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ABSTRACT

The study of the partial oxidation of n-butane was car-
ried out in a porcelain reactor having an inside diameter of
1 inch, and an adjustable length from 0 to 30 inches. The
tube was equipped with traverse gear to allow measurement of
both temperature and velocity gradients across the outlet
section. Electric heaters were mounted on the wall of the
reactor tube for thaining the desired reaction temperatures.
Supplementary to the reactor, equipment was provided to meter
and preheat the butane and oxygen. A gas chromatograph was
developed to provide analysis of the expected product gases,
namely CHy, CoHg, C,H,, C4Hg, CqHg, CyHg, CyH o, CO, CO,, Hy,
HZO and 02. The composition of the product stream from the
reactor was correlated wlth the reaction variables of time,
temperature, and inlet oxygen composition by means of a
multiple regression analysis. Also, by the same technique,
the degree of conversion of butane was studied on the basis
of assumed rate equations. |

The reaction rate data for the n-butane oxidatioﬁ were
correlated on the basis of the following rate equation:

r =k (CuH; o5 (0,5
Giving: log k = - 1.1797 - 746.647 (% - 0.00135) + 1.25508
x 107 (& - 0.00135)2

Where: r = 1b. moles n-butane/ft.J min.
k = 1b. moles/ft min.
(Cquo) = mole fraction n-butane
(02) = mole fraction oxygen
T = temperature, ©K.
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A minimum reaction rate for the oxidation of n-butane was
observed at 4520C. ‘

The thermal decomposition data were found to correlate

best on the basis of the following second order rate equation:

a(c,H, )
4710 2
- — = Kk (CuH1o)

kK = 1.44 x 1010 e~-5§&3§%—192

Where: k seconds—1
(CyHy )

R = gas constant, cal/gm. mole ©K.

mole fraction n-butane

T = temperature, ©K.

The application of the rate equations for the partial
oxidation and the thermal decomposition of n-butene i s re-
stricted to the range of the experimental investigation,
namely one atmosphere, 360°-760°C. and 0-25% inlet oxygen
concentration.

The correlation of the product distribution datza by
means of the multiple regression analysis is represented
graphically as moles of component formed per 100 moles of
buteane feed versus inlet oxygen concentrations for several
parametric values of retention time and temperature over the

range of conditions investigated.
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T. INTRODUCTION

An investigation of the literature indicated that ex-
tensive work had been done on the partial oxlidation of
hydrocarbons, It was evident, however, that additional
data were needed before a thorough understanding of the re-
action kinetlces of hydrocarbon oxidations is available, In
the case of normal butane, much work had been done in the
cool-flame region below 350°C, As far as could be deter-
mined, Appleby and co-workers (1) and, to a lesser extent,
Pease (2) were the principal investigators of the oxida-
tion of normal butane at higher temperatures. The work of
Appleby (1), which was the most extensive, covered the re-
gion of 486°-526°c, Therefore, a relatively broad temper-
ature region on either side still remained for investiga-
tion. It was therefore decided to study the effects of
oxygen concentration and retention time on the partial oxi-
dation of n-butane at a pressure of one atmosphere over the
temperature regilon of 360° to approximately 760°C, The
purpose was to obtain product compositions as g function of
the reaction varisbles, & correlation of the data in terms
of reaction rate equations, and also a possible insight
into the controlling mechanisms of reaction. In addition,
it was hoped to obtain data on temperature and velocity
gradients in the reactor with a view towards using these

data to provide an improved correlation of the experimental

results,
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IT. LITEBRATURE SURVEY

A survey of the literature on the partial oxidation of
butane was made by searching "Chemlcal Abstracts® for the
years 1907 to 1958, The literature survey included refer-
ences to the partial oxidation of hydrocarbons other than
butane as well as pyrolysis of butane and related hydro-
carbons wherever the specific work appeared to provide use-
ful supplementary knowledge for the study of the oxlidation
of butane. A genersl tabulation of references is included
in the Bibliography, A review of the most pertinent refer-
ences 1s included in the following discussion,

A.  EQUIPMENT

The apparatus used for the study of the partial oxida-
tion of butane varied considerably among investigators.
However, for those using a flow apparatus, two separate
preheater tubes, a mixing chamber and a reactor were stand-
ard equipment requirements. Appleby and co-workers (1)
used a reactor and preheaters made of pyrex. The reactor
was equlpped wlth a thermowell and had a length of 35 mm,
and an inside diameter of 15 mm.

Pease (2) used two different sizes of pyrex-glass re-
actors. The larger reactor had a length of 11 cm, and an
inside dlameter of 1.65 cm,, while the corresponding dimen-

Sions for the smaller were 10 cm. and 0.5 cm., respectively,

The reactors were used either empty or packed with pyrex.
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A conventional way of obtaining temperature control in
the various investigations was to immerse the reactor in &
constant-temperature bath such as boiling Arachlor (3) and
to rely on a high surface-to-volume ratio to obtain suffi-
ciently high heat transfer to hold the reactor temperature
at the bath temperature. The reaction temperature was then
considered to be identical to the bath temperature, Surface
effects were claimed to be minimized by coating the reactor
walls (and packing§ with KCl by rinsing the reactor with a
20% KCl solution and allowing the moisture to evaporate (1, 2).
B.  ANALYSIS

Appleby and co-workers (1) analyzed their combustion
products by means of multiple isothermal distillations sup-
plemented by chemical and spectroscoplc analysis. Pease (2)
analyzed only the gaseous products of compbustion. No attempt

was made by him to analyze the liquild combustion products.

C. PRODUCT COMPOSITION

The products formed in the partial oxidation of butane
are a result of (1) cracking of the butane at the elevated
temperatures, (2) reaction of butane with oxygen, and (3)
secondary oxidation and cracking of reaction products formed
from the initial reaction of butane,

Tables I and II contain a summary of operating condi-
tions and product composition from the partial oxidation of
n-buténe. The lists of components formed 1n‘the high temp-
erature reglon (above 500°C.) include CyHg, C5Hg, CsHg,
CoHy,, CHy, Hy, CO, CO,, and H,0 (1, 2, 4). At lower temper-

atures (less than 350°C.) additional components are formed,
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including HCHO, GHBCHO, CHBOH, aclds and peroxides, mainly
Hy0, (H). 1In addition at 285°C.,, CoHLOH is also formed (&),

Data on the partial oxidation of butane above 500°C,
were not found in the literature, However, Burgoyune (5) ob-
tained data on the combuStlon of CHy at temperatures in the
vicinity of 1000°C, The data indicated that the reaction
proceeds via HCHO to form CO in the first stage and COp in
the second stage. This presumably indlcates the presence of
aldehyde in the oxidation of butane even at high tempera-
tures, In addition, at 500°C, when the KC1l coating was re-
moved from the walls, traces of aclids, aldehydes, and perox-
ides were found in the product gas stream (1).

Pyrolysis of butane at 600°C, gave approximately the
same product gas composition as the partial oxidation reasc-
Tion with the exception that no oxygenated compounds were
found, Otherwise, the distributions of saturated and unsat-
urated hydrocarbons in the product streams were simllar, as
shown in Table III (6},

D. BREACTION CHARACTERISTICS

The rates of oxldation of saturated paraffins at temp-
eratures in the low temperature region of 200°C, (and also
at somewhat higher temperatures) were highly dependent on
sStructure, i.e., the rates of oxidation increased with in-
creasing chain length and also with unbranched or uninter-
rupted chain length (7). There were two main types of re-
actions - oxidation and cracking., As the temperature in-

Creased, cracking predominated (4), In the region of 200°
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to 300°C., the reactions were autocatalytic and were accel-
erated by increases of pressure, temperature and the con-
centration of butane, whereas an increase of the oxygen con=-
centration retarded the velocity of the reaction (8).

For higher temperatures, the work of Appleby and co-
workers 1s very informative. A summary of some of their
conclusions is included here:

1) Butane to Oxygen Ratio (Temperature L86°.524%C, .
KC1 coated wall) '

At O, concentrations of less than 8% by volume,
the reaction products consisted of detectable amounts
of only hydrocarbons and water., No oxygenated hydro-
carbons or carbon oxides were found (1). At 0, con-
centrations greater than 10% by volume, CO appeared,
and the amount increased with increasing 0, concen-
trations (1). The concentration of CO and COp was
principally affected by 0o concentration and lncreased
wlth lncreasing O, concentration (2)., No other carbon
compounds containing O, were found (1). When XCl was
removed from the wall for one run, however, detectable
amounts of acids, aldehydes, and peroxides were found,

With only 0.5% 0o (by volume), the decomposition
rate of butane was found to be approximately one-
hundred-fold greater than that obtained in the absence
of 0o, (1),

Oxygen has the effect of decreasing the production
of saturates and propylene and increasing the produc-

tion of ethylene and 1-butene relative to the values
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observed in the absence of oxygen (1), as indicated
by a comparison of data in Tables I, II, and IIT,

Extrapolation of the product composition to zero
resldence time indicated that 0, in low concentration
at 500°C. acted predominantly as a dehydrogenation
agent for butane, water and butene being formed as
pr@ducté (1), In addition, there was a small amount
of induced cracking.,

Data obtained at 503°C., and 1 atmosphere showed
that the rate of the n-butane oxidation was approxi-
mately proportional to the square root of the 0z con-
centration and to the 3/2 power of the butane concen-
tration. The reaction-rate equation may then be
written as:

~d (CyH, )/ = & (CyH, 32 (0,12,
The rate constant was found to be 2,70 x 10” cc,/mole~
sec, at 503°C,, and the apparent activation energy was
21 kecal/g.mole (1),

2) The Effect of Residence Time on the n-Butane Oxi-
dation (486°-526°9C,, KCl coated walls)

Increased retention time gave increased reaction
of butane and O, and increased the concentration of
CHQ with a corresponding decrease in unsaturates and
CC,. Also, longer resction times resulted in marked
reduction in the concentration of buteune with an ac-

companying increase in methane and propylene., In ad-

dition, a small increase in ethylene occurred accom-
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panied by a slight decrease in ethane (1),

Times requlred to react as much as 10% of the
butane st temperatures in the region of 300°-1000%C,
were 10 millisec. at 1000°9C. (5), 1 sec. at 500°C.
(1}, and 1 min. at 300°C, (&),

3) Surface Effects on n-Butane Oxidation Reaction

The data included in Table I (1) were obtained in
a pyrex reactor having a wall coated with KCl. One
run was made in the same reactor at 503°C, and 1 at-
mosphere without the KC1l coating on the walls. In
the latter case there were a greater production of
CHM, lower production of C2H6, and an appearance of
a slight amount of peroxides accompanied by a small
amount of acids and aldehydes., The absence of perox-
ides in the products from the reactor with KCl-coated
walls indicated that KCl elther destroyed peroxide
formed in the gas phase or prevented a surface rezc-
Tion on pyrex involving peroxide formation (1),

Effects of KCl-coated surfaces and surface-to-
volume ratios on the reaction of butane and oxygen
were also found to be sigunificant in the work of Pease
(2). His investigation was made in the region of
3000-6259C, using the two sizes of pyrex-glass reac-
tprs which were mentioned previously in this report.
The reactors were used both as empty tubes and packed
with pyrex glass, He observed that in the large,

empty~tube reactor, the butane-oxygen reaction was
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approximately complete at 325°C. 1In the pyrex, glass-
packed, KCl-coated tube there was no reaction below
500°C, In the packed, KCl-coated, smaller tube the
reaction set in at 500°-600°C, instead of at 300°-400°C,,
the latter range prevalling at the part of the reaction
in the empty tube (2).

Schmit (8) noted that KC1l on the walls retards the
reaction mainly by a lowering of k in the Semenoff re-
lation

AP = AT
The AP is equal to the change in reactor pressure, The
k in the Semenoff relation is approximately proportional
to the negative value of activation energy in the
Arrhenius equation. The value of A in the Semenoff re-
lation is proportional to the collision frequency fact-
or (A) in the Arrhenius equation, {(t equals temperature.)

Indications were also found that it was possible to
polison the walls in such a way that the value of A in
the Semenoff relation was also decreased (8}, It can
be increased by the addition of small amounts of alkyl
nitrites and nitrates as well as diethyl ether and
butyraldehyde (8).

L) Additives
The addition of 10% butene (by volume) decreases the

butane conversion by 20% (1).



E. REACTION MECHANISM

In the field of hydrocarbon oxidation there are three
main postulations for the mechanism (3)., They are presented
as follows:

1) Hydroxgylation

An oxygen atom attacks the carbon-hydrogen bond
at the end of the hydrocarbon chain to produce an
aleohol, This step is followed by further oxygen
attack and, subsequently, by thermal decomposition.
One of the weaknesses of this theory is that the
formation of atomic oxygen is difficult to explain,
2} ZPeroxide

An oxygen molecule attacks a carbon-hydrogen
bond to give a peroxide which, beling inherently un-
stable, decomposes to yield alcohols, aldehydes;
acids, water and csrbon oxides. Both mechanisms
1) and 2) have chain-initiating and chain-terminating
steps to account for inhibition by surfaces,

3) Abtomic Chain Theory of Norrish

The reaction is propagated by atoms and radicals
formed in the hydrocarbon oxidation reaction rather
than by an energy-rich chain mechanism,

Hinshelwood (7) reported that the rate of oxidation of
satura;ed paraffins in the region of 183°~368°C. is highly
dependent on structure, l,e., the rate of oxidation increases
with increasing chain length., The relatioﬁ.between structure

and ease of oxidation appears to be quite snomalous compared



- 10 -
with most other hydrocarbon reactions, Experimental results
indicate that this anomalous reactlion behavior is associated
particularly with the fate of the energy-rich peroxide rad-
ical, whose formulation and reactlon are generally writiten
(9):

(2) B* + O, —> RO,* (exothermic)

(b) RO,* + RH —B* + ROOH (endothermic)

Factors which may favor reaction (b) include a low energy re-
quirement for transferring H from RH to ROprand a high energy
content made avalillable for activation by vibration coupling
within the hydrocarbon molecule, In addition to possible
activation of vibratiocnal energy, it is suggested that RO,
may exlist in more than one electronic state with different
energy contents (9),

Satterfield (10) noted that many published studies of
the partial oxidation of propane are brought into harmony
when the log of the ratic (moles propylene formed)/(moles of
propane forming oxygenated organic species) is plotted
against 1/T. The results lend support to the hypothesis that
the following three reactions are the predominant ones in
the oxidation of propane:

(1)  C3Hp* + Op = C3Hn00¢
(2)  CqHpe + 0, = CgHg + HOpe
- (3) CgHpe = CpHy + CHye |
In all probability, the results indicated by Satterfield for
propane oxldation may be extrapolated to aid in verifying the
mechanism of the oxidation of butane. Consequently, a similar

correlation of data may be attempted for the bubsne oxidation.,
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Appleby snd co-workers (1) considered the primary reac-
tion mechanism for the partial oxidation of butane in the
region of U486°-5269C, to be the following:
(1) CyHqp + Op > Cyfige + HOp-
(2} Cuyge + Op—>Cyfig + HOp*
(3) BOg+ + CyHqg »H0, + CyHige
(L) 2HO,« > HZ0, + 0,
(5) Hy0, ¥8lhE 0 + 20,
(6) 2HO0,- ¥2llypoo 4 130,
(7)) CyHge =¥ CHge + CgfHy
(8) CHge + CpHqo— CHy + CyHge
(9) CyHge = CoHge + CoHy,
(10) CpHge + CyHqo—» CoHg + CyHge
In view of the data presented in the preceding liter-
ature references, it seems entirely plausible that both a
peroxide and free radical mechanism prevall in the cxidation
of butane, The data of Appleby and co-workers (1) and Pease
(2) indicated that peroxides are present when KCl-coating on
walls 1s absent and that the reaction can be retarded and
stopped at temperatures below 500°C. by a high surface/vol-
ume ratio in the reactor, a possible indication of a perox-
ide mechanism, whereas the reaction will occur at the high-
er temperatures despite the high surface/volume ratio, a
possible indication of atomic or free- raaical mechanism, The
Supporting data for a peroxide mechanism at low temperature
are very significant. In addition, the fact that the oxlda-

tion of butane will occur at elevated temperatures where
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there 1is no evidence of peroxide formation indicates a nec-~
essary second mechanism, which can be a free-radical mech-
anism, to explain the reaction.

The existence of two different reaction mechanlisms
provides an explanation for an observed negative tempera-
ture coefficient in the oxidatlion reactlon of propane and
ethane (7, 11). The rate constant for propane was observed
to be at a maximum at 320°C. and then for the next 40°C.
showed a negative temperature coefficient until 360°C.,
when the reaction rate started to increase again (7). A
well-deflned negative temperature coefficient was also ob-
served in the rate of the slow oxldation of ethane between
3500 and 410°C. (11). An obvious explanation for the nega-
tive temperature coefficient 1s the oné that was tendered
above: the peroxlde mechanism predomingtes at low tempera-
ture and falls off 1n lmportance at higher temperature,
whereas the free-radical mechanlsm 1s significant only' in
the higher temperature regions. The region of negative
temperature coefficlent 1s a reglion where the importance
of the peroxide mechanlism has decreased, but reaction as
a result of the free-radlcal mechanism 1s not substantial
enough to supplement the reaction fall-off because of the
decreasling effect of the peroxide reaction.

F..  THERMAL DECOMPOSITION OF n-BUTANE

The higher the temperature of the partial-oxldation re-
actlion of butane, the greater 1s the importance of thermal

cracking in the overall reaction of butane. For this reasonm,
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the data of Egloff and co-workers (6) on the pyroclysis of
n-putane in the region of 600°-700°C, are cited in Table III
and the reaction characteristics and mechanism of thermal
decomposition are considered.

Propane, n-butane, and iscbutane were pyrolyzed ln non-
catalytic metal tubes in the region of 600°-700°C, and pres-
sures from 1-7 kg./cm? (6). Data are clted in Table III.
The reaction characteristics noted were:

1) 'Increasing the reaction time increased the amount

of hydrocarbon reacting.

2) The olefin concentration in the exit gas increased

up to a maximum with increasing time of contact, after

which it decreased,

3) When two or more olefins were formed, the condi-

tions for their maxima were different from those for

the case of a single olefin component,

L) An increase in temperature increased the maximum

olefin concentration obtainable at all pressures, An

lncrease of the pressure from 1 through 7 kg./cm? in-
creased the reaction rate at 600°C,, but this effect
disappeared at higher temperatures,

The experimental results are readily understandable if
one assumes the reaction takes place according to a group of
equations, part of which are unimolecular and part bimolecu-
lar, The equations, postulated by Egloff ané ce-workers to

explaln the thermal decomposition reaction are included below:
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A FQZQS (cal/mol)

(1) n=Cplyqy —> CyHg + H, 19,080
(2) n-CyHyq —> CHy + CsHg 7,100
(3) n-CyH,, —> C,H, + C H, 12,140

(4) 2 n=CyH o —> CHy, + CgHg + n-Cyflg 5,140
G. MECHANISM OF THERMAL REACTION OF n-BUTANE

— 2 C H, + n-CyHg 7,840

Hinshelwood (12) noted that the decomposition of paraf-
fin hydrocarbons was lowered to a limiting value by the ad-
dition of nitric oxlide or of propylene. The fact that the
limiting rates with the two inhibitors were identical and
that extra nitric oxide added during the reaction had no
further effect, indicated that the residual reaction rate
corresponded to a molecular reaction.

The rate of decomposition of olefins increased rapidly
with the number of carbon atoms; propane decomposed more
rapidly than propylene; butane and l-butene decomposed at
the same rate; and 1-hexene decomposed faster than hexane,
In the initial stages of the paraffin hydrocarbon decomposie
tion, the concentration of olefins was small and further de-
compogition of the product was negligible., As products oc-
curred, however, the olefin decomposition became important,
It was inferred from the spparent chain 1enoth that the
prooess of molecular rearrangement increased in importance
relative to the chain reaction with the ascent of the ser-

les and for a given hydrocarbon with increased pressure (12).
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For each hydrocarbon studied, the order of thermal de-
composition reaction varied between first and second, which
is compatible with Egloff's reaction equations. Hinshelwood
reports the thermal decomposition reactions were not consis-
tent with a constant order of 1.5, nor was the pressure de-
pendence consistent with thé uniform trensition from second
order to first, which was predicted for unimolecular reactions
that were dependent on a single mode of activation by colli-
sion. There appearéd to be a contribution to the overzll re-
action from ?rocesses that remained second order up to high
pressures (12). The decomposition rate_for a glven pressure
of the hydrocarbon tended to a limiting value as the paraffin
hydrocarbon series was ascended (12).

The kinetics of the thermal decomposition of n-butane was
studied in a pressure range of 1-30 in. Hg and a temperature
range of 5480-5730°C., by observing the change of pressure with
time (13). The addition of traces of propane and isobutene
was found to inhibit the n-butane decomposition reaction. Iso-
butene was the more effective inhibitor. Both inhibitors be-
came less effective as the temperature was increased. The
work indicated that the decomposition was a self-inhibiting
chain reaction involving free methyl radicals (13).

The rate of decomposition of C2H6 in the presence of
0-16% isobutylene was studied at pressures near 10 mm. and
at a témperature of 6350C. (14). BRuns were mede in a clean

3102 tube and also in the same tube when thermal decomposi-
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tion products of isobutylene had been adsorbed on the wall,
The amount of decomposition of CoHg in L5 gsec, decreased
from 3.9% to 2,4% in the clean tube when‘the concentration
of isobutylene in the reaction mixture was increased from
0 to 8%, In the treated tube the decomposition decreased
from 7.4% to 5,2% for an increase in isobutylene from 0 to
11.5%. Any further increase in iscbutylene had no effect
on the reaction (14). This is in agreement with previous
data citéd in the literature. The conclusion was that the
reaction was a chain process in which the inhibiting mech-
anism, where an H atom was removed from an olefin molecule
by an active radical, was more probable than that involving
addition to the olefin (14).

Additional work was done on the thermal decomposition
of isobutane at 5480-.5730C, and 10 mm.Hg. pressure in the
presence of 0-20% propylene or isobutylene (15), The decom-
position process was considered to be a free-radical chain
reaction. The concentration of free methyl radicals was be-
lieved to be inhibited according to the following reaction:

active
(where M is the inhibiting olefin molecule)
The activation energy for this type of reaction is small
compared to that of reactions between saturated molecules
(15). Quantitative information as to the specific-rate
equation and values of rate constants is included in the

reference, The equatlions and data included in the above

reference are in agreement with previous work cited.
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Rice (16) provided a theory for the thermal decomposi-
tion of hydrocarbons from the standpoint of free radicals.
He assumed that when a hydrocarbon decomposed it dissociated
into two free radicais which moved apart. Because the bond
energy of a C-H bond 1ls 93.3 kcal and that of a C-C bond is
71.0 kcal, the probable dissocliation occurred through rupture
of the C-C bond. The probability that the two radicals would
collide again after the initial bond rupture is remote. Con-
sequentlj, the free radical could either decompose or react
with the surrounding hydrocarbon molecules. A free methyl
group could take an H atom from its surroundings and form CHy
and a hydrocarbon radical. An ethyl group produced in this
way could undergo two reactions - the first, being similar
to the methyl group reaction, producing C2H6 and a hydrocarbon
radical, and the second possibility being a dissociation into
CZH4 and H atoms. Badicals higher then ethyl could decompose
in a similar manner into CzHu and elther a H atom or a free
radical.

The dissociation of free radicals is possible because,
in the process, a single bond becomes a double bond which re-
leases 52,800 calories which contribute to the minimum acti-
vation energy (93,000 cal.) necessary to break a C-H bond or
to the minimum activation energy (71,000 cal.) necessary to
break a C-C bond. The decomposition of paraffin hydrocarbons
can be represented as a chain reaction in which free H atoms or
free radicals combine with an H atom of a surrounding hydrocar-

bon molecule. The hydrocarbon radical decomposes, as noted, intoa
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compound and another free radical or H atom, Thus the cycle
is continued as a chain reaction (16).

Eice (17) brought the reaction products from the thermal
decomposltion of propane and butane into contact with metal-
lic Hg., Analyses of the resultant Hg alkyls produced showed
that they contained more than 95% of Hg (CHB)Q, indicating
that the methyl groups are the principal alkyl radicals
formed., Ethyl and higher radicals were shown to be absent,

H, HIGH TEMPERATURE OXIDATION

Burgoyne énd Hirsch (5) studied the combustion of
methane-alr mixtures at approximately 1000°C, using a flow
reactor, The concentration of CH, in the air mixture was
of the order of 5%. The reaction took place in a few milli-
seconds, and was little Influenced by surface effects at
high temperatures. The surface effect did increase at lower
temperatures.

The reaction was retarded by increased CHy, concentra-
tions and accelerated by increased 0, concentrations. It
proceeded via HCHO and CO, There was an accumulation of CO
in the latter stages of the reaction, which oxidized rapidly
or ignited when HCHO and CHy had been consumed. CO, appeared
to a slight extent before the final stage of the reaction,

In the presence of H,, the oxidation temperature of CO
was reduced to that of Hy, but on addition of CHj the H, and
CH), were oxidized together, and the CO remained until CHy,
disappeared, Ethane also inhibited the combustion of Co,

but less effectively than CHy,.
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There were two distinct stages in the reaction as noted
above - first, the conversion to CO, and second, the combus-
tion of the CO formed. With lean mixtures, approximately 36%
of thé CHy, oxidized was present as HCHO at the first part of
the reaction. As the reaction proceeded, however, the pro-
portional conversion to HCHO decreased. The actual concen-
tration of HCHO reached a maximum at a later point in the
reaction and then dropped., With richer mixtures at lower
temperatﬁres, the HCHO concentration fluctuated about a mean
value during the main course of the reaction. Approximately
5% of the CHy, reacted appeared as an unidentified intermedi-
ate near the midpoint of the reactlon which was postulated to
be either methanol or ethane (5).

I. CARBON FORMATION

At temperatures of 1000°C. and sbove, and also lower
temperatures, the formation of carbon in combustion processes
is & possibility. Porter (18) presented three basic conclu-
sions on the mechanlism of carbon formation:

(1) The pyrolysis of hydrocarbons led to more rapid

decomposlition than to polymerization reactlons
at high temperature,

(2) Decomposition processes resulted in dehydrogen-

ation and cracking to smaller molecules until
the least stable hydrocarbon, C,yH, is formed, and

(3) Solid carbon is formed from Czﬁz by simultaneous

condensation and dehydrogenation processes,
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III. EQUIPMENT AND OPERATING PROCEDURE

A schematic diagram of the apparatus is shown in Figure
1, and photographs in Pigures 2, 3, 4, 5, 6, 7, 8, and 9.
The principal féatures are: (A) a ges-metering system for
butane and oxygen, (B) a preheater section, (C) a varigble-
length reactor, (D)} a micrometer-mounted pitot tube and
thermocouple for obtaining velocity and temperature trave
erses, respectively, at the exit section of the reactor,

(E) a gas-sampling system, (F) a vacuum system, and (G) =a
gas chromatograph for analysis of product gases,

A view of the gas chromastography cabinet and resctor
equipment bays is presented in Figure 2, Figures 3 and L
provide front angle views of the reactor bays. The reactor
is located behind the one-eighth inch steel shield., A rear
view of the reactor is provided by Figure 5. The reactor
is covered with magnesia insulation. The traverse mechan-
ism is located gbove the reactor. A front view of the
chromatography unit including a Varlian Recorder is provided
by Figure 7. In Figure 8 there are the stripping column,
refrigeration unit, and air compressor which comprise a por-
tion of the vacuum system, Figure 9 provides a view of the
upper portion of the stripping columm. The water-jet ex-
hauvster is located on the side of the column., An afterburner
is located at the top of the column,

A, GAS METERING

Pressure regulators on the gas cylinders controlled the

flow of butane and oxygen., For the first L6 runs, gas dryers
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were included in the flow line to insure the removal of re-
gidual traceé of moisture. The driers were stainless-steel
vessels with inside diameters of 3 inches and lengths of 12
inches, and were packed with'Drierite (CaSOLL‘)a For runs
L6 through 167 the gas driers were removed, This was done
te facilitate the rapid purging of the inlet gas lines of
residual air that would contaminate the n-butane znd oxygen
flow streans,

The gas flow from the cylinders was directed to a2 temp-
erature conditioner which consisted of 20 feet of X-inch 304-
stainless-steel tublng, wound in a helical coll and subnmerged
in a constant-temperature water bath. The bath temperature
was controlled by propoftionlmg incoming hot and cold water
streams, A constant overflow of water from the bath ensured
an even bath temperature, The bath temperature was measured
by means of a mercury thermometer. The temperature of the
bath was held constant within + 0,.5°C.

From the temperature conditioner, the gases entered the
flowrators directly. The flowrators are rotameters made by
Fischer and Porter, and are equipped with either stailnless-
steel, glass, or sapphlre floats, The range of flowrator
messurement was 0,0005 to 1,0 standard cublic foot of gas per
minute (standard conditions were 70°F, and 760 mm, Hg.) The
accuracy of the flowrator measurements was primarily depend-
ent on.the accuracy of reading the flowrator.scales, It was
estimated that the scales could be read to approximately one-

half of a scale division, which in the case of the size 3
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flowrator would indicate a possible error of 0,1% in high
flowrate-measurements and 2.0% at low rstes,

A 6 inch mercury manometer and a 0 to 30 psig Bourdon
gage were connected to the exit side of the flowrators for
obtalining the pressures of the gases flowing through the
flowrators.

Although the flow rates were measured at other than
standard conditiouns of temperature and pressure, they were
in all céses corrected back to the standard conditions.

B. PREHEATER

The preheater section consisted of two separate preheat-
ers in series., The first preheater was 7 feebt of stainless-
steel tubing having an inside diameter of % inch and a wall
thickness of 0.035 inch., The second preheater was 30 inches of
stainless~-steel tubing with an inside diameter of 1/8 inch
and an outside diameter of 3/16 inch. FEach was wrapped with
asbestos tape to provide electrical insuvlation for a layer
of 30 feet of No, 20 B and S gage nlichrome IV wire. Thermal
insulation was provided by a layer cf micro-quartz insulation
over the wire, The nichrome wire was connected to a 0-135
volt, 860 watt, type V-5 Variac. The entire preheater asssem-
bly was made movable, since it was connected to the inletw
gas nozzle which could be adjusted in position inside the
procelain reactor tube., FEach preheater was controlled by a
Separate Variac. The volume of the first preheater was 0,001Z2

cubic feet which was equivalent to a 2.7 inch length of the
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l1-inch inside dlameter reactor tube. The volume of the sec-
ond preheater was 0.00025 cubic foot which was equivalent to
a 0.56 inch length of the reactor tube.

The butane and oxygen were fed through separate pre-
heaters and were brought together in the mixing chamber.

C. GAS MIXING CHAMBER

Butane and oxygen were mixed by direct impingement of
the two gas streams upon each other at the entrance to the
mixing chémber. The volume of the mixing chamber was small
(0.00005 cublic foot) and was equivalent to 0.1 inch of reac-
tor length.

D. INLET NOZZLE

An inlet nozzle was provided between the mixing chamber
and the reactor tube to provide potential flow of gases into
the reactor. A stainless-steel nozzle was provided for runs
1 through 32. It was a l-inch length of a stainless-steel tube
and was packed with hypodermic tubing having an outside diame-
ter of 0.032 inch and an inside diameter of 0.019 inch in
lengths of 0.5 inch. The volume of the stainless-steel nozzle,
including mixing chamber, was .00029 cubic foot and was equiv-
alent to a reactor length of 0.63 inch. No nozzle was used for
runs 33 through 45 and 92 through 99. A quartz nozzle with
0.040 inch inside diameter and 0.5 inch length tubing was em-
ployed for runs 46 through 91 and 100 through 109. A quartz
nozzle using 0.25 inch outside diameter by 0.5 inch length tub-
ing was used for runs 110 through 167. The volume of the gquartz
nozzle with 0.040 inch inside diameter tubing was 0.00015 or an

€quivalent of 0.32 inch of reactor.
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The nozzle material was changed from stainless-steel to
quartz because there was heavy carbon deposition on the nozzle
after each set of runs. It was thought that the stainless-
steel surface had some effect on the n-butane reaction which
could be minimized by using a quartz nozzle. At temperatures
above 600°C., carbon deposits were found on the quartz nozzle.
In order to minimize the effect of the quartz nozzle on the
n-butane reaction, a nozzle with larger diameter tubing was
used. The new nozzle had a 0.25 inch outside diameter and a
0.19 inch inside diameter in place of the 0.050 inch outside
diameter by 0.040 inch inside diameter. As a further means
of checking nozzle effects on the n-butane reaction, some
runs were made without any inlet gas nozzile.
E. REACTOR

The reactor tube was a McDanel high-temperature, porce-
lain tube with an inside diameter of 1 inch, an outside dla-
meter of 1.25 inches and a length of 30 inches. The reactor
tube for runs 62 through 167 had an inside diameter of 1.03
inches with an outside diameter of 1.2% inches. The inlet
nozzle to the reactor was fitted inside the reactor tube and
could be adjusted in position to allow use of any fraction
of the total 30 inches of reactor length. Asbestos packing
was used to provide a gas-tight seal between the movable
nozzle and the reactor wall. The reactor tube was located
inside a second porcelain tube which had an inside diameter

of 1.50 inches and an outside diameter of 1.75 inches. The
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outer tube was wrapped with 5 electric heaters for maintain-
ing the reactor wall at the desired temperature. The heaters
were 30 foot lengths of No. 22 nichrome IV wire wound in 6~
inch sections. Each heater was conmected to a 135 volt,
860 watt, V-5 Variac for separate temperature control of each
section., To maintain the wire in place, asbestos tape was
used, For purposes of insulation, several layers of 0.50
ineh thick micro-quartz insulation were used., At the longi-
tudinal éenter of each heater section, there was a chromel-
alumel thermocouple inserted through the heater tube and
mounted at the wall of the reactor tube., In operation, the
Variacs controlling the heaters were set to give uniform |
thermocouple readings along the length of the reactor.

r, TEMPERATURE AND VELOCITY TRAVERSES

At the exit section of the reactor tube, a pitot tube
and thermocouple were located for the purpose of obtaining
radial temperature and velocity traverses,

The traverse thermocouple was made of 0,003- inch diam-
eter platinum and 90% platinum-10% rhodium wires., It was
enclosed in a quartz tube having an outer diameter of 0.1
inch., The quartz tube was made in the form of a right-angle
with the leg containing the thermocouple junction. having a
length of 3 inches and the other, which was joined to a mi-
crometer head for positioning, a length of 5 inches,

For velocity measurements, a pitot tube made of quartz

with an inside diameter of approximstely 0.060 inch and
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outside diameter of 0.080 inch was used, The length and
the arrangement of the pitot tube in the reactor were simi-
lar to those for the thermocouple. The two traverse assem-
blies were mounted on opposite sides of the reactor, and
permitted traverses to reach within 0,1 inch of the adjacent
wall and 0.3 inch of the oppbsite wall, The major error
in determining the exact traverse location was in the initial
positioning of the probe with respect to the wall. The esti-
mated error of position was 10.01 inch, Otherwise, the ml-
crometer heads enabled the positioning of the probes to with-
in #0,001 inch,

The temperature prcbe had an axial length of 3 inches
inside the reactor for the purpose of minimizing conduction
effects along the wire and quartz tube. It was estimated
from the temperature data for the traverse and gas tempera-
tures that the traverse temperature read low by approximate-
1y 20°C, at low flowrates., The low temperature readings ap-
peared to be independent of traverse location as indicated
by the similarity of traverse temperatures on either side of
center in the reactor, At sufficlently high flowrates, the
temperature-traverse reading was approximately that of the
gas temperature as measured by thermocouples inside the re=-
actor, A part of the low temperature reading on the traverse
thermopauple was attributed to the greater heat conduction

effects at the end of the reactor tube,
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G. THERMOCOUPLE CALTBRATTIONS

The platinum vs, 90% platinum-10% rhodium and chromel-
alumel thermecou?les were callbrated by the National Bureau
of Standards over the range of 0-1100°C. The calibration
values are included in Appendix L. The Bureau of Standards
considered the calibration of the platinum vs. 90% platinum-
10% rhodium thermocouple to be accurate to within 0.5°C,
The calibration of the chromel-zlumel thermocouple was‘conn
sidered to be accurate to within 1°C,

All thermocouples were made from either the platinum
and 90% platinum-10% rhodium wire or the chromel and alumel
wire calibrated by the RBureau of Standards,

H, VELOCITY MEASUREMENTS

A micro-manometer was connected to the pitot tube to
measure the impact pressure of the gas, It was designed to
measure liquid heads within 0.0001 inch, With kerosene as
a manometer fluid (at 25°C., = 0.803 g./cc.), gas veloéities
as low as 1 foot per second may be messured, In practice,
1t was found that somewhat higher gas velocitles were needed
before measurements could be made., Since the gas velocltles
bresent in the reactor were generally lower than 1 foot per
second, no veloclty traverses were obtalned,

I. SAMPLING SYSTEM

The reaction gases left the reactor through a stalnless-
steel nozzle that converged to a minimum diameter of 1/8 inch,
There was a sampling port with a diameter of 0.030 inch 1lo-

cated 2 inches downstream of the nozzle in the sidewall of the
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1/8 inch diameter section. This was connected to a gas sampler
by means of an 8 inch length of stainless steel tubing having
an outside diameter of 0.072 inch. All gas samples were Ob-
tained at this location during the first 61 runs. Samples
were obtalned from the pitot tube for runs 62 through 167 by
approximately isokinetic sampling.

The procedure for obtaining gas samples was: (1) the gas
sampler and attached tubing were evacuated by means of a vac-
uum pump until the ﬁacuum indicated on a 0-30 inch mercury
manometer was constant, (2) the valve to the reactor was
opened and the gas was purged through the sampling system for
several minutes, (3) the valve was then closed, the system re-
evacuated, and a sample taken. When a sample was taken through
the pitot tube, isokinetic condltlions were accomplished by
throttling the gas through a valve at the desired rate. That
rate was indicated by observing the rate of pressure change on
a mercury manom eter connected to the sampling system. The
final sample was always at 1 atmosphere. This prevented air
contamination of the samples prior to analysis. The sample
bulbs had a capacity of 250 cc. A total of 12 bulbs were
used to permit consecutive sampling of as many as 12 runs and
allow later analysis of the samples.

One of the principal considerations in obtalining the
gas samples was that they be representative of the gas compo-

sition in the reactor. In order to accomplish this, the gas
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sample had to be cooled rapidly below the reaction tempera-
ture so that the reaction during the cooling period would be
negligible. Heat-transfer calculations indlcated that the
passage of the gas sample at an initial temperature of 5000¢C.
through the 0.072 inch outside diameter stalnless steel tube
held at room temperature would result in a cooling of the gas
from 5000C. to 150°C. in 10 millisec. and to 1000C, in 20
millisec. These calculations were based on an overall heat-
transfer coeffilcient from the gas to stainless~-steel tubing
of 1.5 B.t.u./(hr.)(ft 3 (OF.).

The residence time for 10-20% reaction of butane at

5000C. was in the range of 1-2 seconds and in the range of
minutes at 200°C. (4). Consequently, the amount of reaction
that occurred in the short cooling period was negligible. For
cooling gases from 1000°C., to 500°C., 1 millisec. was required
which was short with respect to the reaction time of 10 milli-
sec. for significant reaction at 10000C. This 1illustrated
that the sample cooling period was too short for significant
reaction to occur even at initially high reaction temperatures.

J. VACUUM SYSTEM

A diagram of the vacuum system is included as a part of
the main equipment diagram (Figure 1).

A Schutte and Koerting multi-nozzle, water-jet exhauster
was used to obtain a vacuum on the downstream side of the
exit-gas nozzle. A feed rate of approximately 100 gpm of

water was needed to operate the Jjet exhauster. Its capacity
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was indlcated by the fact that it could draw a 27 inch Hg.
vacuum under a load of 0.1 cubic foot of gas per minute,
measured at 70°F,, 760 mm., Hg. Because of the large water
requirement, it was continuously recirculated., Since the
exit-water stream from the jet exhauster was contaminated
with the reactlion gases, which would reduce the efficlency
of the jet exhauster, the absorbed gases were stripped f{rom
the water before recirculation., In addition, provision was
made to remove the énﬁrgy added to the water system by the
hot exit gases and the energy added by the pump for the re-
circulation of the water. The stripper was a steel column
with a length of 10 feet and an inside diameter of 20 inches,
It was packed with Dowpac FN-90 Polystyrene packing obtalined
from Fluor Corp. Air for stripping was provided by a
DeVilbis air compressor with a 1/2 horsepower motor. The
heat exchanger was a shell-and-tube unlt with a rating of 3
tons. It was connected on the tube side to a 3 ton, air-
cooled refrigeration unit,

The water stream leaving the Jjet exhauster went direct-
ly to the top of the stripping column. Alr entered at the
bobtom of the stripping column and flowed countercurrent to
the water stream, thus stripping out the reaction gases.
Water leaving the bottom of the column went to a 7.5 horse-
power centrifugal pump from which it circulated to the heat
exchanger and then back to the inlet side of fhe jet exhaust-

el".
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K. AFTERBURNER

To minimize contamination of the atmosphere from unburned
combustion gases, an afterburner was mounted on top of the
stripper column. The afterburner was equipped with an alr-
feed line and a pilot flame. For ignition of the pllot flame

a spark-plug system was used.

L. GAS CHROMATOGRAPHY

The unit fdr analyses consisted of 2 columns, each of
which was followed By a thermal conductivity cell, as shown
in Figure 10. The first of the 2 columns was a 30 foot length
of copper tubing having an outside diameter of 0.25 inch
packed with 35-48 mesh Si11-0-Cel coated with tetraisobutylene.
The column consisted of 7.5 foot sections connected by U tubes
for a total of 30 feet. The second column was a 20 foot
length of stainless-steel tubing having an outslde diameter of
0.25 inch packed with 35-48 mesh molecular sieves (type 13X).

The columns and thermal conductivity cells were located
in a constant-temperature cablnet, which controlled to within
0.050C. The cabinet temperature was controlled at some fixed
temperature to 19.0500. within the temperature range of 28°to
320C, The cabinet temperature was kept relatively uniform by
means of a blower for alr reclrculation. Both a refrigeration
unit and heater system were used to obtain the desired cabinet
temperature. A 15-foot loop of stalnless-steel tubing having
an outside diameter of 0.19 inch was filled,with mercury and
used as a sensing device. This was comblned with a mercury

switch and an electrical relay to control the cabinet tempera-

ture.
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Helium was used as the carrier gas for the general anal-
yses of the majority of the reaction components. The inlet
pressure was normally 40-42 psig. The flow rate was usually
60 cc./min. measured at 70°F. and 760 mm. Hg. For the anal-
ysis of hydrogen, nitrogen was used as the carrier gas at an
inlet pressure of 35 psig.

The thermal conductivity cell was a combination of a
thermistor (G106 probe, Fenwal Electronics) and an aluminum
block. The thermistor was part of a Bridge network as shown
in Figure 11. The output of the circuit was fed to a G-10
Varian Recorder which had full-scale deflection at 10 mv. The
Varian Recorder was operated at a chart speed of 48 inches per
hour. An attenuator switch was included in the output from
both the first and second thermal conductivity cells. The at-
tenuation of peaks on the first detector was 0.195. The at-
tenuation on the second detector was 0.265.

Gas samples sent through the chromatography columns were
made up in the sampling network indicated in Flgure 10. The
procedure was to evacuate the stainless-steel coil (34.88 cc.)
and the interconmnecting tubing by means of a vacuum pump. A
gas sample was then admitted to the stainless-steel coll from
the sampling bulb. The sample in the coil was closed off, the
interconnecting tubing re-evacuated and the sample in the coil
switched into the helium carrier-gas-line. The flow of helium
through the sample coil purged the gas sample to the chroma-
tography columns.

The components were identified by the elution time

(measured from the time the component sample was introduced
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into the chromatography unit until the time the leading edge
of the peak appeared on the chromatogram. Calibration of the
chromatography columns with known samples was necessary in
order to determine the elution time for various components as
well as the relative response. Calibration of the chromatog-
raphy unit with respect to the relative peak of each component
is indicated in Appendix A. Elution times for various compon-
ents are indicated in Appendix BE.

In order to obtain a more sensitive determination of
sample components in small concentrations, an attenuator was
included as a part of the detector circuit. The operating
procedure was to insert a large sample so that components in
large concentrations had to be attenuated to avoid recording
off scale. Then, by leaving the components in smzll concen-
trations unattenuated, an amplification of the components
present in small concentrations was achieved. This required
running two aliquot samples through in some cases - the first
to determine the order of magnitude of the peaks and the sec-
ond to use the optimum sample size and attenuator setting to
achleve maximum sensitivity for detecting small peaks.

The components of methane, nitrogen, oxygen and carbon
monoxide were not resolved on the first column (35-48 mesh
S11-0-Cel coated with tetraisobutylene) and consequently a
second column of molecular sileves was placed in series with
the first column for the resolution of these components.

The first column provided resolution of the carbon dioxide,
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ethylene, ethane, propylene, propane, buteue and butane
peaks, They were eluted 1ﬁ that respective order from the
first column, These components were irreversibly adsorbed
on the molecular sieves and 4i1d not pass through this sec-
ond column, As a consequence of this adsorption, the molec-
ular-sieve packing had to be reactivated by heating to ele-
vated temperatures (5009F.) which desorbed the gases. The
need for reactivation of the molecular sleves was indicated
by & decfease in the resolution between the nitrogen and
oxygen peaks,

M. GENERATL, OPERATING PROCEDURE

The general operating procedure for making a glven ser-

ies of runs was as follows:

(1) The vacuum system wag turned on and the vacuum
valve to the reactor system was opened slightly
to provide a slight vacuum in the reactor (as
indicated by a mercury manometer connected to
the reactor),

(2) The inlet butane and oxygen lines were evacuated
by a vacuum pump and a small flow of butane
started through the reactor.

(3) The Variscs controlling heat input to the resc-
tor and preheater were turned on and adjusted to
achieve the deslred reactlion temperature.

(L) The reactor wall, gas and traverse temperatures

were measured periodically on a temperature bench,
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The Variacs were adjusted to give a uniform temp-
erature level. When the desired temperature
level was nesrly achieved, the butane flow rate
was adjusted to the desired level., Also, oxygen
flow was sterted into the reactor in order to
purge any residual air out of the inlet oxygen
line,
Temperatures and flow rates were adjusted until
the desired operating conditions were attained
for the first run.
With operating conditions set, flow rates and
temperatures were recorded on data sheets while
simultaneously obtaining a sample of the reaction
gases,
A gas sample was obtained by {(a) evacuating the
sample bulb and intercomnecting tubing to the re-
actor by means of a vacuum pump (using a mercury
manometer as an indication of the vacuum level),
(b) allowing the reaction gases to purge through
the sample bulb, and (c¢) re-evacuating the systenm
and then taking the gas sample,
The operating conditions were then changed %o
those desired for the succeeding run. Generally,
a series of 4 runs was made at the sanme tempera-
ture but at different inlet oxygen concentrationms,
which meant that the next set of run conditions

could be achieved by merely changing the oxygen
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flowrate. The second set of 4 runs was generally
at a different temperature level, This lnvolved
adjustment of the Varlac heaters and reguired a
longer period for attainment of steady operating
conditions,
At hlgh oxygen concentrations (greater than 20%)
the reaction was highly exothermic, Consequently,
it was sometimes necessary to set the initial
temperaturé of the reaction gases and reactor wall
below the desired reaction temperature so that at
the end of the run the reaction gas temperature
had not risen too far above the desired level,
The overall rise of temperature could generally
be kept to within 20°C. during the course of the
run,
During the course of the reactlion the pressure
was kept slightly positive (0.,02-0.05 inch
kerosene), This minimized leakage of air into
the reactor at the inlet nozzle, The space be-
tween the inlet nozzle and reactor wall was
packed with asbestos string wound around the
nozzle, This did not prove, apparently, to be =z

completely gas-tight seal in all runs,
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IV. RAW MATERIALS

The reactant gases were n-butane and oxygen. For the
first 30 runs instrument grade n-butane (minimum purity
99,5%) was obtained from Phillips Petroleum Company. For
runs 31-141, C.P. grade n-butane (99,0% minimum purity) was
obtained from the Matheson Company, Inc. For runs 142-167,
instrument grade n-butane (99.5% minimum purity) was ob-
tained from the Matheson Company, Inc. For all the runs
oxygen (99.5% minimum purity) was obtained from Linde Alr
Products. The principal impurity in the oxygen was nitro-
gen,

Nitrogen used in the gas chromatography unlt as a car-
rier gas was obtained from Linde Alr Products, It was dry
and of extra-high purity (99.7%). Helium used in the gas
chromatograph as a carrier was cbtained from Ailr Beduction
Pacific. Its purity was 99.97%. Calibration gases were
obtained in lecture bottles (generally 99.0% minimum purity)

from the Matheson Company, Inc.
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- V. EXPERIMENTAL PROGRAM.
Temperature, inlet oxygen concentratlion and retention
time were the varlables that were investlgated. Pressure
was held constant at one atmosphere.

A, Temmerature

The temperature region investigated for the reactlon
of n-butane wiih oxygen was 3600C. to T60°C. The tempera=
ture range was’divided ihto three regions centering about
4000, 500° and 7OC°C. regpectively. An attempt was made
to keep a minimum temperature interval of 30°C. between
given runs. This temperature interval was malntained to
insure that the temperature between runs was greater than
the temperature deviatlon of any glven run. In practice,
the desired temperature spread between runs was maintalned
although the precision of reproducing the same reactor
temperature for a series of runs was poor because of the dif-
ficulty of attaining uniform temperatures at a predesig-
nated temperature within a reasonable time. When a set of
uniform temperatures was attained, a run was generally made
even though 1t deviated a few degrees from the deslred op=-
erating temperature. A discussion of determlning a repre=-
sentative reaction temperature on the basis of the measured
traverse, wall and gas temperatures 1s provided in Appen-
dix C.

B. Inlet Oxygen Concentration

Investigations were carried out over a range of linlet

oxygen concentrations of 0-25%. Generally, O, 5, 10 and 20
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mole % oxygen concentrations were used. In practice, how-
ever, intermediate levels of oxygen concentration were run
due to alr leakage into the reactor (whén it occurred, it
was calculated as shown in Appendix H and indicated in Table
XI). Sometimes flowrates were altered slightly to facili-
tate the reactor operation. The pattern of oxygen concen-
trations was not sfrictly adhered to in such cases, Opera-
tion at these relatively low levels of oxygen concentration
kept the feactor conditions outside the explosive limits
for the butane-oxygen mixture. The explosive limits are
between 2.8 and 31.4 volume % of butane in oxygen (22).
Also, the heat of reaction was limited to levels permlitting
reasonable attainment of isothermal operating conditiouns.

C. Beaction Tine

The reaction times were adjusted to correspond to the
particular temperature levels of operation., A combination
of reactor.length and butane and oxygen flowrates was used
to obtain the desired retention time., Since the retention
time was also a function of the number of moles of product
formed, the retentlion time was set only approximately. In
practice, for each temperature the butane and oxygen flow-
rates were held approximately constant while the total re-
actor length was varied between 7, 14 and 28 inches,

The retention times corresponding to the several temp-

erature levels of operation were: 700°C, (0,5-2.0 sec.)

500°C, (4,0-8.0 sec,)

Loo©°c, (4,0-16.0 sec.)
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These times were chosen to provide a significant level of
butane conversion without providing complete conversion,
With the exception of the low temperature operation at 400°C,
without oxygen, there generally was & significant amount of
reaction,

D, Product Gas Analysis

The principal products of the partial oxidation of
butane in the region of 360°- 760°C. were butene, propylene,
ethylene, ethane, méthane, hydrogen, carbon monoxide, carbon
dioxide, water and carbon. The chromatography unit was cal-
ibrated with each of the component gases to be analyzed, as
shown in Appendix A, D, and E., The chromatograms were re-
produced and the component peaks cut out and weighed. By
following the procedure outlined in Appendix F, sample con-
centrations were obtained. In addition to the chromatography
analysis, 3 samples were analyzed by mass spectrometer, A
comparison of the 2 sets of analyses is shown in Table IV.
For purposes of comparison, the chromatographic anaslyses
were reported on the same basis as the mass spectronmeter

analysis,
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VI. CORRELATION OF DATA

The data obtained in a given run were the reactor wall
temperatures, traverse temperatures and reactor gas temper-
atures, butane and oxygen flow rates, reactor length, and
chromatograms of the product sample. The reactbr operating
conditions are summarized in Table XI. The temperature of
the reaction was generally taken to be the aversge gas temp-
erature in the reactor, as measured by thermocouples present
inside thé reactor, A more detailed discussion of the cholice
of a representative reaction temperature on the basis of the
temperature data is indicated in Appendix C,

The buteane and oxygen flow rates were corrected for
pressure and temperature, and the values reported on the
basis of flow at 70°F, and 760 mm. Hg. In the case where
air leakage was indicated on the basis of the chromatogram
and where the oxygen coming in with the air had at least
partially reacted, as shown in Appendix G, the amount of
air leaking into the reactor was calculated, as reported in
Appendix H, and included in determining the oxygen flowrate
as well as the inlet butane concentration.

The reactor length was generally set at 7 inches, 14
inches, and 28 iﬁches. For a given flowrate, changing the
length of the reactor was a means of changing the retention
time, Although the flow was in the laminar region as indi-
cated by the Reynolds number which was generally less than
500, the sample composition across the reactor as shown in

Table V did not vary significantly with respect to radial
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distance from the reactor wall, The heat transfer between
the reactor wall and the gas stream appeared to be high as
shown by a comparison of the calculated and measured values
of traverse temperature in Table VI, The temperature grad-
lent in the radlal direction across the reactor was rela-
tively low as shown by the data in Table VII.

The chromatographic unit was calibrated to give the
sample concentration in volume percent, In some cases, the
sample bulbs were contaminated by air leakage. This was
indicated by the presence of nitrogen in the chromatogram.
and the fact that the ratio of oxygen to nitrogen was pro-
portional to, or somewhat greater ﬁhan, that found in air,
It was generally possilble to make a reasonable assumption
whether a gilven sample was contaminated by air leakage at
the time of sampling or by leakage of air into the reactor
at the inlet gas nozzle, As indicated above, the ratio of
oxygen to nitrogen was used as a primary indéx for this de-
termination, In general, any air contamination was slight
and did not affect the run conditions or the sample ansl-
yses to a significant extent, The assumption as to the
source of air contamination on a given run is indicated in
Appendix G, In the cases where it was shown that the sample
was contaminated with air during sampling, the nitrogen and
corresponding oxygen were subtracted from the sample compo-
sition and the sample compositions reported on an air free

basis. The sample compositions in mole percent, obtained
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directly from chromatograms and uncorrected for air contamin-
aticn are listed in Table VIII.

Material balances were made on each run usling the mole
ratios of carbon and hydrogen'(obtained from butane), the
mole ratios of carbon to oxygen which were obtalned from the
ratio of flow rates of butane and oxygen, and the sample com-
position data to obtain the amount of water formed and the
carbon unaccounted for in each run. The equations and method
of calculétion are shown in Appendix I. It was assumed for
purposes of calculation that all the carbon unaccounted for
was present as carbon deposited in the reactor. Thls assump-
tion was made because, in a large portion of the runs, carbon
was found deposited in the reactor. An analysis of carbon de-
posited in the reactor indicated that the mole ratio of carbon
to hydrogen (as H) was 10:1 as indicated in Table IX. The
hydrogen accompanying the carbon was included in the material
balance. The material balances for the carbon and water de-
termination are interdependent. Both water and carbon were
obtained by solutiocn of the simultaneous equations describing
the material balance.

To obtain the concentration of the reaction gases in
the product stream, the sample composition was recomputed on
the basis that it includéd water obtained from the material
balance. These data are reported in Table X.

In order to provide an indication of the variation of
the product composition as well as the amounts of individual

components with respect to the reaction variables, the

sample concentration data were recomputed on a basls of
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moles of component formed per hundred moles of butane feed.
These data are included in Table XII.

For correlation of the butane conversion in terms of a
reaction rate equation, several rate equations for the oxi-
dation of n-butane for various orders - of butane and oxygen
were considered. The equaticns used for the correlation of
data were:

r = k (CyHygl-5 (0,05 (1)
and, - r =k (Cangﬂ’e(Ozﬁ"o (2)

Rate constants calculated for the n-butane oxidation on
the basis of rate equation (1) are presented in Table XIII.
The derivation of the integrated form of this rate equation
(1) is indicated in Appendix J. The correlation of the rate
constant on a log k vs. 1/T plot for the above rate equation
is shown in PFigure 12. It appeared that the scattering of the
data on the log k vs. 1/T plot for the above rate equation
could be reduced by increasing the order of oxygen and decreas-
ing the order of n-butane. BRate constants were calculated,
therefore, on the basis of rate equation (2). The scatter of
data on a log k vs. 1/T plot based on rate equation (2) was
considerably greater than before. Based on the above compar-
ison of the correlation of reaction rate constants with respect
to 1/T, the reaction equation with butane to the 1.5 order and
oxygen to the 0.5 order provided the better correlation of re-

action'rate data.
In obtaining the integrated form of the rate equation, it

was necessary tc obtain the stoichiometric ratio of
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of oxygen to n-butane and also a value for the increase in
the number of moles per mole of n-butsne reacted, Both of
these values were determined from the experimental data
for each run and are shown In Appendix K, It was assumed
that these values remained constant over the course of the
run, The correlation of the log k witﬁ respect to 1/T data
for the 1.5 order for butane and 0.5 order for oxygen was
made by a least squares fit of a second order equation us-
ing the program written by Darwin W. Smith for the Datatron
205, Temperatures were substituted back into the equation

to obtain k values which were then plotted on Figure 12,

The thermal decomposition data were correlated for
zero, flrst, second and third orders for butane on log k vs,
1/T plots as shown in Figures 13, 14, 15, and 16, respect-
ively.

The correlation of the product composition data in the
form of moles of component per 100 moles of butane feed for
the operating varlables of temperature, time, and inlet
oxygen concentration was made by using the least squares
program written by Darwin W. Smith and also the linear re-
gression code written by Jack Varga and George Gerson, The
equations used to compute the data are included in Table XV,
For carbon, ethane, ethylene, propylene, butene, and butane
conversion, second order equations in terms of temperature,
time and inlet oxygen concentration were used., For carbon
monoxide and carbon dioxide, a second order equation in

terms of the three variables multiplied by the inlet oxygen
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concentration was used, Themultiplicatlon by oxygen concen-
tration fixed the value of CO and CO, at zero forkzero OXY w
gen concentration., For methane and hydrogen, a second order
equation with respect to time and oxygen concentration and
third order with respect to temperature was written., It
also included the cross product terms of time-temperature
and oxygen-time, Values obtained for butane conversion and
for moles of component per 100 moles of butane feed, were
plotted against 1n1ét oxygen concentration for parametric
values of time and temperature, as shown in Figures 17 to
32. These values were obtained by substituting temperature,
time and inlet oxygen concentration back into linear re-
gression equations, The range of these varisbles was kept
within the range of the experimental conditions., The temp-
eratures were 670, 770, 870, and 970K, Inlet oxygen con-
centrations were 0, 10, and 20 mole percent. The range of
retention time was 0.5 to 16,0 seconds, At any given temp-
erature level the average change in retention time was con-
slderably less than the overall range of retention time in-
dicated for the investigation, Original data points which
most closely corresponded to the operating conditions were
plotted on each graph to provide some comparison of the or-
lginal data with the result of the multiple regression cor=-
reletion. These data are included in Table XII.

In plotting the data obtained in runs using a stainless
steel inlet gas nozzle, it was found that these data scat-

tered more widely and, in general, showed a somewhat greater
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conversion of butane than data obtained with elther a quartz
nozzle or no nozzle., These data consisted of only 32 runs,
of which the first 11 runs were not completely reduced be-
cause of insufficient calibration data on the chromatography
unit. The reactor operating condition, as well as the re-
sults of sample analyses for runs 11 to 32, are reported in
Tables XVII to XIX. Reaction rate constants for both the
oxidation and thermal decomposition reaction have been cal-
culated fér these data and are to be found in Tables XX and

XXI, respectively.
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VII. RESULTS AND DISCUSSION OF RESULTS

A, Analysis

A comparison of duplicate ahalyses is shown in Table
XXII in order to indicate the reproduclibility of the sample
analysis. The comparison includes sources of errors that
may come from calibration of the chromatograph, errors in
non-uniformity of the paper used in reproduction of the
chromatograms, and errors incurred in cutting out and weigh-
ing the component peaks. In general, the error in duplicat-
ing the analysis was of the order of 5%. In some cases, such
as carbon dloxide where the peak was 1located between two
generally large peaks (methene and ethylene), the peak reso-
lution was poor. As a consequence, the reliabllity of the
analysis for carbon dioxide was inferior to that of the other
components. A further indication of the accuracy of the anal-
ysis 1s indicated by comparison of air calibration data and
hydrogen calibration. These data consist of calibration of
the chromatograph before and after a set of analyses. The
calibrations coincided very well at times, within 1%. 1In
other cases, the calibration differed by as much as 10%. The
larger deviation probably resulted from slight changes in
carrier gas flow rate and also changes in the response of the
thermal conductivity cell due to slight changes in thermistor
current. The average difference 1n callbrations was approx-
imately.5%. A change in the chromatograph calibration does not

cause a proportionate error in analysis unless the change occurs
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during the analysis of a sample, Otherwise, the change in
calibration causes the response of the chromatograph to
change proportionately for all components, thus cancelling
out this effect,

Three samples were analyzed by means of a mass spec-
trometer and the analyses compared with those obtained by
the gas Qhromatograph. The comparison is shown in Table
IV. In order to put both analyses on the same basis for
purposes of compariéon, the total percent of sample ac-
counted for on the gas chromatography unit was made equal
to the sample total that these same components represented
in the mass spectrometer analyses. The mass spectrometer
analyses indicated that approximately 95% to 97% of the
total sample was accounted for by the gas chromatograph.

The components unaccounted for were small concentrations of
components such as Cj and C5 acetylenes and/or diolefins.
A complete list of the components is presented in Table IV,

The samples that were analyzed were deemed to be rep-
resentative of the reaction gases at the sampling location
in the reactor, Sampling of the gases at 0.1 inch, 0.3 inch
and 0.5 inch from the reactor wall gave no significant dif-
ference in composition as shown in Table V, Rapid sampling,
L5 seconds for a 250 cc., sample, and slow sampling, 8 minutes
for a 250 cec. sample, gave no significant difference in
sample‘composition. Runs 166-3 and 166-4 were sampled rap-
idly and runs 166-1 and 166-2 were sampled slowly. Both

sets of runs were obtained under the same set of operating
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conditions, A comparison of the sample compositions obtained
for these runs is included 1n Table IV.

Since samples were sometimes stored for a period of
several days before analyses, it was necessary to establish
the fact that no change occurred in sample composition prior
to analysis. To establish this, several samples were anal=-
yzed within one day after sampling and reanalyzed approxi-
mately one month later., The results are shown in Table XXIII,
No significant change in sample composition had occurred dur-
ing this period.

The values of carbon and water formed during the reac-
tion were obtained by means of material balances. They are
consequently less relisble than the values obtained directly
from the analysis., The value for carbon represents unac-
counted for carbon. At low temperatures, 500°C, and less,
the carbon value probably represents carbon components not
picked up in the analysis. At high temperatures the carbon
value probably represents carbon deposited in the reactor,
as indicated qualitatively in Table XXIV,

B. Oxidation Bate Eguation

The oxlidation data for n-butane were correlated on the
basis of the following rate equation:
r =k (C4H10)1-5(02')0.5
This rate equation was found by Appleby and co-workers (1)
to fit their data for the oxidation of n-butane in the re-
gion of ALBEC to 526°C. It was decided, therefore, to use

this as a basis for the initial correlation of the rate data
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on the oxidation of n-butane. Some theoretical Justification
for using the above rate equation is based on the reactlon
" mechanisms for n-butane proposed by Appleby (1). The proposed
mechanism is included under the literature section. Greater
emphasis in the reaction mechanism proposed by Appleby 1is
placed on the butane and 1less on oxygen, which is in accord
with a 1.5 order of butane and a 0.5 order of oxygen. After
plotting the calculated rate constants on the basis of the
above raté equation, it appeared that a higher order of oxy-
gen and lower order of butane would provide a more satisfac-
tory correlation. It was decided to attempt a correlation of
the rate data on the basis of a first order for butane and a
first order for oxygen since data on the propane oxidation
were found to have a second order dependence, first order for
propane and first order for oxygen (19). A plot of the cal-
culated rate constants for these orders of butane and oxygen
on a log k vs. 1/T plot was found to have more scatter than
the correlation of reaction rate data on the basis of 1.5
order for butane and 0.5 order for oxygen. As a consequence,
it was decided that the 1.5 order for butane and 0.5 order
for oxygen gave the best correlation of the n-butane reaction
rate data.

The correlation of the reaction rate constants for the
1.5 order for butane and 0.5 order for oxygen on a log k vs.
1/T plot indicated that the reaction rate constants passed

through & minimum with respect to temperature. A correlation
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of the above data using a least squares fit of a second order
equation to the data gave the followlng equation:
~1.1797 - 746.647 (3 - 0.00135) + 1.25508

x 107 (& - 0.00135F
Where: k = pound moles/(minute) (£t

log k

L]

T

L]

temperature (°K.)

Taking the first derivative of log k with respect to 1/T and
setting the derivative equal to zero gave a minimum at 452°C.
The occurrence of this minimum in the oxidation of n-butane
is not surprising in view of the fact that a reactlon rate
minimum has been reported for the oxidation of ethane between
3500 and 4109C. (20) and alsc for propane at 4300C. (19).
(Cullins and Hinshelwood (7) have reported a minimum reaction
rate for propane at 360°9C.) A reasonable explanation for the
minimum, which results from a decrease in the reaction rate
with respect to increasing temperature, is that the mechanism
of reaction is changing in this region.

The postulated mechanism in the low temperature region
involves the fate of a peroxide radical. The postulated re-
actions are:

Re + O — RO,°

RO,* + BH ~» R+ ROOH
As the temperature of reaction increases, the importance of
the reaction éttributed to the peroxide radical decreases,
perhaps as a result of the instability of the peroxide radical
at elevated temperatures. This instability would reduce the
concentration of the peroxide radical, thus decreasing the

amount of reaction attributed to it. It 1s postulated that as
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the temperature increases, other free radicals govern the
reaction. The following equations are illustrative:

BH + 02 —>» Be + HOZ

Re + Cp —> R' + HO,

Re —% R"e 4+ R'¥
It is postulated that a2 decrease in reaction attributed to
the peroxide free radical is not compensated by a corres-
ponding increase in reaction attributed to the other free
radicals. Over a short temperature range the reaction rate
can, therefore, decrease with increasing temperature.

Reaction rate counstants obtained from the work of

Appleby (1) are plotted on the log k vs., 1/T plot in Fig-
ure 12 for 486°, 503°, and 526°C, At 503°C. Appleby's rate
constant is 0.0419 1b, moles/min. ft.J as compared to 0.085
1b. moles/min, ft.J found in the present work., The activa-
tion energy reported by Aﬁpleby was 21 keal,/gm. mole, This
is greater than the 10,52 kecal./gm. mole found here. Differ-
ences in the reactor designs can provide a basis for these
'differenoes in rate constants and apparent actlvation energies,
As the curvature of the log k vs., 1/T plot indicates the so-
called "activation energy" is changing throughout this region
as a result of the changing mechanism as shown in Figure 33.
At 10009K, the apparent activation energy is 43.68 kecal./gm.
mole and falls off to zero at 724,89K, Consequently, the
value of an apparent activatlion energy cannot be considered

too meaningful since it cannot be related directly to the



- 54 -
activaﬁion energy that would be expected on the basis of a
single reaction mechanism, Pease (19) has suggested that
the value of activation energy found by Appleby (1) is low,
since he would expect, on the basis of the reaction mechan-
ism postulated for butane oxidation, a value of no less
than 30 kecal./gm. mole. It is evident from the previous ex-
planation that the activation energy reported is only an ap-
parent one and cannot be related directly to the values of
activation energy eipeoted on the basls of a single reaction
mechanism as Pease had attempted to do.

Ca Thermal Decomposition

Twenty-five thermal decomposition runs of n-bubtane were
made in the range of 360° to 7609C., These data were corre-
lated on the basis of zero, first, second and third orders
of reaction for n-butane and plotted on log k vs. 1/T plots
as shown in Figures 13, 14, 15 and 16, respectively. A com-
varison of the plotted data indicated that the best correla-
tion, especially at high temperatures, was obtained on the
basis of a second order reaction for n-butane., There ap-
peared to be a greater scatter of data points on each of
the other plots, although the scatter of data was not too
widespread. The thermal decomposition data obtained with
the stainless-steel nozzle werenot included in the above
correlations, since it appeared to give 2 greater conver-
sion ofybutane and also provided a larger scaﬁter of data
than indicated for runs using the quartz nozzle, Catalytic

effects of stainless-steel on the n-butane thermal decompo-~
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sition have been reported by Egloff (6). Apparently, the
stainless-steel nozzle provided some catalytic effect on
the n-butane thermal decomposition.

A second order thermal decomposition reaction for n-
butane is readily explained on the basis of the thermal de-
composition equations proposed for n-butane by Eglbff (6),
since part of them, Equatlonsg 4 and 5, are bimolecular. The
assumed reactions to explain the thermal decomposition are:

| (1) n-CyH,y —> CyHg + H,
(2) n-CyHyqy — CHy + C3H6
(3) n-CyH 5 — CoHy + CoHg
(4) 2 n-CyHyq —> CHy + CgHg + n-CyHig
(5) 2 n-CH,  —> 2C,H, + n-CyHg
The work of Hinshelwood (7) also indicated that the decomposi-
tion reaction is second order at low pressures,

The activation energy calculated for the assumed second
order thermal decomposition reaction of n-butane is h4,3 keal,
/em, mole. The value of the activation energy does not appear
to vary greatly with respect to the assumed reaction order.
For example, it amounts to approximately 34 keal./gm. mole
on the assumption of a first order reaction and 45 kecal./gm.
mole on the assumption of a third order reaction, All of
these values are significantly below that reported by previ-
ous investigators (20 & 21) which were reportéd to be be-

tween 58.7 and 73.9 keal,/gm. mole, Since the present data
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from which the activation energies were calculated were ob-
tained over a wide temperature range, 3600 to 7600C., com-
bined with a relatively accurate determination of the n-butane
conversion, it is felt that the values of activation energies
obtained here are reliable. Possible explanations for the
difference in activation energy reported by previous investi-
gators and that reported here may be based on differences in
reactors. The high,values of activation energy reported by
Paul and Marek (21) were calculated from data obtained in a
reactor of 0.125 inch outslide diameter and having copper and
fused silica surfaces. The diameter of the present reactor
was 1 inch 1n$ide diameter and the wall surface was porcelain.
This difference in reactor geometry and wall surface could
provide a basis for explaining the differences in actlvation
energies.

D. Correlation of Butane Conversion

The data of butane conversion with respect to retentlon
time, inlet oxygen concentration and temperature were corre-
lated by means of a multiple regression analysis run on the
Datatron. A second order equation in terms of temperature,
time and oxygen concentration was used. The equation 1is in-
dicated in Table XV. Several levels of the independent var-
lables were substituted back into the equation and the re-
sulting values of butane conversion plotted with respect to
inlet oxygen concentration for parametric values of retention
time and temperature as shown in Figures 17, 18, 19 and 20.

Experimental data points whose run conditions coincide
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at least approximately with the indicated operating condi-
tions on the graphs were plotted. They provide a comparison
of the experimental data with the result of the correlation
analysis., Only a few experimental points were found to cor-
respond to operating conditions listed on the graphs. The
points plotted on the graph are too few in number to provide
a sufficiently accurate representation of the results of the
124 runs that were used as a basis for the correlation,
Consequeritly9 too much emphasis should not be placed on the
correspondence of the data points. In general, the data
points provide a basis for seeing an order of magnitude
agreement between the data and the correlation curves.

The correlation of butane conversion with the reaction
variables provides the following indications within the
range of the variables investigated., Butane conversion for
a given temperature and retention time is directly propor-
tional to the inlet oxygen concentration. The effect of
changing inlet oxygen concentration is approximately a
doubling of the butane conversion in going from 10 to 20
mole percent oxygen. The influence of temperature on butane
conversion is also very pronounced, The butane conversion
is tripled for a 300°C, increase in temperature at constant
retention time and inlet oxygen concentration, Thls lncrease
in conversion with respect to temperature appears to hold
true independent of oxygen councentration and retention time.
The effect of retention time on the level of butane con-

version appears to be less pronounced than that of the
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other varisbles., There is approximately a 25% relative in-
crease in conversion level with a 200% increase in retentiom
time at 670°K. At 970°K,, there is apparently a 2% increase
in butane conversion with a 200% increase in retention time.
This trend appears to follow a uniform pattern with respect
to temperature.

3=

E. Product Composition

The components methane, ethane, ethylene, propylene,
butene, hjdrogen, carbon monoxide, carbon dioxide, and car-
bon were correlated on the basis of moles formed per hundred
moles of butane feed with respect to the operating varliables,
retention time, inlet oxygen concentration and temperature,
by means of a multiple regression analysis. The Datatron
was used for the correlation of the data. The regression
equations are included in Table XV. The operating variables
were substituted back into these equations and the resulting
data plotted in Figures 21-32, Each figure is a plot of the
moles of each component formed in the product stream per 100
moles of butane feed with respect to the inlet oxygen con-
centration for a given value of temperature and retentlion
time., To illustrate the effect of retention time, separate
graphs were plotted for three levels of retention time while
keeping temperature comstant, To illustrate the effect of

temperature, separate graphs were made up at 670°, 7700, 8700
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and 970°K, In view of the fact that the retention time was
decreased during the investigation as the temperature was
increased, it was not possible to 1llustrate the effect of
temperature in all cases at ldentical retention times, All
of the graphs were plotted for zero to 20% oxygen. At 670°9K.
the retention times considered were %, 8, and 16 seconds,at
7700K, 4, 6 and 8 seconds, at 8709K. 2, 4 and 6 seconds, and
at 970K, 0.5, 1 and 2 seconds., The range of the operating
variablesv'was kept within the range of the experimental con-
ditions investigated,
Butene

The average production of butene is relatively low, less
than 2% moles/100 moles of butane feed. This is in contrast
to the relatively large amount of butene found by Appleby (1),
An explanation for this discrepancy is that Appleby operated
at generally shorter retention times., His work indicated
that there was a falling off of butene at longer retention
times. This would explain the difference in results. In ad-
dition, much of the present work was done at higher tempera-
tures, which is reported to be conducive to a lower butene
concentration in the reaction products (1).

The results of the present correlation indicated that
the butene levels appear to be relatively independent of
temperature but a strong function of oxygen concentration.
Although the effect of temperature indicated ﬁere appears
to be in contradiction to the effect of temperature indi-

cated by Appleby, it should be borne in mind that the reten-
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tion times of the two operations were different. Conse-
quently, the effect of temperature may have been pronounced
at low retention times as indicated by Appleby, but at in-
creased retention times the influence of temperature could
have decreased. The influence of oxygen on butane produc-
ﬁion that is indicated here was also found by Appleby.
Butene was generally low or zero at zero oxygen and in-
creased to approximately 1 mole/100 moles of butane feed at
10% oxygen, levelling off to a slightly higher value at 20%
oxygen. In the range of retentiom times investigated here,
retention time appeared to have very little effect on the
concentration of butene except at 670°K. At 6T0%K. and short
retention: time and low oxygen concentration, apparently very-
little butene was present. With longer retentlon times,
the butene level had increased to approximately 0.2 to 0.5
moles/100 moles of butane feed.

Propylene

The effect of temperature on propylene was pronounced.
At 670°K. propylene varied between C and 33 moles/100 moles
of butane feed, belng a strong function of bcth,retention
time and oxygen concentration. At 670°K. and high reten-
tion times, propylene was approximately zero. At short re-
tention times (4 seconds) the propylene level was zero at
zero oxygen and increased to a level of approximately 4 in
the range of 10-20% oxygen. At 8 seconds and 670°K. the
propylene appeared tc go through a maximum of 3% moles/100

moles of butane feed at 10% oxygen and dropped to zero at
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both zero and 20% oxygen. At higher temperatures the amount
of propylene increased and the influence of tlme and oxygen
concentration on the production of propylene was reduced
from that observed at the lower temperatures. At the ele-
vated temperatures, the level of propylene productlon was
highest at the shorter retention time and there appeared to
be a slight maximum at 10% oxygen concentration. This maxi-
mum of propylene production with respect to oxygen concentra-
tion almost completely disappeared by increasing the tempera-
ture to 9700K. At 9T709K. the propylene level was higher than
at the lower temperatures. It was approximately 25 moles/100
moles of butane feed at 9TOCK.

Appleby (1) has reported a decrease of propylene with
inereased oxygen, which tends to agree with the present ob-
gervatlons at the higher inlet oxygen concentration. He did
not observe the iniltial increase of propylene with increased
oxygen concentration. However, this inltial increass of
propylene with respect to oxygen could be expected on the
basis of an increased conversion of butane. The observed
maximum of propylene with respect to oxygen concentratlon
can be explained on the basls of the reiativs rate of forma-
tion of propylene from butane as opposed to the decomposi~
tion rate Qf propylene,

EthY lene
"At 6709K. ethylene appeared to be a strong function of

both retention time and oxygen concentration. The amount
of ethylene increased proportionately to the oxygen concen-

tration and decreased with respect to retention: time in going
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from hyto 8 and 16 seconds. The maximum ethylene production
was approximately Ui moles/100 moles butane feed at 670°K.
At 7700CK, the ethylene production increased to a maximum of
15 moles/100 moles of butane feed and followed to a lesser
degree the decrease in ethylene production with respect to
retention time exhibited at 670°K. It appeared to increase
appreciably with oxygen concentration., At 9709K, the effects
of oxygen and retention time on ethylene production had al-
most disappeared, FEthylene production was greater than that
of propylene at all reaction conditions, In Appleby's work
the proportion of propylene was greater, This probably re-
sulted from his operating at shorter retemtion times (1).
It also appeared that, whereas ﬁropylene appeared to go
through a maximum at 10% oxygen, the ethylene kept increas-
ing with increasing oxygen concentration through 20%.
Lppleby (1) also indicated an increase of ethylene with ine
creased oxygen concentration,
Ethane

The formation of ethane with respect to time, tempera-
ture and inlet oxygen concentration appeared to parallel
the formation of ethylene except that the production of
ethane was 1/3 to 1/2 the amount of ethylene,
Methane

The correlation of date for methane was poor, especially
at high temperatures and high oxygen concentration where the
correlation indicated values of methane greater than that

actually encountered. At 670°K, methane was found to decrease
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with an increase in retention time, At elevated tempera-
tures the effect of retention time was negligible., The
effect of temperature on methane production was drastic,
the amount of methane going from approximetely zero at
6700K, and zero oxygen conceunbration to 45 moles/100 moles
of butane feed at 9700K, and zero oxygen concentration.
Increasing the oxygen concentration increased the methane
level proportionately,
Hydrogen |

The hydrogen production was a strong function of temp-
erature, It increased from less than 1 mole/100 moles of
butane feed at 670CK, to 80 at 970K, At the higher temp-
eratures, the hydrogen production appeared to be relatively
independent of retention time over the region investigated.
Undoubtedly if & wider range of retention times were inves-
tigated, a definite influence of retention times on hydrogen
production would have been perceived. The hydrogen forma-
tion is independent of inlet oxygen concentration between
zerc and 10%, but between 10% and 20% oxygen, the hydrogen
goes up slightly. At lower temperatures, 6700 and 770°K.,
hydrogen appeared to go through a minimum with respect to
oxygen. The minimum was at 5% oxygen. Hydrogen also ap-
peared to increase with retention time at the lower temper-
atures, although the behavior was such that there was an

apparent maximum with respect toc time.
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Carbon Monoxide and Carbon Dioxide

The experimental data for these two components were
such that they appeared to undergo relatively random form-
ation with respect to time and temperature, and were solely
a function of oxygen concentration., The strong influence
of oxygen was indicated by the correlation of data. Carbon
monoxide production was slightly below that of carbon diox-
ide, and both appeared to increase from zero at zero oxygen
to approximately 1 mole/100 moles of butane feed at 20% oxy-
gen. The relative ratio of carbon monoxlde to carbon diox-
ide in the experimentzl data varied significantly for indi-
vidual runs from that indicated in the correlation., Also,
on the basis of the experimental date the initial appear-
ance of carbon monoxide and carbon dioxide was at approxi-
mately 10% oxygen concentration instead of increasing from
zero percent oxygen as indicated by the correlation.
carbon

At 670K, and L seconds, the carbon goes from zero at
zero oxygen to 10 moles/100 moles of butane feed at 10%
oxygen and levels off at approximately 12% at 20% oxygen.
Increasing the retention time sharply Iincreased carbon pro-
duction at zero oxygen. At higher oxygen concentration,
carbon preoduction did not increase as rapidly with increas-
ing retention time, At 770° and 870°K, carbon production
was zero at zero oxygen and increased rapidly with an in-

crease in oxygen through 10% oxygen and levelled off at 20%
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oxygen. A retention time increase appeared to lincrease the
carbon production slightly. At 970°K, carbon formation was
between 3 and 4% moles/100 moles of butane feed for zero
oxygen and increased to a value of 20 at 20% oxygen. Appar-
ently, carbon production goes through a minimum with respect
to temperature for zero oxygen concentration, The explana-
tion for this minimum may be that at low temperatures the
carbon value is in reality represented by carbon contalning
compounds which are‘not detected on the gas chromatograph.
At slightly higher temperatures, these compounds are not
formed, which accounts for the zero carbon value. At even
higher temperatures, carbon is deposited in the reactor and
accounts for the increase in the carbon value,

Propane

In general, propane was not found in the product gases,
This is in agreement with the findings of Appleby (1).
Water

Water was the principal oxygen containing compound found
in the product gases, The value of water was obtained from
material balance equations, Apparently, as indicated by
Appleby, the role of oxygen is predominantly that of a dehy-
drogenation agent,

In general, the product distribution at 770°K. and
above appeared to be fairly uniform between the various
producfs with the exception that carbon, butehe, carbon mon-

oxide, and carbon dioxide tend to follow a more pronounced

increase with respect to increased oxygen concentration than
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the remaining components, At 670°K, the behavior is more
complex, in view of the fact that the variables of time and
oxygen concentration have a more pronounced effect.

The reaction mechanism proposed by Appleby for the ox-
idation of n-butane provides for the formation of all of
the products indicated in the reaction. The equations rep-
resenting the proposed reaction mechanism are included in
the literature section. The relative ratios of butene,
propylene, and ethyiene are dependent on the fate of the
butyl radical, If this radical is attacked by oxygen, bu-
tene is formed, On the other hand, if the butyl radical
undergoes thermal decomposition, propylene or ethylene are
formed, depending on the bond cleavage. On the basis of
bond energies, since the central bond in the butyl radical
has the lowest value, the probability is that the cleavage
of the center bond would occur first. This would then pro-~
vide an explanation for the greater value of ethylene with
respect to that of propylene, The formation of ethane re~
sults from the attack of the ethyl radical, which is formed
in the production of ethylene, on butane. It would be ex-
pected that only a fraction of the ethyl radicals that are
formed would react with butane. On this basis, the amount
of ethane formed would be less than the amount of ethylene,
This is discounting the further reaction of ethylene and
ethane; The formation of methane occurs through the attack
of 2 methyl free radical on the butane molecule. The

methyl radical comes from the reaction of a butyl radical
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to form propylene plus the methyl radical, It would appear
that the relative proportion of propylene to methane should
be high since methane results from a secondary reaction fol-
lowing the initial reaction to form propylene. However, the
further reaction of propylene cannot be discounted. The de-
composition reaction is indicated by the decrease of propyl-
ene production with increased oxygen concentration as shown
on Figure 22, Relative to the other components, very little
butene was formed which is in contrast to the findings of
Appleby (1). The apparent disagreement can be explained on
the basis of differences in operating conditions. The
present investigation was made at longer retention times.
This would allow decomposition of butene formed in the re-
action, thus resulting in a lowered butene concentration.
The decrease of butene with increased retention time is

indicated by Appleby (1).
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VIIT, CONCLUSIONS AND RECOMMENDATIONS

The experimental program provided a broad study of the
effects of temperature as well as retention time and inlet
oxygen concentration, The gross effect of these variables
on the butane conversion and product composition was amply
delineated, A limitation to the correlation of the product
composition data was that the reaction is a complicated
function of the 1ndependent variables of time, temperature
and oxygeﬁ.concentration. Consequently, the correlation of
data had to be made by means of a multiple regression anal-
ysis, This method provided a statistical correlation of
the data on the basis of a least squares fit of the experi-
mental data for assumed equations. A limitation of the
present correlatlion is that the assumed equatlions which are
used for the data correlation are solely on an empirical
basis rather than a theoretical basis, When a knowledge of
the reaction rate equsations for each of the components
present in the normal butane reaction is available, an at-
tempt should be made to correlate the composition data on
the basis of a summation of these rate equatiocns. This
would allow a more direct correlation of the n-butane oxi-
dation reaction with postulated reacticn mechanisms.

The reaction rate data for the n-butane oxidation were
correlated by the following rate equation:

r =k (CyH;q)%9(0,)05
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where: k = 1b. moles/ft.Bmin.
r = 1b, moles/ftésmin.(based on butane)
(CMH1()> = mole fraction, n-butane

(0,) = mole fraction, oxygen
The correlation of the rate constents for the above
rate equation using a least squares fit of a second order
equation to the data yielded the following equation:
log k = - 1,1797 -7h6,647 (1/T -0,00135) + 1.25508
| x 10 (1/T -0.00135)%?

1b, moles/ft£3min.

Where: k

T = temperature, °K.

]

The equation correlates rate comnstants over the temperature
range of 360°-760°C, and at atmospheric pressure.

The correlation of the log k with respect to 1/T for
the above rate eQuation indicates a minimum reasction rate
at 4529C, The only plausible explanation is that there are
two competing reaction mechanisms, one of which is falling
off wnile the other is increasing with temperature, Since
the reaction attributed to the one mechanism is decreasing,
there must be an inflection point at a lower temperature
region where the reaction rate goes through a maximum. As a
consequence, 1t would prove interesting to operate in this
lower temperature range in order to find this maximum,

The thermal decomposition data for n-butane were cor-
related on the basis of zero, first, second énd third or-

ders for n-butane, It was concluded that the second order
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equation yielded the best correlation of the thermal decom-
position data, The correlation of the rate constants on
the basis of the second order equation:

—(i(CbH10)
dat

Where: (CyHq ) = mole fraction, n-butane

- Y2

t

i

time, sec,

k 1

]

sec,
gave a value for the rate constant over the range of 360°-

760°C, at atmospheric pressure:
__hh.3 x 107

x = 1.4 x 1010 e R T

Where: k = rate constant, sec,” 1
R = gas constant, cal/gm, mole °K,
T = temperature, °K,

The activation energy for the second order thermal de-
composition reaction of n-butane was found to be 44,3 kcal,/

gm, mole,
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IX. PROPOSED WORK

It is proposed that the investigation of the partial
oxidation of n-butane be continued at temperatures be-
low 360°C, in order to find the predicted maxlimum for

reaction rate with respect to temperature,

For the investigation of the n-bubtane oxidation at

lower temperatﬁres, it is proposed that a third chrom-
atography column be developed for the analysis of oxy-
genated compounds such as methanol, ethanol, formalde-

hyde, etc, which will be found in this reglon.

It is proposed that the oxidation of each of the com-
ponents occurring in the n-butane reaction be investi-
gated separately to determine the individual reaction
rate equations, These could then be grouped to des-
cribe the n-butane oxidation reaction in terms of

these individual rate equations.
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Figure 2. View of Gas Chromatography Unlt

and Reactor Equipment Bays
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Figure 3., Right Front Angle View of Reactor Bay
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Figure 4. ILeft Front Angle View of Reactor Bay
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ear View of Reactor Bay
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Figure 5.



- 81

Figure 6. Chromatography Unit



Figure 7. Temperature Bench
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Figure 8, Equipment for Vacuum System
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Figure 9. Stripping Column
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ANALYSIS OF CARBON DEPOSITED IN THE n-BUTANE OXIDATION

SAMPLE REPORTED* ANALYSES ON ¢/H
O, ANALYSES C/H BASIS MOLE RATIO
e 82.90 wt. % C 92.50 Mole % 12,3
0.56 wt. % Hp 7.50 Mole %
13.00 wt. % ash (as Cal)
oL L6 wt. % Total
20 78.35 wt. % C 89.32 Mole % 8.36
0.78 wt. % Ho 10.68 Mole %
14,50 wt. % ash (as Cal)
93.63 wt. % Total

Average C/H = 10

(used in carbon hydrogen balances)

¢ Tlek Micro Analytical Laboratories
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