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Experimental investigation and kinetic modeling of the negative
temperature coefficient of the reaction rate
in rich propane—oxygen mixtures
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The phenomenon of the negative temperature coefficient (NTC) of the reaction rate of
the oxidation of rich propane—oxygen mixtures was experimentally studied. The NTC
phenomenon is qualitatively described by a simple kinetic model containing a minimum set
of reactions related to the oxidation of the starting hydrocarbon, propane, and the propyl

C3H; " radical formed.
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The region of the negative temperature coefficient
(NTC) and the related phenomenon of cool flames (CF)
are known for hydrocarbon oxidation.!—3 To establish
the mechanism of these phenomena in detail, one must
first of all solve the problem to which extent are they
determined by the properties of the starting hydrocarbon
itself or by the reactions of products of its oxidation.
When propane is oxidized, propylene and acctaldehyde,
in particular, are formed in considerable amounts, and
the oxidation of the latter is also accompanied by the
appearance of CE45

To solve this problem, the effect of the products
formed during the oxidation should be decreased as
much as possible. This can be achieved by maximum
enrichment of the starting mixture in the hydrocarbon.
When, e.g., NTC is observed for the hydrocarbon : oxy-
gen ratio equal to 25 : I, it is reasonable to assume that
there is a series of elementary reactions related to the
oxidation of only the starting hydrocarbon (but not of its
products), which can lead to the appearance of NTC in
the oxidation of this hydrocarbon.

When reactions involving oxidation products are ruled
out at least in the first approximation, this simplifies
substantially the initial kinetic model and distinguishes
more distinctly the elementary reactions that make the
maximum contribution to NTC phenomena. This ap-
proach does not assume that under some conditions,
oxidation products do not participate in the formation of
these phenomena, but it allows one to attain a clearer
understanding of the role of these or other elementary
reactions.

The purpose of this work is to study experimentally
the NTC phenomenon in the oxidation of rich pro-
pane—oxygen mixtures and develop a minimum kinetic
model sufficient for a qualitative explanation of the
phenomena observed.

Experimental

Propane was oxidized on a standard static setup with a
Pyrex reactor (V = 400 cm?3). The pressure was measured by a
sensitive membrane manometer. At low temperatures (7 <
600 X), CH,0, CH;0H, C;H4. CH3CHO, CO, CO,, and
H,0 are the main products. In lower amounts, C,H,, C;H;OH,
C;H¢O, and traces of CH;COCH 5 are observed.

The ratio between the main products changed several times
as the temperature increased, and no sharp changes in the
compositions of the products were observed on going to the
NTC region.

The NTC region was determined from the temperature
dependence of the maximum reaction rate at a constant
pressure and composition of the C3Hg—O, mixture. The maxi-
mum rate of pressure change in the system ([dAp/di]gay) Was
taken as a measure of the maximum rate. The kinetic Ap(?)
curves had pronounced S-like shapes. In the kinetic modeling,
the NTC region was determined from the rate of propane
consumption. The validity of the comparison of the experi-
mental and calculated NTC regions will be discussed below.

Results and Discussion

The experimentally determined NTC region at p =
200 Torr for the C3Hg—O, mixtures with different com-
positions is presented in Fig. 1. It can be seen that as
the mixture is enriched in propane, the temperature
region exhibiting the NTC effect remains almost un-
changed, and only its intensity changes. Curve 4 in

" Fig. 1, corresponding to the composition C;Hg : O, =

23, agrees satisfactorily with the data® for the 95%
propane—>5% O, mixture (it should be noted that in this
case, the NTC region was determined® from the tem-
perature dependence of the induction period).

In accordance with the purpose of this work, let us
consider in detail only curve <4 in Fig. 1. This NTC
curve corresponds to a content of ~96% propane in the
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Table 1. Mechanism of propane oxidation

Reaction A8 Fad Reaction Al Eb

CQHB + 02 b d C3H7. + H02 (1) 395(15) 47.4 CZHS. + Cszoz' -

CgHy™ + HOy" — CaHg + O, -1y 1.0012) 0 "= CaHsO " + CuHsO” (30)  2.70(13) V]

CaHy " + Oy — CaH70," (2)  2.00(12) 0 CoHg™ + CaHy0," —

C3H;05" = CaHy™ + O (—=2)  1.00(15)¢° 31.5 — CyHsO ™ + CgH;0° (31)  2.70(13) 0

CaHy™ + O, — CgHg + HOy” (3) 1.00¢10) 2.2 CoHs™ + HOy™ —» CyHg + O, (32)  4.00(13) 0

CgH,0;" + CgHg — CoHs™ + HO,” —» CpHgO™ + OH™ (33)  4.00(13) 0
~— C3H700H + CaHy” 4) 5.00011) 150 CoHg™ + CoHg™ — CoHy + CoHg (34) 1.80(13) 0

C3aH700H — C4H,0" + OH” (5) 4.00(13)c 43.0 CoHg™ + CgHy' o CyHg + CaHg (35) 1.80(13) 0

CqH70" + CaHg — _ C,HsO™ ~» CHy" + CHy0 (36)  8.00(13) 21.1
— CgH;0H + CgHy- 6) 5.00(11) 7.0 CHg" + O, - CH30," (37)  1.32(1D) 0

OH" + CgHg — Hy0 + CqHy’ (7) 1.40(12) 0.8 CHa0;" — CHy™ + O, (—37)  5.00¢13) 31.5

HOZ' + CQHE b d HzOz + CsH7' (8) 5.00(11) 15.0 CHgoz. + CsHa e d

Hy02 + M OH" + OH" + M 9 120(17) 458 - CH;00H + CaHy” (38) 5.00(11) 15.0

C3H702. + CQH702‘ —

> CaH,0° + CqH;0° + 0, (10)  1.00(11) 0
C3H702. + 03H702. -

HO," +HO," = H,0, + O, (12 1.30(11)  1.23

HOQ‘ + C3H702‘ -

5 CaH,0° + OH" + 0, (13) 3000 0
CQH-]' + C3H7. 4 CsHs + C3H6 (14) 180(13) 0
CyHy* + CaH70,"

- C3Hy0° + CaH,0° (15) 2.70(13) 0
C3H70' +02 - CszCHO + HOZI (16) 6.00(10) 2.6
C3H7‘ + HOz‘ - CaH70' + OH" (17) 400(13) 0
CaHs0™ — CoHg™ + CH,0 (18)  8.00(13)° 21.1
CoHs ™ + Op > CyoHsOy' (19)  2.00(12) ©

CoH50p™ - CaHg " +0, (—19)  1L.00(15)° 31.5

Cszoz' + CGHB -

' —» C,H5O0H + CgHy” 20y  5.00(11) 150
C,H500H — CyHgO" + OH” (1) 4.00(15) 43.0
CoHsO™ + Op - CHaCHO + HO,®  (22)  6.00(10) 2.6
CoHs™ + Oy = CoHg + HO, (23)  1.00(10) 22
CoH50" + CoHg — CoHsOH +CaHy" (24)  5.00(11) 7.0
C2H502- + Cszoz' -

5 CoHs0" + CoHsO'" (25)  1.0011) 0O
CoHs0, ™ + CoHsOp ™ —

— C,HsOH + CH4aCHO + 0, (26)  4.50(10)  ©
CoHs0, + HO," —> C,HsOOH + 0, (27)  4.60(10) 0
CoHsOp" + CaHy0p" >

- C,HsO" + CgHy,0° +~ 0, (28)  1.00(11) 0
CZHSOZ. + CQH702' -

> CoHsOH + CHsCHO + 0,(29)  4.50(10) 0

(39)  4.00(14)° 43.0
5.00(11) 7.0
6.00(10) 2.6

CH;O0H -» CHa0 " + OR"
CHQO + CgHg - CHsoH + C3H7' (40)
CHy0" + 0, — CH,0 + HOy" (41)
CH302‘ + CH302. -

- CHaO" + CH 0 +0, (42) 1.00(11) 0
CH30,™ + CH30, " —

— CHa0H + CH,0 + O, (43) 445310 0
CH302' + C2H502' e d

b d CHQO‘ + Cszo- + 02 (44) 100(11) 0
CHSOZ' + CszOz' ->

— CH,y0H + CH3CHO + O,  (45) 4.44(10) 0
CH302. + C3H702' Rard

— CHa0" + C3H,0™ + 0,  (46) 1.00(11) 0
CHa0," + CgH70p" —

— CHgOH + C,HsCHO + O, (47)  4.40(10) 0
CH; ™ + CHy™ — CoHg (48) 1.80(13) 0O
CHjy' + CyHg™ — CaHg {49) 1.80(13) 0
CHy" + CgHy” = CHy + CaHg {50y 1.80(13) O
HO," + CHZ00 " —

— CH40O0H + Q4 (31) 4.60(10) 0
HOy" + CHy ™ — CH30" + OH” {(32) 4.60(13) 0
CHy00" + CHjy™ —

- CH,0 " + CHy0° : (53) 2.70(13) 0
CHg0,° — Termination (34)  5.00¢ 0
C,H50," - Termination (35) 5.00¢ 0
CyH,0,° - Termination (56) 5.00¢ 0
CH,; " — Termination (57) 5.00¢ 0
C,Hg® > Termination (58) 5.00¢ 0
C3Hy " — Termination (59) 5.00¢ 0

8 A/cm? mol™! s™1. ¢ E/kcal mol™l. ¢ 4571

mixture. The overall content of the oxidation products
cannot be greater than 8% (no more than 50% oxygen is
usually consumed up to the moment of achieving the
maximum rate), i.e., it can be considered in the first
approximation that the reactions of radicals formed in
the system with the propane molecule make the main
contribution to the oxidation mechanism rather than the
reactions with the products of its oxidation.

Kinetic modeling. Only the reactions of the C; radi-
cals genetically related to the structure of the starting
propane molecule are taken into account in the first
and, perhaps, most interesting approximation of the
development of a model of oxidation of "superrich”

propane—oxygen mixtures. Let us examine whether
this minimum set of reactions is enough for the appear-
ance of NTC.

This set is presented in Table 1 by reactions (1)—
(17). We shall call it the M1 model. This mode! contains
no hypothetical reactions. All reactions are known, and
the only question that arises concerns the correct choice
of the rate constant values for these reactions. Explana-
tions on the choice of the rate constant values are given
in the Appendix. Some remarks should be given only for
reaction (3). The position of the NTC region and the
appearance of the phenomenon itself are substantially
determined by this reaction. However, it is doubtful that
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Fig. 1. Experimental temperature dependence of the maxi-
mum rate of the pressure increase d{ap)/dt for the oxidation of
propane—oxygen mixtures with the composition
{CiHg] : [05] = 1 (D, 7.5 (D, 18 (J), and 23 (4. Initial
pressure pg = 200 Torr.

reaction (3) is in fact elementary rather than effective,”
since it can be replaced with the sequence of reactions

CgHy + 0y —» C3H700 — C4HgOOH — CzHg + HOp, (37)

in which the elementary character of each of the stages
is doubtless. Presently, it is impossible to introduce the
sequence of reactions (3°) into the model, because
reliable data on the rate constants of the second and
third reactions of sequence (3°) are unavailable. Since,
however, the rate constant value for (3) is available3"?
(without discussing its character), it is included in the
model.

Curve ] in Fig. 2 demonstrates the NTC region
calculated by the M1 model. It can be seen that at least
for saturated hydrocarbon, the NTC phenomenon ap-
pears when the oxidation of only one alkyl radical
genetically related to the structure of the starting mol-
ecule is taken into account. Under this approximation,
the differences between n- and isopropyl radicals are not
taken into account.

The following reactions arel? the stages that make
the maximum contribution to the appearance of the
NTC: (2), (=2), (3), (4, (5), (8), and (9). The remain-
ing stages in M1 (reactions of radical propagation and
termination) cannot lead to the NTC of the reaction. A
comparison between curve 7 in Fig. 2 and curve 4 in
Fig. 1 shows that the calculated NTC curve is shifted to
the high-temperature region.

The account for reaction (18) is the next evident step
of refinement of the model. This reaction occurs rapidly
even at low temperatures and is independent of the
presence of oxidation products. An ethyl radical is formed

g-[—%itﬂ&l - 10%/mol™! em™3 571

4

0 L L 1 :
500 600 700 800 300 77K

Fig. 2. Temperature dependences of the maximum rate of
propane conversion calculated by the M1 (Z), M2 (2), and
M3 (3) models for the oxidation of propane—oxygen mixtures.
Initial pressure pg = 200 Torr. Composition of the mixture:
[CsHg) = [Qo] = 23.

in reaction (18) and, hence, all reactions related to its
oxidation, except the reactions of the C, radicals with
the oxidation products, should be taken into account. In
this case, reactions (18)—(35) should be included in the
model. The series of reactions (1)—(35) will be called
the M2 model. The results of the calculations based on
this model are presented in Fig. 2 (curve 2).

The account for reaction (36) and the additional
inclusion of reactions (36)—(53) in the model are a
further refinement of the model. The overall model
including 53 reactions will be designated as M3. Curve 3
in Fig. 2 is the result of the calculations based on M3.
The refinement of the model due to the reactions initi-
ated by elementary acts (18) and (36) almost does not
result in shifting of the NTC region, although according
to the experiment, the calculated maximum rates ap-
proach the experimental rates in value. The divergence
between the calculated NTC region on the temperature
scale and the position of the experimentally determined
NTC region is not greater than 90 K. This divergence

‘would have been considered as great if the development

of a quantitative model had been the purpose of the
work.

Discussion of the results of modeling. First, let us
consider the problem on the correctness of the compari-
son between the NTC regions obtained from the deter-
mination of the maximum rate of pressure change (ex-
periment) and the maximum rate of propane consump-
tion (calculation). The program of the kinetic calcula-
tions admitted the possibility of calculating the rate of
pressure increase. Since the model suggested can be
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Fig. 3. Experimental (1) and calculated (2) temperature de-
pendences of the maximum rate of the pressure increase
d(Ap)/dt for the oxidation of propane—oxygen mixtures. Initial
pressure pg = 200 Torr. Composition of the mixture:
(CsHy] : [0y) = 23.

valid only for the oxidation of very rich mixtures, these
calculations were performed for curve 3 in Fig. 2 and
compared to the experimental data in Fig. 1, curve 4
The results of the comparison are presented in Fig. 3.
Three conclusions follow from the consideration of
Figs. 2 and 3:

1. The NTC regions calculated on the basis of
(d[C3Hg]/dN) o and from (d(ap)/df)y,, almost coin-
cide.

2. The absolute calculated and experimental
(d(Ap)/dn)y, values are close, which testifies to the fact
that the M3 model is a good first approximation of the
model of the low-temperature oxidation of rich pro-
pane—oXygen mixtures.

3. The calculated NTC region is shifted by ~90 K to
high temperatures as compared to that determined ex-
perimentally.

The M3 model of the oxidation of rich propane
mixtures suggested in this work is rigidly appropriate
only to infinitely rich mixtures, since it does not take
into account any reactions involving oxidation products.

The calculations based on the M3 model, as applied
to the C;Hg—O, (96 : 4) mixture (see Fig. 3), showed
that in the region of maximum oxidation rate, according
to the experimental data, formaldehyde is formed in
small amounts from aldehydes. The calculations by the
M3 model included the degenerate branching reactions

CgH700" + CH,0 — C3H,00H + CHO",
C,Hs00" + CH,0 — CoHgOOH + CHO",
CHg00" + CH,0 —» CHa0O0H + CHO",

and showed that the calculated NTC region was some-
what shifted to low temperatures.

Appendix

Let us consider in detail the reactions of the (2), (—2), (3),
(4), and (5) types, which affect most strongly the formation of
the NTC region. The rate constants were taken mainly from
Ref. 8. In cases where reliable data are unavailable, the values
of the Arrhenius parameters of the rate constants were esti-
mated by analogy to the reactions accepted in the model of
methane oxidation developed previously.11.12

Let us consider first the key reactions.

1. Reactions (37), (2), and (19). At high pressures, the
values of the rate constants (usually designed by the “infinity”
index «) of the addition of alkyl radicals to oxygen are close
and equal®!9 to ~2-10!2. For polyatomic radicais with the
number of carbon atoms 22, this limit is achieved already at
pressures equal to several tens of Torr. Therefore, K; = Kjg =
2-1012 was accepted. For the CH;" radical, the high-pressure
limit is achieved at hundreds of Torr. The pressure depen-
dence of K37 was taken into account, and the value of 1.3~ 10!
at p = 200 Torr was accepted.!? The following dimensions of
the A pre-cxponential factors of the rate constants are used
hereinafter: first-order reactions, s™!; second-order reactions,
cm?® mol™! s™}; and third-order reactions, cm® mol™2 s™!. The
activation energies (£) and energies of bond cleavage (D) are
expressed in kcal mol™}.

2. Reactions (—2), (—19), and (—37). The Arrhenius pa-
rameters of these reactions were calculated using the corre-
sponding equilibrium constants.

3. Reactions (3) and (21). For reaction (21), the A and £
values have been determined previously.® The C;H;" and
C;Hs " radicals differ slightly; therefore, K3 = K3; was ac-
cepted.

4. Reactions (4), (8), (22), and (38). Reliable experimen-
tal data on the rate constants of these reactions are unavailable.
It is usually assumed that D(ROO—H) is almost independent
of R. Therefore, it is reasonable to accept the same value of the
rate constant for all reactions of ROO"™ and HO," with some
alkane.13

In the methane oxidation model, 1112 for the reaction

CH300" + CHy — CHyO0H + CHy" (60)

A = 6-101 and E = 21.5 were accepted.

The empirical formuia for calculating the activation ener-
gies of radical substitution reactions from the vaiues of heats of
the reaction was suggested.!¥ The electronegativity of radicals,
in our case, the ROO" radicals, is an indefinite parameter in
this formula. This value of electronegativity was calculated
using £ = 21.5 for reaction (60). The values of 17 and 14
kcal mol~! were obtained for the reactions of ROO" with
ethane and propane, respectively. The value of 18.6 kcal mol™!
is recommended for the activation energy of reaction (60) by
the large set of data on rate constants of elementary reactions.!3
The same work recommends E = 15 kcal mol™! for the
reaction

CH300" + CyHg —» CHZ00H + CoHg", (61)

It can be easily shown that these two values, 13 and
18.6 kcal mol™!, contradict one another. The D(C—H) values
in methane and ethane are cqual to 105 and 98 kcal mol™!,
respectively. The D(ROO—H) value is!6 88 kcal mol~!. Reac-
tions (60) and (61) are endothermic, AH® = 17 and
10 kcal mol™}, respectively. Since AH° of the reaction is a
component of the activation energy, the E values for reactions
(60) and (61) cannot differ by less than 7 kcal mol™!. The
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value £ = 21.5 kcal mol™! accepted by us for reaction (60)
agrees well with E = 15 keal mol™! for reaction (61).15 On the
other hand, £ = 15 kcal mol™! estimated for reaction (38)
agrees well with the F value recommended previously!S for the
reaction of CH;00 " with ethane. All the aforesaid allows £ =
15 kecal mol™! to be accepted for reactions (4), (8), (22), and
(38).

5. Reactions (5), (23), and (39). Using the RRKM theory,
K, of reaction (39) as 4- 10%exp(—43,000/R7) and the pres-
sure dependence of Kiq were calculated.!” Based on the pub-
lished data,!? Ky = 4 - 104exp(—43,000/RT) was determined!?
for p ~ 0.5—1 atm.

For the C;H;OOH and C3H,;00H molecules, which have
a greater number of atoms, the pressure of 200 Torr, under
which experiments were performed, and calculations
in this work are almost infinite and, hence, the value of
4+ 10%5exp(—43,000/RT) can be accepted for K5 and Ko3. This
value has been previously recommended for reaction 23)3

6. Reactions (6), (24), and (40). Available data on the
reactions of the RO’ radicals with alkanes are few and unreli-
able. In the methane oxidation model, 1! for the reaction

CHgo + CH4 - CHQOH + CHQ'

E = 11 kecal mol™! was accepted. Since the RO—H bond
strengths are approximately equivalent in all ROH compounds
and equal to 101--103 kcal mol™!, the procedure described in
item 4 for the reactions of the ROO" radicals was used to
estimate the activation energy of the reaction of RO’ with
propane. The activation energy of the reactions of RO with
propane was estimated as £ = 7 keal mol™L.

7. It is known for a relatively large group of recombination
reactions of the ROO" + ROO', R- + ROO",and R* + R’
types included in the model that their activation energies are
almost equal to zero, and published data contain no substantial
contradictions for the values of the rate constants of these
reactions.®18 Note that they do not define the NTC phenom-
enon itself. Therefore, to simplify the consideration and analy-
sis of the model, the rate constants of these group reactions
were accepted to be equal to similar values for the reactions of
CH3 * and CH3OO _11.12

8. In the radical exchange reactions involving the ROO",
HO, ", and RO’ radicals considersd above, the pre-expenen-
tial factors are accepted to be the same and equal to 5- 101,
when no reference to available data is presented. This ap-
proach is well substantiated theoreticalty.!?
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