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SUBSTRATE EFFECTS ON THE DECOMPOSITION OF ALKYL

HYDROPEROXIDES AND THEIR

INFLUENCE

UPON AUTOXIDATION1

By J. R. Thomas and 0. L. Harle

California Research Corporation, Richmond, California

Received May 6, 1958

Rates of decomposition of tetralin hydroperoxide were measured in the presence of phenyl-a-naphthylamine in medicinal

white oil.

Data are presented to show that the amine is an effective radical trap in the system under study and that the
measured rates represent rates of primary reactions, unattended by radical chain reactions.

The decomposition is appar-

ently first order to at least 50% decomposition, but the rate constants are dependent upon the initial concentration of

hydroperoxide.
over the temperature range 121,5-100.3°.

Extrapolated to zero concentration, these rate constants give an activation energy of 31.4 kcal./mole
The rate of decomposition is found to vary with the nature of the solvent, being
much faster In certain olefins than in saturated hydrocarbons.
position is about 20 kcal./mole. indicating that the reaction is not unimolecular.

In these olefinio solvents, the activation energy for decom-
A correlation is found to exist between

the rate of decomposition of tetralin hydroperoxide in a number of solvents and the rates of autoxidation of these solvents.

Although the decomposition of alkyl hydroper-
oxides to give free radicals is an important reaction
in the autoxidation of hydrocarbons, little is known
about it with certainty. The reaction is known to
be complex, frequently due to the presence of sec-
ondary chain reactions.2 In addition, there is evi-
dence that the primary reaction is second order un-
der some conditions and first order under others.s-s
Furthermore, it has been observed that the rate of
decomposition of hydroperoxides is influenced by
the nature of the solvent, although in these eases
the role of the solvent was complicated bjr its in-
fluence upon the above-mentioned effects.

This paper describes a study of the thermal de-
composition of tetralin hydroperoxide in medicinal
white oil in the presence of an inhibitor to eliminate
secondary reactions induced or propagated by free
radicals. The decomposition is studied as a function
of concentration under these conditions, which
permits the first-order decomposition to be isolated
from reactions of higher order. The influence of
solvent upon the first-order decomposition is stud-

(1) Presented before the Petroleum Division of the American Chem-
ical Society Meeting, San Francisco, Calif., April IB -18. 19.3S.

(2) P. Il. Seubold, Jr., F. F. Rust ami W. Ji. Vaughan, ./. Am.
Chem.Soc.,73, 18 (1951).

(3) A. Farkas and E. Passaglia, ibid., 72, 3333 (1950).

(4) L. Bateman and Il. Hughes, J. Chem. Snc., 4594 (1952).

(5) V. Stannett, A. E. Woodward and R. B. Mesrobian, T nis
&Gl, 300 (1957).

Journal,

ied for a variety of solvents, and the results are cor-
related with the ease of autoxidation of the solvent.

Experimental

Rate Measurements.—For high boiling solvents, decom-
position rates were determined by withdrawing aliquots
for peroxide determination from glass-stoppered vials im-
mersed in an oil-bath thermostated to within +0.1°.
The surface above the liquid in the vials was blanketed with
oxvgen-free nitrogen. Sealed ampules were used for lower
boiling solvents. Temperature was measured with a
thermocouple. Hydroperoxide was determined by reaction
with potassium iodide in a glacial acetic acid-chloroform
mixture under carbon dioxide, followed by titration with
standard sodium thiosulfate.

A series of experiments following the procedure of Morse6
also was performed. The decomposition of tetralin hydro-
peroxide in medicinal white oil was studied in an apparatus
modeled upon hers, with the modification that the sweeping
gases (helium and oxygen-free nitrogen) could be entirely
recovered after sweeping at, a carefully controlled rate and
analyzed by mass spootrography for the hydrogen, oxygon
and water which might be produced by the decomposition
of the hydroperoxide.

In experiments to test the effectiveness of the inhibitor,
the decomposition of tetralin hydroperoxide was induced
by di-f-butyl peroxide in the presence of phenvl-a-naplithyl-
amine (PAN) in degassed sealed ampules, and the decom-
position rate was measured.

Materials.—Tetralin hydroperoxide, prepared by the
method of Hock and Susemihl,7 recrystallized from hexane;
di-i-butyl peroxide, purified by distillation; medicinal white
oil, commercial product, used without further purification;

(0) B. K. Morse, J. Am. Chem. See., 79, 3375 (1957).
(7) H. Hock and \V. Susemihl, Bcr., 66, 01 (1933).
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Tabte |

First-order Decomposition llate Constants

Tetralin hydroperoxide in medicinal white oil. Influence
of phenyl-a-naphthylamine and inert gases.

(ROOM),  (PAN), k X HP,
T, °C. m m Sweeping gas sec.-1
0.06 0 None 1.68
.054 0 7.12 cc./min. N2 1.60
.06 0.018 None 1.05
150. G .054 .041 15.6 cc./min. N2 0.91
.053 .041 8.7 cc./min. He 1.03
0.22 0 6.0 cc./min. He 2.99
.22 0.08 7.1 cc./min. He 1.39
150.6 .24 .018 None 1.42
.24 .037 None 1.37
.24 .073 None 1.41
0.24 0.018 None 4.33
166.3 0.24 0.037 None 4.33
0.24 0.018 None 0.43
135.6 0.24 0.037 None 0.42

polybutene, commercial product, percolated through active
alumina; phenyl-a-naphthylamine (PAN) and 2,6-di-i-
butyl-p-cresol, commercial materials recrystallized from
benzene-alcohol; all other solvents, commercial products
percolated through active alumina and then carefully dis-
tilled under nitrogen.

Autoxidation Inhibition Periods.—The method has been
described previously.® The inhibited substrate is stirred by
a very fast magnetic stirrer in a closed system to which oxy-
gen is delivered as consumed at atmospheric pressure from
a recording gasometer.

Results

Influence of Inhibitor and Inert Gas Sweeping.—
Phenyl-a-naphthylamine was used as an inhibitor
to eliminate chain and radical-induced decomposi-
tion, as previously described.s From the data
given in Table I, it is seen that small concentrations
of this material decrease the observed rate of de-
composition, but that further increases in concen-
tration are without effect. A second inhibitor,
2 ,6-di-i-butyl-p-cresol, was found to behave simi-
larly at 150.6° and to give a similar fully inhibited
value. Also included in Table | are the results of
experiments in which a gas stream is continually
swept through the solution by the method of
Morses Data are given for oxygen-free nitrogen
and helium. It is seen that it makes no difference
whether or not the solutions are continuously swept
with an inert gas. This is in contrast to the work
of Morse who reports that removal of oxygen by
sweeping with an inert gas greatly accelerates the
rate of decomposition of ;-butyl hydroperoxide. In
preliminary experiments at 98.5° with ¢-butyl hy-
droperoxide in dodecane, using apparatus pat-
terned after that of Morse, we have been unable to
reproduce Morse’s results. We find the principal
cause of ;-butyl hydroperoxide disappearance from
the reactor to be volatilization. If a Dry Ice trap
is inserted in the flowing gas stream following
the water condenser and the results are corrected
for the hydroperoxide collected there, we find a
rate of thermal decomposition similar to that ob-
served in sealed glass ampules. This result is to be

(8) O. L. Harle and J. R. Thomas, Paper 22 presented at the
General Session of the Petroleum Division of the ACS, April 12,

1057; Preprints, Vol. 2, No. 1, p. 43.
(9) J. R. Thomas, J. Am. Chem. Sue., 77, 246 (1955).
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expected from the vapor pressure of ;-butyl hydro-
peroxide at 20°, the temperature of the water con-
denser in the Morse apparatus. We also find a neg-
ligible yield of oxygen from the decomposition,
i.e.,<1%.

Gaseous Products.— In Table Il are given yields
of several gaseous products from tetralin hydro-
peroxide decomposition recovered in the experi-
ments using inert gas sweeping. Several points are
of interest. First, the yield of oxygen is very low
under all conditions. Second, the yield of hydro-
gen is appreciable at high concentration of hydro-
peroxide but is reduced to zero in the presence of
PAN. Third, the yield of water is approximately
50%, based on peroxide OH, in the absence of
PAN but becomes close to 100% in the presence
of PAN.

Tabte Il

Y ield of Gaseous Products, Moles/Mole

Tetralin Hydroperoxide Decomposed

(ROOII), (PAN),
in m mo Os Ils
0.054 0 0.38-0.51 0.01 0.03
.054 0.041 .77-0.89 0.01 nil
.22 0 .46-0.47 nil 0.16
.22 0.081 .94-1.01 nil nil

Order of Reaction, Hydroperoxide Decomposi-
tion.—Plots of log (R02H) versus time showed no
departure from linearity except those at the lower
temperature and higher concentrations. Typical
behavior is shown in Fig. 1 for an initial peroxide
concentration of 0.06 mole liter-1 at 150.5°. Where
departure from linearity was observed, the effect
was very small and could not be distinguished at
less than about 50% decomposition. In these in-
stances the initial slope was used as a measure of
the first-order rate constant. The first-order rate
constant so derived was dependent upon the initial
concentration of hydroperoxide, showing the pres-
ence of a reaction of higher order than first. For
example, the rate constants at 121.5° were 0.71,
0.83, 1.0 and 1.5 X 10-5 sec.-1 at peroxide concen-
trations of 0.03, 0.06, 0.12 and 0.24 mole liter-1, re-
spectively. Linear extrapolation of these values
to zero concentration gives, with very slight error,
the true first-order rate constant uncomplicated by
reactions of higher order. Table 111 gives the
fraction of the total initial decomposition occur-
ring by higher order reactions at a series of tempera-
tures and at two concentrations of hydroperoxide.
These data show that the extent of the higher order
reaction decreases with increasing temperature and
decreasing concentration. These observations are
consistent with Bateman’ss suggestion that the
frequently observed second-order decomposition of
hydroperoxides results from dimerization in solu-
tion, although they do not constitute proof.

Tabte Il

Per Cent. Decomposition by Higher Order Reactions

% at 0.06 % at 0.24
T, °C. mole 1. "> mole 1.
121.5 28 60
135.6 19 52
150.5 8.7 26
166.3 8.5 21
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Similar behavior was found when 2-ethyl hexene- 1
was used as a solvent. Again, the effect of increas-
ing inhibitor concentration quickly approaches a
limit, and the apparent first-order decomposition
rate constant is dependent upon hydroperoxide
concentration. At 130° the rate constants were
1.08, 1.29 and 1.09 X 10-4 sec.-1 at 0.00, 0.12 and
0.24 mole liter-1, respectively.

Di-Abutyl Peroxide-induced Decomposition of
Tetralin Hydroperoxide.—In order to test the
efficiency of phenyl-a-naphthylamine as an in-
hibitor of free radical-induced reactions, its effect
on the di-i-butyl peroxide catalyzed decomposition
of tetralin hydroperoxide was studied. The results
of this study are shown in Table IV where the first-
order rate constants for peroxide disappearance are
given for various concentrations of tetralin hydro-
peroxide, di-/-butyl peroxide and PAN. All ex-
periments gave first-order plots to within experi-
mental error. Typical plots are shown in Fig. 2.
Points calculated on the basis of a mechanism dis-
cussed later also are shown. Acetone and ¢-butyl
alcohol, products of diT-butyl peroxide decomposi-
tion, were found to have no effect on the hydroper-
oxide decomposition rate.

Table IV

Induced Decomposition of Tetralin Hydroperoxide by

DI-(-BUTYL Peroxide, 150.5°

(ROOII), (DTB), (PAN). k X 10

Solvent m m m see.-1

White Oil 0.06 0 0.091 1.05
.06 0.025 0 3.3

.03 .05 .091 1.63
.06 .05 0 4.6

.06 .05 091 1.51

12 .05 .091 1.56

.06 .05 .045 1.58

.06 .05 022 201

.06 .025 .091 1.28

.06 10 .091 2.13

Effect of Solvent upon First-order Decomposi-
tion.— Comparing the first-order rate constants for
tetralin hydroperoxide at 130° in medicinal white
oil and 2-ethylhexene-l, one finds that the decom-
position is 5.7 times as fast in the latter solvent as
in the former solvent. Similar studies were made
with other solvents, except that the rate constants
were not extrapolated to zero concentration. The
measurements were made at- as low a concentration
as feasible (0.06 mole liter- - in all cases). Judging
from data given above, these values should be in
error by not more than 10-20%. Inhibitor was
used in all cases. The rate constants for tetralin
hydroperoxide decomposition in these solvents are
given in Table V at 170°. The value for isooctane
was measured at this temperature. Also given in
Table V are the activation energies, where these
were determined, and these values were used to ex-
trapolate data from lower temperatures to 170°.
Where activation energies were not determined, a
value of 29.0 kcal./mole was used, except for 2,4,4-
trimethylpcntene-1  and polypropylene, where a
value of 19.8 kcal./mole, that of 2-ethylhexene-l,
was used. The activation energy in medicinal
white oil of 31.4 kcal./mole arises from the data

Substrate E ffects on Decompostion of Alkyl Hydroperoxides
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Fig. 1—Log (ItOOH)/(RO()Il)o vs. time, tetralin hydro-
peroxide, 150.5°.

Fig. 2.—Decomposition of tetralin hydroperoxide; log k vs.
17

Fig. 3.—Log (KO(OH)/(R()OH)o versus time. Tetralin
hydroperoxide decomposition catalyzed bv di-i-butvl per-
oxide (DTB)--0.091 m PAN.

given in a previous section.
versus 1/T is given in Fig. 3.

Discussion

The decomposition of a hydroperoxide in solution
is complex. In any given experiment without in-
hibitor there exists a primary first-order reaction, a
secondary reaction which, together with the pri-
mary reaction, gives a first-order rate, and a reac-
tion of higher order. Our purpose is to isolate as
nearly as possible the primary reaction, since the

The plot of —log k



1030 J.R.

Tabte V

Effect of Sotvent UION Rate of Decomposition of

Tetralin Hydroperoxide at 1700

k X 10S Ai?Act, keal'4
sec. 1 mole

Isooctane 1.31

n-Butyl stearate 1.47 30.0

n-Tetradecane 2.32

n-Octadecanc 2.54 28.5

White oil 4.82 314

Hexadecene-1 7.92 28.0

Dioctyl ether 14.5 20.0

2-Ethylhexene-I 12.6 19.8

2,4,4-Trimethylpentene-I 16.7

Polybutene 21.7 18.7

Polypropylene 25.0

influence of hydroperoxide decomposition upon in-
hibited autoxidation appears to involve primarily
this reaction. This is the case because the hydro-
peroxide concentration during the induction period
is very low and because the inhibitor should greatly
reduce the likelihood of free radical-induced sec-
ondary peroxide decomposition reactions.

First let us emphasize that we find essentially no
oxygen evolved as a result of the decomposition of
tetralin hydroperoxide under our conditions. Fur-
thermore, we do not find an effect of sweeping a de-
composing solution of tetralin hydroperoxide with
inert gas as did Morse for ;-butyl hydroperoxide,
nor have we been able to reproduce Morse’s results,
as discussed above. Consequently, this complica-
tion need not be considered.

A most important question for our purpose is
that of the efficiency with which PAN acts as a rad-
ical trap, since we use it to eliminate the free radical-
induced secondary reactions. To determine its ef-
fectiveness, the induced decomposition of tetralin
hydroperoxide by di-i-butvl peroxide was studied.
The results presented in Table IV show that such
an induced decomposition does occur and that PAN
greatly inhibits it. For example, at a tetralin hy-
droperoxide concentration of 0.06 M and a di-f-bu-
tyl concentration of 0.05 M the observed first-order
rate constant for hydroperoxide decomposition is
46 X 10-4 sec.-1. In the presence of 0.045 and
0.091 M PAN the rate constants drop to 1.56 and
151 X 10-4 sec.-1, respectively. The fully inhib-
ited rate constant for tetralin at 0.06 M without
added di™-butyl peroxide is 1.05 X 10-4 sec.-1.
Unfortunately, the PAN does not entirely eliminate
the effect of the di-i-butyl peroxide. The most
likely reason for this is that di~-butyl peroxide
and tetralin hydroperoxide react in a bimolecular
reaction. Such a bimolecular reaction is known
for hydroperoxides alone, and it seems reasonable
that a dialkyl peroxide and a hydroperoxide might
react similarly. Evidence for this can be obtained
from the data presented in Table IV.

Assuming that the fully inhibited tetralin hydro-
peroxide decomposition rate represents the primary
first-order reaction (at 0.06 M and 150° the higher
order reaction is very slight), and assuming a bi-
molecular reaction between peroxide and hydro-
peroxide, the rate equation for hydroperoxide dis-
appearance is

Thomas and O. L.
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where h is the first-order rate constant for the pri-
mary decomposition of hydroperoxide, kz is the
first-order decomposition rate constant for di-f-
butyl peroxide decomposition, kz is the second-order
rate constant for the hydroperoxide-peroxide reac-
tion, and fab3is the experimental”™ observed first-
order rate for* tetralin hydroperoxide disappear-
ance. Graphical integration of this expression
yields values of /e for the series of inhibited runs
with varying concentrations of di-i-butyl peroxide.
A constant value of kz of 16 + 1 X 10-4 mole
liter-1 sec.-1 is obtained over the fourfold range of
concentration studied, indicating the proposed
mechanism to be correct. Integration of equation
1 for the series at constant di-i-butyl peroxide con-
centration but with varying concentrations of tet-
ralin hydroperoxide shows that the observed first-
order rate constant should vary by only 7% over
the fourfold change of concentration reported in
Table IV. This is in excellent agreement with the
experimentally observed values and demonstrates
further the soundness of the proposed mechanism.
In the above calculations, /cs was taken to be 1.49 X
10-4 sec.-1 from the data of Lossing and Tickner.o
Equation 1, using the value of kz found above, pre-
dicts essentially first-order hydroperoxide disap-
pearance within experimental error for inhibited
runs reported in Table 1V to at least 50% decompo-
sition. Calculated points are compared with ex-
perimental points in Fig. 3. Further indication
that PAN effectively inhibits free radical-induced
secondary reactions is evident from the gaseous
products of decomposition presented in Table II.
It will be noted that in the absence of PAN consid-
erable hydrogen is evolved, but that in the presence
of PAN the hydrogen evolution is eliminated. One
likely explanation is that either the RO- radical or
the S- radical derived from the solvent decomposes
to give hydrogen. Alternatively, the RO- radical
might decompose to give a-tetralone which might
then react with hydroperoxide to give an <*hy-
droxy peroxide, which decomposes to give hydro-
gen in a manner discussed by Durham, Wurster
and Mosher.11  In any event, the inhibitory action
of PAN upon hydrogen evolution suggests that it
traps the radicals which might be involved in free
radical-induced secondary decomposition of the
hydroperoxide. The change in water yield is also
indicative of its effectiveness.

These arguments demonstrate that PAN is an
effective radical trap in our systems and that the
first-order rate constants for tetralin hydroperoxide,
extrapolated to infinite dilution, represent the pri-
mary first-order decomposition reaction quite
well. The linear extrapolation of the observed
rate constants to infinite dilution used here is not
rigorous. However, since the observed first-order
rate constants are a linear function of initial con-
centration and since the extrapolated value and the

(10) F. Lossing and A. W. Tickner, J. Chem. Ph-ys.. 20, 907 (1952).

(11) L. J. Durham, c. F. Wurster and H. s. Mosher, 3. Am. Chem.
Soc., 80, 332 (1958).
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lowest measured concentration value never differ
by more than 15%, the extrapolated values cannot
be in error by more than several per cent.

The influence of solvent upon the rate of decom-
position is much larger than that expected or or-
dinarily found for truly unimoleeular reactions.
Bawn and Mellishiz found only a slight effect of
solvent upon the unimoleeular decomposition of
benzoyl peroxide. Szwarc 13-4 et al., studying
acetyl peroxide, found the rate to be independ-
ent of the solvent, and very close to that measured
in the vapor phase. This behavior is to be ex-
pected since the transition state resembles the initial
state so closely that the influence of solvent on
both states should be the same.1s The large effect
of solvent found here indicates that the decompo-
sition of hydroperoxide in solution is not truly uni-
molecular. This appears to be clearly the case with
certain of the olefinie solvents, where the low activa-
tion energy indicates a different reaction from that
occurring in the saturated solvents. The effect of
olefinie solvents has been noted in the case of cyclo-
hexene hydroperoxide by Farkas and Passaglia, s
and in the case of ;-butyl hydroperoxide by Walling
and Chang.is In both instances, chain decomposi-
tion was considerable; however, evidence was ob-
tained that the primary rate of bond cleavage was
enhanced by the olefinie solvent. Walling and
Chang suggest reaction (2) to account for this be-
havior

ROOH + CHo = CHCcHs — »
ROO + CHsCHCeHs (2)

Nandi and Palitir observe that hydrogen peroxide
functions as an initiator of vinyl polymerization at
moderate temperatures and observe an effect of
solvent upon the rate of initiation.

While the behavior of hydroperoxides in olefinie
solvents may reasonably be explained by a reaction
of the type shown above, (2), it is more difficult to
suggest a reasonable mechanism for the influence
of saturated solvents. A reaction such as (3) can
be postulated, although it has no counterpart as far
as we are aware.

ROOH + RH — > RO- + R- + IIsO 3)

A further indication that some such solvent effect
is operable arises from the magnitude of the activa-
tion energy of the decomposition. The measure-
ments reported here show clearly that the activa-
tion energy of the first-order tetralin hydroperoxide
decomposition is about 31 kcal./mole. The compli-
cating effects of induced decomposition and reac-
tions of higher order appear to be absent, on the
basis of the data presented. Previous data for
other hydroperoxides show similarly low values of
the activation energy.s When compared with the
dissociation energies of hydrogen peroxide, 48 kcal./'
mole, and dialkyl peroxides, 32-36 kcal./mole, s

(12) C.e. Il. Bawnand S. F. Mellish, Trans. Faraday Soc., 47, 1216
(1951;.

(13) A Rembaum and M. Szwarc, 3. chem. Phys., 23, 909 (1955).
(14) J. Smid, A. Rembaum and M. Szwarc, 3. Am. Chem. Soc., 78,

3315 (1956). ) )

(15) S. Glasstone, K. J. Laidler and H. Eyring, “The Theory of
Rate Processes,” McGraw-Hill, Inc., New York, N. Y., 1941, p. 407.

(16) C. \Nalllng and Y. W. Chang, J. Am. Chem. Soc., 76, 1878
(1954).

(17) U.s. Nandi and S. R. Palit, 3. Polymer sci., 17, 65 (1955).

Substrate E ffects on Decomposition of Alkyl Hydroperoxides

1031

Fig. 4—Inhibition period versus rate of thermal decom-
position of tetralin hydroperoxide; 171°, 0.2% inhibitor.

this value seems abnormally low. The only other
hydroperoxide for which the approximate first-or-
der decomposition rate constant for the primary
decomposition apparently has been determined is
¢-butyl hydroperoxide in n-octane.is The investi-
gators relied solely upon extrapolation of rate data
to infinite dilution, which might, but does not nec-
essarily, eliminate induced decomposition. The
activation energy in this case was found to be 39.0
kcal./mole, close to that found for di™-butyl perox-
ide by the same investigators. Walling2 sug-
gests that this value appears low, in view of the
value for hydrogen peroxide, and suggests that sol-
vent is possibly involved in the cleavage process. In
this case, however, the kinetic data agree closely
with the dissociation energy calculated from heats
of formation of the hydroperoxide and the resulting
radicals. Moshera: recently has redetermined the
heat of combustion of ¢-butyl hydroperoxide in
agreement with Bell 22 et al., and calculates a dis-
sociation energy of 41 + 3 kcal./mole. It seems
unlikely, thus, that the n-octane solvent plays a role
in the decomposition in this case.

The wide variations in the first-order decompo-
sition rate constants with solvent suggests that this
effect could be of importance in the rate of autoxi-
dation of the solvent. This would be particularly
true in inhibited oxidations, since the maximum
hydroperoxide concentration during the inhibition
period will be quite low, and higher order reactions
will be unimportant. To test this idea, the inhibi-
tion period resulting from a given concentration of
phenyl-a-naphthylamine in a number of fluids was
determined at 171°. The log of the inhibition pe-
riod is plotted against the log of the decomposition
rate constant for tetralin hydroperoxide in those
fluids in Fig. 4. It will be seen that the inhibition
period is inversely proportional to the decomposi-
tion rate constant for all of the fluids studied except
tetralin. In a previous report, it was showns that
the inhibition period is given by

(18) T. L. Cottrell, “The Strengths of Chemical Bonds,” Academic
Press, Inc., New York, N. Y., 1954,

(19) E. R. Bell, J. H. Raley, F. F. Rust, F. Il. Seubold and W. E.
Vaughan, Disc. Faraday Soc., X0 242 (1951).

(20) C. Walling, “Free Radicals in Solution,”
Sons, New York, N. Y., 1957, p. 504.

(21) H. S. Mosher, private communication.

(22) E. R. Bell, F. H. Dickey, J. H. Raley, F. F. Rust and W. E.
Vaughan, Ind. Eng. Chem., 41, 2597 (1949).

John Wiley and
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where
[111]n = initial inhibitor concn.
[111] = instantaneous inhibitor concn.
A = rate constant for oxidation chain initiation by
hydroperoxide decomposition
A, = chain length constant, where chain length =
WilH]
A = rate of chain initiation by reactions not involv-
ing hydroperoxide
F = fraction of inhibitor remaining at end of inhibi-
tion period (chosen to be arbitrarily small or
zero)

It can be shown that the integral has a constant
value for the conditions studied heres The cor-
relation shown in Fig. 4 suggests that the chain
length constant kj, is approximately the same for
the materials studied here, with the exception, pos-
sibly, of tetralin. The chain length constant for
tetralin has been shown by Bollandzs to be about
170 times as large as that for «-decane at 60°, which
probably accounts for its very short inhibition pe-
riod. Other materials with widely differing chain
length constants should show similar deviations.
The peroxides which catalyze the oxidation during
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the inhibition period are, of course, those native to
the fluid. The effect of structure upon the thermal
stability of hydroperoxides has been shown to be
slight,s however, and the rate of decomposition of
tetralin hydroperoxide should be close to that ex-
pected from the native peroxides in a given solvent.

Summary

1. Phenyl-a-naphthylamine is shown to be an
effective radical trap for the radicals produced
when a hydroperoxide is decomposed in hydrocar-
bon solvents. By its use, free radical-induced sec-
ondary decomposition of the peroxide can be elimi-
nated.

2. The primary first-order decomposition of tet-
ralin hydroperoxide is strongly solvent dependent,
suggesting that the radical-producing reaction in-
volves reaction of the hydroperoxide with solvent.

3. The PAN inhibition period for autoxidation
of a hydrocarbon is found to be inversely propor-
tional to the rate fit which tetralin hydroperoxide
decomposes in that solvent. Since most hydro-
peroxides decompose at nearly the same rate in a
given hydrocarbon solvent, the rate of the solvent-
hydroperoxide reaction is seen to be an important
factor in determining the rate of autoxidation of

(23) J. 1» Bollami, Quart. Rev., 3'8 (1018). the hydrocarbon.
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The kinetics of two different deuterium exchange reactions were studied over platinum on nine different supports. The
reactions were (1) «-butane plus n-trideuteriobutanc and (2) w-butane plus deuterium. The catalysts were, generally,
platinum -acidic oxide materials having hydrogenation-dehydrogenation sites and “acid” sites. Their “dehydrogenation
activities” were characterized by cyclohexane conversion to benzene; their “acid activities” by p-xylene isomerization.
In either reaction, equilibrium product compositions matched those calculated by probability methods assuming (i) that
all of the hydrogen atoms of «-butane are equally replaceable by deuterium atoms, and (2) that there is no isotope effect
on the equilibrium compositions. In the butane-deuterium reaction, equilibration among the hydrogen isotopes of the
system was reached first; equilibrium was next established for the distribution of deuterium atoms between hydrogen
molecules and butane molecules; slowest was equilibration in the butane-deuteriobutane portion of the system. Catalyst
activity toward each deuterium exchange reaction was found to parallel dehydrogenation activity primarily, and “ acidity,”
as measured by xylene isomerization, secondarily. Reaction rate and apparent activation energy varied from catalyst to
catalyst. Frequency factors and activation energies exhibited the “Compensation Effect.” The kinetics suggest that the
number of deuterium atoms combining with a butane molecule per collision of butane with deuterium also paralleled catalyst
“acidity.” The data, taken together, may mean that acid sites and platinum site's eoaet to promote this latter effect.

Catalytic exchange of deuterium between a low
molecular weight paraffin and its deutero analog:
involves catalyst interaction with only one chemical

types are compared using «-butane. The catalysts
were, generally, platinum on acidic oxide materials
having both hydrogenation-dehvdrogenation and

species, the hydrocarbon. On the other hand, an- “acid” activitiess-10

other species, hydrogen, is present in the more eom-

monly studied reaction of deuterium itself with 51! (1939); (b) R. K. Greenhalgh and M. Polanyi, ibid. 35 520
(1939).

paraffins.2-s In this "work, these two reaction

(1) G. Parravano, K. F. Haimncl and Il. S. Taylor, J. Am. Chera.

(6) G. A. Mills, H. llcinctnann, T. II.
Ind. Ena. Chem., 45 134 (1953).

Millikon and A. G. Oblad,

Soc., 70, 2209 (1948).

(2) (@) C. ICemball, Proc. Roy. Soc. (London), A207, 539 (1952);
(b) A217, 37G (1951); (c) A223, 377 (1954); (cl) J. R. Anderson and
C. Kemball, ibid., A223, 3C1 (1954).

(3) S. O. Thompson, J. Turkevich and A. P.
Soc., 73, 5213 (1951).

(4) (a) A. Farkas and L. Farkas, T'rans.
(1939); (b) A. Farkas, ibid., 36, 522 (1940).

(5) (a) O. Jlorrex, R. K, Greonhalgh and M. Polanyi, ibid., 35,

Irsa, J. Am. Chem.

Faraday Soc., 35, 917

(7) (a) M. J. Fowle, It. D. Bent, F. G. Ciapetta, P. M. Pitts and
L. N. Leum, Advances in Chem. Ser., No. 5, 70 (1951); (b) F. G. Cia-
petta and J. B. Hunter, Ind. Eng. Chem., 45 147 (1953); (c) F. G.
Ciapetta, U. S. Patent 2,051,598.

(8) V. Hacnsel and G. It. Donaldson, Ind. Eng. Chem., 43, 2102
(1951).

(9) P. B. Woisz and E. W. Swegler, Science., 123, 887 (1057).

(10) V. llacnsel, U. S. Patent 2,023,800.
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Tabte |
Catal.YST CitakaxtFauzatkn

Surface Doliyd. act.,” Isom. act.J'
Oat. I't eonon. Cl eonon. area ¢uinole/g./ jumole/g./
no. Support. (W, %) \E. %) (st} st sec. sec.
1 AWY 0.59 0. 15 430 4000 1.1
2 Aid)/ 5> .09 410 3700 1.4
3 Aid)/ .59 .01 180 1200 0.0
4 Aid)/ .35 .35 350 400 1.2
5 AldVv .49 1.0 90 1000 0.8, 0.9
6 SiO.,-AldV 47 390 1700
7 Cat. no. O treated with 0.5 m KZ03 370 700
8 SiCV 0.47 080 1200
9 Act. C 0.50 1080 50
a Cyclohexane dehydrogenation activity. *p-Xylene isomerization activity. * Mostly eta AbOs. 4 F-10 Al-»()t * 10%

AID3 1 0.07% A1,03

Experimental

Materials.—Mntheson C.r. «.-butane (>99.8%) and
Stuart Oxygon Co. deuterium (>00.5%) were used without
further treatment. Phillips pure grade cyclohexane and p-
xylene were' each percolated through silica gel before use.
Ilydrogcn was passed through Deoxo cylinders (palladium
catalyst) to convert tract's of oxygen to water, and then
dried over silica gel.

The douteriolmtane was made by reaction at 310° and 1
atmosphere of 3 moles of deuterium with each molt; of n-
Tutane over the more active catalysts of this study. Space
velocities were the same as those* of the experiments re-
ported below. The reaction product was frozen at liquid
nitrogen temperatures, after which the non-condensable
hydrogens were removed by evacuation. The remaining
solidified butanes were gasified, refrozen, out-gassed and
regasified. The charge for the butane-deuteriobutane ex-
periments was made by dilution of 1 volume of the resulting
deuteriolnitanes with 3 volumes of n-butanc.

The catalysts (Table 1) were made by impregnation of the
supports with aqueous chloroplatinic acid. The potassium
"poisoned” catalyst7'11-12 was made by treating catalyst
no. 6 with an equal volume of 0.5 m aqueous K2CO$ at room
temperature for 30 min., filtering, washing and drying over-
night at 280°. Each catalyst was reduced in flowing hy-
drogen at atmospheric pressure for 2 hours at 232°, 2 hours
at 510°, and (for deuterium exchange reactions) overnight
at 482° in place in the reactor.

Procedures.—Four kinds of hydrocarbon reactions were
carried out; the two main types of deuterium exchange
reactions and two indicator reactions, cyclohexane dehydro-
genation to benzene and p-xylene isomerization.

The exchange reactions were carried out in an all-glass
semi-automatic flow type apparatus. Premixed charge gas
was displaced from a calibrated thermostatecl buret by mer-
cury from a levelling bulb. This bulb rested in a harness
which was raised at a constant speed by a cord winding on
the spindle of an electrically driven “Zero-Max” torque
converter. Charge rate depended on the setting of the
torque converter and was reproducible to about +4%.

The charge gas passed into a conventional spiral pre-
heater (3 ft. of 1 mm. i.d. capillary tubing) and reactor
tube (@ic in. o0.d. tubing). The bottom 8 cm. of the re-
actor contained the 2.0 cc. of 40/60-mesh catalyst. Pre-
heater and reactor were together heated in thermostated
(£0.5°) oil- or lead-baths.

Product gases passed from the reactor through about 2
ft. of unheated capillary tubing (2 mm. i.d.) into the top of
a thermostated calibrated buret. This receiver was in-
itially filled with mercury which could run out of it through
a valve actuated by an “ Asco” solenoid. The electrical
circuit which operated the solenoid was made and broken
by a manometric constant pressure regulator connected to
the reactor. Thus, flow out. of the reactor into the receiver
was controlled by the pressure regulator. Pressure was

(11) A. P. Bailed, I. V. Patscvich, A. S, Feldman and A. V. Frost,
Doklady Akad. Nauk, U.S.H.K., 78, SO!) (1951); (m A.. 45, 7801
(1951).

(12) M. O. Baker, S. D. Cliestmint and T. P. Weir, Jr., Tins Joirn-
52, 1304 (1948).

naj,

constant to within + 1 mm. of mercury during an experi-
ment.

Just before an experiment, hydrogen was evacuated from
the reactor and replaced by charge gas. The first. 30 to 40
cc. of product gas was discarded, then two 30 to -10 cc.
product-samples were taken for analysis and, finally, re-
sidual reaction gas was evacuated and replaced with flowing
hydrogen. Normally, three such experiments were done
in one day, the earlier being at the lower temperature. At
the end of the day any given catalyst sample was discarded.
These arbitrary procedures almost eliminated the appear-
ance of “erratic” results; those which persisted are re-
ported.

The two indicator reactions were carried out in bench-
scale high pressure equipment. For cyclohexane dehydro-
genation, 350 p.s.i., 399°, 4 moles of hydrogen per mole of
cyclohexane charge, and a liquid hourly space velocity of
5000 were used, giving conversions generally below 5%.
For xylene isomerization, 175 p.s.i., 482°, 4 moles hydro-
gen per mole of p-xyleno charge, and a space velocity of 100
gave conversions from 1to 20%. Further details are given
elsewhere.3

For these two indicator reactions, catalyst activity was
characterized by reaction rate at conversion levels well below
equilibrium values. Dehydrogenation activity is reported
as micromoles of benzene produced per second per gram of
catalyst after correction to eliminate effects of diffusional
limitations on reaction rate. p-Xylcno isomerization ac-
tivity is in micromoles of isomers per second per gram.
The repeatability of each is +10%.

Mixtures of xylene isomers were analyzed by infrared
absorption; all other reaction products, by mass spec-
trometry .

Equilibrium
Reaction of Deuterium with «-Butane.— Ideally,

the reaction of an equimolar mixture of «.-butane
and deuterium would be

n-C4H ,0 -1- D* n-CJIsD + HI)

Tn practice, however, all deuteriobutanes and all
hydrogen isotopes are produced to some extent.

Equilibrium in this system may be considered as
a combination of three simpler equilibria. First,
there is an equilibrium with respect to introduction
of deuterium atoms into butane. It is indexed by
the proportion of the total deuterium atoms of the
system which appear in the deuteriobutanes, the
remaining atoms appearing as deuterium mole-
cules or hydrogen deuteridc. Secondly, there is the
equilibrium among the various deuteriobutanes.
Thirdly, there is an equilibrium among the hydro-
gen isotopes.

Each of these equilibria has been considered in

(13) C. G. Myers and G. W. Munns, Jr.,
1728 (1958).

Tnd. Kny. Ghent., 50,
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Table Il

Equilibrium:

C4Hi0:D2 = 1

Av. residence time (sec.) 5.5 5.5 8.0 8.0
Compn., mole % a a
h2 41.7 419 418 417
HD 7.8 7.7 7.8 7.9
d2 0.5 0.4 0.5 0.4
R-CsH1o 7.7 7.8 7.6 7.5
n-C4HD 15.6 15.4 15.2 15.4
n-CaHsD2 14.0 14.5 15.0 14.6
ft-C:H:D;S 8.3 8.1 8.2 8.3
n-CaHsDa4 2.9 3.3 3.2 3.2
n-CJisD, 0.8 0.9 0.8 0.9
n-CsHsDs .04 .04 1 1
Atom wt. of D combined
in
Ilydrogens/ioo mole 8.8 8.5 8.8 8.7
gas
Butanes/100 mole gas 85.3 86.4 87.2 874

Fraction of total D in
Hydrogens 0.093 0.090 0.091 0.090
Butanes 0.907 0.910 0.090 0.910
a Second of two successive samples. s Calculated using ju

the literature of exchange between paraffins and
deuterium over films of transition metals. To
check for consistency with the literature, the five
experiments of Table Il were made with the plati-
num-silica-alumina catalyst at 125° and at aver-
age residence times varying from 5 to 50 seconds.
Two successive samples were taken during each
run. The analyses of these 10 samples are the
same within analytical repeatability (x2.5%).
Clearly, the gas composition of Table Il is time-
independent when approached from a 1:1 mixture
of deuterium and n-butane. To show that this is
an equilibrium composition, it would also be neces-
sary to obtain it from the corresponding mixture of
deuteriobutanes and hydrogen. This was not at-
tempted. Rather, the complete agreement which
is shown below with the pertinent literature was
considered justification for taking the compositions
of Table 11 to represent equilibrium.

1. Introduction of Deuterium into the Butanes.
—For the experiments reported in Table 11, 90.8 £
0.2% of the deuterium atoms of the system had
become combined in the butanes, the remainder
being in the hydrogen isotopes. Farkas4 deter-
mined that the ratio of H atoms to D atoms in the
hydrogens divided by that ratio in the butanes lies
between 1.89 and 2.43 at equilibrium. From the
averaged data of Table Il, the experimental ratio
is 2.19.

H/D in hydrogens [2(50.02) —8.741/8.74

H/D in butanes [10(49.98) - 86.57/86.57 ~ AL

Thus, the experiments produced equilibrium in
this respect. Moreover, the value of 2.19 is close
to that of 1.91 calculated by Wirtzis on the basis
that all of the hydrogen atoms of the butane mole-
cule enter into the exchange.

2.
tanes.—Kemballo found the distribution of the
various butanes in the equilibrium products to be

(14) Wirt*, Z. Elektrochem., 43, 062 (1937).

Butane-D euterium E xchange

11, 125°;

1 atm  Pt/SiOr-Ahflb

18.3 183 279 279 50.2 50.2
a a a d b

41.7 419 417 412 417 418 0 41.69
8.0 77 79 83 79 78 O 788
0.4 0.4 0.4 0.5 0.4 0.4 0.43
8.0 7.8 7.6 7.8 7.5 7.5 15.3
15.6 15.5 15.2 154 155 16.1 30.5
14.5 14.5 14.5 144 147 145 291

8.0 8.1 8.4 8.3 8.3 8.0 17.3

2.9 2.8 3.3 3.1 3.2 3.1 6.2

0.9 13 0.9 0.9 0.9 0.7 1.6

1 0.04 1 1 1 1 tr.

8.8 8.5 8.7 9.3 8.7 8.6

‘0

85.3 865 87.7 ss.6 87.7 85.6 ‘5

m
0.093 0.089 0.090
0.907 0.911 0.910
= 0.0437—see text.

0.096 0.090 0.092
0.904 0.910 0.908

statistical. That is, they match those calculated
by probability methodsssassuming that (1) all ten
positions occupied by hydrogen atoms in n-butane
are equivalent, (2) a deuterium atom is equivalent
to a hydrogen atom, and (3) these factors and
charge composition determine equilibrium com-
position. This statistical method was used to cal-
culate the equilibrium composition to be expected
in the butane portion of the reaction products from
the equimolar butane-deuterium mixture (Table
11, column 11). Clearly, the distribution of the
deuteriobutanes in the experimental products
matches the equilibrium distribution.

3. Equilibration among the Hydrogen Isotopes.
—The third equilibration to be considered is that
among the hydrogens.

H* + D2 2HD

It has been thoroughly studied; the literature is
summarized by Kirshenbaum. s

Following the method of Twigg,1z the equilib-
rium constant may be expressed as a function of
the total content of deuterium (both combined and
uncombined) in the hydrogen fraction of the prod-
uct gas. Thus, if n is the total mole fraction of D2
(both combined and uncombined) in the hydrogen
fraction from the butane-deuterium reaction, and if
fti is the mole fraction of component i

m — Vilhd + nx)2 and
05 —"2IMN\=«Hi + VittD+ M

because half of the product gas was hydrogen iso-
topes. At equilibrium

wad
(05 — 1 — 0.5rhd)(m — 0.5rhd)

(15) T. I. Taylor, "Hydrogen lIsotopes,” in P. li. Emmett, “Catal-

Equ”ibration among the Deuterated Bu'ysis," Vol. V, Reinhold Publ. Corp., New York, N. Y., 1957, p. 354.

(16) 1. Kirshenbaum,
National Nuclear Energy Series,
C. A., 46, 8443 (1952).

(17) G. H. Twigg, Trans. Faraday Soc., 33, 1329 (1937).

"Physical Properties of Heavy Water,”
Div. Ill, 4A (1951). See also
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At 125° the value of K — 3.48.% The average
value of n for the 10 experiments of Table Il is
0.0437. Using these values, the concentration of
HD to be expected at equilibrium is 7.88 mole %.
The corresponding concentration of D2 is 0.43
mole %. The experimental distribution of the hy-
drogen isotopes in Table Il matches this equi-
librium distribution.

4, Comparative Rates of Approach to Equilib-

rium.—The introduction of deuterium into butane
molecules produces, necessarily, either HD or H2
As soon as either is formed, it exchanges with the
other hydrogen isotopes present in the system.
The three hydrogen isotopes equilibrate very
rapidly. Even though very little deuterium and
n-butane had reacted in some of the experiments,
upwards of 90% of equilibrium among the hydro-
gens was achieved in all experiments. In most
cases, complete equilibration among the hydrogens
resulted.

Next most rapid was the rate of introduction of
deuterium into butanes. That is, for products
which were not quite at equilibrium in all respects,
(1) the hydrogen isotopes would be completely
equilibrated, (2) the ratio (H/D) in the hydro-
gens/(11/D) in the butanes would equal 2.19, but
(3) the distribution of deuterated butanes would
not be “statistical.” Therefore the slowest of the
three reactions is the equilibration among the bu-
tane “isotopes.”

Reaction of Butane with Deuterobutane.—

W-C4HTD3 + 7i-C4Hio < > n-CJlauL -f- n-OJIfID, etc.

Table 111 presents the product distributions from
the reaction of the butane-deutcriobutane mixture
over two active catalysts, platinum on E-10 alu-
mina and platinum on silica-alumina. Each prod-
uct is from the experiment having the longest
residence time at each of three temperatures in the
range from 291 to 608°. The distributions agree
with each other and with the “statistical” equilib-
rium distribution (within analytical precision).
Thus not only is the equilibrium distribution sta-
tistical in this system too, but it is also independent
of both temperature and type of catalyst support
in the ranges studied. In fact, the temperature-
independence of the equilibrium distribution in the
butane fractions from both reactions—and also in
the hydrogen fractionT7—is a reflection of the
statistical nature of the equilibration process.

Kinetics

The Reaction of Butane with Deuteriobu-
tane.—Harrisis developed a generalized equation
for the rate of an exchange reaction, assuming
the reaction to be first order in the exchanged
species (here, deuterium atoms). It was adapted
by Anderson and IvembalP: to exchanges between
deuterium and the light paraffin hydrocarbons. An-
derson and Ivemball found that their data for the
reactions of deuterium with ethane, propane and
isobutane over metal films in static systems fitted
this adaptation of Harris' equation.

Rate constants were calculated from the results
of the present work using the Anderson and lvem-
ball equation

(18) G. M. Harris, Trans. Faraday soc., 47, 710 (1951).
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Fig. 1—Butane-douteriobutane exchange: rate (ka)
determination lor Pt/SiOa-AUOQOa; 75°, 1latm.

Fig. 2.—Butane-deuteriobutane exchange: activation

energy determination for Pt/SiOr-AbCL; 1 atm.

—log (P —P c0) = /c»i/2.30(Po — Pco) + constant (1)

Here, tis the average residence time in the catalyst
bed, and kn is the specific rate of exchange in per
cent, per second per gram. P, Po and fh are the
mole percentages of n-butane in the product gas, in
the charge gas and in the equilibrium gas, respec-
tively. P and Po were experimentally determined;
Pco was calculated by statistical methods. This
treatment expresses concentration in terms of the
amount of undeuterated butane left in the product
gas compared with the amount which would be
found in the equilibrium product. It reduces the
results of experiments with slightly different charge
compositions to a common basis.
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TABLE 111

F.gitilibrium: Butane -Deuteriobutane Kxohanue Statistical Calculation vs. Experimental Determination

Catalyst 5
Charge no. 2 3 5 5
Temp. (°F.) 293
Press, (mm.) 758
GHSV @ STB 08.5
(hr-"1)
Av. res. time (see.) 17. t
Compn., mole %
n. 0.5 0.4 0.9
HD 5 0.2
d2 .3
n-CJlio 77.9 78.4 77.9 49.0
wCaHs1) 2.8 3.0 5.0 35.3
M-CfflaDj 5.0 4.9 4.2 11.9
1-CaHr1)s 5.5 5.7 4.8 2.5
ii-Cdl«! ti 4.2 4.5 3.7 0.3
n-CffhDr, 2.3 2.3 2.0 0.1
n-C..H.tDo 0.8 0.9 0.8 t
n-CAWb 3 0.3 3
n-CJl-.Dg .1 t .1

Hji;. 3.—Bui:inc-(hnitenobutiuie exchange:

((feet, I atm.

compensation

Figure | presents the rate determination for the
platinum on silica-alumina catalyst. The data fit
the first-order law (equation 1) as they must with
only one species, butane, in the gas phase. (Hy-
drogen isotopes were not produced in the experi-
ments, hydrogen concentrations reported in Table
Il being probably due to uncertainty in analysis of
these complex deuteriobutane mixtures.) Figure 2
presents an “Arrhenius” plot of the effect of chang-
ing temperature on the rate constant of the butane-
deuterobutane reaction over the platinum/silica-
alumina catalyst. The apparent activation energy
is 18.2 kcal./mole. Apparent activation energies
and frequency factors (calculated from the Arrhen-
ius equation) for all of the catalysts are listed in
Table 1Y. The apparent activation energies and
frequency factors exhibit the “Compensation Ef-

5 5 0 6 6
2 2 2 2 3
408 008 291 440 008
701 757 758 755 752 li
83.5 09.0 70.5 64.0 70.5 A
11
12.7 12.0 10.7 15.2 117 @ o
0.9 0.6 1.2 0.1 3.2
0.2 0.1 0.1
49.1 48.9 48.1 48.7 47.8 50.0
35.5 35.4 34.7 35.3 34.4 35.9
11.8 11.9 12.0 12.0 11.7 11.6
2.3 2.5 2.8 2.4 2.4 2.2
0.4 0.4 0.7 0.5 0.4 03
0.1 0.1 0.3 0.1 0.1 0.02
t t 0.1
t

fect” 19 in which the log of the frequency factor
increases linearly with increasing activation energy
(Fig. 3). As is often the case with multicompo-
nent catalysts such as the ones used here, this ef-
fect may be apparent rather than real. The avail-
able data do not permit ready interpretation. They
imply, though, that the “activation energies” of
Table 1Y are not at all conceptually simple.

Tabte IV

Summarized Kinetic Results

llittaxe-D euteuiobutane Exciianoe

Apparent

Clata- actlvatl?_r_l fr?q X Temp.
R TR I 5 (&}
5 20.1 106 75 14
0 18.2 10.4 75-144
8 14.3 55 230-320
9 135 4.0 230-320
2 8.5 4.7 50-150
1 7.0 3.7 50-150
3 5.0 2.4 75 -200
7 5.3 20 75 -319
4 4.7 16 100 -200

Reaction of Deuterium with Butane.— Kinetics of
the reaction of equimolar deuterium and »-butane
are treated in two ways. The first adopts the
Anderson and Kemball rate equation 1 which has
already been used for the butane-deuteriobutane
experiments. Concentration terms are formulated
as before except that P, Po and P« represent mole
percentages of the butane fraction of the gas only.
(Thus, in the third column of Table Il, P — 7.6/
0.499, Po = 49.9/0.499, and P« is calculated to be
15.0.) Thus, the resulting kinetics are those of the
slowest equilibration (that among the deuteriobu-
tanes). This treatment enables direct comparison
of the kinetics of the butane-deuteriobutane experi-
ments with those of the butane-deuterium experi-
ments.

(19) E. Cromer, “The Compensation Effect in

Catalysis” in W. O. Frankonburg's “Advances in Catalysis,” Vol.
VII, Academic Press, New York, N. Y., 19>t

Heterogeneous
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Fig. 4.—Butane-deuterium exchange:

rate (Ar) deter-
mination for Pt/SiOa-AUO*;

75°, 1 atm.

o3t (Ck*'X

Fig. 5.—Butane-deuterium exchange: activation energy
determination for Pt/SKA-AhCb; 1 atm.

1. Analogous Characteristics of the Two Sys-
tems.—Figures 4 through s and Table Y present
for the reaction of butane with deuterium the data
analogous to the results reported in Figs. 1 through
3 and Table IV for the reaction of butane with
deuteriobutane. Results for the two systems dif-
fered. First, the catalysts are not lined up the
same way in the two systems with respect to activa-
tion energy. The obvious distinction between the
systems is that only butanes contact the catalyst
in one, whereas butanes and hydrogens must com-
pete with each other for the catalyst surface in the
other. This may be—but is not necessarily—re-
sponsible for the observed differences. Secondly—
and in spite of the different ordering of catalysts in
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Fig. fi—Butane-deuterium exchange: compensation effect;
] atm.

Fig. 7.—Butane-deuteriobutane exchange; GHSV =
71 hr.-1, press. = 1 atm., non-alumina base catalysts:
A, catalyst no. 5; m, catalyst no. 6; O, catalyst no. 7; v,
catalj'st no. 8; V, catalyst no. 9.

the two systems—eight of the nine catalysts were
more active in the butane-deuterium system than
in the butane-deuteriobutane system. This is
shown for the platinum on silica-alumina catalyst
by comparison at constant temperature of the rate
constants of Figs. 2 and 5. For the catalysts in
general, it is shown by comparison of Fig. 7 with
Fig. s and of Fig. 9 with Fig. 10. (Conversion in
these latter plots is defined by analogy with the
rate equations.)

% Conversion = N — ~J 100 (2)
It would be conventional to ascribe this greater ac-
tivity to ‘‘activation” of the platinum by the extra

hydrogen of the butane-deuterium system. How-
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. . ) _ Fig. 10.—Butane-deuterium exchange; GHSV = 71 hr.-1,
prt'e:sls?. iI_:LB:ttr%ne-r?(frgj—;elLlr%rirr‘w(i-xtfgsaeng:tal(;sHtss'v N 701atharl);slt press. = 1 atm., PUAIjO* catalysts: =, catalyst no. 1;
no. 5; m, catalyst no. G 0O, catalyst no. 7; T, catalyst no. O, catalyst no. 2 a, catalyst no. 3; 0, catalyst no. 4;

8; V, catalyst no. 9. A, catalyst no. 5.

Fig. 9.—Butanc-dcuteriobutane exchange; GHSV =
71 hr.-1, press. = 1atm., Pt/AljO» catalysts: e, catalyst

no. 1; O, catalyst no. 2; a, catalyst no. 3; 0O, catalyst no. 4;
A, catalyst no. 5.

Fig. 11—Butane-