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Kinetics of the autoxidation of a Jet-A fuel (POSF-2827) were examined with a near-isothermal
flowing test rig (NIFTR) using passivated heat-exchanger tubing over the range 438—478 K.

chain mechanism for a half-order Oz dependence and second-order termination yielded log(ka/

M 2g71) = (12,9 4 0.4) — (36.9 - 0.8)/6, where k&

keal mol~! (R is the ideal gas law constant, and
derived kinetic parameters suggest that initia
vinyl or an aromatic fuel species.

=p 18 the apparent rate constant and 6 = 2.303RT
T'is absolute temperature). Inferences from the
tion involves H-atom abstraction from either a

Intreduction

Autoxidation of aviation fuels is the origin of most
surface-fouling problems in current aircraft.12 In ad-
dressing fuel-fouling problems, a primary goal is the
determination of the kinetic parameters that deseribe
hydrocarbon fuel autoxidation and control subsequent
surface deposition. Autoxidation chemistry can be
monitored from the initial O; depletion, the appearance
of hydroperoxides, and the additional reaction products
formed with more extensive conversion. Most studies
have been based on reaction products in flask tests
using paraffins® ¢ or doped paraffins. 1011 With aviation
fuels, product analysis is more complicated, but similar
approaches have been made with the Shell flask rig.1%
Fodor and co-workers'® 15 have completed detailed
studies of hydroperoxide formation in jet fuels. Because
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of difficulties in measuring dissolved Qs, kinetic inves-
tigations have been based on analysis of O in the
headspace.’? Recent gas chromatography (GC) meth-
odology has allowed fuel-oxidation measurements to be
made in situ under nonisothermal’® and isothermall?
reaction conditions.

The near-isothermal flowing test rig (NIFTR) has
been used to study the phenomenological kinetics for
autoxidation and surface fouling of aviation fuels sub-
Jected to thermal stress. 1718 [n NIFTR methodology fuel
is subjected to thermal stressing in a single phase at
fixed temperature, pressure, and initial Oy concentra-
tion—conditions that are amenable to fundamental
chemical studies. This technique involves a simple
simulation of the extremely complicated conditions of
temperature and fluid dynamics that exist in actual
aircrafl fuel lines.

Interpretation of NIFTR data is subject to complica-
tion if the autoxidation involves surface catalysis; this
is eertainly the case if virgin stainless steel tubing is
used as the heat-exchanger surface. In contrast, the use
of Silcosteel-passivated!® heat-exchanger tubing reduces
the influence of surface catalysis and subsequent prob-
lems associated with interpretation of kinetic data. The
significance of the present study is twofold. First, we
determine the reaction order for O: loss for homoge-
neous autoxidation of Jet-A fue] (POSF-2827) using
Silcosteel-passivated’? heat-exchanger tubing. Second,
we determine the kinetic rate parameters for homoge-
neous autoxidation of POSF-2827 fuel that are not
perturbed by surface catalysis. To the authors’ knowl-
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Figure 1. Repetitive NIFTR measurements for percent
residual dissolved Os vs stress time at 458 K: 100% corre-
gponds to fuel saturated with respect to air under ambient
conditions. Error bars correspond to one standard deviation.

edge, this is the first report of an order analysis for jet
fuel autoxidation free from the complications of surface
catalysis. The kinetic data are discussed with reference
to initiation mechanisms that may be inferred from the
order dependence of the Os loss and the conventional
chain mechanism expected for homogeneous autoxida-
tion.

Experimental Section

POSF-2827 is a representative straight-run Jet-A fuel
having a breakpoint temperature of 539 K as determined from
the jet fuel thermal oxidation test (JFTOT), a total sulfur
content of 0.079% (w/w), and a specific gravity of 0.8072, All
experiments were conducted using the NIFTR that has been
described in detail elsewhere.!™"® Reaction occurred during
passage of fuel through 0.318-cm-o.d., 0.216-cm-i.d. passivated
tubing clamped tightly within an 81.3-em heated-Cu-block heat
exchanger. Stress duration—or residence time within the
heated tube—was varied by changing the fuel flow rate and
was calculated from the plug flow. Relative dissolved Os:
concentrations of unstressed and stressed fuel were measured
according to the GC method of Rubey.®

Three types of NIFTR experiments were conducted. First,
five identical repetitive measurements at 458 K were made
on air-saturated fuel to assess the repeatability of the O:
measurements for this fuel.

Second, a series of measurements was carried out-at 458 K
using different initial O, concentrations to assess the oxygen
dependence of the reaction rate. These measurements were
conducted with fuel having a dissolved O; content within the
range 2.5—100% O3 saturation under ambient conditions. Gas
blending of Oz and N; was achieved using a Porter CM 4
interface module and F200 thermal mass flow controllers. Fuel
was then sparged with blended gas for 30 min at room
temperature using a 25-um porosity glass plug. Oxygen- and
air-saturated fuels contain 308 and 64.7 ppm of Os, respec-
tively. The slope of a linear plot of the integrated GC intensity
versus sparge blend was used to determine the response factor
of the GC. The high correlation coefficient (r® > 0.99) of the
data fit was indicative of the precision of the blending process.
Dissolved Q3 signals measured in air-saturated and 21% O,
blend-saturated fuel differed by <3%. Rates of oxygen deple-
tion were determined from the slopes of the 02 versus stress
time plots in the initial stages of reaction.

In the third experimental series, ; depletion data were
collected from 438 to 488 K using air-saturated fuel for the
purpose of evaluating Arrhenius parameters, Rates of reaction

(20) Rubey, W. A_; Striebich, R. C.; Tissandier, M. D.; Tirey, D. A.;
Anderson, 3. D. J. Chromatogr. Sci. 1993, 33, 433—437.

Energy & Fuels, Vol. 10, No. 5, 1996 1075

0.007 —
+, 100%(525 sec)

*
0.006 \ ., 95%(B7D0 sec)
\,\ o, 50%(630 sec)
0.005 l\ =, 30%(600 sec)

+ o, =21%(600 sec)

0.004 ‘\ .
0.003 \ Bt .

0.002 $u_ = % =

s . , g
0.001 | e Rk &
m S

0.000

[0,].M
1

0 300 600 900 1200 1500 1BOO

Stress Time, sec

Figure 2. Variation of dissolved Oz concentration (21—100%)
with stress time at 458 K. Parenthetical entries are times used
to calculate the initial rate.
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Figure 3. Variation of dissolved Os concentration (2.5—15%}
with stress time at 458 K. Parenthetical entries are times used
to calculate the initial rate.

were expressed as moles per liter-second (M &%) from the fuel
densities in the range 438—488 K,

Results and Discussion

Data. A plot of the O; depletion for five repetitive
experiments conducted at 458 K for air-saturated fuel
is shown in Figure 1. The error bars correspond to one
standard deviation. These data have an uncertainty on
the order of £3% from 0 to 100% of the Oz depletion.
03 depletion data for measurements made at 458 K for
different initial relative Oy concentrations ([O2]y) are
shown in Figures 2 and 3. The tangents in Figures 2
and 3 represent the initial rates with [Og] = [Ozly. The
parenthetical entries in the figure boxes are the times
used to compute the initial rates.

The rate of the reaction may be expressed empirically
as .

—d[OyVdt = k&, [O,]"[RH]™ (1)

where k,p is an apparent rate constant, [Os] and [RH]
are oxygen and fuel concentrations, and n and m are
reaction orders. In logarithmic coordinates, for a con-
stant [RHI, eq 1 should be linear, having a slope
equivalent to the reaction order n. An order plot based
on this approach using tangents taken from Figures 2
and 3 is given in Figure 4; the slope of the line indicates
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Figure 4. Order plot at 458 K for air-saturated POSF-2827

fuel.

that » is 0.52 = 0.026. Previous isothermal work by
Jones and Balster has suggested a zero-order O; de-
pendence;!” the nonisothermal studies of Ballal and co-
workers have indicated either a first-order'® or a zero-
order?! O, dependence.

Reaction Mechanism. Fuel oxidation may be ap-
proximated by the following reaction mechanism:

RH + 0, — R’ +'0,H &)
2RH + 0, — 2R’ + H,0, (if)
R’ +0, — RO, (iii)

RH + RO," — RO,H + R". (iv)
2RO, — P, +P, ' (v)

R +RO,— RRO, (vi)
RO,H+XH—X,+X, . (vii)

where R’ is a radical, RO3" is a peroxy radical, RO;H is
hydroperoxide, P, Py, and RRO; are molecular species
formed by termination, XH is a natural inhibitor or
retarder, and X; and X5 are molecular products from
reaction of hydroperoxide with inhibitor. Reactions i
and ii are two potential initiation pathways that have
been previously proposed for hydrecarbon initiation 2223
consistent with the observed reaction order of 0.5
determined from the Oy dependence. The initiation
reaction would correspond to either reaction i or ii;
reactions iii and iv are chain propagation, and reactions
v and vi are potential termination reactions. Reaction
v is the primary termination step since [ROz"] > [R’]
and ki > kv at steady state. It is proposed that most
of the intermediate hyvdroperoxide is depleted by sulfur-
containing compounds in POSF-2827, as suggested by
reaction vii.

The plots in Figures 2 and 3 exhibit a slight curvature
that may be indicative of autocatalysis; the degree of
curvature is substantially less than observed in virgin

(21) Heneghan, 5. P.; Martel, C. R.; Williams, T. F.; Ballal, D. R. J.
Eng. Gas Turbines Power 1995, 117, 120-124.
(22) Benson, 5. W. Thermochemical Kinetics; Wiley: New York,
1976: (a) p 239, (b) pp 148—149.
. (ES) Carlsson, D. J.; Robb, J. C. Trans. Faraday Soc. 1966, 62, 3403—
415.
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Figure 6. Arrhenius plot for POSF-2827 autoxidation over
the range 438—488 K.

stainless-steel tubes.!”?* This suggests that the disap-
pearance of RO;H occurs predominantly by reaction vii
and that any dissociation of RO:H is negligible.

Consistent with the observed reaction order of n =
0.5 for Oz and the assumption that m = 1, eq 1 may be
rewritten as

~d[O,)/dt = k,,[0,]"*[RH] (2)
Integration of eq 2 leads to

[0,1"% = [0,],"* — (&,/2)[RH]t (3)
where t is time. Eguation 3 indicates a linear time
dependence for [03]'? depletion, with a slope equivalent
to kapl RHI/2. Plots of the air-saturated data in the range
438—488 K according to eq 3 are shown in Figure 5;
the solid lines are linear least-squares fits. The rate
constants, kap, were calculated from the slopes of the
lines in Figure 5, under the assumption that [RH] =
[RHIy (fuel molarity was derived from the fuel density
at each temperature and the assumption of an average
hydrocarbon chain length of 13). An Arrhenius plot for
these data is given in Figure 6. Statistical analysis of
the data led to

log(k,/M %5 %) = (12.9 = 0.4) — [(36.9 + 0.8)/6] (4)

where the errors correspond to one standard deviation
and 6 = 2.303RT kcal mol! (R is the ideal gas law

(24) Jones, E. G.; Balster, W. J.; Vonada, M. R Pickard, .J. M.
Prepr.—Am. Chem. Soc., Div. Pet. Chem. 1994, 39 (1), 10—13.
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constant, and T is absolute temperature). The apparent
activation energy (E = 36.9 % 0.8 keal mol1) sum-
marized in eq 4 is consistent with the values previously
reported: 35.5 and 30.5 keal mol~! by Ballal and co-
workers'®?! and 35.8 keal mol™! by Jones and Balster,17

Discussion.The reproducibility of the observed Qs
loss data obtained from the repetitive measurements
and the absence of any pronounced S-shaped depen-
dence are indications that the passivated heat-ex-
changer tubing is effective in eliminating most, if not
all, of the autocatalysis observed previously when
POSF-2827 was subjected to thermal stress in contact
with virgin stainless steel. Therefore, considerable
confidence may be placed in the reaction order obtained
for O3 and the apparent kinetic parameters summarized
in eq 4.

The potential initiation mechanisms that may be
inferred from the half-order O, dependence will now be
addressed. In previous work using 2,2-azobis[2-meth-
vlpropionitrile] (ATBN) as an initiator over the temper-
ature range 393—413 K, we determined log(ky/(2k)V2)/
M V2 g2 = (7.08 £ 0.27) — (18.6 + 0.5Y0, where ky
and 2k are rate constants for propagation and termina-
tion, respectively.?* For these data it was determined
independently that the spontaneous surface-catalyzed
oxidation of POSF-2827 fuel was negligible within this
low experimental temperature range. Thus, rate pa-
rameters determined from the AIBN data may be
combined with eq 4 to infer the A factor for initiation.

Two initiation mechanisms consistent with our ob-
served Oz dependence are reactions i and 1i. Reaction
i would be expected to have an activation energy
approximately equal to the endothermicity?22 of 31 keal
mol L. The mechanism for reaction ii, as proposed for
hydrocarbons by Carlsson and Robb,2® may be expresse
as .

RH + 0, =[RH-0,] (viii, —viii)

RH + [RH-0,] — 2R+ H,0, ' (i)

where [RH—O,] is a complex between O, and the
substrate responsible for initiation.

The usual steady-state relation for oxidation involving
a second-order termination mechanism may be ex-
pressed as

—d[O,)/dt = & (R/2k,)"*[RH] (5)

Comparison of eqs 2 and 5 with R; = k[02][RH] for
reaction i leads to

kop = kylky2k,)[RH]" - (8)
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In similar fashion for reaction ii, where R; = kb, K[RH]%-
[Oz], comparison of egs 2 and 5 leads to

kop = k(k KI2k,)[RH] (M

where K = kyi/k_yi;i. At the mean temperature of 458
K, with loglk,/(2k)V2/M~12 g~12] = (7.08 + 0.27) — (18.6
&+ 0.5/0, [RH] = 8.75 and with recognition that log Rap
= log Asp — E.p/0, eq 6 implies that log(Ay/M~1 s-1) =
11.2 £ 0.5. The calculated A; is in good agreement with
that expected for a bimolecular abstraction reaction22
with log{A/M~' s 1) = 11.0. In contrast, for the termo-
lecular process in which initiation invelves H-atom
abstraction from the complex [RH—03], eq 7 leads
to log[AiImﬁﬁfA_‘.ﬁi)fM‘z S_l] = 10.6 + 0.5. The
assumption?® that AS.; > —17 cal mol~! K- may be
combined with Ay;/A_; = 1045(2:3038) (AS is the entropy
change for the standard state in molar concentration
units) to infer Ayi/A i = 10737 M1, Therefore, from
eq 7, one expects loglAi/M ! s71) & 14.3. The magni-
tude of A;, is consistent with the point that reaction ix
would proceed with an appreciable increase in entropy.
The similarity in magnitude of log(A/M s 1) =112 +
0.5 and loglA; (A /A i) M~2 871 = 10.6 £ 0.5 indicates
that distinctions between mechanisms may not be
possible from a simple structural analysis of the A
factors.

However, from eq 5 the apparent activation energy
(E.p) for autoxidation involving H-atom abstraction
initiation (reaction i) may be expressed as

E  =E, +[(E - E)2] (8)

Similarly, for the termolecular process, E,, may be
expressed as
Eap = EP + [(Em - Et +'&H\'i.ii,—\-"§.ﬁ

=E,+ (B, — E)2] if AH

)2]
=0 (9)

viil,—viil
Equations 8 and 9 are identical if it is assumed that
AHi;;, —viii 18 zero and that ki = k. The AIBN data,?
E, — E/2 = 18.6 + 0.5 keal mol~!, may be combined
with E,; = 36.9 =+ 0.8 kcal mol~! from eq 4 to infer E; =
36.6 + 0.9 kcal mol '—this value is reasonably near the
value?2 of 31 keal mol ! expected for an H-atom
abstraction reaction. Therefore, with a view toward
simplicity, one would favor reaction i as the preferred
mode of initiation.
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