH] =0

D[R'CHOJV/dt = K,[RO,]-K,[R'CHO] [0,] =0
d[ROOH)/dt= K [RO,] [RH] - K [ROOH] =0

By substitution of required concentrations from these
data in the overall rate equation the following

expression results:

w=ﬂ%—}-“‘l= [R'CHO] £ (Oz, RH)
t

or

W = [RCHO] x f (P, )

tot.

This is similar to the rate equation

Ww__=aM] x(P_)+b
which has been found experimentally. The interme-
diates M(aldehydes and peroxides) are formed by a
non-branched chain reaction and accumulate in the
system. They can react independently to give inert
products or new active centers (if the energy of the
secondary reactions are sufficient) which may ini-
tiate the primary chain leading to the formation of

more intermediate.

Competitive Oxidations

In the slow combustion of propane the effective
branching intermediate appears to be acetaldehyde.

The HC)Z, RCO and RC(')3 radicals responsible for
the branching are thus generated via aldehyde
oxidation. The presence of acetaldehyde in propane/
oxygen system necessitates a competitive oxidation
study of acetaldehyde and propane at 400°C.

At the point of maximum concentration of acetal-
dehyde the relative rate constants forradical attack on

Vol. 7, No. 2, May 1994 - 71



TABLE 3

Exp. No. oglCablsl  [CHICHOL
[C3Hs)2 [CH3CHO}»
1 0.04021 0.09760 2.40
2 0.04150 0.08798 2.12
3 0.05281 0.14417 2.73
4 0.04325 0.11030 2.55
The average K, /K =2.45
both C H, and CH ,CHO molecules have been mea- [M]  Concentration of intermediate
sured in a number of experiments and the results T Induction period
obtained are tabulated in Table 3. K Rate constant
N . . K Rate constant for radical attack on propa
The rate of hydroxyl radical attack to various ? ¢ _L © propane
hvd b lecules K, Rate constant for radical attack on acetaldehyde
nydrocarbon molecules is dependent on the strength E, Activationenergy for hydroxylradicals abstraction
of C-H bond for -CH, and -CH._- groups [ 18] and the by propane
experimental conditions. The results obtained indi- E, Activation energy for hydroxyl radicals abstrac-
cate that the rates of hydrogen removal from the tion by acetaldehyde
lower aldehydes are considerably higher than that of en
REFERENCES

propane. Hydrogen abstraction from the propane and
acetaldehyde molecules by hydroxyl radicals in-
volves an activation energy of about 22.1 KJ/mole
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at 400°C C H = 40mm. Hg; O,= 55mm. Hg
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0.00000000
00070136
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Time= 130 min.
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