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Abstract:

Several naphthenes and paraffins were passed over hydrogen fluoride activated alumina catalyst at
temperatures of 500-550° C., liquid space velocities of 0.2/hr., and atmospheric pressure (640 mm.
hg.). Analysis of the gaseous and liquid reactor effluent showed that the sixteen compound a used
(cyclohexane, methylcyclohexane, ethylcyclo-hexane, methylcyclospentane, n-hexane, n-heptane,
n-octane, n-dodecane, n-hexandecane, n-obexane, 3,3,4-trimethylpentane, 2,3,5-trimethylhexane,
2,3-dimethylbutane, 2,4-dimethylpentane, 3-methylpentane, and 3-methyl-heptane) all suffered fairly
random carbon-carbon bond rupture. In every case, however, two of the main reaction products were a
low boil ing liquid, presumably the result of realkylation of dealkylated pro-ducts, and propylene.

Decomposition activation energise were related to the structure of the molecule undergoing reaction.
Normal alkanes required an activation energy of about 40 k-cal/mol. Paraffins possessing at least one
tertiary carbon atom required only 18 k-cal/mol. while neohexane required 35 k-cal/mol. Alkyl
cyclohexanes required an activation energy of 12 k-cal/mol. while methyloyolopentane needed 25
k-cal/mol.

The activation energy for normal paraffins decreased regularly from about 48 k-cal/mol. for n-heptane
to 40 k-cal/mol. for n-hexadecane.

The catalytic decomposition of normal paraffins wae estimated as proceeding about 750 times faster
than the uncatalyzed thermal decomposition, under the conditions of this investigation.
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ABaRLWP

Several naphthenea and paraffins ware passed ovw hydrogen fluor-
ide activated alumina catalyst at temperatures of 500-530° C., liquid
space velocities of 0.3/hr., and atmospheric pressure (640 mm Hg.}e
Analysis of the gaseous and liquid reactor effluent showed that the
sixteen compounds used (cyclohexane, mothyloyclohexane, ethyloyolo-
hexane, methyloyolopentane, n-hexane, n-'haptane, n-ootane, n-dodeoane,
n-hexadecane, neohexane, 3,2,d-trimethy!pentane, 2,2,5-trimethylhexane,
2,3-dimethylbutane, 3,4-dimethylpentane, 3~mthylpentane, and 3-methyl-
heptane) all suffered fairly random carbon-carbon bond rupture. In
every case, however, two of the main reaction products were a low boil-
ing liquid, presumably the result of realkylation of dealkylated pro-
ducts, and propylene.

Deemnposition activation energies ware related to the structure of
the molecule undergoing reaction. Normal alkanes required an activation
energy of about 40 k-cal/mol. Paraffins possessing at least one ter-
tiary carbon atom required only 18 k-cal/mol* while neohexane required
35 k-cal/mol. Alkyl cyclohexanea required an activation energy of 13 k-
cal/aol. while methyleyelopentana needed 25 k-cal/mol.

The activation energy for normal paraffins decreased regularly from
about 48 k-cal/mol. for n-haptane to 40 k-cal/mol. for n-hexadecane.

The catalytic decomposition of normal paraffins was estimated as
proceeding about 750 times faster than the uncatalyzed thermal decompo-
sition, under the conditions of this investigation.
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IHTRODOCTICN

DeaJUcylation, as applied to hydrooarbons, my be defined as the
rupture of specific carbon-carbon bonds in the molecule, Deaklyla-
tion oan thus be distinguished from the more general term “cracking",
which connotea a more general, random bond rupture.

Thermodynamically, almost every hydrocarbon is unstable with re-
spect to its elements, carbon and hydrogen,(I) In general, also* larger
hydrocarbons are more unstable than smaller homologuos, (1) and these
larger molecules will, under the accelerating influence of heat, bo con-
verted to smaller hydrocarbons, carbon, and hydrogen. Kinetlcallyf it
may be shown that, in general, hydrocarbons possess such a high energy
of activation of decomposition, that measurable rates for this reaction
with simple molecules begin only at temperatures occoewhat above 200° 0.

Although the ordinary thermal decomposition of hydrocarbons has
not been proved to proceed through a free radical mechanism, there is
much evidence that the formation of free radicals is the first step in
the decomposition of hydrocarbons at more elevated temperatures. Rice
and coworkers (14) detected free radicals in high temperature hydrocar-
bon decomposition. Krey (3) was able to initiate butane decomposition
at temperatures below the normal decomposition range by introducing
methyl radicals. Rice and Dooley (12) found that lead mirrors were re-
moved by the products of ethane dissociation at 850-950° C, Hobbs and

Hinshelwood (8) demonstrated that nitric oxide Inhibited the decomposi-

tion of ethane at 600° C,



On the basis of this and other evidence (18), it is reasonable
to conclude that at low pressures, even at ordinary decomposition
temperatures, hydrocarbons decompose to form free radicals.

Postulating a free radical cBChanism, the first stop in the
thermal decomposition of a hydrocarbon becomes:

Hda. ---------—--- » R.+R>»

R:n A R.+ H.
If the energy of activation of the reverse reactions;

ft. ft." —-—--ftR»

or

ftt. H — »R:H
is zero, or at least artremedy small (as evidenced by the extremely
short life of most organic free radicals), the energy of activation
of the forward reaction becomes equal to the bond strength and it
is possible to estimate the kinetic probability of the formation of

a given radical from a comparison of experimentally determined bond

energies.



Table | (18)

Bond Energies, k-oal.

Residue R-H R-CHn1 R-Oim
a8 102 86 83
C2K3 97 83 80
n-Cgiiy 95 82
Iso-C3lly 89 78
n~C4ll3 9 81
Tert CGAH9 86 76
Table | Indicates greater ease of carbon-oarbon rupture at a tertiary

or quaternary ourban, atom. Becauae of the higher energy Involved, de-
hyxlrogaaation to form an olefin of the same carbon skeleton should be
a minor side reaction.

But bond energies alone will not allow prediction of products to
be expected since the actual products obtained from thermal cracking
are due to various secondary reactions. The free radicals formed may
either decompose further or react with other molecules producing new
reactive radicals. By considering various secondary reactions which
wotLId arise from a given free radical, a theory based on a free radi-
cal mechanism has been developed by Rioe and Herzfeld (13) to account
for many of the observed kinetic phenomena and products of thermal

cracking.
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Frey and Hepp (4) confirm the predictions deduced from Table 11
having obtained the values for specific rate constants at 475° C.

listed in Table 1I1.

Table 11

Thorm| Decomposition Rate Constants

Substance k
propane 1.5 x 10-5
n-butane 4.0 X
iso-butane 4.8 x "
n-pentane 5.7 X n
iso-pentane 6.5 x "
n-hextme 15. x 7
iso-hexane 21. X «

Normal hydrocarbons above hexane possess a somewhat constant en-
ergy of activation for the decomposition reaction of 65 k-cal (CftCi0)
to 60 k-cal (CiowGss) (15).

The extent to which a carbon skeleton is branched has a direct
bearing on the stability of the compound. Good, Voge, and Greenfelder
(6), studying the effect of chain branching, found that for similar
conditions, the relative stability of the vafious hexanes was:

Beohexam ® n-Hexane \ 3-.bthylpontam \

2-iiethylpentane X2,S-Dimthylbutane
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Tho products obtainsd froz &thermal cracking reaction usually
aha/ that the higher ttormal paraffins cleave near the middle of the
chain. Tlleohoyev and Feigin (21) present the data recorded in Table
M.
Table 111
Fractions obtained from Thermal Cracking (21)

Hydrocarbon Cracted Predominate Fractions of
Decomposition Products

n-DeCuiiiQ Gasea, Bintanea, Fantenes
n-Dodocano Gases, Pentanes, Psntenes,
Heptanes, Heptanes, Oc-
tanes, Octenes
n-Hezadacane Gassa, Pontanes, Fantones,
Octanes, Cctenes, Honaneo,
Heaeaes, 130-2000 c.
Dotriacoaam Gases, Octanes, Cetones,
Honanea, Nonenes, C16 and
G17 fractions
In these runs, hydrogen formation was almost negligible, ranging
from 0.001 to G9Ifj0
Kaphthones with long side chains behave similarly, the side chain
resembling the corresponding paraffin. Bowver, whan the side chains
are methyl or ethyl groups, the molecule hecoma comparatively stable,
and savors conditions arc required to rupture the molecule (16). ,nan-

titative data by Tilicheyev (20), listed in Table 17 illustrate the rel-

ative stability of several naphthenes and the corresponding paraffins.
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Tablo 17

Specific Rate Constants for Thermal Cracking of
NaiMhenes anti Corresponding Paraffins at 500°C.

Hydrocarbon k

Cyclopentane 0.12 x 10
Cyclohexane 0.19 x I
Tetralln 3.2 x It
Decalin 3.7 x I
n-pentam 23 x I
n-hexane 10. x ff
n-decone 74. x H

It is at once apparent that naphthenic rings possess a high de-
gree of stability. |In the presence of cracking catalysts, however,
naphthenic rings become very unstable, the rate of decomposition
being 10 to 20 times greater than that of the normal paraffin with
the same nmrfoer of carbon atoms (16).

Catalysts capable of accelerating hydrocarbon decomposition
may be classified into three types: Friedel-Crafts, Intermediate,
or Adsorption.

Friedel-Crofta catalysts such as AICI3, BF3, HF, or 113S04, are
invariably nucleophilic reagents which initiate a reverse of Friedel-
Crafts alkylation by forming a coordination complex with the hydro-
carbon molecule. The mechanism of a paraffin dealkylation of this

type begins with the catalyst coordinating with a hydrogen atom of



11
the hydrocarbon. The coordinated, hydrogen leavea tl'is parafi’ia, which
causes an electron etiiift and ejection of a cm-baniou, which izrAdlately
unites with the proton previously ejected. The reaction is complete as

the coordination complex separates into a lower paraffin and the cata-

lyst (19).
r N a . f ” B .. -
Hi Cl 0; R +H il —->¢ Si di *d: R H: ?2: H+H: 2% G H
R H % S Wt vt
B1
Si ClI :C:R + Si KiHsFiH
% % It S
EAHIFIH S:H + HF

Frisdel-Crafts catalysta cause carbon-carbon cleavage to occur pra-
dorda&tely at certain specific bonds. Under the Influence of these cnt-
alyrts, aromtios invariably split off side chains, yielding aromatic
rings and olefins; paraffins usually split into isobutane or Isopentane
(where possible) and olefins (16). In paraffin dealkylation, the pro-
ducts to be obtained may soastirnes be predicted on the basis of the e-
lec 4-ronic theory (11).

Inter ipdiate catalysts behave meh the ease towards hydrocarbons
aa Frisdel-Orafts catalysts, but are usually neither as active nor as
specific. These catalysts, which ere usually activated clays or metal
oxides or sulfidea, peaseas coordinate unsaturation which enables them
to form c. loose complex with hydrocarbons, but they do not catalyze

other "Friedal-Crafts reactions. Some of these intermediate catalysts.
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such as Or2Cs largely bring about terminal dehydrogenation to form an
olefin of the cime carbon skeleton, while others, such as the activa-
ted clays, mainly cause central carbon-carbon rupture (16).

Unliir StrieSel-Crafts and Intermediate catalysta, whicfcr causa de-
alkylation by a mechanism totally different from thermal cracking, ad-
sorption catalysts appear mainly to accelerate the thermal cracking re-
action. ConsoyUently, these catalysts bring about more random carbon-
carbon rupture than the other types.

Adsorption, or surface active catalysts owe thelr catalytic activ-
ity both to a layering of the activation energy and a large surface

area. It may bo shewn (5) that for one square centimeter of surface;

— = 10713 e dS/RT

whezt? 10 is the specific rate constant for the heterogeneous, catalyzed
reaction, % is the specific rate conetaut for the UcMaoyamoua, uncata-
lyzied reaction, and k is the difference between tie activation ener-
gies for tlie uncatalyaed and catalyzed i-eactions, it is in~diatoly ap-
Mrent that in. order to be effective, a catalyst must possess a lurgs
ourface, end mat lower the energy of activation appreciably.

The lowering of the activation energy due to an adsorption catalyst
can be related to the neats of adsorption (1?), Wiien the reactant mole-
cule is adsorbed on a surface, beat is evolved, and the molecols assumes
a lower energy state. But far loss energy is required to activate tie

adsorbed molecule (1?), since it may be shown (5) that the catalytic ae-
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tivation energy equalo the non-catalytic activation energy plus the
energy of adsorption of the reactant minus the energy of adsorption
of the activated molecule. Because the energy of adsorption of the
activated molecule is greater than the energy of adsorption of the re-
actant, the reaction proceeds more easily.

It is possible to combine several types of catalysts into one by
adsorbing a layer of hydrogen fluoride on activated alumina. Kindschy
(9), Lulm (10), and Herzel (7) have demonstrated the usefulness of
this combination of catalysts in aromatic dealkylation, olefin isomeri-
zation and catalytic cracking respectively and it was thought that se-
lective dealkylation of paraffins and naphthenes could be brought about
by means of this catalyst.

The purpose of this thesis, therefore, la to evaluate hydrogen
fluoride activated alumina as a dealkylation catalyst for naphthenes

and paraffins.
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raJiama, methods, akd matmials
Equiiamat

The equipiient used in this investigation consisted of the reactor
assembly depicted in Figure I, a precision rectification column, a low
temperature fractionation gas analysis system, an Orsat gas analysis
unit, and a refractoaetor.

The reactor was constructed from a 30 inch section of 2 inch sched-
ule 80 steel pipe, both ends of which were closed with welded caps. In
each cap, a hole was drilled axially and threaded to receive 3/4 inch
pipe* On the upper end a 3/4 X 3/4 x 1/8 tee was screwed into the cap
through a short nipple and connected the feed system to the reactor*
The top of the tee was closed with a 3/4 inch plug. This arrangement
permitted the catalyst to be inserted or changed through the top of the
reactor.

Three thermowells, made from 1/8 inch steel pipe, were welded into
the reactor eight inches apart, the lowest one six inches above the
bottom of the reactor. The ends of the thermowells were placed in the
axis of the reactor. When so placed, each thermowell was approximately
halfway up each third of the catalyst bed.

Temperature measurements were made with iron-constantan thermo-
couples on a Leeds and Horthrup potentioireter calibrated to read di-
rectly in degrees Centigrade.

The reactor was heated by two resistance windings, separated from
the reactor and each other by layers of asbestos tape. The inner heater

consisted of about 50 feet of B&3 20 gauge Hichroma wire (R = 35 ohms)
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wound spirally from one end of the reactor to the other* then back again.
The outer heater was ooim.osed of about HO feat of the same wire (R =
75 ohms), wound in the same manner. The inner winding was connected to
a HO volt autotransformer, the outer to a 220 volt autotransforimr. Tho
reactor and heaters were insultated with a layer of asbestos tape, blocks
of magnosite one inch thick, and an inch thick coating of asbestos mud.

The reactor was filled with a two inch layer of Berl saddles which
acted as a catalyst support, followed by 900 ml. of 1/8 inch Harshaw
Alumina pellets. The remaining space above the catalyst was filled with
1/2 inch steel ball bearings whose higher heat conductivity insured that
the feed would approach the catalyst temperature before passing into the
catalyst bed.

Feed was supplied to the reactor from a 1000 ml. graduated eyeUnder
by a Msrkle-Kbrff type bellows pump. Saran tubing was used for the feed
line to within six inches of the reactor. Copper tubing was used for
the last six inches of line leading to theroactor because the tempera-
ture of part of this section of line sometimes exceeded the softening
point of the Saran tubing. Copper tubing was not used throughout be-
cause the liquid remaining in the bellows of the pump after a run could
only be removed by inverting the pump, and the flexibility of Saran tub-
ing allowed the pump to be inverted easily.

Two water condensers cooled the reactor effluent. The first was
made from three feet of 1/8 inch copper tubing encased in a lead pipe

water jacket. The second condenser was a standard 20 inch bulb type
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glass condenser. Gases passing through these condensers were conducted
either to a gas ample bottle or to a three liter wet gas motor.

Tlio precision rectification column was packed with 1/8 inch Shnske
he;licea, and was calibrated at 30 perfect plates at total reflux. This
column was 48 inches high. Reflux ratios were controlled through a
Cored distilling head. Condenser temperatures were measured by a O-SOO0 C.
glass thermometer graduated at intervals of 0.1° C. This thermometer was
calibrated in condensing steam and melting ice.

A system was used for vacuum distillations Comi Osed of a Cenco
Megavac pump joined through two surge tanks to the rectification column.
Between the two tanks, a solenoid valve, activated through a mercury
switch and an electronic relay, maintained the desired pressure in the
second tank to within jKL mm Hg.

Refractive indices were read to five significant figures on a Val-

entine refT&ctometor at 30.0 - 0.1° 0.
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Ifethoda
Activation of Catalyst

The catalyst was activated by a method similar to that outlined
by Berg et al (B), Drying tho catalyst was accoaplisIBd by heating
the reactor to 250-3000 C, for at least two hours, /my water vapor
remaining in the reactor was swept out by passing nitrogen through
the reactor for one or two minutes. A calcium chloride drying tube
was placed, in the outlet line to prevent water vapor from entering
the reactor while it cooled to room temperature.

The feed and condenser systems were disconnected from the reactor
and a cylinder of anhydrous hydrogen fluoride connected to the top of
the reactor by means of copper tubing, A kerosene bubbler and blowout
line were substituted for the condenser system. Anhydrous hydrogen
fluoride was padsod through the reactor at room temperature for an hour,
after which the reactor was heated to 400° C. and held at that tempera-
ture for two hours, while hydrogen fluoride was still passing through.
After this, nitrogen was used to purge the catalyst of excess hydrogen
fluoride.

During activation, alumium fluosilicate was formed from the silica
impurity in th> catalyst. Although most of this compound was carried
down to the kerosene bubbler, enough usually remained in the fittings
attached to the bottom of thereactor (which were not heated to the sub-

limation temperature of the fluosilicate) to necessitate thelr removal

and unplugging.
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Reaction Runs

Tho reactor waa heated until the center thermocouple gave a read-
ing approximately 5°C, above the desired temperature. Meanwhile, the
density of the feed had been determined on a Westphal balance, and about
500 ml, of charge placed in the feed cylinder. Air was swept from the
reactor by n 15 minute nitrogen purge. Following this, the feed pump
was started and the gas retar set at a reading of aero. As the liquid
feed reached the reactor, {the liquid level was visible through the
Saran food line) the liquid level in the feed cylinder, the reading of
the gas meter, and the three thermocouple readings wore recorded.

The feed level, gas volume, and temperatures were recorded at 15
minute intervals, so that the temperature could be averaged over nine
points during the two hour runs.

If large volumes of gas were formed, some liquid was entrained
in the gas stream. On the runs in which this occurred, the density
of the offluont gas stream waa determined by filling a 0.3082 liter
evacuated flask with the effluent vapors. The flask was weighed to
0.1 mg. on an analytical balance to determine density. The weight of
gas as determined by gas analysis was subtuctad from the weight of gas
and entrained liquid to yield the amount of entrained liquid. In mak-
ing a material balance, the Wight of entrained liquid was added to
the weight of liquid reactor effluent.

Aftor an hour on stream, the non-oondensible vapor was allowed to
displace 6-8 liters of water from a gas sample bottle. The volume of
the vapor in the bottle was determined by weighing the water displaced.

This volume was added on to the total volume recorded by the gas mater.
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Runs were usually terminated after two hours on stream, Rydrooar-
bon var<«*s were removed from the reactor by a 15 minute nitrogen purge
for ligMi feeds, or 15 minute evacuation for heavy liquids. The liquid
product wua vjeisb<i4 to 0.1 gram and allowed to stand at -40°U. until
rectified.

Burnoffg

As the hydrocarbons were doalkylatod, small amounto of carbon
were deposited on the catalyst, secossltnting pai‘iodic bmmoffs. These
burnoffs were made ineasdiately after aach run while the reactor ms
otill hot. Air was blown through the reactor until an Orsat analysiu
of the effluent gases ehcmd an appreciable amount of oxygen. The -tem
perature of the reactor bod was never allowed to reach 60000. during
these burnoffs, since the catalyst began to sinter above this tempera-
ture.

Rectification

Rroduot rectification v/us started by flooding the column to wet
the packing, then placing the column on total reflux for at least one
hour. A dry ice trap connected to the column vent caught any hydrocar-
bons which boil below the minimum condenser temperature. After the
column had readied equilibrium, the Cored head was set at a reflux ratio
of 30:1, and the product withdrawn. The alzo of the samples drawn way
detorrained by the rate of change of ¢ ndenaor temperature, so that
saKplog ranged from 2 to 50 grams. |If the condenser temperature reached
SOQ0C. the column was cooled and distillation continued at reduced pres-

sure,



Gaa Aaalyaia

Gaa samples wore analyzed In a low-temporature-fractlonatlon-gas-
analysia unit using liguid nitrogen as a coolant. The unit automati-
cally recorded column head temperature as a function of volume of gas
distilled, so that mol percentages of each component could be read al-
most directly. The breaks between all hydrocarbon gases boiling be-
low isobutylene (methane through isobutane) were very sharp, but isobut-
ylene, butenes and n-butane could not be distinguished accurately, and
were reported as
Additi nal notes

At first, several dry ice traps ware placed between the reactor
water condenser and the gas meter to retain Cg, C4, and C5 hydrocar-
bons. When the analysis of these light hydrocarbons was attempted in
a vacuum jacketed packed column, no useful information could be obtained
since the distillation curves had an almost constant sl6pe, and losses

always exceeded 10,».

M aterials
All compounds used as charge stocks were purified to the specifi-
cation listed below. Normally, this purification was accomplished by
rectification alone, but in some cases where the presence of aromatics

was suspected, rectification was preceded by an extraction with oleum*



Ccsnpound

Neohezane

2,3-Dimethylbutane

3-Methylpentane

n-Hexane

2,4-Dimethylpentane

n-H aptane

2,2,4-Tr~Bthylpentane
S-Mathylheptane

2,2,S-Primethylhexnne

n-Octase
n-Oodeeane

n-Hexadecane

Ptethylcyclopentane

Cyclohexane

Methyloyclohexane

Ethylcyclohsxaito

Source
Rilllips, Tech Grade
Riillips, %ch Grade

Huinphrey-Nilk Ineon

Riillipa,
Phillips,
Phillips,
Riillips,
Phillips,
RxiHipa,

Uech Grade
Uech Grade
Aire Grade
Aire Grade
Uech Grade

Teeh Grade

Hmnphrey-Wilkinson

Hwaphrey-Vsilk Inson

IBiaphrey-Wilkinson

Phillips,

Eiaer & AnBnd, G.P, Grade

Teeh Grade

Sastmau-Kodak

Eastman-Eodak

1.36%
1.3746
1.3769
1.3749
1.3810
1.3879
1.3907
1.3990
1.3992
1.3983
1.4217
1.4340
1.4102
1.4260
1.4330
1.4340

Boiling
Point °C.
44.0
52,6-52.8
59.0-58*4
62.7
74.4-74.5
92.1-92.3
92.9
H1.2-112,0
115.5-115.7
H 9*%1-119.5

145 -147
162 -164
66.1-66.5

75.3
93.0-94.0

123-134

Pressure
mi Hr.

640
640
640
640
630
640
640
640
630
640
100

20
640
640
640

640
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The sample calculation of material balance and activation energy-

are based on run #4» The following data were obtained:

Volume of nethylcyclohextme charged................ 365 ml.
Weight of imthylcyclonezone charged........c......... 370 gmo.
Weight of liquid product..................... 149.5 gras.
Weight of gaseous product and en-

trained liquid .o, 116.5 gms.
Mols of gaseous pProducCt....... .oiiiiiiiiinninnns 3.58 iaola.
Time of run......coiiiiis e 3 hrs.
Average Reactor Temperature.......ccceven. . 654° C.

An analysis of the liguid product shows that the liquid contained:

Liquid boiling below charge stock ... 11.5 weight
per cent

Methylcyclohoxane ...t i 67.0

Heavier boiling compounds ... 315

The gaseous product analyzed:

17.6 mol per cent 1.1 weight per cent
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Average molecular weight of gaseous product from gas
analysis = 30.45

The weight of gas was therefore 30.45 x 3.58 = 109.0 gms.

The entrained liquid, 116.5 - 109.0 » 7.5 gms.,
must be added on to the weight of liquid product

Carbon and losses total, by difference » 278 - 116.5 ~
1495 « 12.0 gms*

Tliese data yield the final material balancei

HG oo, woiglit per cent
CH. o e

CyHi-..............

GAKIO....ooiee e

Liquid boiling below

chiarga stock.................. 6.50
Ibthylcyclohexane.....coonenn. . .37.83

Heavier boiling residue....... 12.14

Carbon and Losses,  ...... 4,52

The ultimate conversion is obtained by dividing the per paor composi-

tion by the per cent of methylcyclohexane converted, to yield;

HY o s e 0.7 weight .per cent
CHA e, 6.7
(O] I S 9.6
CBHB ..o 32.1
CANB ...t ,...11.5
12.4
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RESULTS MB DI3GU331GE

Following the experimental work connected with this investigation,
it was found that hydrogen fluoride activated alumina did not selec-
tivej.y dealkylate naphthenes and paraffins but rather caused fairly
random bond rupture, giving preference, however, to the formation of
propylene. In every run, the main reaction product was a mixture of
gaseous olefins and paraffins containing propylene either as one of
the main constituents or as the only gas present in significant amounts.
Another product common to all runs, regardless of the nature of the
charge stock, was a liquid with a lower boiling point than the original
charge stock. Because of the analytical difficulties attached to the
Identification of these hydrocarbons boiling below the charge stocky
no inquiry into their nature was made. These confounds my have been
formed either as primary decomposition products, or as the result of
secondary alkylation reactions. The latter mechanism is favored not
only because hydrogen fluoride is known to be an efficient alkylation
catalyst, but also because a residue with a higher boiling point than
the original charge was produced, and the amount of methane and other
light gases would rarely be equivalent to the amount of light liquid hy-
drocarbon formed.

Goice formation was slight, averaging less than two per cent of the
material charged. In only a few cases did a combination of coke and

losses exceed five per cent, and in no case did this combination reach

ten per cent.
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A direct correlation was found between the structure of a saturated hy-
drocarbon and the decomposition activation energy. As Figure 2 shows,
normal paraffins require an activation energy of 40-45 k-cal/tuol., while
paraffins containing at least one tertiary carbon atom need only 18 k-eal.
Cyclohexane derivitives are still easier to decompose, having an activa-
tion energy of 12 k-cal/mol,, while nethylcyclopentano is somewhat more
stable, since it requires an activation energy of 25 k-cal. Iteohexane is
only slightly less stable than normal paraffins, as demonstrated by an
activation energy of 35 k-cal/mol. The stability of a given paraffin de-
pends somewhat on its mass, since the decomposition activation energy de-
creases slightly with increasing chain length.
Kaphthenas:

Four naphthenic compounds were used as charge stocks in this inves-
tigation: cyclohexane, mthyloyclohexane, ethy!cyclohexane, and EBthyl-
cyclopentane, The three cyclohexanes were chosen to determine the effect
of methyl and ethyl side chains on a naphthenic ring. Mathyl cyclopentane
was investigated to determine the difference In reactivity between five
and six B borod rings.

Cynlohexane differed from all other charge stocks in that it yielded
large amounts of hydrogen. This hydrogen could have originated from two
sources: formation of benzene and formation of butadiene. The higher re-
fractive indices of the 70-75° 0. liquid product cuts (Table XXII) indi-
cates the presence of some aromatics, but since no separation of these cuts

was attempted, the exact amount of benzene formed is unknown. Cyclohexane
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is known, under certain conditions, to produce high yields of buta-
diene (16), but in this investigation, there was no evidence for or
against the formation of butadiene. If any had been formed, the
method of analysis used could not have distinguished it from C41%.
ho nBthylcyclopentone was found in tlie reaction product, presumably
because conditions were too aovero for iooaorlsation*

The distillation curves for the liquid products resulting from
the de Ikylation of naphthenes all showed that no materials boiling
above the minimum condenser except the unconverted charge stock were
present. A plot of condenser temperature versus per coat distilled
rose almost vertically to the boiling point of the charge stock. The
curve remained horizontal at the boiling temperature of the charge
stock, then rose almost vertically again.

Mdhyleyelohexane yielded very little toluene and hydrogen, pre-
sumably because the presence of a tertiary carbon atom, caused ring
rupture before arouiatization could occur. Methylcyclohoxane deconpo-
aition produced no cyclohexane, and very little isothane, indicating
that the ring cleaves first to form an activated normal- or iso-ole-
fin, which then undergoes further decomposition.

ISthyloyclohexane iaoraeriaaa aswell as docomposea. Thermodynam-

ically, an equilibrium mixture of ethyl and diioauhyl cyclohexanes in-

ADudes only about fifteen i<er cent ethylcyclohexane at 527° 0. (Table
XXIII), so that the formatlon of dimethylcyclohexanes should be expected.
The presence of 1,2- and 1,3-dimethylcyclohexanes in the reaction pro-

ducts could be demonstrated. The 118-127° C. distillation cuts from run
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/5 (ethy”oycloM xaae) wore found to possess high refractive indices,
indicating the presence of aromtics. When the various cuts were
treated with 20;» oleum, 0,1 N MaOll, and water, the refractive indices
dropped to constant values, and these refractive indices indicated
that isomeric forms of ethyl and dimethyl cyclohexane were present
(Tables XXII and XXIII).

In calculating the kinetic data for the ethyl cyclohexane runs,
however, all isomers were considered as being pure ethylcyclohexane.
Ho cyclohexane, cyclohexane, mothylcyclohexanc, or mothylcyclohexone
wore formed, indicating that ring rupture predominated as the decom-
position reaction. Isomerization is more probably a competing reac-
tion than an initial step in decomposition.

Itethylcyclopentane undei'gocs random ring rupture, as evidenced
by the variety of gases formed. Neither cyclohexane nor cyclopentene
were found in the reaction products, indicating that conditions were
too severe for isoiaarization or domethylation. As with the cyclohex-
anes, methylcyclopentane undergoes ring rupture first, fallowed by de-
composition* The higher energy of activation for methylcyclopentane
demonstrates that a five aomberod ring is more stable than a six esela-
bored ring, a result that could have been predicted on the basis of
bond strain.

Paraffins:

Twelve different paraffins were used as charge stocks. Five normal

paraffins: hexane, heptane, octane, dodeeane, and hexadecane, served

to determine the effects of Increased chain length. 2,3-Dimethylbutano
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and 2,4-dimethylpentane wore used In order to ascertain the effect of
chain branching since tliese compounds contain two tertiary carbon
atoms, Meohexane ms run so that the effect of a quaternary carbon
atom could be observed, 2,2,d-frimethylpentane and 2,2,5-trirnetliyl-
hextme served to show tto effect of combining a quatenory and a ter-
tiary carbon atom in the siarae molecule, 3-1letliylpentane and 3-methyl-
heptane were run in order to determine whether the kinetic effects
were unique to certain tertiary carbon atoms, or whether they apply
to all tertiary carbon atoms,

Hoimal hexane represents the sole ease in this investigation where
the decomposition activation energy is abnormal. In figure 2, all com-
pounds except n-hexane plot on smooth, curves. In an effort to discover
wliere the anomaly lay, additional runs were made on n-hexane and n-hep-
tane, but, as shown in figure 3, the data for each, compound are consis-
tent, so that significant errors in measurements or analysis are un-
likely, Since all compounds were cartfully purified before use, tliere
would not be considerable quantities of isohexanes in the f®*d stock.

The other normal alkanes sliow tliat the decomposition activation
energy falls off slowly with increased chain length. In the case of
normal alkanes, data on the activation energy of the non-oatalyaed, ther-
mal decomposition reaction are available in the literature (1Q), so that
the accelerating influence of the catalyst can be determined directly.

If the activation energy for the Catalyzed reactions is 40 k-cal/nol.

and is 64 k-cal/mol. for the non-catalyzed reaction, then the velocities
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of the tvfo reactions are in tho ratios
Ji **-12 («i) s
%
If the effective catalytic area Is 3,30 z 10® Cu.”“ (fable XOTI) then:

he * (3.33 x 10e) (10*12)  64000-40000
% Rf

he - 730 at 538* C,
"C

or

Therefore, the catalyzed reaction Is estimated to bo about 750 tinea
faster than the non-oataly&ed reaction undo;*the omditima of the In*
ve ;tI(’;tion.

3,5-Jicsothylbutaitte, J,J-~isothyllOntans, 8,8 ,4»trimthylpontaaa,
3,8,5-trimthylbexaae, SfMhyliieafcane and SnMhylhe vtano all have
activation CBergioe m&t IS k-cal”ol. showing that mawneror a W -
tiary carton atm is present in a paraffin, the anme actlvaticn en-
ergy is required#

“feohexane, on the other hand, has on netlvetldR enargy nearer
to that of normal parsi iris, ladlo”tlng that a quaternary carbon atom
has very little effect on the stability of n saraffia# Because 2,2,4-
trtoithylv*nt«ine and 3,J, Mrilnatbylhexano are just as unstable m
other iaolccules containing a tertiary carbon atom, the neo structure

apparently wither aids nor inhibita the docoj*osition of the scleeule#
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CATALYST

Bropartias of the eataly&t deteraiaed during the course of this
investigation aro reported in Table JOJVe In order to determine the
amount of available hydrogen fluorlda on the catalyst, samples of cat-
alyst were treated with distillod vater* Svsry five minutes, the solu-
tions were shaken vigorously. After an hours*a leaching, the solutions
were titrated with 0.1 K BeQH, This procedure ma chosen because of
tfce difficulty in analyzing for fluoride in the presence of alumina and
because sarioua analytical errors would have dcvolo.od if tfco pellets
were allowed to loch long enough for all tho Hf to diffuse out of She
pores of the catalyst beads. Since the hydrocarbons being dealkylated
over the catalyst are not in contact with the catalyst for more than
a minute or sc, most of tho hydrogen fluoride readily availably to the
hydrocarbon vapors should have been loachod out after one hour.

According to this analysis, the catalyst bed contains roughly one
fourth of a mol of readily available hydrogen fluoride. Every hydro-
carbon molecule, then, has ample opportunity to coordinate with a hy-
drogen fluoride molecule and undergo dealkylation. From the small con-
versions obtained and from the magnitude of the Arrhenius frequency
factor (Table XXI), it lo apparent that paraffins and naphthenes cannot
coordinate with hydrogen fluoride unless oriented correctly, that is,
the catalyst is specific in its action. The variety of products obtained,
however, can be explained by hypothasizing that tho dealkylation products

are more difficultly desorbed than the original molecules, and because
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of thelr longer residence time on the catalyst surfaces, continue to de-
generate until they become the easily desorbed light gases.

The temperature range chosen for this investigation was limited to
500-550° C, since no measurable reaction took place below 500°, and the
Catalyst began to sinter above 500° 0. A liquid apace velocity of 0.2/
hr. m chosen to give conversion of between 10 and 50,%

None of the standard methods of calculating the surf:ce area of the
catalyst (Bnmauer, Srmett, Teller, or HsrkIin3-Jura) (23) is practicable
with hydrogen fluoride activate3 alumina. During the activation, large
amounts of silica are removed, so that tie area of the activated catalyst
might not be the same. The flnoriia is hold so tenaciously that sinter-
ing, appears to be necessary to remove the hydrogen fluorido. The effective
catalyst area was therefore calculated from the amount of fluoride on the
catalyst, and the area of the HF molecule, assuming a monolayer of adsorbed
fluoride, and closest packing of MF in the liquid state. The area so ob-
tained is 2.54 x 105 cm2 per m illiliter (bulk volume) of catalyst.

Periodically, check runs were made on the catalyst to determine if its
activity had fallen off. These check runs were made under the same condi-
tions used by Kindschy (9), using the same charge stock, cumene. In every
case, the yield of benzene formed from cumene was identical with the yield
reported by Eindschy for a fully activated catalyst. No noticeable lessen-
ing of catalytic activity occurred even after more than sixty runs indicat-
ing that as long as the catalyst is held below its sintering point and car-

bon is burned off regularly, the catalyst retains full activity.
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From the spread in the activation energy data, it may be concluded
that the average deviation amounts to approximately | k-cal/mol. The
corresponding frequency factors are presumably accurate to the appropri-
ate power of 10.

The values of the decomposition TOaction rate constant reported in
the summary of this investigation were obtained by averaging the appro-

priate activation energies and the logarithms of the appropriate fre-

quency factors.
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SUIIIAST

The results and ccmoluslons derived from the experlroental part

of this investigation may be summarized as follows:

(1) Hydrogen fluoride activated alumina causes random carbon-carbon

rupture in paraffins and naphthenes at low pressures and eleva-

ted temperatures, but does tend to fora large amounts of propyl-

ene.

(2) Large amounts of hydrocarbons boiling below the charge stock are

formed, probably as a result of secondary realkylation reactions.

(3) The kinetic data obtained with hydrogen fluoride activated alum-

ina can be related to the structure of the paraffin or naphthene

dealkylated.

(4) Average values for the decomposition rate

terms of liquid space velocity are:
Cyclohexane derivatives k -
n-Paraffins k =

Paraffins containing a
tertiary CaPbon atom k *

Neohexane k

=~
1]

liethylcyclopentane

2.6

3.5

3,0
4.1
1.7

constant defined

10~8e-12500/RT

ICT16 e~41300/HT

10*10e-16300/RT
10-15 e~3S500/RT
10-12 e~25000/RT

in
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TABLE V
DEALKHATION GF GYCLAOIEXANS
Run Number | 2
Gres, charge 305.5 294
Mols charged 3.64 3.50
Reactor Temp., °C. 518 545
Time of run, hrs. 200 2.0
Lig. Sp. Vel., hr'™*1 0.919 0.211
Gas Produced, L.it. 9g.4 44 .4
Mols 0.76 1.512
Gs. 9.7 21.7
Gmrs. Liquid Produced 288.4 268.1
Grs. Coke & Losses 7.4 4.2
Gas Hy 10.84 10.47
Analysis a# 16.57 2.60
Weight Q- 13.50 6.80
Per Cent QHy —
GsHb 41.70 31.53
GH — —+—
QHy 17.39 48.60
CiHio E—
. Cs . S
Lig. Anal. Low Boil Frac.* 8.0 6.9
Welght Unconvent. 91.0 85.1
Par Cent Residue 1.0 8.0
Per Ultiv tor U lti-
Pass mate toss mate
Product Hy 0.344 2.44 0.77 3.44
Analysis, G4 0.526 3.73 0.19 0.85
Weight QH4 0.429 3.04 0.50 2.23
Per Cent GgHb
C3+b 1.324 9.39 2.33 10.40
&l—B * *******
GHy 0.552 3.91 3.59 16.06
CHqg
Low Boil Frac.* 7.55 53.55 6.29 28.06
Unconvert. 85.90 S5 77.60
Residue 0.94 6.67 7.30 38.59
Coke & Losses 2.42 17.16 1.43 6.38

*Condensible liquid boiling below charge stock
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TABLE VI
DEALKYLATION CF MBMLCTCLGHEXANE

Run Number g 4
Qmrs. charged 279.4 278
Mols charged 2.65 2.58
Reactor Temp.,°C. 495 554
Time of run, hrs. 2.0 2.0
Lig. Sp. Vel., hr."1 0.189 0.203
Gas Produced, Lit. 29.7 105.5
Mols. 1.00 3.58
Gres. 40.5 109.0
Gres. Liquid Produced 230.5 157.0
Gras. Coke & L.osses 8.8 12.0
Gas 0.4 1.1
Analysis @ 0.8 10.7
Wight QH4 — — -
Per Cent CoHe 13.0 15.3
CoHe 45 .4 35.0
b 14.7 18.3
CGiHLO 25.7 19.6
(63
Lig. Anal. Low Boil. Frac. ¢ 14.5 115
‘He Ight Unconvert. 70.5 67.0
Per Cent Residue 15.0 21.5
Ibr U Iti- Ibr U lIti-
Pass gate Pass mate
Product Hy 0.06 0.1 0.43 0.7
Analysis, G# 0.12 0.3 4.20 6.7
Weight QH4 - — - —
Ibr Cent CgHe 1.87 4.5 6.00 9.6
CgHe 6.53 15.6 13.72 22.1
CgH8
ciH8 2.12 5.1 7.18 11.5
GIHLO 3.70 8.9 7.69 12.4
Low Boil. Frac.*11.95 28.5 6.50 10.5
Unconvert. 58.13 37.82 —
Residue 12.37 29.5 12.14 19.5
Coke & Losses 3.15 7.5 4.32 7.0

¢Condensible liquid boiling below charge stock



Run Number
Cns. charged

TABLE VI

DEALKYLATION OF ETHY"CYCLOHEXANE

Mols. charged

Reactor Temp., OC.
Time of run, hra.
Lig. Sp. Vel ., hr.

Gas Produced, Lit.

Gms. Liquid Produced
Gms. Coke & Losses

Gas
Analysis
‘\eight
Per Cent

Lig. Anal.

Weight
Per Cent

Product
Analysis,
Weight
Per Cent

*Condenaible liquid boiling below charge stock

5
276.8
2.8]l
502
2.0
0.209
55.4
Mols. 1.86
Oms. 59.7
215.2
1.9
H2 1.9
CH4 0.7
C2IU 12.0
C1G —
0SiiG 35293
CgHg :
CgHe 6.3
C4Hio 19.7
og 17.8
Low Boil Frao.* 17.5
Unconvert. 70.5
Residue 12.0
Ibr U lti-
Pass mate
H2 0.41 0.91
CH4 0.15 0.33
C2H4 2.60 5.74
C2Hg — -
C3H6 8.50 18.80
C3He 0.50 1.10
CAHg 1.36 3.00
C4Hio 4.26 9.43
Low Boil Frac.* 17.45 38.58
Unconvert. 58.78
Residue 9.32 20.59
Coke &
Losses 0.69 1.52

Ibr
Pass

1.01
0.41
7.86
13.24
12.10
0.69
2.12
8.55
7.69
37«20
6.41

2.79

- =
N o
oW~
N O o
N

-
w
~ ©
[op o]

NN
PP o0~ O
o O Ul ©k © ™

U Iti-
mate

1.61
0.65
12.52
21.11
19.31
1.10
3.38
13.61
12.24

10.02

4.45
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TABIS VIII

DEAUO&ATIGN OF METHYLCYCLOISNTAMS

Run Number 7 8
Q@QHS charged 306.0 269.0
Mols. charged 3.65 3.14
Reactor Temp., 0C. 512 549
Time of run, hrs. 2.0 2.0
Llg. 3p. Vel., hr.-1 0.187 0.203
Gas Produced, Lit. 25.9 62.6
Mols. 0.887 2.13
Qrs. 31.7 71.5
Gmrs. Liquid Produced 265.3 182.5
Grs. Coke & Losses 9.0 15.0
Gas HS 0.75 1.1
Analysis a+ 2.61 3.3
Weight cBH 10.16 16.7
Per Cent aHG 9.95
cBhG 47.71 53.2
c5% - —
CGIHD - — -
CHIO 10.12 5.7
c5 18.71 20.0
LiQit Anal. Low Boil FTac.* 8.0 6.5
Weight Unconvert. 86.0 84.5
Per Cent Residue 6.0 9.0
Per Ulti- Per
Paas mate Pass
Product a 0.08 0.3 0.29
Analysis 0.27 1.1 0.85
Weight QyH4 1.05 4.1 4.45
Per Cent GHy 1.03 4.0
GH 4,94 19.4 14.16
GsHg — - —
GlHy
GiHio 1.05 4.1 1.52
Low Boil Frac.* 8.87 34.9 9.73
Unoonvert. 74.56 _— 57.32
Residue 5.20 20.5 6.10
Coke & Losses 2.95 11.6 5.58

¢Condensible liquid boiling below charge stock

U lti-
mete

0.7
2.0
10.3

N
N W
0 O

P =
wh
W



CEALKYLATION PRCDUCTS OF nHEXANE

TABLE IX

Run Number 9
Qe charged 221.0
liols charged 2.57
Reactor Temp., 0CL 507
Time of run, hra. 2.0
Lig. Sp. Vel ., hr.*1 0.186
Gas Produced, Lit. 9.9
Mols. 0.338
Ons. 9.9
G Liquid Produced 206.9
Gras. Coke & Losses 4.2
Gas Hy 1.0
Analysis G 2.3
Weight Gu 36.8
for Cent CgHy 5.9
CsHs 54.0
GHs —
Gk
&h10
Cs
Lig. Anal. Low Boil Frac.* 2.5
Weight Unconvert. 97,5
Per Cent Residue —_—
Bsr U ltl-
Pass mate
Product Hy 0.05 0.6
Analysis, G+ 0.10 1.1
Weight Qo4 1.65 18.9
Ibr Cent CgHy 0.26 3.0
CHy 242 27.8
GsHB
b _— —
CGlHio e —
Low Boil Free,*2.34 26.8
Unconvert. 91.28 -—--
Residue
Coka &Losses 190 21.8

10
322.0
3.86
537
2.0
0.286
23.5
0.830
26.0

295.2

no
analy-

Sis

no

analy-

Sis

*Condenaible liquid boiling below charge stock

201.2
2.34

561
2.0
2.235

36.7

o
Po NP
O o NN

N
N X © 9
DR N o

3

27.4

3.3

96.7
Per ultL
Pass mate
0.12 0.5
0.40 1.6
6.24 24.5
1.72 6.7
6.76 26.4
***»
5.76 22.5
2.54 10.0
74.47
1.99 7.8



TABLE X

DSALKYLATICff] OF n-HSITAHE

Run Number Ig 13
Cmal charged 284.5 244.5
Mols charged 2.85 2.45
Reactor Temp., ° C. 494 525
Time of run, hrs. n 1.75 2.0
Llg. Sp. Vel., hr*"1 0.274 0.203
Gas Produced, Lit. 4.8 30.9
Mols. 0.167 1.045
Gms, 3.4 36.5
Ckns. Liquid Produced 280.6 201.7
Gms. Coke & Losses 0.5 6.3
Gas Hg no 0.625
Analysis a4 6.63
Teight CgR4 12.00
Bar Cent GgRg analy- 10.10
CS - -
C4% sis 14.90
C4AHio —_ —
G 18.34
Lig. Anal. Low Boil Prac.* 2.0 10.6
'"Teight Unconvert. 97.0 87.6
Bar Cent Residue 100 1.8
' Per U Itl-
Pass mate
Product Hg 0.056 0.26
Analysis, CH4 0.59 2.75
V/eight CgH4 no 1.07 4.96
Per Cent CgHg 0.90 4.18
3 3.34 15.50
C3H8 analy- _
CAH 1.33 6.17
CAHIQ —— —
Low Boil Frac.* Sis 11.13 51.70
Unconvert. 78.44
Residue 1.61 7.48
Coke % Losses 1.54 7.15

~Condensible liquid boiling below charge stock

Per
Pass

0.12
2.54
5,74
1.88
10.84

5.34
13.85
50.27

6.48
3.42



Run Number

Gre. charged

Mole charged
Reactor Temp,, 0C.
Time of run, hrs.

Lig. Sp, Vell hr.-1

Oes Produced, Lit.

Gnmes. Liquid
Grs. Coke &

Gas
Analysis
Weight
Per Cent

Lig. Anal.
Weight
Bar Cent

Product
Analysis,
Weight
Per Cent

Mbls.
Girs.

Produced
Losses

G

CH

GHG

GiHg

C3H8

GiHa

CiHio

=5

Low Boil Frac.*

Unconvert.
Residue

CGIHIO
Low Boll Frac.*

Unconvert.
Residue
Coke & Losses

Per
Ppiss

0.05
0.43
2.00
0.18
7.48

5.89
*.95
73.49
0.40
2.14

sCondensible liquid boiling below charge stock

Per
Pass

0.07
0.81
9.02
2.38
9.24
5.55
5.20
3.49
11.70
48.09
0.27
4.16

U lti-
mate

0.13
1.56
17.38
4.58
17.80
10.69
10.02
6.72
22.54
0.52
8.01



Run Number 17
Oma charge 130.0
Mols. charged 0.76
Reactor Temp., 0C. 508
Time of run, llrs. 2.0
Lig. Sp. Vel, hr."l 0.09
Oas Produced, Lit. 40.1
Mols. 1.37
Ons. 35.9
Ons. Liquid Produced 90.4
Oms. Coke & Losses 3.5
Oas Hg 3.24
Analysis a4 8.52
Welght QH*
Iter Cent CgHe 6.04
GHb
GHa 27.56
ore 27.93
} %’ﬂo 26.71
Lig. Anal. Low Boil Frac.* 12.5
Weight Unconvert. 81.5
Per Cent Residue 6.0
Iter
Pass
Product Ho 0.90
Analysis, 2.35
Welght CoH4
Iter Cent GoHy 1.67
G3Hi
G 7.62
ciHb
aGhlo 7.72
Low Boil Frac.* 16.09
Unconvert. 56.78
Realdue 4.18
Coke & L.osses 2.69

U ltl-
mate

2.08
5.44

3.86
17.63
17.87
37.12

mmmm

9.67
6.23

*Condensible liquid boiling below charge stock

18
252.0
1.48

547
2.0
0.189

118.5
4.07
116.8

127.1
8.1

3.26

11.97
2.11
38.88
3.09
9.52
10.53
17.06

20.9.
73.1
6.0

Pter
Pass

1.05
2.12
5.55
0.98

18.02

1.43
4.41
4.88

18.45
56.87

3.03
3.21

U ltl-
mate

1.66
3.36
8.79
1.55
28.54
2.27

7.73
29.23

4.80
5.08
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TABLE XI1I

DEALKYLATION OF n-HKXAD2CANE

Run Nuriber 19 20
Gras, charged 369.0 391.0
Mols charged 1.63 1.73
Reactor Temp., OC. 484 546
Time of run, hrs. 2.25 2.0
Lig. Sp. Vel, hr*" 0.237 0.275
Gas Produced, L it. 107.6 193.5
Mols. 3,61 6.50
Gras. 168.0 281.0
Gms. Liquid Produced 173.2 89,0
Gms. Coke & Losses 17.8 21.0
Gas Hg i
Analysis CH4 1.50 1.45
Weight C2HIr 5.99 8.82
Psr Cent OoHfi — _
C3% 32.28 46.89
26.82 21.59
auo -
5 33.41 21.25
Lig. Anal, Low Boil Frac.* 21.9 26.2
Weight Unconvert. 72.0 77.0
Per Cent Residue 6.1 6.8
Bar U Iti- Per u:ti'
Pass mate Pass mate
Product H2 —_— — —
Analysis, C% 0.68 1.03 1.04 1.26
Weight CHA 2.73 4.12 6.34 7.69
Par Cent CHg — —
c5% 14.70 22.20 33.70 40.86
CsHg - — -
AHQ 12.21 18.44 15.58 18.82
C4H10 -
Low Boil Frac.* 25.49 38.50 21.43 26. v
Unconvert. 33.80 17.53 —_ -
Residue 2.86 4.32 1.55 1. D
Coke & Losses 4.82 7.28 5.37 6.51

*Condensible Liquid boiling below charge stock



DSALKYLATION OF NEOHSX-XNB

Run Number
Gms. charged
Mols charged

Reactor Temp., OC.
Time of run, hrs.
Lig. Sp. VeiL, hr.*1

Gas Produced, Lit.
Ifols.
Gms.

Gms. Liquid Produced
Gms. Coks & Losses

Gas H2
Analysis Cli4
Welght xQHA
IBr Cent C2Hg
CsH6
c3%
%
CGAHIQ
(63}
Lig. Anal, Low Boil Frac.*
Welght Unconvert.
Per Cent Residue
Product
Analysis '5%4
Weight oHA
Per Cent C2H
C3H6
C3He
C4H8
cuo
Low Boil. Frac.*
Uncohverto
Residue

Coke & Losses

TABLS XIV

2

21
55.5
2.97

500

3.21
93.17

2.08

2.0
0.217

45

~N O
g w

*Condensible liquid boiling below charge stock

22
178.5
2.08

552
2.0

0.153

o W

o o

CRARS
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H
w
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H
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U Iti-
mate
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CONN R WWE O
o o U1l N0 oUW

o

8.2



TABLE XV
DEALKYLATION CF 2,2 ,4-TRIMETHYLPINTANK

Run Number 25 24
Gns, Charged 276.0 276.0
Mols charged 2.42 2.42
Reactor Temp., °C. 507 553
Tina of run, hrs. 2.0 2.0
Lig. Sp. V'L, hr."1 0.223 0.223
Gas Produced, Lit, 23.1 64.0
Mols. 0.78 2.18
Gms. 31.8 75.7
Gms. Liquid Produced 237.1 L91.2
Gms. Coke & Losses 7.1 9.1
Gas Ho 0.2 0.4
Analysis a4 5.1 13.7
Weight CgH4 7.8 3.6
Tfer Cent c2n6 — 3.2
% 42.0 29.0
C3H6 -
CiHo 5.0 5.5
CAHI0 28.4 25.5
s 11.5 14.1
Lig. Anal. Low Boil Frac.* 14.0 17.0
Welglit Unconvert. 86.0 83.0
Per Cent Residue —
Par U Iti- Par U Iti
Pass mate Pass mate
Product H2 0.02 0.1 0.11 0.3
Analysis a4 0.59 2.3 3.76 8.8
Weight CH4A 0.90 3.5 0.99 2.3
Per Cent I H—- 2.25 5.3
C3H6 4.83 18.5 7.96 18.7
CAHD 0.58 2.2 1.51 3.6
CAnlo 3.27 12.5 7.00 16.6
Low Boil Fract.* 13.35 51.7 15.64 36.8
Unconvert. 73.89 57.48 —
Residue — —= —
Coke & Losses 2.57 9.8 3.30 8.2

"LCondensible liquid boiling below charge stock



TABLS XVI

DKILKZLATICL OF 2,2,5-TR11 3THY1IKBXAH3

Run Number 25 26 27
Gceis. charged 299.0 275.0 308.0
Mols charged 2.33 2.16 2.41
Reactor Temp., 0OC. 501 535 555
Time of run,, hrs. 1.75 2.08 2.0
14q. Bp. Vel ., hr. 0.263 0.226 0.343
Gas Produced, Lit. 15.3 67.8 86.4
Liols. 0.551 2.23 2.90
Gs. 21.4 83.7 102.9
Gms. Liquid Produced 264.6 175.5 196.8
Gms. Coke & Losses 13.0 15.3 19.4
Gas _ H 0.655 0.378
Analysis G 7.86 2.74
Vieight cH 16.36 11.03 no
lor Cent CgHy 15.00
03% 27.10 53.66 analy-
% .
Oots 28.50 37.141k Sis
Grho 25.03
Lig. Anal. Low Boil Frac.* 10.9 15.7 18.1
relght Unconvert. 87.4 81.6 78.0
Per Cent Residue 1.7 2.7 3.9
Per U Iti- Per U lti-
Pass  mate Pass mate
Product H 0.047 0.21 0.115 0.24
Analysis, CR. 0.56 248 0.835 1.75
\élght Ql4 0.21 532 3.37 7.05 no
Per Cent 02% — —2wW 456 9.55
% 1.94 8.55 10.24 21.45 analy-
C3H8 — _
aH 2.04 9.00 11.30 23.52 Sis
CGAHO _—— —
Low Boil Frac. M1.44 49.68 9.86 20.68
Unconvert. 7733  ——-- 5350  -——--
Residue 1.51 6.66 1.70 3.56
Cokn &Losses 4.35 13.20 5.75 12.03

~Condensible liquid boiling- below charge stock
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T\BLB XVII

MALKYLATIOt) OF 2,3-DIMBTHYLBUTANE

Run Number 28 29
Cm. charged 317.0 204.6
Uols charged 3.68 1.70
Reactor Temp., °C. 513 568
Tins of run, hrs. 2.0 2.0
Lig. Sp. Vel., hr.-1 0.226 0.180
Gas Produced, lit. 20.3 68.5
Uols. 0.503 2.33
Gm 23.9 78.3
Gms. Liquid Produced 285.8 109.5
Grs. Coke & Losses 7.3 16.7
Gas H 0.04 0.08
Analysis 4 4.54 17.20
Weight CHl 0.89 6.87
Bar Cent QHy 0.75 3.37
cShG 22.43 33.98
03% R
71
G HoO —
s 71.35 38.50
Lig. Anal. Low Boil Frac.* 15.7 19.0
Weight Unconvert. 84.3 81.0
Par Cent Residue —_
Par U lti- Par Ulti-
Pass mate Pass mate
Product H 0.003 0.012 0.03 0.05
Analysis o] 0.343 1.43 6.59 11.65
Weight QHs 0.067 0.28 2.63 4.64
Bar Cent ChHs 0.057 0.24 1.28 2.26
GHb 1.69 4.05 13.00 22.95
uStiB
GH8 —
%/l_\'/:lgoil. Frac. *19.54 81.48 24.92 43.95
Unconvert. 75.99 — - 43.35
Residue —_— —
Coke & Losses 2.30 9.60 8.20 14.50

+Condensible liquid boiling below charge stock



- 54 -

TABLE XVIII

CEALKYJATION CF 2 ,4-DDISTHYLFEHT™NE

Run Number 30
Ctas. charged 178.7
Mols charged 1.79
Reactor Temp., o C. 493

Time of run, hrs. 2.

0
Lig. Sp. Vel., hr."t 0.251
Gas Produced, L.it. 20.2
1.S0ls. 0.73
Ons. 22.4
Ons. Liquid Produced 154.2
Gras. Coke & Losses 2.1
Qas H
Analysis (H no
Weight Gk
Itir Cent CgHy analy-
CH )
GH Sis
CiHa
Glho
Cs
Lig. Anal. Low Boil Frac.* ;> s
Seight  Unconvort. 93.2
Itir Cent Residue 4.0
Product Hy
Analysis (H no
Weight (B4
Per Cent (B analy-
CH )
GH Sis
GH
CGIHO |
Low Boil. Frac.*
Unconvert.
Residue

Coke a Losses

31

234.5
2.35

516

w
o

NO N

Per
Pass

0.066
0.166
0.654
0.347
3.835

1.72

5.73
79.81
4.43
3.24

©
(6}

©

ohhr~ Bo
(€]

B
OO~ O

o oo
N

~Condensible liqguid boiling below charge stock

U Iti-
mate

0.33
0.82
3.24

1.22

19.00
8.52

28.40

21.95
16.03

32
204.3
2.04

557

H
= ol a2
ok 0o

5.00

o
NN On
ok, h~ No

W~NN O
ool

N
(@]

SN

Ftir
Pass

0.40
5.05
1.70
1.60
10.22
&

4.84

9.61
54.25
2.94
9.30

U lti-
mate

0.88
11.05
3.72
3.50
22.40

10.58
21.00

6.40
20.35



TABLE XIX
D2ALI2LVTICH; COF 3-1.XTKYLPAWAHE

Run Number 33
Gns charged 119.0
llols cliarged 1.75

Reactor Temp., °G. 51B
Time of run, hrs. 1.0
Lin. Sp. Vel., hr -1

0.200
Gas Produced, Lit. 15.6
Hols 0.530
Gras 15.3
Gns. Liquid Produced 93.8
Gne. Coke & Losses 9.9
Gas Hy 0.21
Analysis H 3.31
,'eight Goiia 18.25
iter Cent G 10.40
GH 26.72
cS1S
CH
gHIO 41.11
Lig. Anal. Low Boil Frac.* 17.3
Height Unconvert. 82.7
Per Gent Residue R
1"or Ulti-
Pass mate
Product H 0.027 0.063
Analysis, ak 0.426 1.22
leight Qolls 2.35 6.75
Por Cent GgHs 1.34 3.85
GG 3.44 9.08
Ci% E—
CiHio =
Low Boil Frac. ©10.92 54.35
Unconverto 65.17 e
Residue e —_—
Goto & Losses 8.32 23.09

*Condensible liiuid boiling below

charge stock

34
276. 2
4.03

553

w
N

(&}

NOoOo No
W
ol

o
w o NN © onm
= [l
IaN

[any
N ©

[EEN
oo\‘w-o
SN W
© O

26.80

44.48

16.8
73.2

10.0

Par
Pass

0.03
0.73
3.70
1.72
5.77

21.29
51.10
5.90
0.67

U lti-
mate

0.06
1.49
7.56
3.52
11.30

43.50

14.30
17.75



TXAEE XX
D. UJ-YLLTION cr STIHYUKITANK
Run Kunber 35 36

Gns. charged
Kols charged

Reactor Temp., °C.
Time of run, lire. _
Lify, a* Voi* | -ir*

Pus ih’oduced, Lit.

Ibis.
Gus.

Go. Liquid Lroduced
Gns. Coke & Losses

ais
nialysis
,eight
Ibr Cent

Lig. .Uial.

Meight
L:r Cent

Lroduct
Analysis,
Veigiit
Ibr Cent

H

CH
0310

d
cd@
o LIO
(@3]

Low Boil Lrao.*
dnconvert.
Residue

Ho
H

o G0

co%
GH

EOWI%O“ Krac.*
Unconverto
Residue

Coke & Losses

386.3 207.0
3.38 1.31
508 538
2.0 2.0
0.305 0.164
36.3 59.4
1.218- 1.90
40.3 Cl s
336.6 129.5
9.4 15.9
0.63 0.83
1.37 12.28
13.65 7.28
2.84 6.30
37.41 30.95
10.83 13.16
22.55 16.20
10.67 13.00
12.9 10.1
05.3 84.9
1.8 5.0
Ibr U lti- Fbr
lass rate Lass
0.07 0.23 0.25
0.14 0.55 3.67
1.42 5.53 2.17
0.30 1.17 1.33
3.00 15.19 9.24
1.13 4.40 3.93
2.45 9.15 4.34
12.35 40.11 10.19
74.33 53.04
1.56 6.00 3.12
2.43 9.47 7.68

* Gondonsiblo liguid boiling bolow charge stock

U Iti-
mate

0.53
7.82
4.62
4.00
19.60

8.37
10.31
21.70

6.61
16.35



Conpound
CycloTioxane
Methylcyclo-

hexane

Ethylcyclo-
hexane

Lethylcyclo-
pentane

n-Hexane

n-lleptane

n-Octane

n-Dodecane

n-llexadecane

Run
No.

N -

o Ul o

BN

10
11

12

13

15

16

17
18

19

20

TABLB :ca

EIMETIC DATA TCR TIE DKUCfL-J IGM CF NAHITTEHES alD LALJFIHS

Tempera- Liquid Space
ture oC. Velocity hr-a
510 0.219
545 0.211
493 0.139
554 0.203
502 0.209
545 0.132
512 0.187
549 0.203
507 0.196
537 0.236
561 0.235
494 0.274
525 0.203
548 0.154
501 0.136
538 0.190
508 0.097
547 0.189
434 0.237
546 0.275

Conversion Velocity Con-

Ler Cent

14.10
22.40

41.87
62.18

45.22
62.30

25.44
42.68

8.72
24.40
25.53

5.00
21.55
49.73

26.51
51.91

43.22
63.13

66.30
32.47

slant,
@93 x 10s
1.49 T
2.96 ft
5.48 ft
3.51 ft
5.28 I
1.54 ™
3.15 ™
0.43 T
1.11 "
1.84 ft
0.40 it
1.38 ft
3.33 it
1.12 it
4.03 it
1.53 it
5.24 i
7.14 T
13.31 ft

Activation

Energy, EA Frequency

k see. ~L k-cal/mcl.

22.7

13.4

11.7

25.0

31.2

47.3

43.2

40.2

39.9

%Factors

1.01 X 1011
1.65 x 10s
4.28 X 10's
1.72 X 1012

8.45 X 10 13

9.17 x 10"

7.05 X 10 17

8.30 X 10 16

2.20 X 1016



TABLE Xvl (cont.)
KINETIC DATA For THs DCELLKYLMION CF EUirriLSKIiS AKD +ATAHFINS
Vctivation

Bun  Tempera- Liquid Space  Conversion Velocity Con- Energy, £a Frequency
Coi- ound No.  ture °C. Velocity hr"l Per Cent slLtyat, k eoc. k-cal/mol. Factors

Keohexane 21 500 0.217 6.83 0.44 x s 35.5 407 X 1010
22 552* 0.153 35.52 1.33
2,2,4-Trimothyl-23 507 0.233 25.11 1.33 15.7 1.30 x 10<10
pentane 24 553 0.223 42.52 3.42
2,2,5-Trimsthyl-25 501 0.250 22.67 1.92 19.1 6.65 x 1010
hexane 26 535 0.226 47.30 409 "
27 555 0.243 47.32 4.31 "
2,B-Dirathyl- 28 513 0.265 24.01 £05 " 17.1 5.35 X 1010
butane 29 568 0.130 56.65 421 "
2,4-Dirathyl- 30 493 0.251 19.52 153 " 18.3 3.52 x 1010
pentane 31 516 0.195 20.19 1.23
32 557 0.226 45.75 3.86 "
3-1.jethylpentane 33 512 0.200 34.83 2.41 20.4 1.84 x 10-10
34 553 0.232 48.90 461
B-N\ethylheptane 35 508 0.306 25.67 252 « 18.2 2.02 X 1010
36 533 0.164 46. 96 3.09



TABLE XHI

REFRACTIVE INDICES CF SEVERAL CYCLOIEXE
AND ETBEYL CYALOHEXIth QUTS

Cyclohexaiio Cuts, Run j/i

Refractive index of pure cyclohexane, nwo - 1.4262
Refractive index of pure benzene, = 1.50110
Refractive indices of cuts boiling at 640 ran Hg.
between: 70-71° C., Uy 1.4310
71- 72° C., mo = 1.4315
72- 73° C., nj# - 1.4506

73-74° C., ngO 1.4411

74-75° C., nro 1.4205

Ethylcyclohexane Cuts, Run i-5

Boiling Refractive RI after Rl after Rl after
Range Index I oleum 2 oleum 3 oleum
640 ran. Hg. before wash wash washe s washes
118.0-119.0 1.4359 1.4298 1.4297

119.0-120.0 1.4363 1.4315 1.4307 1.4304
120.0-121.0 1.4376 1.4312 1.4306 1.4306
121.0-122.0 1.4404 1.4313 1.4313 1.4312
122.0-123.0 1.4434 1.4366 1.4362 1.4362
123.0-124.0 1.4564 1.4434 1.4361 1.4361
124.0-125.0 1.4623 1.4335 1.4335

125.0-127.0 1.4673 1.4335 —
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TABUS XHII

EiUILIBRICII.: OF DIMSTHYL- AND ETHYL- CYQLCHEXANES
(Calculated at GQOK from Bureau of Standards Data)

Isomer Boiling Refractive Equilibrium
Itunt at Index n“U concentra-
760 mm Hg, tion at GOOK
per cent
Ethyl Cyclohexane 131.78 1.43.504 15.12
I, 1-Dimathylcyclo-
hexane 119.54 1.42895 5.56
CisS 1,2- " 129.73 1.43596 5.78
trans 1,2- -~ 123.42 1.42695 13.98
cis 1,3- n 120.09 1.42494 24.51
trans 1,3- " 124.45 1.43085 13.98
cis 1,4- " 124.32 1.42966 6.97

trans 1,4- " 119.35 1.42090 13.10



IMBLS XSIV

IROIISRTIES CF TTE CATALYST

Grams catalyst titrated:

M illiliters 0«IM HxCH needed:

Bulk density of catalyst
IjDIs TiF/liter of catalyst
cjams HF/liter of catalyst
Average Area of HF molecule *
Area of catalyst/liter
Catalyst in bed

,JIrea of catalyst bed

4.287 4.312
11.8 12.0
0.371 gms/ml.
0.242

4.35

17.4 x 10"15 oa®
253 x 103 ot
0.900 liter

2.28 x 103 o2

*Assuming closest packing of HF in liquid state (22)

2.153
5.9
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