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FOREWORD

Apvances IN CHEMISTRY SEriES was founded in 1949 by the
American Chemical Society as an outlet for symposia and col-
lections of data in special areas of topical interest that could
not be accommodated in the Society’s journals. It provides a
medium for symposia that would otherwise be fragmented,
their papers distributed among several journals or not pub-
lished at all. Papers are refereed critically according to ACS
editorial standards and receive the careful attention and proc-
essing characteristic of ACS publications. Papers published
in Apvances IN CHEMISTRY SERIES are original contributions
not published elsewhere in whole or major part and include
reports of research as well as reviews since symposia may em-
brace both types of presentation. :




PREFACE

Thls volume reviews the processing by which liquid petroleum may
be converted to a maximum yield of chemicals, not fuels. Petroleum
is considered to include natural gasoline, condensate, crude oil, or frac-

tions of these materials obtained by physical methods. Excluded are
liquefied petroleum gas (LPG), ethane, and natural gas. Processing is
restricted for the most part to production of the first materials saleable
as chemicals. In these contexts an alternate name for the symposium
might well be the Technology of the Petrochemical Refinery.

A considerable volume of literature has been published on the pro-
duction of petrochemicals and even a few prophetic papers on the petro-
chemical refinery (1, 3, 4, 5). To date, however, the petrochemical refinery
concept has been used in two slightly differing contexts: one wherein the
plant output (using crude oil as feed) is exclusively chemicals (4); the
other wherein the production of petrochemicals is integrated into an
existing fuels refinery (1, 5). The former has been reduced successfully
to practice on a commercial scale only in one acknowledged instance (6),
and this operation has been restricted to condensate as feedstock. The
second cortext does not differ much from present petrochemical oper-
ations of oil companies except in degree. From a technological viewpoint
the former, operating on heavy crude oil, would represent perfection
of the petrochemical refinery concept and would demand the most of
new technology. Hence, in the present symposium the chemistry and
new processing techniques will be directed exclusively to the production
of chemicals, not fuels.

Whether or not the production of chemicals from crude oil can be
independent of the production of fuels has still not been determined.
It will indeed be a new industry, but its future depends largely on the
development of new technology. Technology employed so far, however,
has largely been an adaptation of processes designed for ethylene pro-
duction from gaseous hydrocarbons or for maximum gaso]jne production
by petroleum refining.

Since the introduction of hydrodealkylation processes some 11 years
ago (2), the pace has quickened in the development of processes spe-
cifically designed to manufacture chemicals from liquid petroleum feed-
stocks. This volume is designed to unify and stimulate further develop-

ment of new concepts, ultimately leading to establishment of the

vii



petrochemical refinery as an independent and economically viable
enterprise.

Any refinery-is based upon taking a crude mixture of raw materials
and producing a spectrum of desired products. It differs from a chemical
plant primarily in that several products are desired—i.e., the coproduct
concept. In common with the fuels refinery, the technology of the petro-
chemical refinery is influenced by four fundamental considerations:

(a) Selection of raw material

(b) Definition of product mix

(c) Selection of basic processes

(d) Integration of processes and products
All but the last, which depends so much on individual circumstances, are
discussed to some degree in this book. Emphasis is on basic processing,
the main point of impact for chemical science.

With crude oil as feed the production of chemicals by known
methods rests upon four types of processing:

(1) Thermal pyrolytic cracking

(2) Catalytic reforming

(3) Catalytic or thermal hydrocracking

(4) Separation and purification

The papers in this volume have been organized around four main
topics which combine both the broad considerations of the petrochemical
refinery and the specific types of processing:

(1) Review of the basic chemical reactions employed in the pres-
ent-day petrochemical refinery.

(2) Description of new chemical developments in dehydrogenation
and cracking reactions.

(3) Discussion of the products and economics of the petrochemical
refinery.

(4) Presentation of typical new processing concepts—chemical as
well as physical—applicable to the petrochemical refinery of the future.
Although the papers in this volume do not represent an exhaustive re-
view of the petrochemical refinery concept, they do offer for the first
time a “status report” on the general subject. Former publications have
directed themselves to some specific phase, usually economic or engi-
neering, with little attention directed to their interface with chemistry
and process development. Hopefully, the papers presented here will
offer a starting point for continuing development of a fascinating and
most important subject on an integrated basis.

Literature Cited

(1) Beavon, D. K., Hydrocarbon Processing 1969, 48 (1), 110.
(2) Bethea, S. R., Heinrich, R. L., Souby, A. M., Yule, L. T., Ind. Eng. Chem.
1958, 50, 1245.



2,33 Gambro, A. J., Caspers, J., World Petrol. 1967, 38 (4), 88-94.
4 Ga;lel:;% A. J., Caspers, J., Newman, J., World Petrol. 1968, 39 (13),

(5) Struth, B. W., List, H. L., Symposium on New Developments in Petro-
chemicals, National Meetg. AIChE, 64th, March 16-20 (1969). -

(8) Walker, H. M., Symposium on Steam Cracking of Heavier Feedstocks,
National Meetg. AIChE, 64th, March 16-20 (1969).

Leo ]. SPiLLANE

Gulf States Asphalt Co., Inc.
Houston, Tex.
May 1970



10.

11,

CONTENTS

Some Recent Developments in the Gas-Phase Pyrolysis of Hydro-
CATHONE. . oo oo s iio'e o ki s ice s ROIIBTBAAR QS IE IR 555 I as 10 ZABIA
Sidney W. Benson, Stanford Research Institute, Menlo Park, Calif.

The Chemistry of Aromatics Production via Catalytic Reforming . .
E. L. Pollitzer, J. C. Hayes, and Vladimir Haensel, Universal Oil
Products Co., Des Plaines, Ill.

Chemistry of Hydroeracking .. ........ e . .00 aiii ...
G. E. Langlois and R. F. Sullivan, Chevron Research Co., Rich-
mond, Calif.

Secondary Reactions of Olefins in Pyrolysis of Petroleum Hydro-

LETR L) e S Rt - e Mo e L e Y
Tomoya Sakai, Kazuhiko Soma, Yoichi Sasaki, Hiroo Tominaga,
and Taiseki Kunugi, University of Tokyo, Tokyo, Japan

Rate Modeling for the Butane-Butenes System ................
John Happel, Miguel A. Hnatow, and Reiji Mezaki, New York
University, Bronx, N. Y.

Some Problems of the Cracking Mechanism of Hydrocarbons . ...
R. S. Magaril, Tyumen Industrial Institute, Tyumen, U.S.S.R.

The Chemical Refinery in Perspective .......................
Matthew F. Stewart and James T. Jensen, Arthur D. Little, Inc.,
Cambridge, Mass.

Product Optimization in the Petrochemical Refinery ...........
Harry M. Walker, Monsanto Co., Alvin, Tex.

The Manufacture of Propylene ............... .. ... .coun..
Alvin H. Weiss, Worcester Polytechnic Institute, Worcester, Mass.

Kinetics of the Demethylation of Methylcyclohexune ...........
M. M. Johnson and H. J. Hepp, Phillips Petroleum Co., Bartles-
ville, Okla.

Catalytic Dehydrogenation of Higher Normal Paraffins to Linear

6 i R e o e Do a g C O S R B e
James F. Roth, Joseph B. Abell, Loyd W. Fannin, and Andrew R.
Schaefer, Monsanto Co., St. Louis, Mo.

38

68

92

110

123

137

153

179



.......................... 204
Engelhard Mmerals and Chem-
Pro valuation of Improved Solvents for Butadiene Recovery .. 215
G. D. Dav1s, E. C. Makin, Jr., and C. H. Middlebrooks, Monsanto
Co., St. Louis, Mo.

14. Tetraethylene Glycol—A Superior Solvent for Aromatics Extraction 228
G. S. Somekh and B. O. Friedlander, Union Carbide Corp., Tarry-
town, N. Y : | 3 _ . o »

15. A New Solvent for Aromat:es Separatlon ..... S RO QuH1s5 949
Julian Feldman, U. S. Industrial Chemicals Co., Cmcmnatl Ohio

16. Carbon Black from Petroleum: Oil ................ ersimsgh, SOT 204
T. A. Ruble, Continental Carbon Co., Houston Tex ;

17. Petrochemical Feedstocks from Residuals .................... 271
A. R. Johnson, S. Alpert, and L. M. Lehman, Hydroearbon Re-
search, Inc., New York, N. Y. ok

B BT R e % 289

>4
amrd solfid G w A Lo : yimt b 3‘.»-3&!??1/1
e opbindmsD
veaniiel lasimadoonds® od) of mofesiaiigO oo
waT aidd 00 otamnoM 1dlaW M pmil

. e« sushigedd 1o smissiunsM oilT
oinrsatdlad 1steaneW tisW F aivis

58 GRS B 3 L 2hs: il I“J stk | i EK—) r‘—i‘wz
) sl iz 9 a4 ,i;‘. | H bos aicf- M M
W40 sl

TG Y H 1o ngilsisssa bldﬁﬂ sitylaiz’)
...... enitalCr
(!f} sl .';' H '} =il ?

Inszaoi teaded



> ]

Some Recent Developments in the
Gas-Phase Pyrolysis of Hydrocarbons

SIDNEY W. BENSON

Department of Thermochemistry and Chemical Kinetics, Stanford Research
Institute, Menlo Park, Calif. 94025

Recent work on elementary steps of importance in hydro-
carbon pyrolysis are described and summarized from a
quantitative and predictive point of view. This includes the
normal H atom metathesis reactions, addition of radicals
to unsaturates, and fission reactions responsible for chain
propagation, as well as the initiation and termination steps.
The large negative activation energies characteristic of
kinetic chain lengths put an upper limit of about 1000°K
on the temperature at which propagation steps are impor-
tant. Arrhenius parameters for molecular reactions of un-
saturated hydrocarbons are discussed, in particular Cope
rearrangements and 1,5-H shift reactions. Some anomalies
from shock tube data are described briefly as are the kinetic
properties of small biradicals. Some difficulties of kinetic
modeling are discussed along with the importance of devia-
tions of unimolecular rate constants from Arrhenius behavior
at high temperatures.

From a scientific, or a technological, or an economic point of view, the
pyrolysis of hydrocarbons must rank as one of the most important
chemical processes of our 20th century. Research activity on the pyroly-
sis of hydrocarbons has mirrored this intense interest since the early part
of the century. These studies have yielded a number of simple con-
clusions. One is that pyrolytic systems are an extremely complex assembly
of chemical reactions taking place mainly through the aegis of a rela-
tively small number of very active free radicals.
The kinetic understanding of the role played by free radical proc-
esses stems from two historic papers by F. O. Rice (52, 53) outlining
plausible chain sequences to account both for the products of pyrolysis
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and the oversall vénoentration’  the rate. Although all the
important chain steps and the eogeat ; mical arguments for their

importance were | s by become com-
mon practice to refer to the‘Rl m ..@am 39 chain pyrolysis
on the basis of a third paper (54). This third paper differs from the
earlier ones only in extendmg the Rice scheme to include acetone and
acetaldehyde and also in assigning A-factors and activation energies to
all of the individual chain steps in an effort to reproduce the over-all
kinetic parameters.

Two important elementary step reactions were described in these
radical chains of Rice. One was the ubiquity of the metathetical reaction
of H atom abstraction by free radicals from hydrocarbons. The second
was the rapid unimolecular decomposition of free radicals into olefins
and secondary atoms or radicals, as a chain step competitive with
metathesis.

A few years later, a third type of reaction was added to the scheme,
the isomerization of large radicals by internal abstraction of H atoms (9).
This was shown (41) to account satisfactorily for the product distribu-
tion arising from the pyrolysis of long chain hydrocarbons (e.g., n-C6Has).
Very little has happened in the approximately 25 years since the last of
these contributions to alter our conceptual understanding of the kinetics
of hydrocarbon pyrolysis. Instead, the very extensive research done since
then has generally been devoted to determining the quantitative kinetic
parameters associated with the elementary step reactions of the pyrolysis
chain. Much of this work has been summarized in some recent books
(62) and reviews (26, 51).

One new field related to hydrocarbon pyrolysis of small ring com-
pounds (3- and 4-membered rings) has been developed in the past
decade, and that is the subject of biradicals. These are discussed briefly.
In the present article, I consider in some detail the present status of our
experimental and theoretical understanding of these step reactions and
how they relate to the very practical problems of kmetlc ;nodehng of

pyrolysis systems.

e (I

Molecular Reactions of Hydrocarbons =

One of the early controversies in the is revolved about
the question of the importance ¢ certed, molecular elimination reac-
tions of hydrocarbons to giy% : p’,\'o;iucts Numerous
experiments (51) have ; is problem in favor
of the wmw ‘ for . olysis. At the same
time, fmm /. Very , nce elicited to show that

y in concerted, molecu-
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lar processes to form isomeric products or fission products (26). These
usually involve the formation of a cyclic transition state with a six-
membered ring. The Cope rearrangement provides one of the oldest
examples (25) of such an isomerization:

CH H I|I ¥ CH
R ™ H / PRI
TH, CH. ‘.- C 0... l yC CH, CH:
-~ '.‘ el ..‘ <
CH, CH c.-/-yc C/ CH, cln
- N oo i)
CH o ¢ CH

CHs, H H |\ Taalll 3 1
(trans or cis) H CH;

log [kas(sec™)] = 10.66 — 36.72/6
: log [ktrans(sec™)] = 10.39 — 35.36/6
where § — 2.303 RT in units of kcal/mole.

In the illustration shown, the transition state involves a six-membered
ring, and it is presumed on structural grounds that it has the thermo-
dynamically favored conformation of the chair form of cyclohexane.
Since it also has a mobile =-electron system, it seems reasonable to picture
it as two allylic radicals interacting with each other via their terminal (car-
bon atoms 1 and 3) =electrons. For such a structure, the cis diolefin will
have its bulky methyl group in the structurally unfavorable quasi-axial
position. The higher activation energy of 1.36 keal/mole observed for
the reaction of the cis isomer supports such a structure.

The “ene” reaction, or more prosaically, the 1,5-H shift reaction,
provides another more recent example of a molecular reaction:

H HH
. ) H \C’\"-\\l .'.:'?
A /CH=CH’ 2 \ .y Q..'. o
CH, — c.... 2 e
CH,—CH, Fr e
H /) \
H g H
— —
CH—CH,
Z -
CH,
+
CH.-CH;

Such reactions were initially studied for the vinyl ethyl ethers (14, 70).
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A second example of this is provided by the pyrolysis of cis-1-methyl-
2-vinyleyclopropane, which decomposes at about 120°C lower than its
trans isomer to give cis-hexa-1,4-diene (17, 18, 58):

— — *
CH=CH, it H
2 H P 3
C H/ pme s A Crges, /B .
| b = .. o —_—

™S CH—CH, C
/

£

(eis) H,C A
H

(eis)

For both examples of 1,5-H shifts, the transition state is probably
best regarded as involving a puckered five-membered ring of carbon
atoms with the transferring H atom out of the plane. In one of the sim-
plest examples of the 1,5-H shift reaction, however, namely the supra-
facial transfer of the secondary H atom of cyclopentadiene around the
C-5 ring, the ring itself is forced to be planar (46, 57).

The trans-1-methyl,2-vinyl compound decomposes (20) to give 92%
of the same cis diene product and also 8% of 4-methylcyclopentene. The
diene rate constant is:

lOg [ktranl (Sec*l)] S 14.74 — 48.64/6

with very different Arrhenius parameters from the cis isomer. The mech-
nism is different as well. The trans compound decomposes via a biradical
intermediate (11).

The low activation energies with which these concerted reactions
can take place (~ 35 = 5 kcal) make them very important in all pyroly-
sis systems in which olefins are major products. They lead to an enhanced
fragmentation of large monoolefins and have probably been responsxble
for much misidentification of - crackmg rate parameters. .
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While it is not possible to make a priori estimates of the activation
energies of these reactions, such estimates can be made from values
observed in homologous compounds. The A-factors for concerted proc-
esses can be estimated on the basis of some simple rules proposed by
Benson and O'Neal (10). These rules suggest that the chief loss of
entropy in forming the transition state lies in converting hindered internal
rotations in the open chain compounds into more or less “stiff” out-of-plane
torsions in the transition state. In its crudest form, one can calculate the
A-factors for these cyclic transition states by assuming that one loses
about 4.0 gibbs/mole of entropy per rotor in forming the transition state.
The A-factor is related to AS?, the entropy of activation, by (4):

A= <ekhL> eASH/R

where T, is the mean temperature of the range used. At 600°K the
factor ekT,,/h = 1035 gec’l,

Table I lists a few representative examples of estimated A-factors
for some hydrocarbon reactions proceeding through six-membered ring,
cyclic transition states. We see that although the simple rotor rule is
fairly effective in estimating A-factors, it generally errs on the high side.
The more complex analysis (10) which takes into account all the changes
in frequencies in going to the cyclic complex does a somewhat better
job of estimating the A-factors.

Metathesis Reactions

While the molecular reactions of olefins are of considerable impor-
tance, free radical reactions are still the major route for pyrolysis of both
alkenes and alkanes. For metathesis reactions of free radical with mole-
cules, methods have now become available for predicting both lower
and upper limits of the A-factors for such reactions (3, 6).

The upper limits are provided by the collision frequency of the
radical-molecule pair which is about 102 1/mole-sec at 400°K. This
result can also be arrived at from transition state theory by assuming
that the centers of the colliding pair lie on a spherical shell 3.5 A in
radius and 0.10 A thick. This corresponds to a tight transition state since
the small amplitude of motion of 0.10 A is characteristic of bond vibration
amplitudes in molecules. The only bimolecular reactions whose A-factors
come close to this upper limit are the methathesis reactions of I atoms
(27) for which the A-factors equal, or slightly exceed, the collision
frequency.

The lower limits are obtained by equating the intrinsic entropy of
the transition state to a molecule of similar structure and molecular
weight. Thus, for the reaction H + C,Hg 22 C.Hs + H,, we can assume
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for Unimolecular Reactions Proceeding through Six-Membered
Transition States

Eos., Log [A(sec™)],  Log [A(sec™")],

kcal/mole observed estimated® Ref.
35.5 11.1 11.1 (10.9) 63
35.0 10.85 1.3 (109) 25
29.9 11.85 115 11.7) 42
28.47 9.97 10.8 (11.2) 23
35.2 9.06 9.6 (1 9.9) 31
32.76 11.24 11.1 (12.3) 19
32.5 11.8 11.9 (12.1) 24
31.2 . 11.03 11.1 (12.3) 17,18, 58
43.8 12.36 124 (=) 18,21
42.7 12.02

@ Values in parentheses are obtained by making proper corrections for symmetry
gmaxitig(lil path degeperacy) and subtracting from S%, 4.0 gibbs/mole for every rotor
involved.

- On correcting to moles/liter standard states, this leads to an A-factor
for the metathesis:

s ekhT.. eASHR > 10134 - 32 = 10102 | /mole-sec

The reported “best” value is 10'° I/mole-sec (4).



