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FOREWORD 
The A C S S Y M P O S I U M SERIES was founded in 1974 to provide 

a medium for publishing symposia quickly in book form. The 
format of the SERIES parallels that of the continuing A D V A N C E S 

I N C H E M I S T R Y SERIES except that in order to save time the 
papers are not typeset but are reproduced as they are sub
mitted by the authors in camera-ready form. As a further 
means of saving time, the papers are not edited or reviewed 
except by the symposium chairman, who becomes editor of 
the book. Papers published in the A C S S Y M P O S I U M SERIES 

are original contributions not published elsewhere in whole or 
major part and include reports of research as well as reviews 
since symposia may embrace both types of presentation. 
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PREFACE 

his book consists of 27 papers—all relating in some way to alkylation. 
Slightly over half of the papers deal with the alkylation of isobutane 

with light olefins to produce high quality gasoline blending hydrocarbons. 
New information is presented for isobutane alkylation relative to the 
chemistry and mechanism, process improvements, recovery of acid cata
lyst, and status of commercial units. Papers are also presented for the 
alkylation of aromatics, heterocyclics, coal, and other hydrocarbons. 
Alkylations using transition metal catalysts, strong acids, free radicals, 
and bases are also reported. 

A l l of the papers in this book were presented at meetings of the 
American Chemical Society. Twenty-two were presented at the alkyla
tion symposium sponsored by the Division of Petroleum Chemistry in 
New Orleans on March 21 and 22, 1977. This symposium was chaired 
by the editors of this book. Four of the papers were presented earlier 
at the Symposum on New Hydrocarbon Chemistry; this symposium, also 
sponsored by the Division of Petroleum Chemistry, was held in San 
Francisco, August 29 to September 6,1976. G . A. Olah and L . Schmerling 
chaired the symposium. One paper was presented at the First Chemical 
Congress of the North American Continent in Mexico City in December 

When the editors of this book began planning for the alkylation 
symposium that was held in New Orleans, there was considerable interest 
in alkylation but many uncertainties relative to petroleum and natural 
gas supplies, costs, future needs for alkylation products, and phasing out 
of lead from gasoline. Although serious attempts at developing an 
energy policy and program (and one for petroleum and natural gas) 
are now in progress, many uncertainties still exist. However, there now 
seems to be a realization that improvements can be realized that will 
result in savings of energy and raw material and in improved quality of 
alkylates (and hence better utilization of reactants); a healthy optimism 
now exists for the future of alkylation. The editors were delighted to 
secure authors from a wide variety of backgrounds including chemistry, 
engineering, and administration; academia, research institutes, and indus
try; and from this country and three European countries. A healthy 
interchange of ideas occurred at the symposium. Interest in alkylation 
in the past was to some extent at least restricted to petroleum and natural 
gas type hydrocarbons. Presently, however, there is an increased interest 

1975. 
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in alkylating coals and hetrocyclic hydrocarbons. Each paper of this 
book was carefully reviewed by the editors and sometimes by others; 
several papers were revised to a rather appreciable extent as a result of 
the reviews. 

The first group of papers (chapters 1-12) covers the more theoretical 
and fundamental aspects of alkylation, including the chemistry, mecha
nism, and various techniques and catalysts that can be used besides 
sulfuric acid and hydrogen fluoride. Most papers of this group deal with 
isobutane alkylation for production of high quality fuels. 

The second group of papers (chapters 1S-20) discusses the more 
practical aspects of isobutane alkylation including mixing, reaction varia
bles, computer modeling, recovery of catalyst, and an alternate fuel to 
alkylate. 

The third group of papers (chapters 21-24) covers the alkylation 
of aromatics and heterocyclics. A paper describing what is probably the 
world's largest ethylbenzene plant is included; this plant is based on a 
unique new alkylation process. 

The fourth group of papers (chapters 25-27) covers the liquefaction 
of coal as an alternate source of liquid fuels. The chemistry of coal 
liquefaction is highly complicated, involving hydrogénation, pyrolysis or 
cracking, depolymerization, and polymerization. In addition, alkylation 
and dealkylation steps are occurring. In some cases at least, alkylation is 
a significant aid in obtaining liquid products from coal. 

In conclusion, the editors would like to thank all those who con
tributed to the success of the symposia and this subsequent book. First, 
our thanks and appreciation go to the Division of Petroleum Chemistry, 
Inc. of the American Chemical Society for its sponsorship and encour
agement, and, equally important, to the authors without whom it could 
never have existed, and finally to Mrs. Phyllis Beck (secretary at West 
Lafayette) who, in addition to her normal secretarial duties, contributed 
substantially with the secretarial aspects involved in the preparations for 
the symposium and this book. 

LYLE F. ALBRIGHT ARTHUR R. GOLDSBY 

West Lafayette, Indiana Chappaqua, New York 

June 1977 
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1 

Alkylation Studies 

G. M. KRAMER 

Exxon Research and Engineering Co., P.O. Box 45, Linden, NJ 07036 

The alkylation of C 3 , C4 and C 5 olefins with isobutane in 
sulfuric acid is a large scale commercial process. The reaction 
has been extensively studied and i ts general features are well 
understood and documented in several lucid reviews (1-3). 

In addition to being of commercial interest, the reaction 
has stimulated much fundamental research that is of enormous 
value in carbonium ion theory. The overall reaction is usually 
viewed as proceeding through an ionic chain mechanism in which a 
t-butyl ion adds to an olef in forming a larger cation that 
subsequently abstracts a hydride ion from isobutane forming 
product and a new t-butyl ion. Through the use of isotopic 
labeling, much has been learned about the behavior of the ions 
while in the acid (4-11). Nevertheless, there are a number of 
important questions about the alkylation reaction which have not 
been dealt with as extensively as might be desired and some of 
these will be discussed in this paper. 

One of these is the question of where does the reaction 
occur? It is often assumed that alkylation proceeds in the bulk 
acid phase (12a), but one of the aims of this report is to show 
that alkylation must proceed in at least two phases and that the 
reaction occurring at the hydrocarbon-acid interface is by far the 
most important in controlling the quality or selectivity of 
alkylate; i.e. the formation of a C3 fraction from isobutane plus 
butènes while minimizing the production of side products. The 
fact that alkylation does not occur uniformly throughout the acid 
has been recently suggested by Doshi and Albright (12b). 

A second question is what might be done to improve selectiv
ity beyond the usual practice of refiners to maximize mixing, 
maximize the isobutane to olefin ratio, lower the temperature and 
reduce the olefin space velocity. One approach is to decide 
what's rate determining and then to develop a chemical solution. 
This paper w i l l be concerned with developing evidence that hydride 
transfer from a tertiary paraffin is generally slow and may be 
considered to be the rate determining step. The fact that a 
cation abstracts H® from isobutane relatively slowly compared to 
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2 I N D U S T R I A L A N D L A B O R A T O R Y A L K Y L A T I O N S 

other reactions i t may undergo (deprotonation, racemization 
and certain isomerizations), can also be deduced from the exchange 
studies (4-11). 

Doshi and Albright, and earlier Hoffmann, Schriesheim and 
this author (13) have recognized that alkylation performance i s 
related to the presence of o i l soluble hydrocarbons, commonly 
called red o i l or conjunct polymers. These species are usually 
considered to be saturated and unsaturated cations which can 
function as intermediates in the transfer of hydride ions from 
isobutane to other alkyl cations. Assuming that hydride transfer 
is a limiting factor, the discovery of means to augment the rate 
should result in improved alkylation. This report deals with 
research which has led to the successful application of cationic 
surfactants for this purpose in commercial plants. 

The report f i r s t summarizes hydride transfer information 
determined during: 

a. the reaction of t-butyl chloride with methylcyclopentane, 
b. the reaction of 2,3,4-trimethylpentane in t r i t i a t e d 

sulfuric acid, and 
c. the isomerization of 3-methylpentane in tr i t i a t e d 

βμΙίυΓίΰ acid. 
Some of the reactions have been conducted with "acid 

modifiers 1 1 present and their role is believed to be primarily to 
change the sta b i l i t y and hence reactivity of the cationic inter
mediates. Some additives have a marked a b i l i t y to increase the 
"steady state" hydride transfer rate and these have proved useful 
in improving the commercial alkylation reaction. 

The routine use of the additives has followed pilot plant 
and commercial studies which indicate improved alkylation 
selectivity under well mixed or poorly mixed conditions and a 
simultaneous reduction in acid consuming side reactions. Typical 
data from these tests w i l l also be presented. 

The Reaction of t-Butyl 
Chloride with Methylcyclopentane 

The major products of the commercial alkylation of isobutane 
with butènes are trimethylpentanes. This indicates that the 
products of alkylation are kinetically controlled because thermo
dynamics would predict a minor proportion of trimethylpentanes i f 
the octanes were to isomerize to equilibrium. 

The probability that hydride transfer from isobutane to 
carbonium ion intermediates i s the kinetically slow step affecting 
product quality was raised by an experiment in which a stream of 
96 percent H2SO4 was rapidly mixed with a stream of isobutane plus 
isobutylene in a mixing tee, after which the products were 
immediately quenched in a large vessel containing cold caustic 
(13). The C3 fraction of the product contained trimethylpentenes 
but no trimethylpentanes. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
7 

| d
oi

: 1
0.

10
21

/b
k-

19
77

-0
05

5.
ch

00
1

In Industrial and Laboratory Alkylations; Albright, L., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



1. K R A M E R Alkyhtion Studies 3 

In view of these results a study of the reaction of t-butyl 
chloride,which should act as an ion source,with methylcyclopentane 
which should be an effective hydride donor was undertaken. The 
reaction was followed manometrically by observing the pressure 
generated after the halide was added to a s t i r r i n g emulsion of 
methylcyclopentane and 96 percent H2SO^ (14). 

By using high st i r r i n g rates i t i s possible to operate under 
conditions in which the kinetics of the reaction can be studied 
in a regime not controlled by mass transfer limitations. Figure 
1 shows a typical curve of the generation of pressure with time in 
a well mixed system. In this experiment t-butyl chloride was 
added to an 0.1 M emulsion of methylcyclopentane and the acid 
being stirred at 1000 rpm. 

Three distinct regions of pressure generation were detected. 
Fi r s t there is an immediate rise when t-butyl chloride contacts 
the emulsion. This i s followed by a transition period leading to 
the third region in which there is a nearly linear pressure r i s e . 
The transition lasts about 0.5 minutes and is probably strongly 
associated with HC1 evolution. 

By connecting the apparatus directly to a time of flight mass 
spectrometer, i t was found that the i n i t i a l hydrocarbon product 
was isobutylene, not isobutane. After about 10 seconds, however, 
the gas was mainly isobutane, and olefin was no longer detected. 
The other major gaseous product is HC1 but adsorption on the 
spectrometer walls made i t impossible to quantitatively determine 
the HC1 concentration. 

The slope of region III extending from about 0.75 to 2.0 
minutes in this experiment is taken as the rate of the hydride 
transfer reaction. A conventional kinetic analysis showed the 
rate to be f i r s t order in t-butyl chloride and f i r s t order in the 
concentration of methylcyclopentane in the emulsion, Figures 2 and 
3. 

It was also found that the methylcyclopentane concentration 
in the acid phase was about 60 ppm. An order of magnitude calcu
lation indicates that the diffusion of methylcyclopentane into the 
bulk acid phase occurs much faster than the rate of formation of 
isobutane. Thus the acid phase should be considered to be 
saturated with methylcyclopentane throughout the reaction in a l l 
the kinetic experiments. 

The fact that hydride transfer shows a dependence on the 
methylcyclopentane concentration in the emulsion is consistent with 
a reaction occurring at the acid-hydrocarbon interface. It would 
be inconsistent with reaction occurring only in the bulk acid phase 
since there the methylcyclopentane concentration is constant. 

The hydride transfer reaction was found to have an activation 
energy of 9.9 Kcal/mole. Transfer from methylcyclopentane occurred 
much more easily than from methylcyclohexane where an Ea of 21.3 
Kcal/mole was obtained. The difference between the two hydride 
donors can be rationalized by noting that solvolysis of the 
corresponding 1-chloro-l-methylcycloalkanes favors the cyclopentyl 
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I N D U S T R I A L A N D L A B O R A T O R Y A L K Y L A T I O N S 

120 

100 

βομ 

60 h 

20 

III Hydride Transfer 
Region ^ 

Proton Elimination -
Butylène Forms I 

I L 

H 2 S0 4 = 25000., 1 0 ° C . 
MCP, m/l t-C.H0CI, m/l 

, 0.1 * t *0.2 

TIME, min. 

Figure 1. Hydride transfer appears in a distinct region of a 
pressure-time plot. The concentrations of MCP and t-C^HgCl 

in the H2SOh (96% ) emulsion are 0.1M and 0.2M. 

ο 5 

0.04 0.08 0.16 0.24 0.32 0.4 

[ t -C 4 H 9 Cl] , m/l 

Figure 2. Hydride transfer is first order in [t-C^HgCl] 
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1. K R A M E R Alkylation Studies 5 

system by about 4 Kcal/mole and that in a bimolecular transition 
state between t-C^Hg* and methylcyclohexane strong steric inter
actions between the 3-5 hydrogens and the t-butyl ion develop 
that should raise the transition state energy considerably. The 
latter interactions are not present in the methylcyclopentane 
reaction. 

The preceding data are consistent with hydride transfer being 
predominantly an interfacial reaction in sulfuric acid. This view 
i s supported by studies of the effect of acid modifiers on the 
reaction in 96% H2SO4. Table I shows the effect of halogenated 
acetic acids, methanesulfonic acid and water upon the hydride 
transfer rate. The rates were estimated in two ways and a l l rates 
are relative to that in 96 percent H^O^. 

Table I 

Medium Effect on Relative Hydride Transfer Rates 

Additive 

CH3COOH 

Vol. 
% A Β Additive 

Vol. 
% A 

0 1.00 1.0 CF3C00H(a) 0 1.00 
10 0.74 0.49 2 2.31 
20 0.34 0.31 6 2.47 
30 0 0.13 20 2.39 

CH2C1C00H 0 1.00 1.00 CH3SO3H 

CHC12C00H 0 1.00 1.00 H 2S0 4 wt % 

CCI3COOH 

0 1.00 1.00 
4 1.23 1.28 
12 1.18 1.18 
20 1.31 1.05 

0 1.00 1.00 
4 1.06 1.26 
12 1.87 
20 1.90 

0 1.00 
4 1.68 
12 1.63 
20 1.85 

0 1.00 1.00 
2 1.15 1.04 
10 1.44 1.09 
20 0.73 0.52 

96.6 1.31 1.28 
96 1.00 1.00 
90* 0.62 0.41 
85* 0.37 0.26 

80* 0.15 0.19 

A Estimated from dp/dt slopes. 
Β Estimated from total gas evolution in 1 minute. 

(a) 14°C. 
(*) Product is olef i n i c . 
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I N D U S T R I A L A N D L A B O R A T O R Y A L K Y L A T I O N S 

0.0016 0.004 0.04 0.4 
[ M C P ] , m/l 

Figure 3. Hydride transfer is first order in MCP 

>l ι I ι I ι 1 1 1 1 1 
"0 20 40 60 80 100 

Wt. % H 2 S0 4 

Figure 4. Typical acidity functions for modified sulfuric acid, 
(a) H. H. Hyman and R. A. Garber, J. Am. Chem. Soc, 81, 1847 
(1959); (b) N. F. Hall and W. F. Spengeman, J. Am. Chem. Soc., 
62, 2487 (1940); (c) L. P. Hammett and A. /. Deyrup, J. Am. Chem. 
Soc, 54, 2721 (1932); L. P. Hammett and M. A. Paul, J. Am. 

Chem Soc, 56, 827 (1934). 
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1. K R A M E R Alkyhtion Studies 7 

The relative rates were estimated both from dp/dt slopes and 
from the total gas evolved after 1 minute. The data indicate that 
as the acid is weakened by addition, the hydride transfer 
reaction slows down. On the other hand, the addition of many of 
the halogenated acetic acids and methanesulfonic acid results, at 
least i n i t i a l l y , in a slight rate increase. 

The rate changes should reflect a change in the concentration 
and st a b i l i t y of the cationic intermediates in the acid. In a l l 
cases the acidity of modified I^SO^ decreases as the additive 
concentration is increased, typical relationships being shown in 
Figure 4. The change in acidity must be reflected in the steady 
state R + concentration which therefore always decreases in these 
systems. 

The concentration of methylcyclopentane in the acid depends 
strongly on the modifier, Figure 5. The data were obtained by 
infrared analyses of CCI4 extracts of saturated solutions of 
methylcyclopentane in H2SO4 after standing 24 hours. There is 
clearly no simple relationship between the solubility of methyl
cyclopentane and the relative hydride transfer rates. 2% Methane
sulf onic acid for example, increases the solubility about 10-fold 
but yields only a slight rate increase. 

The fact that some increased rates are observed suggests 
that we have increased cationic reactivity by weakening the acid 
and destabilizing carbonium ion intermediates. The lack of 
correlation with solubility of the hydride donor again indicates 
that significant hydride transfer does not occur in the bulk acid 
phase. Rather, the data are more easily understood i f the reaction 
occurs primarily at the acid-hydrocarbon interface under well 
mixed conditions. 

2,3,4 Trimethylpentane in 
Tritiated Sulfuric Acid 

The reaction of 2,3,4 trimethylpentane in tr i t i a t e d sulfuric 
acid provides additional evidence indicating the importance of an 
interfacial hydride transfer in the formation of products during 
alkylation. 

This compound reacts readily in concentrated acid. Its 
behavior was studied in 88.92 to 98.53 percent acid (15). The 
reaction i s preceded by an induction period whose duration is 
inversely related to the acid strength. In this period one can 
detect the formation of small amounts of SO2 due to the reduction 
of the acid as the hydrocarbon is being oxidized to a carbonium 
ion. It is possible to relate the conversion of 2,3,4-trimethyl-
pentane to the production of ions and a chain length of 860 has 
been determined for this reaction (16). 

Once a steady state ion concentration is obtained, the 
reaction exhibits kinetics which are f i r s t order in the 2,3,4-
trimethylpentane concentration in the emulsion and second order in 
proton activity measured on the H 0 scale, Table II and Figure 7. 
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8 I N D U S T R I A L A N D L A B O R A T O R Y A L K Y L A T I O N S 

8 0 0 j 1 1 1 1 1 1 1 1 1 Γ 

fjl ι I ι I 1 1 1 1 1 1— 
1 0 20 3 0 4 0 5 0 

V O L . % ADDIT IVE IN H 2 S 0 4 (96%) 

Figure 5. Solubility of methylcyclopentane in modified sulfuric acid, 25° 

T I M E , m i n . 

Figure 6. Reaction of 2,3,4-trimethylpentane in HTSOk exhibited on induction period 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
7 

| d
oi

: 1
0.

10
21

/b
k-

19
77

-0
05

5.
ch

00
1

In Industrial and Laboratory Alkylations; Albright, L., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



K R A M E R Alkylation Studies 

•6| ι I I I I I J 
8.0 8.4 8.8 9.2 9.6 10.0 10.4 10.8 

Figure 7. First-order rate constants for the reaction 2,3,4-
trimethylpentane in concentrated sulfuric acid 

0 5 10 15 20 

TIME, min. 

Figure 8. Reaction products obtained from 2,3,4-trimethylpentane in 
HTSOlt at 94% 
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Table II 

Reaction Rate Constants As A Function Of Acidity 

Acidity k234 TMP 
wt % - H o s e c - 1 

88.92 8.72 1.77 X 10" 6 

90.64 9.05 1.05 X i o - 5 

92.36 9.35 5.00 X 10-5 

94.17 9.70 1.95 X 10"4 

96.06 10.05 1.26 X 10-3 

97.78 10.40 5.00 X 10-3 

98.53 10.58 7.81 X 10-3 

(a) Jorgenson and Hartter, JACS 85^ 878 (1963). 

Of special interest with respect to alkylation are the 
product distributions shown as a function of time in Figures 8, 9, 
10 and 11. The earliest product is isobutane in both 94 and 98.5% 
H2SO4. A l l other products including the C5, and Cy paraffins 
and the C8 fraction are secondary. 

The data can be rationalized by assuming that 2,3,4-trimethyl
pentane is i n i t i a l l y converted to an ion by hydride transfer to 
either a carbonium ion or an oxidizing agent in the acid. The 
TMP+ ion then rearranges and cleaves to a t-Ĉ Hg"*" ion and 1C4H3. 
Rapid proton exchange with the acid equilibrates the ion with 
isobutylene before the cation extracts a hydride ion from another 
2,3,4-trimethylpentane molecule or an olefin in the acid. 

As the ion concentration in the acid grows toward a steady 
state value, alkylation and polymerization-cracking reactions 
occur which generate a distribution of 05+ to C3"*" ions in the acid. 
An estimate of this "homogeneous" alkylate distribution in the 
bulk acid can be made from the product distribution at the 
earliest times shown in Figures 8 to 11. 

The "homogeneous" alkylate is distinctly different from 
typical alkylate made in a well stirred pilot unit or commercial 
reactor. In particular i t exhibits a very high ratio of dimethyl-
hexanes to trimethylpentanes, and this ratio i s higher in weaker 
acid than in stronger, Table III. 
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I 
Ο 

(g TIME, min. 

Figure 9. Reaction products obtained from 2,3,4-trimethylpentane in 
HTSOk at 94% 

10 20 30 40 50 60 
TIME, SECONDS 

Figure 10. Reaction products obtained from 2,3,4-trimethylpen
tane in HTSOk at 98.5% 

Figure 11. Reaction products obtained from 2,3,4-trimethylpentane 
in HTSO4 at 98.5% 
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Table III 

Octane Distribution Vs 
2,3,4-Trimethylpentane Conversion 

(a) 
2,3,4 TMP Conv. 

wt % % H 9S0A DMH/TMP 

3.2 94.17 0.62 
9.5 0.58 

12.0 0.55 
20.3 0.53 

6.0 98.53 0.33 
11.7 0.37 
14.2 0.36 
27.0 0.31 

(a) Typical alkylate, DMH/TMP = 0.15/1. 

The high DMH/TMP ratio is probably mainly due to reactions 
1 to 3. 

^ + ^ > ^ + (1) 

+ + —> J^^<^ (2) 

\s + 2ΈΓ> tff> DMH (3) 

Production of dimethylhexanes in this way seems reasonable since 
chain branching rearrangements are not facile in H2SO4, i.e. 
methylpentanes w i l l equilibrate without forming dimethylbutane. 
On the other hand 2,5-dimethyl-l,5-hexadiene can be converted to 
dimethylhexanes, 0v50% selectivity), and cyclic alkanes when 
reacted with a good hydride donor in concentrated H2SO4 indicating 
that multiple protonation and hydride transfer occurs faster than 
the rearrangement to trimethylpentane. 

Other contributing routes to the dimethylhexanes and the 
cracking products may include a polymerization-rearrangement-
cracking sequence involving C^2 H25 + i o n s (iZ)> a r a t n e r unlikely 
rearrangement of t-Ĉ Hg"*" to S-C4H9+ followed by i t s addition to 
isobutylene, or by the addition of t-C4H9+ to 1-butene. The 
important point is that i f the dimethylhexanes are produced as a 
result of a sequence of reactions in the bulk acid, then this 
reaction should become more important as the ion and olefin levels 
in the acid increase. This should lead to 
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1. K R A M E R Alkyfotion Studies 13 

increasing DMH/TMP ratios as reaction proceeds, but in fact the 
DMH/TMP ratio decreases as the 2,3,4-trimethylpentane conversion 
increases. 

The drop in the DMH/TMP ratio suggests that a second 
reaction site which preferentially yields trimethylpentanes 
develops with time. This should be the interfacial reaction. A 
rough measure of the relative importance of the second site can 
be made by assuming that bulk acid yields a DMH/TMP ratio of 0.33 
and that the interface yields pure ΤΜΡ. In order to obtain a 
typical product with DMH/TMP = 0.15/1 the ratio of product formed 
at the interface to that formed in the bulk acid is about 1:1. 
This ratio w i l l be much higher i f the interfacial reaction 
produces some of the dimethylhexanes as seems li k e l y . 

The behavior of 2,3,4-trimethylpentane reinforces the conclu
sions of the study of the t-butylchloride reaction with methyl
cyclopentane in suggesting that a means of increasing the hydride 
transfer rate in H2SO4 could lead to improved selectivity in 
alkylation. The next reaction was chosen to investigate this 
possibility. 

3-Methylpentane Isomerization in 
Tritiated Sulfuric Acid. Controlling 
The Rate with The Triphenylmethyl Cation. 

The isomerization of 3-methylpentane occurs slowly in 
concentrated H2SO4. When using t r i t i a t e d acid at tracer levels, 
i t i s readily observed that the tertiary 2 and 3-methylpentyl ions 
equilibrate quickly once an ion forms. Each ion is assumed to 
undergo fast reversible exchange of a l l protons adjacent to the 
cationic center so that to a good approximation the radioactive 
methylpentanes w i l l contain 13 exchanged protons. 

1Î* Atf 
H + + C 6H 1 2 H + + C 6H 1 2 (6) 

The relative rates indicated in equations 4, 5 and 6 show the 
chain carrying hydride transfer reaction as the rate determining 
step. Hence determination of means to control the rate of 
incorporation of radioactivity in the methylpentanes is synonomous 
with being able to control hydride transfer. 

If the hydride transfer reaction involves a bimolecular 
encounter between a cation and a donor, one way of increasing i t s 
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rate would be to destabilize the cation. In the case of an 
interfacial reaction, this might in principle be accomplished by 
adding cationic surfactants. In the bulk acid the addition of 
large cations that might cause a reorganization of solvent 
structure might also change the s t a b i l i t y of the cationic inter
mediates. Ideally, one might add a large cation that in addition 
to the preceding might be a bonafide intermediate in accepting 
hydride ions from paraffins and passing them along to other 
cations in the acid system, and such a role has occasionally been 
postulated for "red o i l " in alkylation (12b,13). The u t i l i t y of 
the triphenylmethyl cation in controlling hydride transfer which 
might be due to several of these reasons is the topic of this 
section. 

Before discussing the " t r i t y l " ion i t is important to note 
that the methylpentane isomerization is slow in fresh acid 
(there's an induction period as with 2,3,4-trimethylpentane), but 
may be accelerated by the addition of small amounts of an olefin 
like 2-methyl-l-butene. However, the reaction initiated by the 
olefin i s rapidly quenched as the acid reduces a momentarily high 
intermediate ion concentration to a steady state level. The 
reduced rate i s now a measure of the hydride transfer rate in the 
acid. The data to be discussed were obtained at 23°C with 
emulsions containing equal volumes of methylpentane and 95 percent 
H 2S0 4. 

Control of the 3-methylpentane reaction was found to be a 
complex function of the amount of olefin used to i n i t i a t e 
reaction and the amount of triphenylmethyl ion present. Figures 
12 and 13 show typical data over a range of compositions and the 
relative hydride transfer rates as a function of the reagent 
concentration is shown in Figure 14. ^ 

One mole percent triphenylmethyl in the acid quenches the 
"background" exchange or isomerization of 3-methylpentane in the 
acid. Taking the steady state rate of the isomerization initiated 
with 0.05 mole percent olefin as unity one finds that i t may be 
doubled with the large cation in the acid. The accelerated rate 
has been found to be stable throughout an 8 hour day in a properly 
conditioned acid. S t i l l higher controlled rates are attainable 
as shown in Figure 14. 

Phenomenologically, as the olefin concentration is increased 
at a given triphenylmethy]® concentration, the rates maximize and 
then descend slowly. At high olefin concentrations the rates 
decrease toward the lined out value with olefin alone. The 
deleterious effect of too high olefin concentrations may be 
partially offset by increasing the triphenylmethyl^ level. 

These results unambiguously show that i t is possible to 
significantly increase hydride transfer rates in H2SO4. Why does 
this cation work and can increased hydride transfer be realized 
in steady state alkylation in a commercial unit? 

The triphenylmethyl ion exerts i t s effect at a relatively 
high concentration in the acid. With a ring balance i t has not 
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M o l e % A d d i t i v e 
Key * 3 C - C λ , 
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• 1 -
Δ 1 0.05 _ 
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30 

Figure 12. Effect of 0.1-1.0 mol % triphenylmethylcation on controlling 
olefinic initiation of 3-methylpentane exchange 
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^ ADDITIVE, MOLE % 
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Figure 13. Using <f>3C* to control olefin initiation of 3-MC5 exchange 
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been possible to find a surface excess of the ion at either the 
acid-air or acid-hydrocarbon interface so that the ion i s 
uniformly distributed throughout the acid. It may be causing 
structural changes in the acid and may be an intermediate in 
hydride transfer, but i t is not an effective surfactant and should 
not be very efficient at influencing the surface reaction. 

Cationic surfactants which should affect this reaction are 
however, readily available. Figure 15 shows typical graphs of 
surface tensions of the hexadecyltrimethylammonium ion and an 
isotridecyldimethyl benzylammonium ion at air-acid and hexane-
acid interfaces. The surfactants behave much as in water and form 
films containing about one ion/130 A^. The cationic surfactants 
would be expected to control carbonium ion behavior at the acid-
hydrocarbon interface at much lower concentrations than the t r i 
phenylmethyl ion. A complete comparison of exchange in the 3-
methylpentane system is not available but the surface active 
cations have been found to markedly improve the alkylation reac
tion in continuous pilot plant and commercial apparatus. 

Cationic Surfactants in Alkylation 

The u t i l i t y of cationic surfactants in increasing hydride 
transfer would be expected to be shown by an increased yield of 
octanes during butene alkylation. This follows i f alkylate 
selectivity is decided by the ratio of the rate at which inter
mediate ions are captured by hydride transfer to the rate at which 
they add to olefins and polymerize, and i f the effect of the 
additives is to selectively raise the specific rate constant for 
hydride transfer, k^-. 

k H-(iC 4H 1 Q)(R+) 
Selectivity = K P ( R + ) ( R - ) 

To study this effect a small microalkylation pilot unit 
(MAPU) was constructed. The unit contained a positive displace
ment pump for accurately passing feed into the bottom of a %" 
diameter glass reactor containing 5 ml of acid, 98% H2SO4 fresh. 
The reactor was mixed with a high speed rotary "Magna Drive" unit 
that reached within 1/16" of the feed inlet. Temperature was 
controlled with a circulating water bath. The acid-hydrocarbon 
emulsion would visually separate while the system was stirred and 
the products l e f t the reactor through a back pressure regulator. 
A l l the products were vaporized and passed through a gas sampling 
valve that automatically drew a sample into a gas chromatograph 
about once an hour throughout the run. The analyses were used to 
calculate a motor octane number assuming the MON was a linear 
function of i t s components. A l l runs were of the "dying acid" 
type in that a single i n i t i a l acid charge was made. The runs 
lasted about a week and the acid was then measured for i t s carbon 
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Figure 14. The trityl ion controls olefin-initiated isomerization of 3-
methylpentane 
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Figure 15. Unsymmetrical quaternary ammonium ions—active at air-acid and oilr-acid 
surfaces 
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content and titratable acidity. In this study the effects of 
st i r r i n g , olefin space velocity, olefin type and modifier type 
were examined. 

In preliminary experiments i t was found that alkylate quality 
was essentially independent of st i r r i n g speeds above 1000 rpm. 
Accordingly a l l runs were made at 1200 rpm except when sti r r i n g 
was being investigated. 

One series was made with an isobutane - 2-butene feed, 6.6% 
olefin, at 10°C and olefin space velocities of 0.077 to 0.7 V/Hr/V. 
The additives studied are l i s t e d in Table IV. 

Table IV 

Concentration, 
Alkylation Additives wt % 

Tet rame thy lammonium Chloride (TMAC) 1.1 
Dimethyltridecylbenzylammonium chloride (DMTDB) 0.7 
FC-95 0.01 
FX-161 0.01 
Cetyltrimethylammonium bromide (CTMAB) 0.01 
Cetylamine 0.01 
Octylamine 0.01 

The long chain ammonium salt and amine surfactants showed 
better selectivity and calculated MON's. The improvement in MON 
ranged from about 0.4 at an OSV of 0.08 V/Hr/V to more than 2 at 
0.7 V/Hr/V. The space velocity was normally 0.077 and 
was cycled during the course of a run between this value and 
higher rates which were held u n t i l the product quality was steady. 
A comparison of selectivity to Cg's in the C^ + fraction i s shown 
in Figure 16. Octylamine was intermediate in i t s a b i l i t y to 
improve selectivity while two of the surfactants which were 
anionic (FC-95 and FX-161), showed no improvement under well mixed 
conditions. In addition the tetramethylammonium ion which is not 
surface active was also an ineffective additive. 

Under poorly mixed conditions the surface active cations 
show much more noticeable improvements, Figure 17. Typical data 
obtained at 400 to 600 rpm are illustrated in Figure 17 and 
suggest that the surfactants might be useful in overcoming mixing 
limitations, i f they exist, in commercial units. 

The surface active cations also improve product quality when 
alkylating with a typical refinery feed. Table V contains a l i s t 
of additives studied with a feed containing 94 percent isobutane 
and 6 percent butènes. The butènes contained 42 percent iso-
butylene and an equilibrium mixture of 1- and 2-butene. 
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1. KRAMER Alkylation Studies 19 

Figure 16. Cationic surfactants improve selectivity with 2-butene 

Figure 17. Cationic surfactant improves alkylate in poorly mixed reactor 
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Table V 

Test Conditions With Refinery Olefins 

10°C, 0.077 to 0.28 V/Hr/V, OSV 

Additive Concentration, wt % 

Cetylamine 0.01 

CTMAB 0.005, 0.01, 0.05 

Aromax 18/12, C 1 8H 3 7(C 2H 40H) 2N0 0.01 

Deriphat 151C, N-Coco 3-aminopropionic acid 0.01 

Armeen HT, RNH2 60% C 1 8, 30% C 1 6 0.01 

Armeen 12D, RNH2, 97% C 1 2 0.01 

In a l l cases some improvement in selectivity and octane 
quality was obtained. Cetylamine and CTMAB showed the best 
results with typical improvements of about 0.5 MON and 1.5% in 
selectivity throughout the range of olefin space velocities. 
Figure 18 shows the improvements obtained with the C-j^ amine. 

In commercial alkylation one generally finds that improved 
reaction conditions lead to more selective and higher octane 
product, less acid consumption and higher yields based on olefin 
fed to the unit. Analyses of the spent acid obtained in the 
pilot plant also indicate that acid consumption is strongly 
reduced when the cationic surfactants are used. 

Table VI 

Acid Consumption Reduced With Cationic Surfactants 

10°C, 80 psig, 87 Vol % i C 4 in HC Phase, 98% H 2S0 4 

2-Butene Mixed Olefins 

V/v(a) 
Acidity 

v M a > 
Acidity 

V/v(a) wt % % C v M a > wt % % C 

Blank 18.0 89.0 3.6 14.4 91.5 3.3 

0.01% C 1 6H 3 3NH 2 19.2 93.3 2.8 10.6 94.9 2.2 

0.01% CTMAB(b) 19.1 92.7 2.2 13.3 93.3 2.9 

(a) Cumulative volume of olefin fed per volume of acid. 
(b) In the run with mixed olefins, 0.05% was used. 
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Figure 18. Alkylation selectivity improved with refinery olefins 
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Figure 19. Plant test conditions 
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Table VI shows that the titratable acidity of used acid i s higher 
and the carbon content lower in the runs containing additives with 
a 2-butene feed. The difference i s somewhat less but s t i l l 
substantial in the experiments with the mixed olefin feed. For 
comparison one can estimate the acidity of the blank after 
feeding 10.6 volumes of olefin/volume acid as 93.2 percent. 

The reactions involved in consuming acid are not well under
stood at this time and the simplest rationalization of the data is 
to note that as alkylation conditions improve, less of the feed 
has the opportunity of entering side reactions that deplete the 
acid. 

Commercial Test 

One of the cationic surfactants was evaluated in a commercial 
alkylation unit at the Baytown refinery. A parallel test was 
conducted in which two reactors received the same feed and fresh 
acid, Figure 19. The modifier was injected into an acid recycle 
line on reactor 8, to rapidly bring i t s concentration to working 
strength and then the rate was lowered to maintain the concentra
tion. After 11 days the additive concentration was doubled and 
after 19 days i t s addition was switched from reactor 8 to reactor 
7. The additive concentration in reactors 7 and 8 i s shown in 
Figure 20· Note that after the switch the concentration in 
reactor 8 depletes in accord with the acid replacement rate of the 
unit and so this reactor w i l l continue to receive the benefit of 
the additive u n t i l the concentration drops to a level estimated 
as about 0.005 wt percent. 

After this time a l l improvements due to the additive should 
be seen as changes developing in reactor 7. 

The difference in titratable acidity of the recycle acid 
from the reactors was taken as the best parameter for measuring 
the effectiveness of the additive in the test. It can be shown 
that the titratable acidity, C, (wt % H2SO4) w i l l respond 
according to equation 7. 

c - CA " (C A-C 0)e- k t (7) 

Here k is a constant, t is the time, C A is the steady state 
acidity in the presence of the additive and C 0 is the steady state 
acidity in the absence of additive. The rate constant k is 
determined by the acid make up rate and the acid inventory in the 
system and has a value of 0.12 per day in this study. 

The difference in titratable acidity, Δ, between reactors 7 
and 8 should follow equations 8, 9 and 10. 
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Figure 20. Additive concentration in commercial test 
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Figure 21. Additive is effective 
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Δ = (cA - cJQ. - e"kt], 0-20 days (8) 

Δ = [cA - c J Ë e - ^ t - 2 0 ) ^ - 1 ^ ) , 20-31 days (9) 
Δ = (?A - c J ^ - k C t ^ D - e-kit^O)-^, 31-43 days (10) 

During the f i r s t twenty days the additive was in reactor 8 and 
not reactor 7 and the difference in titratable acidity should 
follow equation 8. During the next eleven days the additive i s 
in both reactors and the Δ decreases according to equation 9. 
On the 31 s t day the additive is below i t s effective concentration 
level, (^0.005 wt % ) , and the difference in acidity decreases at 
a faster rate. The solid curve in Figure 21 was calculated from 
these equations using a value of C A - C Q of 0.7. 

The circles in Figure 21 are experimental points, each 
representing a minimum of 36 titrations. The titratable acidity 
of each reactor was measured in tr i p l i c a t e every eight hours and 
the points average two-day periods. These data show an 
uncorrected decrease of 14 percent in acid consumption (derived 
from Δ developed after 18 to 20 dayg). However the average 
temperature in reactor 8 was 4 to 5 F higher than in reactor 7 
during the entire test and we estimate that the difference in acid 
consumption is closer to 20 percent at constant temperature. The 
plant test was unfortunately terminated before the f u l l Δ in the 
opposite direction could be obtained but the data clearly shows 
the additive to be strongly beneficial in alkylation. 

In addition to saving acid the additive appeared to improve 
the octane number by more than 0.1 MON as was indicated by a few 
spot checks of alkylate during the run. The improvements 
generally arose from a slight increase in the C3 fraction, a rise 
in the trimethylpentane concentration and changes of the t r i 
methylpentane distribution. The octane analyses are not nearly 
as extensive as the titratable acidity determinations and the 
improvements are noted as being consistent with what would be 
estimated from plant correlations and the observed reduction in 
acid composition. 

The additive used in the commercial test i s being used in 
nearly a l l of Exxon's alkylation units. No operating problems 
have been encountered and i t generally has been found to reduce 
acid consumption by 15 to 20 percent and to generate slightly 
higher octane number product. The cost of the additive i s small 
relative to the acid savings alone and i t is available for 
license. 

The alkylation model developed in this work is one in which 
the reaction i s viewed as occurring in the acid phase and at the 
acid-hydrocarbon interface. The formation of Cg rs and trimethyl
pentanes occurs preferentially at the interface. Adding cationic 
surfactants reduces the st a b i l i t y of the carbonium ion 
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C 4 Feed 

h C 4 - C g l c 4 - C 4 i - C 4 ^ 

Acid 

C4 Feed 

K 4 - N - C 8 1 N - C 4 - N ^ 

Acid 

Figure 22. An alkyhtion model. Cationic surfactants should block sur
face reactions and destabilize reaction intermediates. 

intermediates and causes them to abstract hydride ions more 
rapidly from isobutane or any other potential donor. Increased 
hydride transfer converts more of the carbonium ions at the acid 
interface to saturates faster, yielding product while minimizing 
polymerization and side reactions. It is also l i k e l y that the 
surfactants physically block alkyl ions from one another in the 
surface film and thus impede ion + olefin polymerization. In such 
a film the carbonium ion concentration must also be lower than in 
the absence of surfactant and mass law effects w i l l therefore also 
lead to less polymerization and cracking. The fact that steady 
state hydride transfer rates in H 2S0 4 are subject to control 
through the use of acid modifiers which act in the bulk acid and 
at the acid-hydrocarbon interface i s the key to the control of 
sulfuric acid alkylation. 

Literature Cited 

1. Kennedy, R. M. in "Catalysis," VI , ed. P. H. Emmett, Chapter 
1, 1, Reinhold (1958). 

2. Condon, F. E. in "Catalysis," VI, ed. P. H. Emmett, Chapter 
2, 43, Reinhold (1958). 

3. Schmerling, L . in "The Chemistry of Petroleum Hydrocarbons," 
III , ed. Β. T. Brooks, S. S. Kurtz, Jr., C. E . Board, 
L . Schmerling, Chapter 34, 363, Reinhold (1955). 

4. Burwell, R. L . and Gordon, G. S., III, J. Am. Chem. Soc. 
(1948) 70, 3128. 

5. Burwell, R. L . Jr., Maury, L . G. and Scott, R. B . , J. Am. 
Chem. Soc. (1954) 76, 5828. 

6. Burwell, R. L., Scott, R. B., Maury, L . G. and Hussey, A. S., 
J. Am. Chem. Soc. (1954) 76, 5822. 

7. Gordon, G. S., III and Burwell, R. L., J. Am. Chem. Soc. 
(1949) 71, 2355. 

8. Ingold, C. K., Raisin, C. G. and Wilson, C. L., J. Am. Chem. 
Soc. (1936) 58, 1643. 

9. Otvos, J. W., Stevenson, D. P., Wagner, C. D. and Beeck, O., 
J. Am. Chem. Soc. (1951) 73, 5741. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
7 

| d
oi

: 1
0.

10
21

/b
k-

19
77

-0
05

5.
ch

00
1

In Industrial and Laboratory Alkylations; Albright, L., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



26 INDUSTRIAL AND LABORATORY ALKYLATIONS 

10. Stekina, V. N., Jursanov, D. Ν., Sterligov, O. D. and 
Liberaan, A. L., Doklady Akad. Nauk. S.S.S.R. (1952) 85, 
1045. 

11. Stevenson, D. P., Wagner, C. D . , Beeck, O. and Otvos, J. W., 
J. Am. Chem. Soc. (1952) 74, 3269. 

12a. Thomas, C. L., "Catalytic Processes and Proven Catalysts," 
Chapter 9, 87 Acad. Press (1970). 

12b. Doshi, B. and Albright, L . F., Ind. Eng. Chem., Proc. Des. 
Dev. (1976) 15, 53. 

13. Unpublished results of G. M. Kramer. Mentioned in Hoffmann, 
J. E . and Schriesheim, Α . , J. Am. Chem. Soc. (1962) 84, 953. 

14. Kramer, G. M., J. Org. Chem. (1965) 30, 2671. 

15. Kramer, G. M., J. Org. Chem. (1967) 32, 920. 
16. Kramer, G. M., J. Org. Chem. (1967) 32, 1916. 
17. Hoffmann, J. E . and Schriesheim, Α . , J. Am. Chem. Soc., 

(1962) 84, 957. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
7 

| d
oi

: 1
0.

10
21

/b
k-

19
77

-0
05

5.
ch

00
1

In Industrial and Laboratory Alkylations; Albright, L., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



2 

Reaction M e c h a n i s m s f o r Hydrofluoric Acid Alkylation 

T. HUTSON, JR. and G. E. HAYS 

Phillips Petroleum Company, Bartlesville, OK 74004 

I. Conclusions 

1. All four butene isomers are believed to be capable of undergoing 
isomerization and polymerization under alkylation conditions. These ionic 
reactions are extremely rapid and precede or accompany isobutane alkyla
tion. 

2. Since alkylate compositions from the four butene isomers are 
basically similar, the butenes are thought to isomerize considerably, 
approaching equilibrium composition prior to isobutane alkylation. Such 
a postulation is at variance with previously published alkylation mecha
nisms. The isomerization step yields predominantly isobutene which then 
polymerizes and forms a 2, 2, 4-trimethylpentyl carbonium ion, a precursor 
of 2, 2, 4-trimethylpentane, the principal end product. The 2, 2, 4-tri
methylpentyl ion is also capable of isomerization to other trimethylpentyl 
ions and thus yields other trimethylpentanes, principally 2, 3, 4-trimethyl
pentane and 2, 3, 3-trimethylpentane. 

3. Dimethylhexanes are believed to result mainly from codimerization 
of butene-l and isobutene, followed by abstraction of a hydride ion from 
isobutane. This mechanism differs significantly from previously published 
theory. Thus, high initial concentrations of butene-l favor dimethylhex
ane formation. Some isomerization of dimethylhexyl carbonium ions occurs. 

4. 2,2,3-Trimethylpentane and its ionic form are not primary reaction 
products or intermediates of isobutane and 2-butene alkylation. Found in 
alkylation product in very small concentrations, 2, 2,3-trimethylpentane 
probably results mainly from isomerization of 2, 2,4-trimethylpentyl car
bonium ions. 

5. Excessive olefin polymerization followed by hydride ion abstraction 
from isobutane probably accounts for the formation of saturated residue. 
I-Butene, propylene, the catalysts's low water content, and low isobutane-
to-olefin ratio favor the production of residue. 

6. In the case of propylene-isobutane alkylation, primary alkylation, 

27 
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hydrogen transfer (chain initiation), and polymerization reactions predom
inate — în that relative order of importance. Product analysis indicates 
concentrations of about 52, 28, and 12 weight percent of Cy, Cg, and 
residue, respectively. 

7. Disproportionate of primary Cy alkylate (from propylene) with 
isobutane under alkylation conditions probably accounts for the near-equal 
amounts of isopentane and isohexanes found in propylene alkylate. 

8. The effect of water in HF alkylation catalyst is an important one; 
it appears to be that of slowing polymerization. The production of low-
octane-number residue can be reduced by 50 percent when catalyst water 
content is optimized. 

9. In studies with propylene, increasing isobutane-to-olefin ratio 
suppressed the formation of high-molecular-weight residue, indicating a 
substantial reduction in the role of olefin polymerization to large ions. 
At the same time, the concentration of the Cy fraction (primary product) 
decreased, and the Cg fraction (from chain initiation and subsequent hy
drogen transfer) increased markedly. 

10. HF alkylate shows a significant composition advantage over that 
made with conventional H2SO4 catalyst. This is believed to be due to a 
lesser amount of polymerization occurring with HF catalyst. Also, higher 
octane-fraction content, lower dimethylhexane content, and lower heptane 
content in HF alkylate indicate that HF catalyst favors a greater amount of 
hydrogen transfer from propylene. 

11. Good hydrocarbon dispersion in hydrofluoric acid is an important 
factor in producing alkylate rich in trimethylpentanes and thus favors 
olefin isomerization (to isobutene), isobutene dimerization, and maximizes 
hydrogen transfer and primary alkylation reactions. Excess olefin poly
merization to form residue is suppressed by good dispersion. 

M. Introduction 

Our purposes in studying HF alkylation reaction mechanisms are 
several fold. The works of Qapetta (1945) and Schmerling (1946,1955), 
although classic in the field of alkylation in their time, were limited by 
the then available analytical tools. Today, by using greatly improved 
analytical procedures, the product makeup can be much better defined. 

Elucidation and better understanding of these mechanisms will make 
current experimental work more effective, facilitating the development of 
improved HF catalysts, process conditions, mass transfer, etc. Fundamen
tally, the proposed mechanisms for HF-catalyzed alkylation explain the 
production of alkylates of better quality than those obtained from H 2 S O 4 -

catalyzed alkylation. 
A large number of investigators have offered theories on reaction 

mechanisms in HF- or H2SO4-catalyzed isobutane-olefin alkylation. 
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2. H U T S O N A N D H A Y S Hydrofluoric Acid Alkylation 29 

All of these theories were based on a carbonium-ion, chain mechanism. 
Previous investigators have ignored the possibility of olefin isomerization 
and polymerization as substantial reaction steps in the overall alkylation 
mechanism. In separate articles Schmerling (1955) and Cupitjet aL (1961) 
summarized the most generally accepted theories similarly. Reliance was 
heavy on "methyl shift" and "hydride ion shift" to explain the many iso
mers typically present in various alkylates. High-boiling by-products were 
postulated to result from polymerization reactions requiring more than one 
olefin molecule per molecule of isoparaffin. Ciapetta (1945) and Schmer
ling (1955) attributed dimethylhexanes to isobutane alkylation with I-
butene, involving formation of the dimethylhexyl ion which underwent 
rearrangement before being converted to octane molecules. Hofmann and 
Schriesheim (1962) using tagged molecules in isobutane-butene alkylation, 
attributed the formation of all products other than octanes to the formation 
of a C|2 carbonium ion intermediate. 

III. Types of Reactions 

Chain Initiation. The theory postulated by a number of investigators 
( C u p î t et a l . , 1961, Schmerling, 1955) is that carbonium ions are generated 
by addition of a proton (H+) to an olefin molecule in the presence of HF. 
Albright and Li , 1970, and Hofmann and Schriesheim, 1962, indicate that 
initiation steps with H2 SO4 catalyst may involve red oil hydrocarbons. 
However, only the tertiary butyl carbonium ion performs the chain carrying 
function in isobutane alkylation. Reactions follow: 

? 
CD C=C + H

+ —> C-C+ 
c c 

(2) C=C-C-C + H+ — > C-C-C-C 
-ί-

Ο c 
(2-A) C-C-C-C 4- C-C-H — > C-C-C-C + C-C+ 

c c 

(3) C=»C-C + H+ — > C-C-C 
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(3-A) c-c-c 
+ 

c 
I 

C-C-H I" 
H 

c-c+ 
I 
c 

Thus, the most direct route to chain-carrying, tertiary butyl carbonium 
ions is offered in isobutene-isobutane alkylation (Equation I). When in
itiating with either a linear butene or propylene, a second step is neces
sary to form the tertiary butyl carbonium ion, i .e. , abstraction of a hy
dride ion from an isobutane molecule while forming a molecule of normal 
alkane. (Equation 2, 2-A, 3, 3-A). Reaction sequences in these equa
tions are often referred to as hydrogen- or hydride transfer reactions and 
will be discussed subsequently. 

Chain Propagation. In the chain propagation step, an olefin mole
cule reacts with a tertiary butyl carbonium ion as postulated by Whitmore 
(1934). This addition reaction produces a larger carbonium ion which then 
either undergoes isomerization or abstracts a hydride from an isobutane 
molecule. (Under some circumstances, the larger carbonium ion may add 
a second molecule of olefin; this reaction will be discussed under "Poly
merization".) Hydride abstraction regenerates a chain-carrying, tertiary 
butyl carbonium ion and also forms a molecule of isoparaffin. Reactions 
follow: 

(4) 
C 
I 

C-C+ 
I 
c 

c=c 
I 
c 

c c 
I I 

c-c-c-c-c 
I + 
c 

Chain Termination. Chain termination in isobutane alkylation is any 
reaction sequence which results in the elimination of a tertiary butyl car
bonium ion. Specifically, two tertiary butyl carbonium ions are consumed 
and only one is regenerated. Reactions follow: 

C C 
(5) C-C+ — > C=C + H 
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(5-A) 
C 

C-C+ 
I 
c 

c 
I 

c=c 
I 
c 

—> 2 ± C-C-C-Ç-C 
I '+ 

c 

c c c 
i ' I (5 - B ) C-C-C-C-C 4- C-C — ^ 
t + lc 

When alkylating isobutane, chain termination forms primarily, but not 
entirely, 2,2,4-trimethylpentane; the alkylate from chain termination 
very closely resembles isobutene alkylate. The similarity of alkylate com
positions, particularly their Cg fractions, originating from various olefins 
and the distance from thermodynamic equilibrium composition indicates 
that alkylate molecules, once formed, are relatively stable under alkyla
tion conditions and undergo little isomerization. Undesirable side products, 
e . g . , dimethylhexanes and residue, are probably formed by butene isomeri
zation and polymerization (rather than by isomerization of alkylate or by 
isomerization of the C3 carbonium ion which subsequently becomes alky
late). 

Olefin Isomerization. Olefin isomerization plays an important role 
in butene-isobutane alkylation reaction mechanisms. Normal butènes are 
largely isomerized to isobutene before alkylation. This is believed to take 
place in ionic form, i .e. , immediately following olefin protonation, since 
a number of olefins have been found to add HF across their double bonds 
quite readily at room temperature (Grosse and Linn, 1938). Thus, the like
lihood of olefin molecules being present for very long under alkylation 
conditions is not great. 

The following facts are the basis for butene isomerization: (I) There 
is a basic similarity in the composition of alkylates produced from all four 
butene isomers. (2) Alkylate molecules, once formed, are relatively 
stable under alkylation conditions and do not isomerize to any appreciable 
extent; alkylate fractions having the same carbon number are not equili
brated (see Table I). (3) Thermodynamic equilibrium between the butene 
olefins highly favors isobutene formation at alkylation temperatures. (4) 
Normal butènes produce only small and variable amounts of normal butane, 
thus indicating only a small and variable amount of chain initiation from 
normal butènes . Yet the alkylate composition shows a high concentration 
of trimethylpentanes and a low concentration of dimethylhexanes. (5) A 
few of the octane isomers can be explained only by isomerization of the 
eight-carbon skeletal structure; this isomerization occurs while isobutene 
dimer is in ionic form. For example, 2,3,3- and 2,3,4-trimethylpentanes 

C 
\ 

c-c-c 
c 
I 

C-C+ 
I 

c 
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are postulated to be formed by isomerization of the 2,2,4-trimethylpentyl 
carbonium ion. Similarly, 2,3-dimethylhexane is probably formed by iso
merization of isobutene-normaI butene codimer, the 2,4-dimethylhexane 
structure, while in the ionic form; Scharfe (1973) reports finding these d i -
methylhexenes, along with trimethylpentenes, in a codimer not made in an 
alkylation unit. 

It is obvious that any isobutane formed by isomerization of normal 
butènes to isobutene, followed by a hydride transfer to the isobutene, 
cannot be distinguished from the isobutane charge unless a tracer technique 
is used. Hofmann and Schriesheim (1962) found, in alkylation studies with 
C - labeled l-butene and isobutene, that C'4 did indeed appear in the 
isobutane fraction as well as in the pentane and heavier fractions at what 
they called "steady-state". (They did not distinguish whether normal 
butane with C'4 was present in the isobutane fraction.) The percentage 
of total radioactivity appearing in the isobutane fraction was 23 percent 
for l-butene and 38 percent for isobutene. Neither this laboratory nor 
others (Albright and Li, 1970) has found normal butane production during 
normal butènes alkylation to be more than a tenth of that 23 percent value. 
Clearly this order of magnitude discrepancy suggests olefin isomerization 
of normal butènes to isobutene. Schmerling (1946) suggested such isomeri
zation of sec-butyl cation to tert-butyl cation before hydride transfer and 
cited other authors who had made the same assumption; until the C'4 tracer 
work was done, this isomerization remained an unverified assumption. 
Hofmann and Schriesheim's reasoning and conclusion about the importance 
of the C|2 carbonium ion are not supported by their data, unless one 
assumes that labeled normal butènes do not isomerize and that labeled 
isobutane does not react. The 38 percent value cited in isobutene akyla-
tion confirms hydride transfer back and forth between labeled isobutene 
and isobutane. 

Olefin Dimerization. Other investigators (Schaad, 1955, Sparks et 
a l . , 1939) have reported that the catalytic polymerization of isobutene 
produced a liquid polymer consisting mainly of isooctenes. H y d r o g é n a t i o n 
of these isooctenes gave isooctanes consisting of 70 to 90 percent 2,2,4-
tri me thy I pentane; the remainder was reported as mainly 2,3,4-trimethyl
pentane. That earlier work used analytical techniques inferior to those 
now available. Typically, it is now found that the Cg fraction of 
isobutene-isobutane alkylate catalyzed by HF contains about 62.6 per
cent 2,2,4-trimethylpentane, 13.4 percent 2,3,4-trimethylpentane, 
11.7 percent 2 , 3 , 3 - t r î m e t h y l p e n t a n e , 1.3 percent 2,2,3-trimethylpentane, 
and II percent dimethylhexanes (see normalized data column for isobutene 
feed in Table VII). Thus it appears that, under alkylation conditions, 
isobutene dimerization followed by hydride abstraction from isobutane is 
another reaction route to the large amount of 2,2,4-trimethylpentane. 
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The lesser amounts of other trimethylpentanes are formed mainly by isomer
ization of trimethylpentyl carbonium ions followed by hydride abstraction. 
These reactions are illustrated as follows: 

Isobutene Dimerization 

(6) 
C 
II 

2 C-C 
c 

H+ 
C c 
t I 

C-C-C-C-C 
I + 

c 
Hydride Abstraction 

(6-A) 
C C 
I I 

c-c-c-c-
I + 

c 

c 
I 

C-C 
I 
C 

—> 
c c 

c-c-c-c-c 
c 

c 
I 

C-C+ 
I 
C 

Carbonium Ion Isomerization 

(7) 
C c 

C-k-C-C-C 
L + 

C C C 
ι ι » 

c-c-c-c-c 
+ 

(7-A) 
c c c 
I I I 

c-c-c-c-c 
+ 

C-C 
I 

c 

c c c ι ι ι c-c-c-c-c 
c 

C-C+ 
I 
c 

Reaction sequence I, 4, and 4-A, and sequence 6 and 6-A shown 
above are believed to represent the predominant ones involved in isobu-
tane-butene alkylation, since the greater portion (80 to 90 percent) of 
C8 fractions from all four butènes is made up of trimethylpentanes which 
are predominantly 2,2,4-trimethylpentane . Hofmann and Schriesheim 
(1962) in alkylation studies with radio-labeled butènes, concluded that 
a majority of trimethylpentanes does not arise as a result of expected 
isobutane-isobutene alkylation, but that rapid isobutene polymerization 
followed by hydride transfer predominates. These investigators also found 
about the same levels of radioactivity in all of the trimethylpentanes, 
which is consistent with the isobutene dimerization and C3 carbonium ion 
isomerization route rather than the postulation that some trimethylpentanes 
are formed by other routes. Both of the above reaction sequence groups 
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(6 and 7) give the same overall net reaction, i .e. , one mole of isobutene 
combined with one mole of isobutane to yield one mole of alkylate. Thus, 
one mole of isobutane reacts to produce each mole of product; such yields 
are substantiated in pilot plant and commercial plant operation (Hutson 
and Logan, 1975). 

The following reasons do not support the early postulation (Ciapetta, 
1945, Schmerling, 1955) that the 2,2,3-trimethylpentane configuration is 
a primary reaction product of isobutane and butene-2 and that it isomer-
izes readily: (I) In degradation reactions using sulfuric acid catalyst, 
2, 2,3-trimethylpentane showed very great stability, i .e . , considerably 
less reactivity than the other three trimethylpentanes (Doshi and Albright, 
1976). (2) Based on thermodynamic equilibrium composition, the 2,2,3-
isomer would be substantially favored over the 2,3,4- and 2,3,3-isomers 
(Table I). (3) The 2, 2,3-trimethylpentane isomer appears in very small 
amounts in the alkylation product from isobutane and 2-butene; these con
centrations are much lower than those for 2,3,4- and 2,3,3-trimethyl
pentane . 

Schmerling (1955) observed that normal butene polymers when alky
lated gave products similar to those obtained by alkylation of the monomers 
with H2SO4. Based on the yields of trimethylpentanes, he concluded 
that with trimers depolyalkylation predominated, rather than hydrogen 
transfer (and subsequent chain terminations). He concluded that trîmers 
depolymerized to butylènes prior to alkylation with isobutane. He 
rationalized that, since the yield of trimethylpentanes was about 50 per
cent greater than the theoretical (stoichiometric) based on hydrogen 
transfer alone, the reason had to be de polymerization of the trimers. 
With trimers, he observed that 75-83 percent of the trimer depolyalky-
lated. He rationalized further that dimers could behave similarly; this 
is a moot point, because yields of alkylate from butene monomers and 
dimers are identical when the alkylate formed during chain termination 
is considered. It was observed (Phillips Petroleum Company, 1946) that 
isobutene-butene copolymer yielded alkylate identical to that from the 
monomers. 

Hydrogen Transfer. Hydrogen transfer (sometimes called self alky-
lation of isobutane) occurs with propylene-isobutane mixtures using HF 
catalyst. This is a chain initiative reaction in that tertiary butyl carbo
nium ions are formed. End products are (I) propane and (2) 2,2,4-
trimethylpentane. Reactions follow: 

(8) C 3H 6 + H+ ^ ± C3H+ 
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2. H U T S O N A N D H A Y S Hydrofluoric Acid Alkylation 35 

(8-A) C 3H ?
+ + i C 4 H 1 Q — f C 3H 8 + iC 4H 9+ 

(8-B) i C 4 H 9 + ~ ^ i C4 H8 + H + 

(8-C) iC 4H g + iC 4H 9+ ^ 1C 8H 1 7+ 

(8-D) iC gH 1 7+ + iC 4 H 1 { ) _ > IC gH 1 8 + + 

Overall Reaction: 
(9) C 3H 6 + 2 i C 4 H 1 0 - > C 3H 8 + i C 8 H 1 8 

Similarly, hydrogen transfer reactions occur when isobutane is alkylated 
with n-butenes or with amylenes. There is no chain termination taking 
place in hydrogen transfer; hydrogen transfer represents either chain 
initiation or chain transfer. 

Excess Polymerization. A small amount of high-boiling heavy "tail" 
or residue is formed in isobutane alkylation, even under the most favor
able reaction conditions. The polymer molecule is in reality an iso-
paraffin formed from two or more molecules of olefin plus one molecule 
of isobutane. Polymer is formed because of the inherent tendency of 
larger carbonium ions, e . g . , Cj or Cg ions, to complete with tertiary 
butyl carbonium ions for addition of olefin molecules before abstracting 
hydride ions and becoming isoparaffin molecules. Reactions follow: 

(10) 2 C 4H 8 + iC 4H 9+ - > iC 1 2H 2 5+ 

(10-A) 1C 1 2H 2 5+ + 1C 4H 1 0 - > i C 1 2 H 2 6 + IC.H^ 

Polymer or residue formation is minimized by maintaining proper reaction 
conditions, i .e . , good mass transfer, high isobutane-to-olefin ratio, 
proper catalyst activity, and minimum concentration of alkylate in the 
reaction zone. 

The other important reaction of the polymer ion is that of cracking 
or scission to form a lower-molecular-weight carbonium ion plus an 
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olefin molecule. For example: i C i 2 H 2 5 + = i C 7 H 1 5 + + i C 5 H l ( T 
Both of these products are subject to further reaction under alkylation 
conditions and can account for many isoparaffins commonly found in 
alkylates in minor amounts. Similar equations may be written for 
iQoH33 + ions. 

Disproportionation. Disproportionate on is believed to play only a 
minor role in the formation of alkylate components. What does occur 
is probably via a carbonium ion mechanism, i .e . , when the precursor 
is in ionic form. Disproportionation reactions could account for the for
mation of the small concentrations of isopentane, isohexanes, and iso-
heptanes which are usually found in butene-isobutane alkylates. An 
example follows: 

C C C C C C 
ι ι I I I I 

(11) c-c + c-c-c-c-c —> C-C-C-C + c-c-c-c-c 
c c 

Conjunct Polymers. Conjunct polymers (frequently called acid-
soluble oils in HF alkylation, red oils in sulfuric acid alkylation) are an 
exceedingly complex mixture of highly unsaturated, cyclic hydrocarbons. 
These polymers are by-products of tertiary butyl carbonium ions, and 
their formation undoubtedly involves a complexity of reactions. Miron 
and Lee (1963) found the bulk of an HF conjunct polymer to be made up 
of molecules containing 2-4 rings with an average ring size of 5-6 carbon 
atoms. They estimated the number of double bonds per molecule of poly
mer at about 2.5 to 3. Thus, these polymers are hydrogen-deficient. 
The hydrogen lost during their formation apparently goes into chain term
ination, i .e . , the formation of isobutane most probably and possibly some 
propane when propylene is present in alkylation feed. HF alkylation has 
found no benefit from having acid-soluble oils present in the catalyst. 
When they are present in amounts greater than about one weight percent, 
they have a detrimental effect on alkylate quality and yield. 

IV. Experimental 

Normal Butene Reactions. Under alkylation conditions, all four 
butene isomers are believed to undergo isomerization, dimerization, and 
co-dimerization when first coming in contact with HF catalyst, i .e . , 
immediately following protonation. These are very rapid, ionic reactions 
and take place competitively along with isobutane alkylation. Alkylate 
compositions from the four butènes are basically similar (see Table VI1). 
However, l-butene produces a CQ fraction containing nearly two times 
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2. H U T S O N A N D H A Y S Hydrofluoric Acid Alkyhtion 37 

the amount of dimethylhexanes produced from the other three butènes 
(21.77 vs about 10.5 percent; see normalized data columns in Table VII). 
The remaining Cg material, largely trimethylpentanes, is of a composition 
similar to that produced from the other three butènes . Since thermody
namic equilibrium at alkylation temperature (about 77F) highly favors 
isobutene formation (the following thermodynamic equilibrium composition 
was calculated from API Project 44 data at 77F: Isobutene =84.5 percent, 
trans-2-butene = 11.6 percent, c î s - 2 - b u t e n e = 3.6 percent, and l-butene = 
0.3 percent), it is postulated that the similarity of Cg compositions results 
from either (I) the rapid rate of olefin isomerization and then isobutane 
alkylation of isobutene — both of these reactions take place in ionic 
form — or (2) olefin isomerization followed by olefin dimerization and 
hydride abstraction from isobutane. 

Isoparaffin and Carbonium Ion Isomerization. It is well known that 
2,2,4-trimethylpentane is relatively stable when contacted with HF; re
action conditions must be quite severe (high temperatures and long con
tact times) to obtain any appreciable conversion of this isoparaffin. 
Therefore, isoparaffin isomerization is believed to be of small significance 
in the overall reaction scheme. Isomerization of trimethylpentyl carbonium 
ions is believed to account for the production of minor amounts of the other 
three trimethylpentanes. However, the approach to equilibrium composi
tion within the Cg fraction is very poor as shown in Table I. 

TABLE I, OCTANES FRACTION FROM ISOBUTENE ALKYLATE 

Equilibrium 
Isobutene Alkylate Composition (20°C) 

(1) (3) (2) (3) 

2,2,4-Trimethylpentane 62.63 70.37 8.0 69.77 

2,3,4-Trimethylpentane 13.35 15.00 1.1 9.58 

2,3,3-Trimethylpentane 11.67 13.12 0.77 6.71 

2,2,3-Trimethylpentane 1.34 1.51 1.6 13.94 

Dimethylhexanes + Methyl-
heptanes 

11.01 - 84.06 — 

Other 4.47 -
(1) Data for isobutene, Table VII. 
(2) Prosen, E. J . , Pitzer, K. S . , Rossini, F. D., J . Res. Nat. Bur. 

. Stand., 34, 255 (1945). 
(3) Trimethylpentanes only, normalized to 100 percent. 
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As shown m Table I, the equilibrium composition for dimethylhexanes 
is nearly eight times as great as actually found in isobutene alkylate; 
whereas, the trimethylpentane concentration of isobutene alkylate exceeds 
the equilibrium concentration by about eight times. When considering 
only the trimethylpentanes, the 2,2,4 content of isobutene alkylate is very 
near that for equilibrium (70.37 percent vs 69.77 percent). Agreement for 
the other three trimethylpentanes on this basis is poor. The conclusion is 
that the alkylation reactions are quite specific, and that isomerization of 
alkylation products is minor. 

Dimethylhexane Formation. Dimethylhexane formation is believed to 
result largely from reactions of butene-l. This includes (I) codimerization 
of butene-l and isobutene, (2) dimerization of butene-l, and (3) dimeriza
tion of isobutene, and (4) isomerization of dimethylhexyl carbonium ions; 
each of these reactions is followed by abstraction of a hydride ion from 
isobutane. Reactions follow: 

Codimerization 

( 1 2 ) 

C 11 
C-C-C + C=C-C + H+ 

C C 
ι I 

c-c-c-c-c-c 
+ 

(12-A) 
C C 
I I 

c-c-c-c-c-c + 
+ 

c 
I 

C-C 
I 

c 

— > C-C-C-C-C-C (8.04%,) + C-
c 
I -c+ 
I c 

Dimerization 

C C C C 
(13) C-C-C + C-C-C + 1Γ —> C-C-C-C-C-C 

+ 

C c c 
I / ι 

(13-A) C-C-C-C-C-C + C-C 
+ I 

c 

c c c 
I I I , 

C-C-C-C-C-C (1.25%) + C-C+ 
I 
C 

(14) 
C 
II 

C-C-C 

c 
II 

c-c-c H+ — Ï 

c c 
I I 

c-c-c-c-c-c 
+ 
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2. H U T S O N A N D H A Y S Hydrofluoric Acid Alkylation 39 

C C C C C C 
(14-A) C-C-C-C-C-C + C-t —> C-C-C-C-C-C (4.94%) + C-C+ 

C fc 

Carbonium Ion Isomerization 

C C C C 
(15) C-C-C-C-C-C — > C-C-C-C-C-C 

C C C C C C 
(15-A) C-C-C-C-C-C + C-C — ^ c-C-C-C-C-C (8.87%) + C-C+ 

+ 

(The above percentage values in parentheses denote concentrations in 
normalized Cg fractions as shown in Table VII for butene-l.) 

Propylene Reactions. The following reaction mechanisms are gener
ally recognized as the principal ones occurring in propylene-isobutane 
alkylation with hydrofluoric acid catalyst (Ciapetta, 1945). In parenthe
ses are shown amounts of products from each mechanism; these are from 
Table VII for propylene: 

Primary Alkylation (56.18%) 

C C C C C 
I | i I I 

(16) C=C-C + C-C+ jr? c-c-c-c-c = c-c-c-c-c 
I + + 
c 

c c c c c c 
I I ι I I I 

(16-A) C-C-C-C-C + C-C — > C-C-C-C-C + C-C+ 
+ ι I 

c c 
(A reaction similar to 16-A could take place with the 2,4-dimethylpenlyl 
ion.) The overall reaction for primary alkylation may be written: 

(16-B) C 3 H 6 + i C 4 H , 0 = f C 7 H | 6 
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Hydrogen Transfer (24.50%) 

(17) C=C-C + H+ 2Z> C-C-C 
+ 

c c 
(17-A) C-C-C + C-C — > C-C-C + C-C+ 

+ ι ι 

c C 

c c 
(17-B) C-C+ ^ > C-C + H + 

C C 
C C C C 

(17-C) C-C + C-C+ ^ ± C-C-C-C-C 
I « I + 

c c c 
c c c c c c 

(17-D) C-C-C-C-C + C-C — > C-C-C-C-C + C-C+ 
I + I I » 

C C C c 

The overall reaction for hydrogen transfer may be written: 

(17-E) C 3 H 6 + 2lC 4H|o = C 3 H 8 + î C 8 H | 8 

P o l y m e r l z a t î o n (6.92%) 

(18) 2 C=C-C + C-fc+ £± i C i o H 2 1 + 

C 

C Ç 
(18-A) 1 C 1 0 H 2 1 + + C-i: 1C 1 0H 2 2 + C-C+ 

1 r 
C c 

The overall polymerization reaction may be written: 

(18-B) 2C 3H 6 + i C 4 H 1 0 = i C 1 Q H 2 2 

Thus, the polymer molecule Is made up of two (or more) molecules of 
propylene plus one molecule of Isobutane. Cracking or scission of C J Q 
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2. H U T S O N A N D H A Y S Hydrofluoric Acid Alkyfotion 41 

or larger carbonium Ions, producing an olefin plus a smaller carbonium Ion, 
can account for many additional compounds commonly seen In propylene 
alkylates In small amounts. 

DIsproportIonatlon (Isopentane =6.11%) (Only one example Is shown.) 

f ? ? Ç C 

(19) C-C + C-C-C-C-C - C-C-C-C + c-i-c-c-c 
c 

Although this reaction Is shown In summary form, It Is believed to occur 
via a carbonium Ion mechanism. 

Dimerization (Isohexanes = 4.38%) 

(20) 2 C 3H 6 + H+ ^ > C6 H13 + 

(20-A) C 6H 1 3+ + i C A H i 0 — > C 6H 1 4 + i C 4 H 9
+ 

(20-B) iC 4H 9+ ^ ± C 4H 8 + H+ 

(20-C) iC4H^" + C 4H 8 + ± C 8H 1 ?+ 

(20-D) C 8H 1 7+ + 1C 4H 1 0 - > C 8H 1 8 + i C ^ 

The overall reaction for propylene dimerization may be written: 

(20-E) 2 C 3 H 6 + 2 i C 4 H 1 Q + CgH^ 

Thus, propylene dimerization could result In the formation of both Isohex
anes and Isooctanes. However, little propylene dimerization Is thought to 
take place since It should result In the formation of mainly 2,3-dImethyl-
butane; a small amount of this Isohexane Is found In propylene alkylate. 

Cracking 

(21) 2 C 3 H 6 + iC 4H 9
+ j ± 1C 1 0H 2 1+ 
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1C 5H 1 0 + i C 5 H n + 

Cracking or scission of large ions is believed to be of minor significance. 
Both of the products (there are others) are subject to further reaction 
under alkylation conditions and can account for a number of isoparaffins 
commonly formed in propylene alkylate in minor amounts. 

Examination of Cg fractions from propylene and isobutene alkylates 
(see Table I) shows a great degree of similarity. Data are summarized in 
Table II. 

TABLE II. SIMILARITY OF C g FRACTIONS IN 

AND PROPYLENE ALKYLATES 

ISOBUTENE 

In Isobutene 
Alkylate 

In Propylene 
Alkylate 

2,2,4 TMP 62.63 64.94 

2,5 DMH 4.07 2.88 

2,4 DMH 4.45 3.16 

2,2,3 TMP 1.34 1.08 

2,3,4 TMP 13.35 16.54 

2,3,3 TMP 11.67 11.04 

2,3 DMH 2.22 0.18 

2 M Heptane - 0.04 

3,4 DMH 0.26 0.11 

3 M Heptane - 0.04 3 M Heptane 
100.00 100.00 

The similarity of these Cg fractions îs strong evidence that (I) propylene-
derlved octanes come largely from hydrogen transfer reactions (self alky
lation of isobutane)and (2) isobutene dimerization is probably an Inter
mediate reaction step for production of 2/5-dImethylhexane In both propy
lene and butene alkylation. A small quantity of isooctane could also be 

(21-A) 1 C 1 0 H 2 1 + 
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2. H U T S O N A N D H A Y S Hydrofluoric Acid Alkylation 4 3 

formed In the hydrogen transfer reactions associated with propylene dimeri
zation. (see the reaction 20 group.) 

Effects of Water In HF Catalyst. A number of Investigators have point
ed out that water has an important role In alkylation catalysts. Schmer
ling (1955) stated that the use of HF catalyst with one percent water pro
duced a favorable result In propylene-isobutane alkylation, whereas, with 
a catalyst containing ten percent water, isopropyl fluoride was the princi
pal product and no alkylate was formed. (Both reactions were at 25C.) 
Albright et a l . (1972) found the water content of sulfuric acid to be 
"highly important" in affecting the quality and yield of butene-Isobutane 
alkylate. They postulated that the water content of sulfuric acid con
trolled the level of ionization and hydride transfer rate In the catalyst 
phase. It appears that dissolved water affects HF alkylation catalyst 
similarly and also exerts further physical influence on the catalyst phase 
such as reducing viscosity, interfacial tension, and Isobutane solubility. 

Alkylation tests were conducted in the pilot plant with a cat cracker 
mixed olefin feed. As the water in HF was Increased from 0.25 to about 
2.8 percent, the alkylate composition changed dramatically. These 
changes are summarized In Table III; detailed alkylate compositions are 
given In Table VIII. 

(a) 
TABLE III. EFFECT OF WATER ON ALKYLATE COMPOSITION ' 

Alkylate Composition, weight per cent 
Water in 
HF, wt % 

0.25 

C5 
10.39 

C6 
4.94 

C7 
17.76 

C8 
48.75 

Residue + 
C9 
18.16 

0.43 5.51 3.83 19.43 58.30 12.87 

0.6 4.57 2.89 19.16 60.60 12.79 

0.9 3.62 2.63 24.29 60.39 9.07 

1.4 2.89 2.35 23.29 62.83 8.63 

2.0 3.51 2.54 26.35 60.10 7.50 

2.8 3.72 2.88 25.48 61.43 6.49 

4.4 4.28 3.44 28.40 56.56 7.32 
(a) Feed composition, liquid % (paraffin-free basis): propylene 42.5, 

butènes 57.2, pentanes 0.3. 
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Referring to Table III, the Cg's appear to have peaked when catalyst con
tained near 1.4 percent water. However, residue, which has an octane 
number of only about 60 (RON + 3) exerted a strong influence on alky
late quality, and the best quality alkylate resulted when catalyst water 
content was about 2.8 percent. As discussed previously, residue is be -
lieved to result from excessive olefin polymerization prior to hydride ab
straction. Earlier work characterized residue as having a molecular weight 
of about 178-196; it could therefore be considered a trimer or cotrimer 
when alkylating isobutane and propyl e ne-bute ne mixtures. Typically, an 
overall reaction as described in an earlier paragraph would be: 2C4Hg + 
1C4H |Q = iC 1 2 ^ 2 6 · Thus, the effect of water in HF alkylation catalyst 
appears to be that of slowing polymerization (trimerization) and reducing 
residue; proper water control should be given serious consideration in 
order to maximize alkylate quality and yield. 

Isobutane-to-Olefin Ratio with Propylene Feed. The isobutane-to-
olefin ratio has long been recognized as an important process variable in 
the alkylation of isobutane with either butènes or propylene (Phillips 
Petroleum Company, 1946). By maintaining a sufficiently high concen
tration of isobutane in the reaction zone, the abstraction of hydride ions 
from isobutane is favored over abstraction from product isoparaffins. 
Even with propylene feed, a high isobutane-to-olefin ratio influences the 
product toward predominantly Cg hydrocarbons which have the highest 
octane number and also improves yields. Thus, both alkylate quality and 
yield are found to improve with increasing ratio and olefin dilution. In 
Table IX, detailed propylene-isobutane alkylate composition data are 
shown, where the volume ratio was increased from 4.6 to 126. For quick 
reference, composition data are summarized in Table IV. 

The Cj -fraction (direct propylene-isobutane alkylation product) de
creased from 55.11 to 40.49 percent, while the Cg-fraction (hydrogen 
transfer product) Increased from 19.52 to 54.1 percent. At the same time, 
the concentration of residue decreased from 15.69 to only 2.06 percent, 
Indicating a substantial reduction in the role of olefin polymerization as 
olefin dilution with isobutane was increased. 

Considering the normalized Cg-fractions (Table IX), the trimethyl
pentane content of the product Increased from 86.5 to 95.9 percent as the 
ratio was Increased. Higher isobutane ratios suppressed the formation of 
isopentane and isohexanes, which are believed to result from dispropor
tionation or scission of large polymer Ions and (to some extent) propylene 
dimerization. 
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TABLE IV. 
EFFECT OF ISOBUTANE--TO-OLEFIN RATIO ON ALKYLATE COMPOSITION 

Composition, wt % Residue + 

Ratio C5 C6 C7 C8 C9 
4.6 5.09 4.55 55.11 19.52 15.69 

13 3.56 2.95 48.78 32.23 11.95 

16 4.82 2.90 45.79 34.01 10.99 

22 3.69 2.63 48.84 36.22 8.47 

52 2.22 2.08 45.50 45.13 3.57 

109 2.24 2.02 42.58 49.54 3.32 

126 1.36 1.72 40.49 54.19 2.06 

Propylene-isobutane Alkylation with Propane Added. The principal 
effect of adding a straight-chajn paraffin to alkylation feed appears to 
be a decrease in the percentage of the olefin going into chain initiation. 
This, in turn, decreases the percentage of the alkylate formed via chain 
termination, thereby reducing the amount of trimethylpentanes formed. 
Specifically, when the feed concentration of isobutane is lowered by 
propane dilution, the addition of propylene to tertiary butyl carbonium 
Ions to produce Cy carbonium Ions (precursors of isoheptanes) Is favored 
over hydrogen transfer reactions. 

The experimental studies reported here in Tables VII—XI indicate that 
as the propane-to-propylene ratio in alkylation feed was increased from 
0 to 3 . 6 / 1 , alkylate yield and isobutane consumption decreased signifi
cantly. The main effect on alkylate composition was an increase in the 
isoheptanes at the expense of the trimethylpentanes. Since, with propylene 
feed, trimethylpentane formation is a result mainly of hydrogen transfer re
actions, the synthetic propane would be expected to decrease. This de
crease was observed. A similar result occurred when normal butane was 
used as a diluent in alkylation feed. 

HF versus H9SO4 Alkylates. The quality and yield advantages of HF 
alkylate over H2^0 ^ alkylate made from mixed olefin are attested in the 
literature (NPRA, 1973). HF alkylates typically contain higher concen
trations of high-octane C Q * S and lesser amounts of low-octane C ç + mater
ial. Volumetric yields based on olefin feed are generally higher for HF 
alkylates because of their lower density. 
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Marked differences are observed în component distribution of isobu-
tane-mixed olefin alkylates prepared with HF and H2SO4 catalysts. The 
alkylate samples in Table V were prepared under typical operating condi
tions for the respective processes from similar feedstocks. 

Significant composition advantages which HF alkylate shows over 
alkylate are: (I) Lower residue (C9+) content (6.49 vs 12.85 per

cent). This is believed to be due to a lesser amount of polymerization 
occurring with HF catalyst. (2) Higher Cg-fraction content (61.43 vs 
45.32 percent) and lower heptane content (25.48 vs 30.84 percent). H F 
catalyst favors a greater amount of hydrogen transfer reaction from propy
lene, resulting in high yields of isooctanes and a lesser amount of direct 
propylene-isobutane alkylate. (3) Lesser amounts of C5 and material 
(6.60 vs 10.99 percent). Examination of the normalized Cg-fraction (see 
Table IV) shows the HF and the ^SC^-catalyzed products to contain 
about the same amounts of total trimethylpentanes (88.30 vs 86.40 per
cent). (4) Lesser amounts of dimethylhexanes (11.61 vs 13.88 percent). 
The octane advantage in favor of HF alkylate was approximately 1.5 RON. 

TABLE V. COMPARISON OF HF- AND ^4-CATALYZED ALKYLATES 

Olefin Feed Composition (liquid volume %) 

Olefin HF H 2S0 4 

C3 H6 42.5 43.5 

C4 H8 57.2 54.9 

C5 H10 0.3 1.6 

100.0 100.0 

Composition (weight % ) ( a ) 

Fraction HF H 2S0 4 

C5 3.72 5.34 

C6 2.88 5.65 

C7 25.48 30.84 

C8 61.43 45.32 

C 9 + 6.49 12.85 

100.00 100.00 
(a) Detailed alkylate analyses are shown in Table X; compositions are 

summarized. 
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2. H U T S O N A N D H A Y S Hydrofluoric Acid Alkylation 4 7 

Hydrocarbon Disperson. Hydrocarbon dispersion (in HF catalyst) was 
found to be an important factor in producing alkylates of different com
position and quality from the same olefin under the same reaction condi
tions. As the degree of dispersion was changed from poor to excellent by 
improving mass transfer, alkylate composition underwent drastic changes. 
These changes are summarized in Table VI. (Detailed alkylate composi
tions are in Table XI). 

TABLE VI. EFFECT OF DISPERSION ON ALKYLATE COMPOSITION 

Alkylate Composition 
Dispersion Poor Excellent 

Isopentane 14.04% 7.31% 

Isohexanes 7.65 3.61 

Isoheptanes 22.30 22.15 

2,2,5-Trimethylhexane 4.65 0.69 

Trimethylpentanes 27.17 50.74 

Residue 14.79 5.87 
Thus, good dispersion or mass transfer favors olefin isomerization (to iso
butene), isobutene dimerization, and maximizes hydrogen transfer and 
primary alkylation reactions, i .e . , yielding the greatest amount of high-
octane-number trimethylpentanes, and minimizing low-octane-number by
products from secondary reactions such as excess polymerization. 

There seems a strong possibility that olefin isomerization and dimeri
zation could take place in the catalyst phase and that alkylation could 
take place in the hydrocarbon phase. When hydrocarbon dispersion is 
poor, i .e . , droplets are large, a mass transfer limitation exists, and 
olefin isomerization and dimerization are reduced. This results in a 
product containing large amounts of residue, which may be due to secon
dary alkylation of, say, an isobutene molecule with an isooctyl carbonium 
Ion to produce a dodecyl carbonium ion which can then undergo hydride 
transferor scission. Under conditions of good hydrocarbon dispersion 
(small droplets with large amount of surface area), the reactions yield 
less heavies and scission products and more of the desirable trimethyl
pentanes. 

American Chemical 
Society Library 

1155 16th St., N.W. 
Washington, D.C. 20036 
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TABLE VII 
EFFECT OF OLEFIN FEED 

Isobutene Butene-l 
Wt % Mol % Normalized Wt % Mol % Normalized 

Isopentane 5.43 8.43 99.09 2.67 4.25 99.26 
n-Pentane 0.05 0.08 0.91 0.02 0.03 0.74 
2,2-DMB 0.0 0.0 0.0 0.0 0.0 0.0 
2,3-DMB 2.02 2.63 64.95 1.07 1.43 62.94 
2MPentane 0.86 1.12 27.65 0.48 0.64 28.24 

3MPentane 0.23 0.30 7.40 0.15 0.20 8.82 
n-Hexane 0.0 0.0 0.0 0.0 0.0 0.0 
2,2-DMP 0.0 0.0 0.0 0.0 0.0 0.0 
2,4-DMP 2.39 2.67 62.40 1.60 1.83 58.39 
Triptane 0.0 0.0 0.0 0.0 0.0 0.0 

3,3-DMP 0.0 0.0 0.0 0.0 0.0 0.0 
2MHexane 0.13 0.15 3.39 0.14 0.16 5.11 
2,3-DMP 1.18 1.32 30.81 0.80 0.92 29.20 
3MHexane 0.13 0.15 3.39 0.20 0.23 7.30 
2,2,4-TMP 50.12 49.18 62.63 39.67 39.86 46.34 

2,5-DMH 3.26 3.20 4.07 4.23 4.25 4.94 
2,4-DMH 3.56 3.49 4.45 6.88 6.91 8.04 
2,2,3-TMP 1.07 1.05 1.34 1.26 1.27 1.47 
2,3,4-TMP 10.68 10.48 13.35 13.33 13.39 15.57 
2,3,3-TMP 9.34 9.16 11.67 11.37 11.42 13.28 

2,3-DMH 1.78 1.75 2.22 7.59 7.63 8.87 
2MHeptane 0.0 0.0 0.0 0.20 0.20 0.23 
3,4-DMH 0.21 0.21 0.26 1.07 1.08 1.25 
3MHeptane 0.0 0.0 0.0 0.0 0.0 0.0 
2,2,5-TMH 1.31 1.14 100.00 0.40 0.36 100.00 

Residue 6.25 3.50 100.00 6.88 3.95 100.00 
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2. H U T S O N A N D H A Y S 

cis-Butene-2 
Wt % Mol % Normalized 

2.21 3.46 98.22 
0.04 0.06 1.78 
0.0 0.0 0.0 
1.15 1.51 63.19 
0.52 0.68 28.57 

0.15 0.20 8.24 
0.0 0.0 0.0 
0.0 0.0 0.0 
1.59 1.79 57.61 
0.0 0.0 0.0 

0.0 0.0 0.0 
0.17 0.19 6.16 
0.83 0.94 30.07 
0.17 0.19 6.16 

49.03 48.51 54.28 

2.87 2.84 3.18 
3.53 3.49 3.91 
1.27 1.26 1.41 
18.39 18.19 20.36 
12.47 12.34 13.80 

2.50 2.47 2.77 
0.0 0.0 0.0 
0.27 0.27 0.30 
0.0 0.0 0.0 
0.17 0.15 100.00 

2.66 1.46 100.00 

Hydrofluoric Acid Alkylation 

Table VII (Cont.) 

trans-Butene-2 
Wt % Mol % Normalized 

2.52 3.95 95.82 
0.11 0.17 4.18 
0.0 0.0 0.0 
1.18 1.55 65.19 
0.48 0.63 26.52 

0.15 0.20 8.29 
0.0 0.0 0.0 
0.0 0.0 0.0 
1.58 1.78 56.03 
0.0 0.0 0.0 

0.0 0.0 0.0 
0.20 0.23 7.09 
0.84 0.95 29.79 
0.20 0.23 7.09 
48.60 48.07 54.36 

2.91 2.88 3.25 
3.52 3.48 3.94 
1.27 1.26 1.42 
18.08 17.88 20.22 
12.38 12.24 13.85 

2.41 2.38 2.70 
0.0 0.0 0.0 
0.24 0.24 0.27 
0.0 0.0 0.0 
0.24 0.21 100.00 

3.09 1.69 100.00 

49 

Propyl ene 
Wt % Mol % Normalized 

4.10 6.11 100.00 
0.0 0.0 0.0 
0.0 0.0 0.0 
2.31 2.88 65.81 
0.99 1.24 28.21 

0.21 0.26 5.98 
0.0 0.0 0.0 
0.02 0.02 0.04 
14.78 15.86 28.23 
0.0 0.0 0.0 

0.0 0.0 0.0 
0.20 0.21 0.38 
36.70 39.38 70.09 
0.66 0.71 1.26 
18.06 17.00 64.94 

0.80 0.75 2.88 
0.88 0.83 3.16 
0.30 0.28 1.08 
4.60 4.33 16.54 
3.07 2.89 11.04 

0.05 0.05 0.18 
0.01 0.01 0.04 
0.03 0.03 0.11 
0.01 0.01 0.04 
0.28 0.23 100.00 

11.95 6.92 100.00 
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TABLE VIII 
EFFECT OF WATER IN HF CATALYST 

Mixed C~-C, Olefins 
Water in HF, 

Wt X OJ25 0,43 0̂ 6 OJL 
Wt X Mol % Normalized Wt_ _% Mol X Normalized Wt it Mol % Normalized Wt X Mol X Normalized 

Isopentane 10.35 15.70 99. .62 5 .51 8.50 98.92 4.56 7, .10 99 .78 3. .60 5 .54 99.45 
n-Pentane 0.04 0.06 0, ,38 0 .06 0.09 1.08 0.01 0. .02 0 .22 0 .02 0 .03 0.55 
2,2-DMB 0.04 0.05 0, .81 0 .02 0.03 0.52 0.01 0, .01 0 .35 0, .01 0 .01 0.38 
2,3-DMB 2.42 3.07 48. .99 1 .92 2.48 50.13 1.47 1. .92 50 .87 1 .60 2, .06 60.84 
2MPentane 1.74 2.21 35. .22 1 .30 1.68 33.94 1.00 1, .30 34 .60 0 .73 0, .94 27.76 
3MPentane 0.67 0.85 13. .56 0 .51 0.66 13.32 0.37 0. .48 12, .80 0, .28 0, .36 10.65 
n-Hexane 0.07 0.09 1, .42 0, .08 0.10 2.09 0.04 0, .05 1 .38 0, .01 0, .01 0.38 
2,2-DMP 0.01 0.01 0. .06 0 .01 0.01 0.05 0.01 0. .01 0, .05 0, .01 0, .01 0.04 
2,4-DMP 6.52 7.12 36. .71 7, .53 8.36 38.75 7.58 8, .50 39 .56 8. .08 8, .96 33.26 
Triptane 0.12 0.13 0. .68 0, .09 0.10 0.46 0.10 0, .11 0, .52 0. .10 0, .11 0.41 
3,3-DMP 0.02 0.02 0. .11 0 .03 0.03 0.15 0.01 0, .01 0 .05 0, .01 0, .01 0.04 
2MHexane 0.73 0.80 4, .11 0, .62 0.69 3.19 0.49 0. .55 2, .56 0. .35 0, .39 1.44 
2,3-DMP 9.66 10.55 54, .39 10, .45 11.61 53.78 10.39 11, .65 54 .23 15, .21 16, .86 62.62 
3MHexane 0.70 0.76 3, .94 0, .70 0.78 3.60 0.58 0. .65 3 .03 0, .53 0, .59 2.18 
2,2,4-TMP 2S.00 23.96 51. .28 32, .43 31.60 55.63 35.80 35, .20 59 .06 35, .77 34, .78 59.23 
2,5-DMH 3.51 3.36 7. .20 3, .26 3.18 5.59 2.51 2, .47 4, .14 1, .89 1, .84 3.13 
2,4-DMH 3.88 3.72 7. .96 3, .82 3.72 6.55 3.14 3. .09 5, .18 2, .67 2, .60 4.42 
2,2,3-TMP 2.05 1.96 4. ,21 1, .93 1.88 3.31 1.49 1, .47 2 .46 1. .14 1, .11 1.89 
2,3,4-TMP 4.67 4.47 9. .58 5. ,92 5.77 10.15 6.97 6. .85 11, .50 8. .44 8, .21 13.98 
2,3,3-TMP 5.86 5.62 12. .02 7, ,21 7.03 12.37 7.42 7. .30 12, .24 7. .22 7, ,02 11.96 
2,3-DMH 2.86 2.74 5. .87 2, .95 2.87 5.06 2.57 2. .53 4, .24 2, .70 2, .63 4.47 
2MHeptane 0.25 0.24 0. ,51 0, ,16 0.16 0.27 0.15 0. .15 0, .25 0, .08 0, .08 0.13 
3,4-DMH 0.44 0.42 0. ,90 0. .44 0.43 0.75 0.44 0. .43 0, .73 0, .42 0, .41 0.70 
3MHeptane 0'.23 0.22 0. ,47 0. ,18 0.18 0.31 0.13 0. ,13 0. ,21 0, .06 0, ,06 0.10 
2,2,5-TMH 2.81 2.40 100. 00 1. .35 1.17 100.00 1.11 0. .97 100, .00 0, .68 0, .59 100.00 
Residue 15.35 9.45 100. 00 11. ,52 6.90 100.00 11.68 7. ,06 100, .00 8. ,39 4, ,81 100.00 

2.29 4.24 
0.05 0.09 
0.25 0.46 
0.02 0.04 
0.59 100.00 
3.66 100.00 
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2. H U T S O N A N D H A Y S Hydrofluoric Acid Alkylation 51 

TABLE IX 
EFFECT OF ISOBUTANE TO OLEFIN RATIO ON ALKYLATE COMPOSITION 

Propylene Feed 

Ratio 4_Jj 13 16_ 
Wt % Mol % Normalized Wt % Mol % Normalized Wt % Mol % Normalized 

Isopentane 5.09 7 .56 100.00 4.10 6.11 100 .00 4.82 7.19 100.00 
n-Pentane 0 .0 0.0 0.0 0.0 0.0 0, .0 0.0 0.0 0.0 
2,2-DMB 0.0 0.0 0.0 0.0 0.0 0, .0 0.0 0.0 0.0 
2,3-DMB 3 .06 3 .81 67.25 2.31 2.88 65, .81 2.67 3 .33 68.46 
2MPentane 1, .12 1 .39 24.62 0.99 1.24 28, .21 0.90 1 .12 23.08 
3MPentane 0, .36 0 .45 7.91 0.21 0.26 5, .98 0.33 0 .41 8.46 
n-Hexane 0, .01 0 .01 0.22 0.0 0.0 0, .0 0.0 0 .0 0.0 
2,2-DMP 0, .01 0 .01 0.02 0.02 0.02 0, ,04 0.01 0 .01 0.02 
2,4-DMP 14, .26 15 .25 25.88 14.78 15.86 28. .23 15.98 17 .16 34.90 
Triptane 0, .0 0 .0 0.0 0.0 0.0 0. .0 0.20 0, .21 0.44 
3,3-DMP 0, ,01 0, .01 0.02 0.0 0.0 0. ,0 0.0 0, .0 0.0 
2MHexane 0, ,45 0. .48 0.82 0.20 0.21 0. ,38 0.50 0, .54 1.09 
2,3-DMP 39. ,74 42, .50 72.11 36.70 39.38 70. 09 28.40 30, ,49 62.02 
3MHexane 0. ,64 0, ,68 1.16 0.66 0.71 1. 26 0.70 0, .75 1.53 
2,2,4-TMP 12. 43 11. ,66 63.68 18.06 17.00 64. 94 21.73 20, .46 63.89 
2,5-DMH 0. 76 0, ,71 3.89 0.80 0.75 2. 88 1.16 1, .09 3.41 
2,4-DMH 0. 99 0. ,93 5.07 0.88 0.83 3. 16 1.20 1, .13 3.53 
2,2,3-TMP 0. 25 0. 23 1.28 0.30 0.28 1. 08 0.27 0. .25 0.79 
2,3,4-TMP 2. 34 2. ,20 11.99 4.60 4.33 16. 54 5.33 5. ,02 15.67 
2,3,3-TMP 1. 86 1. ,74 9.53 3.07 2.89 11. 04 3.22 3. ,03 9.47 

2,3-DMH 0. 69 0. 65 3.53 0.05 0.05 0. 18 0.80 0. ,75 2.35 
2MHeptane 0. 03 0. 03 0.15 0.01 0.01 0. 04 0.10 0. ,09 0.29 
3,4-DMH 0. 13 0. 12 0.67 0.03 0.03 0. 11 0.20 0. ,19 0.59 
3MHeptane 0. 04 0. 04 0.20 0.01 0.01 0. 04 0.0 0. 0 0.0 
2,2,5-TMH 0. 04 0. 03 100.00 0.28 0.23 100.00 0.49 0. 41 100.00 
Residue 15.69 9. 50 100.00 11.95 6.92 100.00 10.99 6. 35 100.00 

22 52 109 126 
Wt % Mol % Normalized Wt % Mol % Normalized Wt Ζ Mol % Normalized Wt % Mol % Normalized 

3.69 5.49 100 .00 3 .33 4, .91 100 .00 2. .24 3.33 100, .00 1. ,36 2, .03 100, .00 
0.0 0.0 0 .0 0 .0 0, .0 0, .0 0, .0 0.0 0, .0 0, ,0 0, .0 0, .0 
0.0 0.0 0, .0 0 .01 0 .01 0 .48 0, ,01 0.01 0, .50 0, ,04 0, .05 2, .33 
1.71 2.13 65, .02 1 .06 1 .31 50, .96 0, ,89 1.11 44, .06 0, ,68 0, .85 39. .53 
0.70 0.87 26, .62 0 .61 0, .75 29, .33 0, ,54 0.67 26, .73 0. ,38 0, .47 22, .09 

0.22 0.27 8, .37 0 .22 0 .27 10, .58 0. .22 0.27 10, .89 0. ,16 0, .20 9. .30 
0.0 0.0 0, .0 0, .18 0, .22 8, .65 0, .36 0.45 17. .82 0. ,46 0, .57 26. ,74 
0.02 0.02 0. .04 0 .03 0, .03 0, .07 0. .04 0.04 0. ,09 0. ,04 0, .04 0, ,10 
14.09 15.10 28, .85 9, .74 10 .34 21, .41 7. .70 8.25 18. 08 7. ,24 7. .78 17. ,88 
0.10 0.11 0, ,20 0, .08 0, .08 0, .18 0. .08 0.09 0. ,19 0. ,06 0. .06 0, ,15 

0.0 0.0 0. .0 0, .01 0, .01 0, .02 0. .01 0.01 0, ,02 0. ,01 0, .01 0. .02 
0.40 0.43 0. ,82 0, .27 0, .29 0. .59 0. .30 0.32 0. ,70 0. ,28 0, .30 0. ,69 
33.53 35.94 68. ,65 34, .84 37, .00 76. ,57 33, ,96 36.38 79, .76 32. ,40 34. ,82 80. .02 
0.70 0.75 1. ,43 0. .53 0, .56 1, .16 0. .49 0.52 1, ,15 0. ,46 0, .49 1, ,14 
23.71 22.29 65. ,46 31, .52 29. .36 69. ,84 33, ,97 31.92 68, .57 37. ,15 35, .02 68. .56 

0.93 0.87 2. ,57 0, .57 0, .53 1. .26 0. .62 0.58 1, .25 0. .63 0, .59 1. .16 
0.90 0.85 2. ,48 0, .66 0. .61 1. ,46 0. .70 0.66 1, .41 0, .70 0, .66 1, .29 
0.15 0.14 0, ,41 0, .48 0, ,45 1. .06 0, .60 0.56 1, .21 0, .63 0 .59 1, .16 
6.47 6.08 17. .86 6, ,85 6. .38 15. .18 8, .11 7.62 16, .37 9. .08 8 .56 16, .76 
3.16 2.97 8. ,72 4, ,20 3. .91 9. .31 4, .65 4.37 9 .39 5. .08 4 .79 9, .37 

0.80 0.75 2. ,21 0. .69 0. ,64 1. .53 0, .73 0.69 1, .47 0, ,78 0, .74 1 .44 
0.0 0.0 0. ,0 0. .05 0. .05 0. .11 0, .05 0.05 0, .10 0, .05 0 .05 0 .09 
0.10 0.09 0. ,28 0. .10 0. ,09 0. ,22 0, .09 0.08 0 .18 0, .07 0 .07 0 .13 
0.0 0.0 0. ,0 0. ,01 0. .01 0. 02 0, .02 0.02 0 .04 0, .02 0 .02 0 .04 
0.15 0.13 100. ,00 0. .39 0. ,32 100. ,00 0, .30 0.25 100, .00 0, ,18 0 .15 100, .00 

8.47 4.69 100. 00 3. ,57 1. ,84 100. ,00 3, .32 1.73 100, .00 2, .06 1 .08 100 .00 
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TABLE X 

ALKYLATE COMPOSITIONS - MIXED OLEFIN FEED 

HF Catalyst 
Wt % Mol % Normalized 

Isopentane 3.61 5.56 98.90 
n-Pentane 0.04 0.06 1.10 
2,2-DMB 0.0 0.0 0.0 
2,3-DMB 1.50 1.93 67.57 
2MPentane 0.52 0.67 23.42 

3MPentane 0.20 0.26 9.01 
n-Hexane 0.0 0.0 0.0 
2,2-DMP 0.0 0.0 0.0 
2,4-DMP 6.21 6.89 25.60 
Triptane 0.04 0.04 0.16 

3,3-DMP 0.01 0.01 0.04 
2MHexane 0.19 0.21 0.78 
2,3-DMP 17.52 19.43 72.22 
3MHexane 0.29 0.32 1.20 
2,2,4-TMP 37.85 36.81 61.88 

2,5-DMH 1.20 1.17 1.96 
2,4-DMH 1.80 1.75 2.94 
2,2,3-TMP 0.77 0.75 1.26 
2,3,4-TMP 10.41 10.13 17.02 
2,3,3-TMP 6.91 6.72 11.30 

2,3-DMH 2.00 1.95 3.27 
2MHeptane 0.01 0.01 0.02 
3,4-DMH 0.20 0.19 0.33 
3MHeptane 0.02 0.02 0.03 
2,2,5-TMH 0.57 0.49 100.00 

Residue 8.11 4.63 100.00 
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Table X (Cont.) 

H 2 S 1 Catalyst 
Wt % Mol % Normalized 

5.34 8.07 100.00 
0.0 0.0 0.0 
0.0 0.0 0.0 
4.42 5.59 78.23 
0.82 1.04 14.51 

0.41 0.52 7.26 
0.0 0.0 0.0 
0.20 0.22 0.65 
10.17 11.06 32.98 
0.0 0.0 0.0 

0.0 0.0 0.0 
0.31 0.34 1.01 
19.65 21.37 63.72 
0.51 0.55 1.65 
19.23 18.35 42.43 

1.85 1.77 4.08 
1.64 1.56 3.62 
1.23 1.17 2.71 
8.94 8.53 19.73 
9.76 9.31 21.54 

2.16 2.06 4.77 
0.10 0.10 0.22 
0.41 0.39 0.90 
0.0 0.0 0.0 
1.75 1.49 100.00 

11.10 6.51 100.00 
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TABLE XI 

EFFECTS OF DISPERSION 

Mixed Olefin Feed 

Excellent 
Wt % Mol % Normalized 

Isopentane 7.31 10.92 100.00 
n-Pentane 0.0 0.0 0.0 
2,2-DMB 0.0 0.0 0.0 
2,3-DMB 2.36 2.95 65.37 
2MPentane 0.91 1.14 25.21 

3MPentane 0.34 0.43 9.42 
n-Hexane 0.0 0.0 0.0 
2,2-DMP 0.02 0.02 0.09 
2,4-DMP 9.26 9.96 41.81 
Triptane 0.10 0.11 0.45 

3,3-DMP 0.0 0.0 0.0 
2MHexane 0.48 0.52 2.17 
2,3-DMP 11.81 12.71 53.32 
3MHexane 0.48 0.52 2.17 
2,2,4-TMP 32.32 30.51 53.54 

2,5-DMH 3.42 3.23 5.67 
2,4-DMH 3.42 3.23 5.67 
2,2,3-TMP 0.90 0.85 1.49 
2,3,4-TMP 8.63 8.15 14.30 
2,3,3-TMP 8.89 8.39 14.73 

2,3-DMH 2.31 2.18 3.83 
2MHeptane 0.0 0.0 0.0 
3,4-DMH 0.48 0.45 0.80 
3MHeptane 0.0 0.0 0.0 
2,2,5-TMH 0.69 0.58 100.00 

Residue 5.87 3.16 100.00 
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Table XI (Cont.) 

Poor 
Wt % Mol % Normalized 

14.04 20.58 98.53 
0.21 0.31 1.47 
0.0 0.0 0.0 
5.23 6.42 68.37 
1.74 2.13 22.75 

0.68 0.83 8.89 
0.0 0.0 0.0 
0.03 0.03 0.13 
8.90 9.39 39.91 
0.10 0.11 0.45 

0.0 0.0 0.0 
0.48 0.51 2.15 
12.31 12.99 55.20 
0.48 0.51 2.15 
15.66 14.50 43.09 

3.19 2.95 8.78 
3.19 2.95 8.78 
0.64 0.59 1.76 
5.45 5.04 15.00 
5.42 5.02 14.91 

2.31 2.14 6.36 
0.0 0.0 0.0 
0.48 0.44 1.32 
0.0 0.0 0.0 
4.65 3.83 100.00 

14.79 8.73 100.00 
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Fluorosulfonic Acid P r o m o t e r s in HF Alkylation 

ROBERT A. INNES 

Gulf Research and Development Co., P. O. Drawer 2038, Pittsburgh, PA 15230 

High octane blending stock for gasoline i s produced by the 
strong acid catalyzed alkylation of C 3 to C 5 olefins with iso
butane. Alkylate typical ly comprises 10 to 15 percent of the 
gasoline pool. Although alkylation has been an important re
finery process for more than thirty years, substantial improve
ments can still be made. In part icular , refiners would l ike to 
increase the octane ratings of their alkylate to help compensate 
for the removal of lead from gasoline. This can be accomplished 
by controll ing the many side reactions which accompany a lkyla
t ion. For example, a typical refinery produces 92 RON alkylate 
from a C3-C5 feedstock. It i s theoretically possible to produce 
95 RON alkylate from the same feedstock by eliminating those 
side reactions which are detrimental to alkylate quality and 
encouraging those which are benefic ial . Such fine tuning of the 
alkylation process requires modification of the acid catalyst. 
This paper describes how the catalyt ic properties of HF may be 
enhanced by the addition of minor amounts of trifluoromethane
sulfonic acid (CF3SO3H) or fluorosulfonic acid (FSO3H). (1,2) 

Experimental Methods 

Apparatus and Procedure. Blends of CP. Grade isobutane 
with various oiefinie feedstocks were reacted in the continuous 
flow apparatus shown in Figure 1. The reactor was a small 
stainless steel autoclave equipped with a magnetically driven 
stirr e r . A polyethylene-lined sight glass was employed as a 
settling vessel for the separation of acid catalyst from hydro
carbon product. Acid blends were stored in a stainless steel 
bomb. The system was pressurized to 50 psig with nitrogen 
prior to the start of each run. A portion of the acid blend was 
then transferred to the reactor using the sight glass to gauge 
the amount. The acid level was adjusted so that the autoclave 
would hold approximately equal volumes of acid and hydrocarbon 
under reaction conditions. 

57 
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3. I N N É S Fluorosulfonic Acid Promoters 59 

The reactor was then pressurized to 200 psig and the run 
begun, Isobutane-olefin feed was pumped into the autoclave. 
The reactor was stirred at 1600 RPM, intimately mixing the acid 
and hydrocarbon phases. Contact times (half the reactor volume 
divided by the hydrocarbon feed rate) ranged from 0.3 to 3.0 
minutes. The temperature inside the reactor was controlled by 
passing water or antifreeze solution from a controlled tempera
ture reservoir through the jacket of the autoclave. The re
action temperature was monitored by a sheathed thermocouple i n 
serted into the autoclave just below the st i r r e r . A stream of 
acid-hydrocarbon emulsion passed continuously from the autoclave 
to the settler. The acid catalyst settled to the bottom and 
returned to the reactor by gravity flow. The hydrocarbon pro
duct passed out the top of the settler through a pressure con
t r o l valve which maintained the reactor at 200 psig. 

After passage through a bed of Ascarite and alumina beads 
to remove dissolved HF, the alkylation product was collected 
at -78°C. The collection of the products reported herein was 
not begun un t i l the volume of feed pumped equaled 15 times the 
reactor volume. At this point the product composition was 
changing very slowly, i f at a l l . The duration of a run was 
three hours. 

Analytical Methods. Liquefied samples of the feed and re
actor effluent were analyzed by gas chromatography. A l l gas 
chromatographs were tied to a chromatographic data processing 
system which determined peak areas and calculated sample com
positions. Sample components were identified on the basis of 
their retention times. Response factors were determined ex
perimentally, using synthetic blends resembling actual alkyla
tion feeds and products. Except in those cases where RON was 
to be determined on a test engine, n-hexane was added to the 
samples as an internal standard. 

A l l samples were analyzed using a gas chromatograph equip
ped with a flame ionization detector and a 200' χ 0.01" 
squalane-coated capillary column. Analyses were also made on 
conventional packed columns in chromatographs equipped with 
thermal conductivity detectors. Feeds were analyzed on a 
silver nitrate-benzyl cyanide column. Products were analyzed 
on a 101 χ 1/4" column packed with 25% hexatriacontane on 
Chromosorb R. After the Ce's had been eluted, the hexatri
acontane column was backflushed through the detector to deter
mine the heavies content of the sample. 

Determination of Octane Numbers. In some cases Research 
and Motor octane numbers were estimated from alkylate com
positions, using the formula, 
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Σ .W.N. 
Ν - - u i 
est Z.W. 

ι ι 

where Wi i s the weight of component i and Ni i s the ASTM (clear) 
octane number (3,4) of component i in i t s pure form. The octane 
ratings of the "heavies" portion of the alkylate were taken as 
87 RON and 84 MON. 

Otherwise, RON was determined experimentally on a test 
engine. The reactor effluent was d i s t i l l e d to remove isobutane 
then submitted to our Product Evaluation Division for deter
mination of RON by the standard ASTM method. 

Results and Discussion 

Refiners normally charge a mixture of olefins to their 
alkylation units. However, in studying alkylation, i t i s often 
instructive to alkylate individual olefins. Accordingly, to 
demonstrate the effect of temperature on alkylate composition, 
we ran the HF alkylation of various pure olefin feeds at 4°C 
and 45°C. The results are shown in Tables I and II. The con
tact time was 3.0 minutes for the runs at 4°C and 1.0 minute 
for those at 45°C. The isobutane-olefin molar ratio was 24 
when alkylating diisobutene and 12 when alkylating other olefins. 
The product names are abbreviated: IP for isopentane, 23DMB 
for 2,3-dimethylbutane, 224TMP for 2,2,4-trimethylpentane, 
23DMH for 2,3-dimethylhexane, and so on. 

If alkylation were a selective process, one would expect 
to obtain 23DMP from propylene, 23DMH from l-butene, 224TMP 
from isobutene and diisobutene, and a mixture of TMP1s from 
c i s - or trans-2-butene. (5,6,, 7) These are the products which 
predominated at 4eC. The many other products listed in Tables 
I and II are the result of the various side reactions which 
accompany alkylation. At 45°C, the yield of primary alkylation 
products was greatly reduced. Alkylation yielded increased 
amounts of 24DMP and 224TMP from propylene, mixed TMP's from 
l-butene, DMH1s from the other C4 olefins, and heavy and light 
ends from a l l feedstocks. Thus, as the reaction temperature 
was increased, side reactions became increasingly important. 

From an octane number standpoint TMP1s are the most de
sirable alkylation product, while the formation of DMH's and 
heavy and light ends should be avoided. When alkylating pro
pylene, i t i s important to note that 23DMP has a higher octane 
rating than 24DMP. Accordingly, most side reactions are 
detrimental to alkylate quality. Two exceptions to this rule 
are the hydrogen transfer and butene isomerization reactions. 
Hydrogen transfer converts propylene and isobutane to propane 
and isobutylene, 
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C-C=C + H -> C-C-C 

C-C-C + c-ç-c Ç-C > C-C-C + C-£ :-c 

C-Ç-C > C-Ç=C + H + 

while butene isomerization converts l-butene to 2-butene. 

+ + 

C-C-C=C + H > C-C-C-C 

C-C-C-C > C-C=C-C + H 

The product olefins yield TMP's when alkylated rather than the 
lower octane 23DMP or 23DMH, expected from the starting olefins. 

A comparison of Tables I and II demonstrates the importance 
of side reactions in determining alkylate quality. The quality 
of the alkylates produced from isobutene, diisobutene, cis-2-
butene, and trans-2-butene was greatly improved when side re
actions were reduced by lowering the reaction temperature to 
4°C At 45°C, the alkylates obtained from these olefins were 
remarkably similar in composition. The estimated RON1s ranged 
from 94.6 to 94.8. Reducing the reaction temperature to 4°C 
inhibited the formation of DMH's and increased the yield of 
TMP's, boosting octane ratings 1.5 to 4.0 RON. 

Reducing side reactions does not always mean greatly im
proved octane ratings. Propylene alkylate was only slightly 
improved at the low temperature, because the hydrogen transfer 
reaction was inhibited along with undesirable side reactions. 
A decrease in the yield of 24DMP and other undesirable products 
was offset by a decrease in the yield of 224TMP. The quality 
l-butene alkylate at low temperatures was very poor because the 
desirable butene-l isomerization reaction was inhibited. At 
45°C most l-butene isomerized to 2-butene prior to alkylation 
and TMP1s were the major product; but, at 4°C, less than half 
the l-butene isomerized and 23DMH predominated. 

The same effects were seen with mixed olefin feeds. The 
refinery stream described in Table III was blended with CP. 
Grade isobutane to obtain a 9.0-to-1.0 isobutane-to-olefin 
molar ratio. This feed was alkylated at temperatures ranging 
from 4°C to 45°C The contact time was held constant at 1.0 
minutes. The results are shown in Table IV. The alkylate 
compositions include pentanes derived from the feed, but only 
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Table III 

C3-C5 REFINERY STREAM 

Component Vol % 

Ethane 0.06 

Propane 13.26 

Propene 27.34 

Isobutane 19.55 

N-butane 4.71 

Butene-l 4.44 

Isobutene 4.64 

Trans-butene-2 5.20 

Cis-butene-2 3.40 

Isopentane 12.28 

N-pentane 0.61 

Pentene-1 0.60 

Cis and trans pentene-2 1.26 

2-methylbutene-l 1.35 

2-methylbutene-2 0.90  P
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3. I N N É S Fluorosulfonic Acid Promoters 67 

the net increase in these materials was considered in calculating 
the yield of alkylate. 

As with the pure olefin feeds, lowering the reaction tem
perature inhibited side reactions. The yield of primary alky
lation products such as 23DMH and 23DMP increased, as the forma
tion of other DMH isomers and 24DMP was inhibited. TMP1s are 
both a primary product and a byproduct. Thus, TMP1s from iso
butene and 2-butene increased as TMP's from propylene and 1-
butene decreased. The total TMP yield was optimized at 27°C. 
The net effect on alkylate quality was that RON increased from 
91.8 to 92.6, then f e l l back to 92.3. 

The theoretical yield of alkylate based on olefin in the 
feed was 220 wt %. Below 27°C, olefin conversion was incomplete. 
Unreacted olefins were detected in the reactor effluent and 
alkylate yields were considerably below the theoretical value. 
From 27°C to 45°C, the olefin feed was completely reacted. In 
this temperature range the olefin yield averaged 206 wt %. 

Small amounts of added CF3SO3H dramatically changed the 
catalytic properties of the HF phase. Tables V, VI, and VII 
show the effect at low temperatures with propylene, l-butene, 
and mixed-olefin feeds, respectively. The f i r s t two feeds con
tained 95 wt % isobutane and 5 wt % olefin. The third feed, 
prepared from CP. Grade isobutane and the C3-C5 refinery stream 
shown in Table III, had an isobutane-olefin molar ratio of 12. 
With HF alone, the yield of primary alkylation products was very 
high. The addition of CF3SO3H selectively restored the hydrogen 
transfer and butene isomerization reactions. TMP yields were 
enhanced at the expense of 23DMP and 23DMH without unduly i n 
creasing undesirable byproducts such as 24DMP. As a result, 
substantial increases in alkylate quality were recorded for a l l 
three feedstocks. Most importantly, the octane rating of the 
alkylate produced from the C3-C5 refinery stream was boosted 
from 92.1 to 93.9 RON. 

Furthermore, reaction rates in the presence of CF3SO3H 
were several times those obtained with HF alone. The increased 
alkylate yields resulting from CF3SO3H were due in part to in 
creased olefin conversions. In an extension of the experiments 
in Table VII, contact time was varied at several temperatures 
and promoter levels. The alkylate yields were plotted against 
contact time as in Figure 2. An estimate of the relative re
action rates was made by comparing the contact times required 
to achieve a 195 wt % yield of alkylate. The Figure shows 
that the enhancement of reaction rate by CF3SO3H was more than 
enough to compensate for a reduction in temperature from 38°C 
to 4°C. 

The effect of FSO3H on HF alkylation was very much like 
that of CF3SO3H. The 9-to-l blend of isobutane with refinery 
olefins, alkylated earlier with HF alone (Table IV), was used 
to study the catalytic properties of HF-FSO3H blends. Table 
VIII gives the results of runs made at 4°C and 1.0 minute 
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Table V 

EFFECT OF CF3SO3H ON PROPYLENE ALKYLATION 

Wt % CF3SO3H 0 3.8 6.6 

Contact Time, Minutes 3.0 3.0 3.0 

Temperature, °C 2 3 4 

Wt % Yield 176 199 230 

Est. RON 90.8 92.8 93.5 

Alkylate Composition, Wt % 

C 5 1.7 2.5 2.5 

C6 1.3 2.2 2.4 

23 DMP 77.0 51.8 41.6 

24 DMP 3.9 9.9 12.2 

TMP's 9.5 30.3 37.5 

DMH's 0.8 1.5 1.8 

225 TMH 0.1 0.1 0.2 

Heavies 6.2 2.0 1.8 
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3. I N N É S Fluorosulfonic Acid Promoters 69 

Table VI 

EFFECT OF CF3SO3H ON BUTENE-1 ALKYLATION 

Wt % CF3SO3H 0 3.6 7.0 

Contact Time, Minutes 3.0 3.0 3.0 

Temperature, °C 2 3 4 

Wt % Yield 188 198 203 

Est. RON 83.8 90.8 94.5 

Alkylate Composition, Wt % 

C5 0.9 1.6 1.6 

C 6 1.2 1.5 2.2 

C7 0.9 1.2 1.2 

TMP's 40.2 62.3 75.0 

DMH1s 48.9 31.1 18.2 

Other Ce 0.3 0.2 0.3 

225 TMH 0.1 0.5 0.5 

Heavies 7.5 1.2 1.2  P
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Table VII 

EFFECT OF CF3SO3H WHEN ALKYLATING 
A C3-C5 REFINERY STREAM AT 4°C 

Wt % CF3SO3H 0 2.7. 6.5 8.6 

Contact Time, Minutes 1.5 1.5 1.5 1.5 

Wt % Yield 182 205 211 217 

RON 92.1 92.9 93.9 93.7 

Alkylate Composition, Wt % 

C5 19.1 18.8 18.9 17.1 

c6 
2.3 2.4 2.3 2.0 

23 DMP 28.5 23.7 21.5 16.8 

24 DMP 2.3 2.9 3.1 4.4 

Other C7 0.1 0.1 0.2 0.2 

TMP's 24.3 32.5 36.8 38.7 

DMH1 s 7.3 5.5 4.5 4.4 

Other Cg 0.2 0.2 0.1 0.1 

225 TMH 2.7 3.0 3.0 3.0 

Heavies 13.1 11.0 9.6 13.3 
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contact time. The percentage of FSO3H in the catalyst blend 
was varied from 0 to 100 wt %. The highest quality alkylate 
(93.9 RON) was obtained with a catalyst blend containing 9.7 
wt % FSO3H. Once again the promoter selectively restored the 
hydrogen transfer and butene isomerization reactions, boosting 
TMP yields at the expense of 23DMP and 23DMH. Above the opti
mum promoter level, alkylate quality deteriorated because 
DMH's, 24DMP, and heavy and light ends were increasingly formed. 
With 50% or 100% FSO3H, alkylate octane ratings f e l l below those 
obtained with HF alone. Reaction in the absence of promoter was 
relatively slow, so olefin conversion was incomplete. The addi
tion of FSO3H markedly increased reaction rates, and alkylate 
yields approached the theoretical value of 220 wt %. Only 
6.6 wt % FSO3H was required to achieve complete conversion, so 
the enhancement of reaction rates was of the same magnitude 
achieved with CF3SO3H. 

In Table IX alkylation was carried out at various tempera
tures with a catalyst blend containing 9.7 wt % FSO3H. As the 
reaction temperature was raised, undesirable side reactions 
increased. A comparison of Tables IX and IV shows that above 
25°C the addition of 9.7 wt % FSO3H was detrimental to alkylate 
quality. 

Conclusion 

A commercial HF alkylation unit operating at 45°C produces 
92.1 RON alkylate from the C3-C5 refinery stream used in these 
experiments. We have shown that 93.9 RON alkylate can be ob
tained from the same feedstock by lowering the reaction temper
ature to 4°C and adding an optimum amount of CF3SO3H or FSO3H 
promoter. Reducing the reaction temperature increases the 
selectivity for primary alkylation products, but in the absence 
of promoter this has only a small effect on RON because both 
desirable and undesirable side reactions are inhibited. The 
addition of promoter restores hydrogen transfer and butene 
isomerization without markedly increasing undesirable side re
actions. Consequently, alkylate quality is improved. The 
addition of CF3SO3H or FSO3H also greatly accelerates the rate 
of alkylate production. This means that throughputs for a modi
fied HF alkylation process employing one of these promoters 
would be at least as high as in conventional HF alkylation, 
despite the lower reaction temperature. 

The u t i l i z a t i o n of CF3SO3H or FSO3H as promoters in HF a l 
kylation w i l l depend on the value assigned by refiners to an 
incremental octane number. The added value of the alkylate must 
be high enough to justify the installation and operation of the 
required refrigeration equipment. At present most refiners are 
s t i l l able to increase the quality of their gasoline pool by 
less costly methods such as by operating their reforming units 
at higher severity. However, i f the demand for high-octane 
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unleaded gasoline increases significantly, the use of these 
promoters could be ju s t i f i e d . 
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4 

Isoparaffin/Olefin Alkylation o v e r Resin/Boron 

Trifluoride Catalysts 

T. J. HUANG 
Mobil Research and Development Corporation, P. O. Box 1025, Princeton, NJ 08540 

S. YURCHAK 
Mobil Research and Development Corporation, Paulsboro Laboratory, 
Paulsboro, NJ 08066 

Conventional s u l f u r i c acid and HF alkylation pro
cesses (1,2,3) employ l i q u i d - l i q u i d c a t a l y t i c systems 
which are expensive and troublesome because of such 
problems as maintaining an acid/hydrocarbon emulsion, 
product separation and waste disposal (H2SO4 process 
only). A s o l i d catalyst should eliminate many of these 
problems. In view of their high a c t i v i t y , zeolites 
have been used by a number of workers (4#_5,6,2) t o cata
lyze i s o p a r a f f i n / o l e f i n alkylation with varying degrees 
of success. Zeolites appear to have limited attrac
tiveness because they age rapidly and cannot perform 
e f f e c t i v e l y at high o l e f i n space v e l o c i t i e s . 

Macroreticular a c i d i c ion exchange resins repre
sent a class of materials available with a r i g i d pore 
structure. While they have shown good low-temperature 
a c t i v i t y for a number of acid-catalyzed reactions, they 
are i n e f f e c t i v e for i s o p a r a f f i n / o l e f i n alkylation since 
they lack hydride transfer c a p a b i l i t y . I t may, how
ever, be possible to increase the a c i d i t y of ion ex
change resins by forming a complex between the acid 
groups of the resin and a Lewis acid. This approach 
was taken by Kelly (8) who found that isoparaffin/ole
f i n alkylation could be catalyzed by a gel-type ac i d i c 
ion exchange resin i n the presence of BF3. The e f f i 
ciency of this catalyst system seems to have been im
paired by the non-swelling nature of gel-type resins 
i n hydrocarbons. Such limitations are not imposed on 
macroreticular ion exchange resins. 

In t h i s paper, we present some of our data on the 
use of macroreticular ion exchange resins to catalyze 
the alkylation of isobutane with butene i n the pre
sence of BF3. 
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Experimental 

In conducting i s o p a r a f f i n / o l e f i n alkylation, par
t i c u l a r attention must be given to minimizing the chief 
side reaction — o l e f i n polymerization. In the labor
atory, t h i s can be conveniently done by using a semi-
batch reactor with o l e f i n being charged continuously to 
a pool of isobutane, catalyst and product. The o l e f i n 
feed rate i s kept low enough so that i t does not accu
mulate i n the reactor. In t h i s manner, the bimolecular 
polymerization reaction rate i s minimized. The experi
ment i s continued for a time s u f f i c i e n t to give the de
sired external i s o p a r a f f i n / o l e f i n r a t i o . This r a t i o 
bears some s i m i l a r i t y to the i s o p a r a f f i n / o l e f i n feed 
r a t i o to a continuous reactor employed i n commercial 
alkylation systems. 

In accordance with the above, most runs were per
formed i n a 300 ml, Type 316 stainless steel s t i r r e d 
autoclave equipped for semi-batch operation with ole
f i n . Reactor pressure was s u f f i c i e n t to maintain the 
reactants i n the l i q u i d phase. In the standard proce
dure, 7 grams of dry resin (Rohm and Haas, see Table I) 
was placed i n the reactor and 93 grams of isobutane 
(Instrument Grade, Matheson) was charged into the reac
tor by N2 pressure. Then about 6-7 grams of BF3 
(Pfaulty and Bauer) was charged and the contents s t i r 
red at 1800 rpm. After the desired temperature was 
reached, butene (CP., Matheson) was fed i n slowly for 
the duration of the run. An on-line chromatograph, 
which was equipped with a flame-ionization detector and 
a d i g i t a l integrater, was used to monitor the course 
of alkylation. Details on operating conditions are 
given i n the tables. 

At the end of the run, the product was discharged 
under N2 flow into a metal bomb which was kept at -73 
°C. The product was warmed to room temperature and 
transferred to the atmospheric pressure weathering 
system which consisted of two BF3-scrubbers, a sole
noid valve and a t e n - l i t e r gas c o l l e c t o r which was 
equipped with an automatic pressure controller. Both 
the weathered l i q u i d and the weathered gas were ana
lyzed on a Scot Pak column. 

Resins were pretreated i n the following manner: 
elution with methanol; d i s t i l l e d water wash; exchange 
with 4 percent NaOH, d i s t i l l e d water wash; exchange 
with 15 percent H2S04# d i s t i l l e d water wash u n t i l acid 
free. Treated runs were stored i n d i s t i l l e d water. 

The pretreated resin was dried i n vacuo for three 
hours at 120°C prior to use. A l l resins were ground to 
pass through 100 mesh unless otherwise specified. 
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Results and Discussion 

The C5+ hydrocarbon y i e l d together with chromato
graphic data and bromine number has been used to assess 
the effectiveness of a catalyst for catalyzing iso
paraf f i n / o l e f i n alkylation. This y i e l d i s defined as 
the grams of C5+ hydrocarbon produced per gram of o l e f i n 
converted. For butene feed, i f only alkylation occurs, 
the C5+ y i e l d would be 2.04 g Cs+/g C4= converted; how
ever, i f only polymerization occurs, the C5 + y i e l d 
would be 1.0 g C$+/g C4= converted. The 04= WHSV i s 
defined as g C4=/g catalyst/hour. 

I. Amberlyst-15 Resin 

Preliminary experiments were performed using 
Amberlyst-15 resin/BF3 catalyst to explore the stoichio
metric requirements necessary to obtain a good alkyla
tion catalyst. As the results i n Table II show, BF3 
alone, Amberlyst-15 alone and Amberlyst-I5/BF3 cata
l y s t with a 1:1 equivalent r a t i o of BF3 to -SO3H groups 
i n the resin are not effe c t i v e alkylation catalysts. 
However, i n the presence of a large excess of BF3 (BF3/ 
-SO3H > 2 equivalent/equivalent), the catalyst i s 
active for alkylation as indicated by the C5 + y i e l d 
being equal to 1.92 g Cs +/g 04= converted (Run 4, Table 
I I ) , or 1.95 g C5+/0; C4= converted (Run 6, Table I I ) . 

Amberlyst-15 i n the Na+ form (prepared by exchange 
with NaOH) was used to determine i f the H + on the -SO3H 
group participates i n the alkylation. _The results are 
shown below (conditions: 40°C, 2.6 C4" WHSV, and 
i-C4/C 4

= = 5): 

Cation i n resin H + Na + 

O l e f i n conversion % 100 91 
C 5+ y i e l d , = 1.95 0.93 

9 C 5
+/g C4 converted 

The difference i n 05+ y i e l d c l e a r l y demonstrates 
that the sulfonic acid group i s essential for isobutane 
alkylation. 

Also shown i n Table II i s the effect of o l e f i n 
space v e l o c i t y . Comparison of Runs 4 and 6 shows that 
the Amberlyst-I5/BF3 catalyst can alkylate isobutane 
with butene i n good y i e l d at an o l e f i n WHSV of 2.6 g 
olef i n / g resin-hour. The alkylate y i e l d s are s l i g h t l y 
lower than the theoretical value of 2.04 due to removal 
of some of the reactor contents v i a the on-line sampl
ing system. The yiel d s shown are based on the l i q u i d 
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recovered from the reactor at the end of the experi
ment. 

It i s noteworthy that good performance was achiev
ed at high o l e f i n space v e l o c i t i e s with low external 
isobutane/butene r a t i o . For comparison purposes, sul
f u r i c acid alkylation operates at an o l e f i n space velo
c i t y of approximately 0.2-0.4, and an external iso-
butane/olefin r a t i o of about 5. HF alkylation, while 
permitting operation at higher o l e f i n space v e l o c i t i e s 
than H2SO4 alkylation, requires external isobutane/ 
o l e f i n r a t i o of about 15. 

It i s well known that o l e f i n space ve l o c i t y and 
external isobutane/olefin r a t i o has a pronounced effect 
on alkylate quality with both H2SO4 and HF alkylation. 
A similar situation was obtained with resin/BF3 cata
l y s t , as shown below (conditions: Amberlyst-I5/BF3 
and 40°C): 

i-C 4/C 4= C4= WHSV Wt. % of TMP i n C 5
+ 

10 0.7 60 
10 1.4 54 
5 1.4 45 
5 2.6 41 

Clearly, the alkylate quality, as measured by the 
trimethylpentane (TMP) content of the alkylate, deteri
orates as o l e f i n space v e l o c i t y i s increased. In 
addition, at equal o l e f i n space velocity, reducing the 
external isobutane/olefin r a t i o also lowers the alky
late quality. 

For H2SO4 and HF catalysts, three main process 
variables a f f e c t alkylate q u a l i t y : temperature; o l e f i n 
space v e l o c i t y ; and external isobutane/olefin r a t i o . 
For resin/BF3 catalyst, the above process variables 
also affect alkylate quality. However, with the r e s i n / 
BF3 catalyst, the surface area of resin i n addition to 
the functional group of the resin, may also play an 
important role i n directing alkylation. Some results 
i l l u s t r a t i n g the effect of the resin's surface area on 
alkylate quality are shown i n Table I I I . Clearly, i n 
creasing the resin's surface area improves the alkylate 
quality both i n terms of the fraction of trimethyl
pentanes i n the C5+ alkylate and the clear research 
octane number (RON) of the Cs + alkylate. 

While t h i s study of the effect of the resin's 
surface area was performed by using di f f e r e n t macro
r e t i c u l a r resins, i t i s f e l t that the primary v a r i 
able being changed i s surface area, since a l l the 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
7 

| d
oi

: 1
0.

10
21

/b
k-

19
77

-0
05

5.
ch

00
4

In Industrial and Laboratory Alkylations; Albright, L., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



TA
BL

E 
I
I
I 

TH
E 

RE
SU
LT
S 
OF
 S
CR
EE
NI
NG

 T
ES

TS
 O
N 

IS
 OB
UT
AN
E/
TR
AN
S-
 2
-B
UT
EN
E 
AL

KY
LA

TI
ON

 O
VE
R 

VA
RI
OU
S 

RE
SI

N/
BF

3 
CO
MP
LE
XE
S 

AT
 4

0°
C 
AN
D 

2.
6 

c 4~
 
WH
SV
*.

 
(E

ff
ec

t 
of

 S
ur

fa
ce

 A
re

a 
of

 R
es

in
) 
. 

Ty
pe
 o

f 
Su

rf
ac

e 
Ar

ea
 
Wt
. 
% 

of
 

Wt
. 
% 

of
 

Wt
. 
% 

of
 

C
5

+ 
RO
N 

Re
si

n 
m2
/g
 
dr

y 
TM
P 

i
n 
C

5
+ 

TM
P 

i
n 
Cg
 
C

9
+ 
i
n 
C 5
+ 

Yi
el

d 
C

5
+ 

Al
ky

la
te

 

Ma
cr

o-
re

ti
cu

la
r:

 
Am

be
rl

ys
t 

28
 

45
.9

 
75
.5
 

19
.3
 

1.
88
 

92
.3
 

XN
-1
01
1 

Am
be

rl
ys

t 
35
 

39
.4
 

73
.1

 
21
.9
 

1.
86
 

92
.4
 

XN
-1
00
8 

Am
be

rl
it

e-
 

45
 

52
.0
 

80
.9
 

22
.0
 

1.
91
 

93
.7
 

20
0 

Am
be

rl
ys

t-
 

45
 

52
.2
 

79
.1

 
19
.2
 

1.
89
 

93
.6
 

15
 

Am
be

rl
ys

t 
11
0 

56
.5
 

86
.4
 

20
.7
 

1.
76
 

95
.6
 

XN
-1
00
5 

Am
be

rl
ys

t 
57
0 

69
.7
 

88
.3
 

11
.6
 

1.
88
 

96
.5
 

XN
-1
01
0 

*1
00

% 
ol

ef
in

 c
on

ve
rs

io
n 
f
o
r 
a
l
l 

re
si

ns
. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
7 

| d
oi

: 1
0.

10
21

/b
k-

19
77

-0
05

5.
ch

00
4

In Industrial and Laboratory Alkylations; Albright, L., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



82 I N D U S T R I A L A N D L A B O R A T O R Y A L K Y L A T I O N S 

resins are composed b a s i c a l l y of a sulfonated styrene-
divinylbenzene copolymer. 

II . Amberlyst XN-1010 Resin 

Since the Amberlyst XN-IOIO/BF3 catalyst produced 
an alkylate with quality superior to the other resins 
tested, additional work was performed with t h i s r e s i n / 
BF3 catalyst to explore the effects of p a r t i c l e size 
and temperature, and s e n s i t i v i t y to o l e f i n type. Ole
f i n space v e l o c i t y was kept at 2.6 grams C4=/gram 
resin-hour for a l l the results reported below. 

A. Effect of P a r t i c l e Size. The high r e a c t i v i t y 
of Amberlyst XN-IOIO/BF3 c a t a l y t i c system suggested 
that a d i f f u s i o n a l l i m i t a t i o n may be imposed i n this 
system. Therefore, the effect of p a r t i c l e size on 
alkylation was investigated i n order to define a proper 
p a r t i c l e size range for the subsequent work. The re
sults on the effect of p a r t i c l e size are summarized 
below (40°C, i-C4/C4=-2 = 5.1, and 100% o l e f i n conver
sion) : 

Run Number 7 8 9 10 
P a r t i c l e size, mesh 30-40 100-200 100+ 325+ 
Wt. % of TMP i n C 5+ 62.2 68.5 69.7 69.9 
Wt. % of TMP i n C 8 85.4 88.6 88.3 87.7 
Wt. % of C9+ i n C 5+ 16.1 13.6 11.6 9.6 
RON clear of C s + alkylate 94.6 95.9 96.5 95.9 

For the resin with a p a r t i c l e size of 30-40 mesh, 
less TMP and more Cg + were produced i n the 05+ result
ing i n an alkylate with a lower RON+0. With pa r t i c l e s 
smaller than 100 mesh, there i s almost no difference i n 
alkylate quality, although the C9+ content seems to i n 
crease only s l i g h t l y with increasing p a r t i c l e size. I t 
i s concluded that p a r t i c l e s with 100+ mesh are s u f f i 
c i e n t l y small to overcome the d i f f u s i o n l i m i t a t i o n 
problem. 

B. Ef f e c t of O l e f i n Feedstock. Different butènes 
were used as feedstocks to determine i f the Amberlyst 
XN-IOIO/BF3 catalyst discriminates among them. The re
sults are shown below (40°C, i-C 4/C4 = = 5 - 1 a n d 1 0 0 % 
o l e f i n conversion): 
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Run Number 9 11 12 
Ole f i n feedstock trans-2- 1-Butene Isobutene 

Butene 
C5 + y i e l d , g C 5

+ / 
g C4"" converted 1.88 2.06 1.82 

Wt. % of TMP i n C 5
+ 69.7 64.3 59.0 

wt. % of TMP i n C 8 88.3 83.2 87.4 
wt. % of C 9

+ i n C5+ 11.6 14.2 18.4 

RON clear of C5"*" alkylate 96.5 93.4 97.7 

The unusual finding was that isobutene gave lower 
TMP i n C5+, but with a higher octane number for the C5"*" 
alkylate (normally, the octane number of alkylate 
p a r a l l e l s to the TMP content i n 05+). 

By comparison with conventional HF and H2SO4 alky
l a t i o n catalysts as shown below, Amberlyst XN-IOIO/BF3 
showed r e l a t i v e l y much less difference among these three 
o l e f i n isomers. HF alkylation discriminates strongly 
against l-butene while H2SO4 alkylation gives r e l a t i v e 
l y poor results with isobutene (2,3). This suggests 
that the resin/BF3 system i s unique and not related to 
conventional systems. 

Wt. % of TMP i n Cc + 

HF* H 2S0 4** Resin/BF 3*** 

2-Butene 74 72 70 

1-Butene 22 70 64 

Isobutene 59 52 59 

*At -10°C and 5 min. contact time (see Ref. 2). 
**At 7°C and 0.2 04= WHSV (see Ref. 2). 

***At 40°C, i-C 4/C 4= = 5 and 2.6 C 4= WHSV. 
C. Eff e c t of Temperature. The effect of temper

ature on isobutane/trans-2-butene alkylation over 
Amberlyst XN-IOIO/BF3 catalyst was studied at 0°, 20°, 
40°, and 60°C. The results are summarized below 
( i - C 4 / C A

= = 5.1 and 100% o l e f i n conversion): 
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100 

9 0 

ο 
ο 8 0 

70 

60L 

1 
1 

I 1 

( L 

\ 
r \ Ν 

- V - V 
I - 4 1 

- 4 0 - 2 0 

100 

8 0 ^ ° 

70 

J 60 
0 + 2 0 

T e m p . ° C 
+ 4 0 + 60 

Figure 1. Percent of C8 isoparaffins in alkylate as function of 
temperature (Amberlyst XN-1010/BF3 catalyst) 

Run Number 13 14 9 15 
Temperature, °C 0 20 40 60 

C5+ y i e l d , g C 5+/ 
g C^- converted 1.96 1.99 1.88 1.81 

Wt. % of TMP i n C 5
+ 90.3 80.6 69.7 50.6 

Wt. % of TMP i n C 
8 

97.1 93.5 88.3 77.5 

Wt. % of C g
+ i n C5+ 4.2 9.2 11.6 20.7 

RON clear of C + alkylate 101.9 99.1 96.5 96.0 

As shown, the s e l e c t i v i t y for TMP and the RON of 
C5 + alkylate increased sharply with decreasing temper
ature. An alkylate with a RON clear of 101.9 was pro
duced at 0°C and an o l e f i n space v e l o c i t y of 2.6. 

The plots of wt. % of CQ i n 05+ and wt. % of TMP 
i n C3 vs. temperature are shown i n Figure 1, while the 
plot of TMP d i s t r i b u t i o n vs. temperature i s given i n 
Figure 2. I t i s speculated that the reverse trends of 
2,2,4-TMP and 2,3,4-TMP i n TMP d i s t r i b u t i o n at 60°C 
(Figure 2) could be due to increased degree of s e l f -
a lkylation and butene dimerization, followed by rapid 
hydride and methyl group transfers. Based on the ex
trapolations from these two figures, the RON of 05+ 
alkylate at -40°C was calculated to be 102.7. The RON 
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4. H U A N G A N D Y U R C H A K Isoparaffin/Olefin Alkylation 85 

70 

of C54" alkylate i s plotted against temperature i n Fig
ure 3. The RON-temperature curve appears to approach 
a plateau at about 0°C, indicating that lower temper
ature (<0°C) would give r e l a t i v e l y l i t t l e further im
provement i n octane number. 

The details on 05+ composition at 0°C are given i n 
Table IV. 
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no 

— ·—· 

-40 -20 0 +20 +40 +60 

Temperature, C 

Figure 3. RON of alkylate as function of tem
perature (Amberlyst XN-100/BFS catalyst) 

TABLE IV 

COMPOSITION OF C 5
+ PRODUCT FROM ISOBUTANE/ 

TRANS-2-BUTENE ALKYLATION OVER THE 
AMBERLYST XN-lOlO/BFo CATALYST AT 
0°C, i-C 4/C 4- = 5.1 AND 2.6 C4= WHSV. 

Component Mol % Wt % 

2- Methyl Butane 1.0 0.6 

2.3- DM-C4 + 2-M-C5 0.6 0.5 
3- Methyl Pentane 0.1 0.0 

2.4- Dimethyl Pentane 0.4 0.3 
2.3- Dimethyl Pentane 0.4 0.3 

2,2,4-Trimethyl Pentane 44.0 43.9 
2.5- Dimethyl Hexane 0.8 0.8 
2.4- Dimethyl Hexane 1.9 1.9 
2.2.3- Trimethyl Pentane 1.8 1.8 
2.3.4- Trimethyl Pentane 22.7 22.6 
2,3-DM-C6 + 2M-3E-C5 + 23.0 23.0 

2,3,3-TMP 

2.2.5- Trimethyl Hexane 0.4 0.4 
2,2,4-Trimethyl Hexane 0.2 0.2 
Other Nonanes 0.1 0.1 

Decanes + 2.8 3.5 
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Summary 
Three phenomena were observed i n thi s c a t a l y t i c 

system: 
1. BF3 alone or resin alone i s in e f f e c t i v e 

for alkylation. 
2. The H + of the sulfonic acid group of the 

res i n does participate i n alkylation. 
3. Polymerization predominates when the 

equivalent r a t i o of t o t a l BF3 to -SO3H i s 
less than 2.0, while alkylation prevails 
over polymerization when the equivalent 
r a t i o i s greater than 2.0. 

These above three facts strongly suggest that the 
active species for hydride transfer, and possibly also 
methyl group migration, may involve one sulfonic acid 
group and two BF^ molecules. 

Among the resins tested, the Amberlyst XN-IOIO/BF3 
catalyst system appeared to be the most selective one, 
producing the best alkylate quality. This catalyst 
showed much less difference among dif f e r e n t butene feed
stocks than conventional HF and H2SO4 alkylation cata
l y s t s . In addition, i t s alkylate quality was improved 
as the temperature was decreased, reaching a plateau at 
about 0°C at which an alkylate with a RON clear of 
101.9 i n high y i e l d (1.96 grams_alkylate/gram o l e f i n 
converted) was produced at a C4= WHSV of 2.6 (g C4 /g 
resin/hour) and an isobutane/butene external r a t i o of 
5 to 1. The s e l e c t i v i t y and productivity of th i s s o l i d 
c a t a l y t i c alkylation system appear to be superior to 
conventional HF and H2SO4 alkylation processes. 
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A. J. S i l v e s t r i for t h e i r constant interest i n t h i s pro
ject, helpful discussions, and valuable comments on the 
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Abstract 

Liquid phase i s o b u t a n e / b u t e n e - 2 alkylation was 
conducted a t 0°-60°C u s i n g a stirred-tank r e a c t o r i n 
t h e presence o f a catalyst c o m p r i s i n g o f a macro
reticular acid cation exchange resin and boron tri-

fluoride. N e i t h e r B F 3 nor resin a l o n e was effective 
for alkylation. F o r the sulfonic a c i d resin/BF3 s y s -
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tem, an e q u i v a l e n t ratio o f total B F 3 to -SO3H o f ex
c e e d i n g 2 is essential f o r effective isoparaffin alkyl

ation. The H+ o f t h e sulfonic acid group o f the resin 
does participate in alkylation. 

Among the resins t e s t e d , the A m b e r l y s t X N - 1 0 1 0 / B F 3 

catalyst appeared t o be t h e most selective one, p r o 
d u c i n g the b e s t alkylate quality. T h i s catalyst showed 
much less difference among various butene f e e d s t o c k s , 
than c o n v e n t i o n a l HF and H 2 S O 4 alkylation catalysts. 
In addition, the alkylate quality was improved as t h e 
t emperature was d e c r e a s e d , r e a c h i n g a plateau a t about 

0°C a t w h i c h an alkylate w i t h a RON clear o f 101.9 i n 
high yield (1 .96 g alkylate/g olefin conver ted) was pro

duced a t an olefin WHSV of 2 .6 (g C4=/g resin/hr.) and 
an i s o b u t a n e / b u t e n e e x t e r n a l ratio o f 5 t o 1. 
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Isoparaffin-Olefin Alkylation over Zeolite Catalysts 

KH. M. MINACHEV, Ε. S. MORTIKOV, S. M. ZEN'KOVSKY, 
Ν. V. MOSTOVOY, and N. F. KONONOV 

N. D. Zelinsky Institute of Organic Chemistry, Academy of Sciences, 
Leninsky pr. 47, Moscow, USSR 

Alkylation processes with strong acid catalysts are fraught 
with many difficulties. Problems involved are the handling of 
highly corrosive and costly acid and the necessity of pretreat-
ment of alkylates aimed at removal of traces of acids, harmful 
sulphate esters, and some others. 

Accordingly the search for a novel highly active and selec
tive catalyst for isoparaffin-olefin alkylation is still an 
objective of numerous recent patents on the subject (1). 

In the present paper, catalyt ic act iv i ty of a number of 
zeolitic catalysts in alkylation of isobutane with various 
olefins have been investigated and some considerations of 
ethylene alkylation have been made. 

Experimental 

Olefins used in the alkylation were ethylene, propylene, 
isobutene and 2-methyl-butene-2, all 98-99% pure; butene-1, 
98% pure but containing some isobutane and traces of butene-2; 
and a butene-1 and -2 mixture with a component ratio of about 
1:2 respectively. Isobutane had a purity of 96% with 4% of 
n-butane. The experiments were performed isothermally in a 
stainless steel tube. Optimum reaction conditions of 8 0 - 1 0 0 ° C , 
20 atm, LHSY-1hr-1, and an isobutane-olefin ratio of 15-20 were 
determined by mathematical planning of experiments and regression 
analysis (2). 

Composition of the liquid products was determined by gas 
chromatography, using a 100m capillary column with squalane, gas 
products were analyzed over vaseline o i l . The catalysts were 
prepared by the 1on exchange of the sodium form of zeolite Y with 
metal cations (3). 

Butyl amine titration and ammonia thermodesorptlon methods 
were used to determine surface acidity of the catalysts. 

89 
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Results and Discussion 

Use of Catalyst Containing Rare Earths. A number of jeollte 
catalysts containing polyvalent metals cations such as Caz and 
rare earth cations (RE3+) have been prepared and Investigated. 
The total exchange ratio was about 90% (Table I). 

Table I 
Yields and Compositions of Alkylates Obtained over 

Zeolite Y Catalysts (Containing Rare Earths and Hydrogen Ions) 
100°C, 20 atm, 1 h r " \ 1C 4 :C 4

= =20:1 

Hydrocarbons Catalyst 
3.9 Ca: 16.6 Ca: 35.8 Ca: 

CaY 82 REY 89 REY 64.2 REY 57.6 REY 

C5 1.2 2.8 7.7 2.1 2.8 

C6 4.4 4.3 6.5 2.1 3.1 

C7 5.5 5.8 7.6 5.1 6.3 

C8 57.6 71.8 59.9 77.7 70.2 
Cg and higher 31.3 15.3 18.3 13.0 17.6 

Yield based on 
olefins reacted, w t % 2 2 ' 5 

86.0 77.5 89.5 48.0 

Sodium forms of zeolites X and Y are known to be Inactive for 
alkylation. Calcium Introduction (catalyst 1) has resulted in 
a catalyst with some activity. Selectivity of the sample was not 
high; about 57% of the alkylate were octanes with a ratio of ΤMP 
to DMH of 2:1. The yield and quality of the alkylate were Im
proved, i f Na+ cations were replaced with cations of rare-earth 
elements (catalysts 2 and 3). Product yield for catalysts 2 and 
3 were 86.0% and 77.5% respectively with a TMP content in Cg-
firactionof about 85%. Unfortunately the stabilities of these 
two catalysts were rather low 1n both cases, and alkylates yields 
and quality declined after 3 or 4 runs. For example the percent
age of unsaturated hydrocarbons 1n the hydrocarbon product for 
catalyst 3 Increased from 18 up to 30%, and TMP concentration 
decreased to 35% after several runs. Catalyst 4 has proved to 
be the most active and stable catalyst and the yields and quality 
of alkylates obtained over 1t have been the same even after many 
reaction-regeneration cycles. Further Increase of calcium con
tent in the catalyst (catalyst 5) deteriorated its catalytic 
properties. 

We believe that the difference in catalytic activity and 
stability of the catalysts tested may be due to the different 
locations of Ca 2 + and RE 3 + . Calcium cations are located mainly 
on Sj sites of the zeolite, thus preventing RE 3 + migration from 
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5. M I N A C H E V E T A L . Alkylation over Zeolite Catalysts 91 

their S T T sites to ST sites (4) and also Increasing the stability 
of the titalyst. 1 

These considerations have been confirmed for CaREY zeolite 
by the direct correlations between the heat of adsorption of 
benzene, on the one hand, and acidity and the catalytic activity 
of the catalyst for ethylene-benzene alkylation, on the other 
hand (5). 

Isobutane-olefln alkylation 1s accepted to proceed via 
carbonium-1on mechanism. The close similarity (Table II of the 
product obtained over a zeolite catalyst (Catalyst 4 of Table I) 
and that produced 1n the presence of hLSO. contributes to the 
point. 1 4 

TABLE II 
Composition of Alkylates Obtained over 
CaREY (16.6:64.2) Zeolite and l-LSO. 

Hydrocarbon Catalyst 
zeolite H2S04 (6) 

isopentane 1.9 
n-pentane 0.2 
C5 2.1 8.9 

2,3-dimethylbutane 
2- methylpentane 
3- methylpentane 

1.6 
0.5 

4.7 
1.1 
0.4 

L6 2.1 6.2 
2,2,3-trimethylbutane 
2,2-di methylpentane 
2,4-dimethylpentane 
2- methylhexane 
3- methylhexane 
2,3 dimethylpentane 

0.2 
2.4 
0.6 

}1.9 

0.2 
0.2 
3.4 

}0.3 
2.3 

C7 5.1 6.4 
2,2,4-tri me thy1 pen tane 
2,2,3-tri me thy1pen tan e 
2.3.3- trimethylpentane 
2.3.4- trimethylpentane 
2.2- dimethylhexane 
2.3- d1methylhexane 
2.4- dimethylhexane 
2.5- dimethylhexane 
3,4-dimethylhexane 

16.5 
3.5 

29.6 
18.5 

tr 
}5.7 
3.9 

24.3 
1.2 

12.3 
13.0 
0.2 
3.0 

}6.6 
0.4 

C8 77.7 61.0 
C g and higher 13.0 17.5 
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Table III Indicates alkylates composition depending on the 
olefin used; zeolite Y containing 16-20% of Ca 2 + and 60-80% of 
RE J + was used. 

Table III 
Alkylates Obtained Using Various Olefins 

100°C, 20 atm., 1 hr ." 1 , 1C4n C 4
= =15-20:1; CaREY 

Hydrocarbons Alkylation Agent 
pro
pylene 

butene' -1 mixture 
of 

n-butenes 

1so- 1so- commerc. 
butene amylene bbf 

1 2 3 4 5 6 7 

C5 3.2 10.9 9.9 3.6 8.9 4.8 

C6 8.7 8.5 6.5 4.4 10.3 5.1 

C7 35.6 8.1 7.2 5.8 15.0 5.0 

C8 23.1 55.8 60.6 45.4 19.7 44.4 
C g and higher 29.4 16.7 15.8 40.8 46.1 40.7 

D1str1but1 on of Cg-hydrocarbons 

TMP 78.7 81.3 83.7 44.0 81.8 
OMH 21.3 18.7 16.3 56.0 18.2 

Distribution of TMP 

2,2,4-TMP 45.5 62.5 71.7 70.3 36.2 54.5 
2,2,3-TMP \ 5.7 3.0 1.9 > I 6.0 
2,3,4-TMP J > 54.5 13.4 10.5 11.0 1 163.8 14.0 
2,2,3-TMP J 18.4 14.2 16.8 J f 25.5 

The products from butene-1 and n-butenes mixture containing 
mainly butene-2 were of comparable quality, probably because of 
isomeHzation of the double bonds of the butènes , as in the case 
of H2SO4 alkylation. This was confirmed by a special experiment 
where butene-1 diluted with ten-fold η-butane was passed over 
the catalyst employed under the conditions of alkylation. In the 
product obtained both butene-1 and butene-2 Isomers were present 
in thermodynamic quantities. Moreover unexpectedly we have found 
that η-butane had been alkylated with butene-1 resulting in a 
liquid product composed mainly of DMH. 72% of the DMH fraction 
was 3,4 DMH - the product of the direct Interaction of n-butane 
and butene-1. This reaction 1n the presence of conventional 
mineral acids is not known and 1s very Interesting from a 
theoretical standpoint. 
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If Isobutene (or commercial b.b.f.) was used as alkylating 
agent, up to 40% of heavy hydrocarbons (Cg and higher) were 
formed, as a result of an Increased tendency to polymerize the 
Isobutene. 

Alkylation of Isobutane with propylene or 2-methylbutene-2 
resulted 1n products containing about 20% of Isooctanes (Table 
III, columns 2 and 6). Similarly to the sulfuric add alkylation, 
Ce paraffins formation may be explained by self-alkylatlon of 
Isobutane. 

Use of Catalysts Containing Transition Metal Cations. Ethyl
ene being alkylated over certain zeolite catalysts reacts speci
fically. Ethylene can not, however, be alkylated with Isobutane 
in the presence of H2S04, because of the formation of stable 
ethylsulphates. We examined the Isobutane - ethylene alkylation 
over crystalline aluminosillcates and found that those catalysts 
containing RE 3 + and/or Ca2 in combination with transition metal 
cations were most active. The alkylation has resulted 1n not 
hexanes as would be expected, but an alkylate containing octane 
isomers as the major product (about 80%). Moreover, the product 
composition was similar to that obtained from n-butene over 
CaREY. The TMP-to-DMH ratios were 7.8 and 7.1 respectively. 

The explanation of the experimental results is that the 
alkylation proceeds in two steps - f irst ethylene dimerization 
takes place (7) and then n-butene (or its precursor) formed 
alkylated with isobutane as follows: 

(Step 1) 2CH2=CH2 • CH3CH=CHCH3 + (dimerization) 
(Step 2) CH3CH=CHCH3+H+ • CH3CH2CHCH3 (alkylation) 

CH3CH2CHCH3 + iC 4 H 1 Q • nC 4 H ] 0 + tC4Hg+ 
tC4Hg + CH?CH=CHCH3 • alkylation products. 

This scheme was confirmed by the presence of n-butenes in 
the reaction gases, and the close similarity of the products 
obtained from ethylene and n-butenes over zeolite CaMEY, as 
indicated in Table IV. ME represents a transition metal; nickel, 
chromium, and cobalt were all found effective for ethylene 
alkylations. Nickel was the metal used for experiments reported 
in Tables IV and V. 

Dimerization presumably takes place on the transition metal-
containing sites, and alkylation on the acidic sites of zeolltic 
surface. The sodium form of zeolite exchanged with transition 
metal cations is capable of dimerization (and further polymeri
zation), but does not practically exhibit alkylating capacity. 
This explains the composition of the product obtained from 
ethylene and isobutane over this catalyst (Table V, column 3). 
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Table IV 
Composition of the Products of Alkylation of Isobutane 
with Ethylene and n-butenes over CaMEY (ME 1s Nickel) 

80° C, 20 atm, LHSV-1 hr"1 

Hydrocarbons Ethylene, % n-butenes, % 

C5 0.7 0.4 

C6 3.2 1.2 

C7 6.0 5.6 

C8 78.2 71.6 
Cg and higher 11.9 21.2 

Table V 
Ethylene-Isobutane Alkylation over Various 
Zeolitic Catalysts (ME is Nickel) 

80°C, 20 atm, LHSV 1 hr"1 

Hydrocarbons NaY 
% 

NaMEY 
% 

CaMEY 
% 

CaY 
% 

1 2 3 4 5 

C5 0.1 0.2 

C6 no 1.8 1.6 no 

C7 product 0.7 2.0 product 

C8 formed 14.8 94.5 formed 
Cg and higher 83.3 1.7 

Cà^ cation introduction leads to the catalyst containing both 
kinds of catalytic sites, and the ethylene-isobutane interaction 
over this catalyst proceeds through dimerization to the alkylation 
step, yielding high quality alkylate (Table V, column 4). The 
alkylate yield was 120%. The reaction does not occur unless 
transition metal cations are present in the catalyst even though 
the latter may contain addle sites (CaY for example). It 1s 
understood that no butènes are formed 1n this case, and ethylene 
does not interact directly with isobutane under the conditions 
of this experiment. 

Transition metal cations are known to be responsible for 
dimerization (8). If this is true for ethylene-isobutane inter
action, then deactivation of the active sites of dimerization 
occurs through the reduction of the cations into metal as follows: 
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Me2 • Me° will lead to the loss of the catalyst activity. 
This reduction was conducted 1n a hydrogen atmosphere for 12 hours 
at 450°C and 100 atm. The treatment resulted 1n the catalyst as 
Inactive for ethylene alkylatlon as zeolyte CaY. The experiment 
contributes additionally to the proposed scheme of ethylene 
alkylatlon. 

Miscellaneous results. Runs have been conducted for four 
hours before the catalyst was regenerated. To restore the cata
lytic activity of the catalysts, the usual procedure of oxidative 
regeneration was used, where dried air was passed over the de
activated catalyst at 500°C for 3-4 hours. After the first 
regeneration, the catalytic activity decreased slightly in com
parison with the Initial activity; but the activity did not 
change with further reaction-regeneration cycles (up to at least 
20 cycles). 

Conclusions 

Further development of zeolitlc catalysts to the point of 
their commercial application would help to eliminate many problems 
of the conventional methods of high quality gasoline production. 
A number of important problems such as creation of a catalyst of 
higher activity and stability, development of more simple re
generation procedure, etc. must be solved before zeolites can be 
used commercially. 

Literature Cited 

1. US Pat. 3.647.916, 7.3.72; 3.706.814, 19.12.72; 3.795.714, 

5.5.74. 
2. C.M. 3eHbKOBCKNÑ, E.C.MOPTNBOB, Α.Γ.ΠΟΓΟΡeЛΟΒ, H.B.MOCTOBOÑ, 

A.M.ДoЦeHKO, X.M.MNHaЧeB, ΗeΦΤЕΧNΜNЯ, 15, No.4, 516 (1975). 

3. Χ.Μ.ΜNΗaЧeB, E.C.MOPTNKOB, H.B.MOCTOBOÑ, C.M.3eHBKOBCKNÑ, 

Η.Φ.ΚΟΗΟΗΟΒ N ДΡ. ΑΒΤ.CΒNД. CCCP Νo.507350, 2 0 . Ι . Ι 9 7 2 Γ . , 

OTKp.,N30бp., ΠpOM.Oбp., T O B . 3 H . , No.II, 1976. 

4. D.H.Olson, G.T.Kokotailo, J.Charnell, Nature,215, 271, 1967. 

5. E.C.MOPTNKOB, A.C.ЛEOHTbeB, A.A.MacлoбoeB, H.B.MNP3aбeKOBa, 

Η.Φ.ΚΟΗΟΗΟΒ, Χ.Μ.ΜNaЧeB. M3B.AH CCCP, cep.ΧNΜ. NO. 3, Ι976Γ. 

6. C.A.Zimmermann, J.T.Kelly, J.C.Dean, Ind.Eng.Chem.Prod.Res.Dev. 

1, n2, 124 (1962). 
7. H.Uchida, H.Imai, Bull.Chem.Soc. Japan., 40, 321,1967. 

8. X.M.MNΗaЧeB, Я.N.NCaKOB, Γ.Β.ΑΗΤΟШNΗ, B.Π.KaJINHNH, E.C.ШΠNpo, 

N3B.AH CCCP, Cep.xNM., 2b-27 (1973). 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
7 

| d
oi

: 1
0.

10
21

/b
k-

19
77

-0
05

5.
ch

00
5

In Industrial and Laboratory Alkylations; Albright, L., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



6 

Two-Step Alkylation of I sobutane with C4  O le f ins : 

R e a c t i o n s of C 4  O l e f i n s with Sulfuric Acid 

LYLE F. ALBRIGHT, BHARAT DOSHI,1 MARTIN A. FERMAN,2 and ADA EWO 

School of Chemical Engineering, Purdue University, West Lafayette, IN 47907 

When isobutane-olefin mixtures are contacted with sulfuric 
acid at alkylation conditions of commercial interest , the olefins 
often, if not always, disappear from the hydrocarbon phase at a 
faster rate than the isobutane (1,2). Subsequently, the iso
butane reacts to produce alkylate which is often predominantly 
trimethylpentanes (TMP's). Other isoparaffins formed to a large 
extent during the initial stages of alkylation include dimethyl
hexanes (DMH's), C 5 - C7 isoparaffins referred to as l ight ends 
(LE's ) , C9 and heavier isoparaffins often called heavy ends (HE's), 
and acid-soluble hydrocarbons sometimes referred to as conjunct 
polymer or red oil. The relat ively rapid disappearance of the 
olefins from the hydrocarbon phase is undoubtedly caused in part 
by the relat ively high so lubi l i ty of the olefins in the acid 
phases. 

The question that has not yet been sat is factori ly answered 
is what reactions occur as the olefins enter the acid phase and 
how does the isobutane eventually react in order to produce the 
final wide range of isoparaffins. The mechanism (3,4) that has 
been widely accepted and that involves a chain reaction in which 
isobutane and the olefin react in consecutive reactions to form 
both TMP's and DMH's does not explain a l l the phenomena noted in 
the alkylation mechanism. Hofmann and Schriesheim (5) for example, 
suggested that the acid-soluble hydrocarbons provided a source 
of hydride ions that entered into the reaction. More recently, 
Albright and Li (6) suggested that at least some olefins react 
in the acid phase with acid-soluble hydrocarbons. Goldsby (7,8) 
has shown that propylene often reacts with sulfuric acid to form 
sec-propyl sulfates. These sulfates then can be reacted with 
isobutane to form alkylate. 

An objective of the present Investigation was to clarify the 
reactions between butènes and sulfuric add. In subsequent and 
companion papers, reactions to produce alkylate will be described 

Present address: 1 Worldwide Construction Co., Wichita, Kansas 
2 General Motors Co., Detroit, Michigan 
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6. A L B R I G H T E T A L . Ck Olefins with Sulfuric Acid 97 

1n which the Isobutane reacts with butyl sulfates and other pro
ducts obtained from olefin reactions (9); 1n addition, a compre
hensive mechanism will be proposed for the production of alkylate-
type hydrocarbons under a wide variety of conditions Including 
alkylation conditions (10). 

Experimental Details 

The reactor similar to the one used earlier (11,12) was a 
large glass test tube that had an internal volume of about 
150 ml. Four vertical stainless-steel baffles were spaced In
side the reactor 90° apart, and three square-pitch impellers 
mounted on an agitator shaft provided vigorous agitation to the 
contents of the reactor. The reactor was partly immersed 1n an 
acetone bath which could be cooled with dry ice or with a cold-
finger refrigeration unit to any desired temperatures down to 
-50°C . 

A large cork provided with four holes was fitted Into the 
top opening of the reactor. The holes in the cork were used 
for the agitator shaft that could be rotated up to 1600 rpm, 
thermistor probe connected to a temperature-control device, and 
feed lines for the acid and chilled hydrocarbon liquids. The 
drain line at the bottom of the reactor was provided with a 
stopcock. 

In most runs, a hydrocarbon mixture of isobutane and a C4 
olefin was first added to the reactor, and this mixture was 
cooled to the desired temperature usually - 3 0 ° , - 2 0 ° , or -10°C . 
Agitation was started, and sulfuric acid was dripped in from a 
glass burrette. 

Exothermodties were noted as the acid was added, but the 
rate of additon was adjusted to prevent temperature rises over 
2°C. The desired amounts of acid were usually added within 
1-5 minutes. Agitation was maintained until a sample was to be 
taken. Then agitation was stopped generally for a minute or 
less allowing partial separation of the phases. A chilled micro-
syringe was used to sample the top hydrocarbon phase; this sample 
was quickly injected in the gas chromatographic equipment. Agi
tation was then started and continued until the next sample was 
to be taken. , _ . . 

The chromatographic equipment was able to analyze major iso
paraffins in the CA to Cg range. In the first portion of this 
investigation, an isothermal column was used, and the analyses 
of the HE's were less accurate than those for subsequent runs in 
which a temperature-programmed column was used. At least 18 
compounds were separated and measured in the Co to Cf 2 range. 

The isobutane used was 95% pure having η-butane as the 
major impurity and with a trace of propane. 1-Butene was over 
99% pure; trans-2-butene was about 92% pure with cis-2-butene 
and η-butane as major impurities; cis-2-butene was about 80% pure 
with 18-20% trans-2-butene as the major impurity; and isobutylene 
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was more than 99% pure but contained traces of 2-butenes. 2,2,4-
trimethyl pentene-1 obtained from Phillips Petroleum Co. had 
greater than 99.8% purity. 

95-96% sulfuric acid, fuming sulfuric acid, water, and used 
(or spent alkylation) sulfuric acid obtained from both Amoco 011 
Co. and Sohio Oil Co. were blended as needed to produce the 
desired concentrations of sulfuric acid. These used acids had 
88-89% acidities and contained 5-7% dissolved hydrocarbons. 

Additional experimental details are reported by Doshi (11, 
12). 

Results with n-Butenes 

Sulfuric acid reacted readily with the n-butenes in liquid 
hydrocarbon mixtures of isobutane and either 1-butene, cis-2-
butene, or trans-2-butene at -30°C to -10°C. The olefin in all 
cases was extracted from the hydrocarbon phase which upon comple
tion of the reaction was essentially pure isobutane. Although 
no attempt was made to prove specifically that the product was 
sec-butyl sulfate, all evidence as will be reported later, 
indicate that i t was the major, i f not exclusive, product after 
a small excess of acid had been added. At these conditions, 
l i t t le or no isobutane reacted. The resulting butyl sulfate was 
soluble in the acid phase. 

In this Investigation, acid was rather slowly added to the 
Isobutane-olefin mixture. By the time sufficient acid was added 
to obtain an acid/olefin (A/0) molar ratio of about 1.2, all 
olefins had been removed from the hydrocarbon phase. While the 
acid was being added, acid droplets were well dispersed because 
of vigorous agitation throughout the hydrocarbon phase. Acids 
tested were 92.5 to 98% fresh acid (water being the only impurity) 
and both Amoco and Sohio used alkylation acids. When 98% fresh 
acid was used, part of the acid init ial ly froze and deposited on 
the walls of the reactor. Gradually, the frozen acid dis
appeared presumably because 1t reacted to form butyl sulfates. 

As the add was dripped into the hydrocarbon phase, a small 
temperature rise occurred. This rise was 1n all cases 2°C or 
less depending on the isobutane-to-olefin (I/O) ratio and on the 
rate of acid addition. I/O ratios of 1.5 to 20 were investigated. 
As the acid was contacted with the hydrocarbon phase, the volume 
of the add phase increased. The total volume of the two phases 
remained essentially constant. 

A series of runs were made at -20°C in which the acid was 
added in three to five increments to obtain a final A/0 ratio of 
about 1.2. Figure 1 indicates how the composition of the hydro
carbon phase changed after each addition of 96.5% fresh acid 
until a 1.2:1 ratio of add to 1-butene was obtained. After each 
addition of add, part of the 1-butene Isomerized to d s - and 
especially trans-2-butene, and part formed butyl sulfate. The 
sulfate formation was followed by the decrease in the C, olefin 
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20 40 60 80 100 120 140 160 180 200 220 240 

REACTION TIME ( MIN. ) 

Figure 1. Reaction between sulfuric acid and mixture of isobutane and 1-butene 
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Figure 2. Reaction between sulfuric acid and mixture of isobutane and trans-
2-butene 
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content of the hydrocarbon phase. After three additions of acid 
(at an A/0 ratio of about 0.85), 2-butenes became the predominant 
olefins. Both the isomerlzation and sulfate-forming reactions 
continued for about 20-40 minutes after each increment of acid 
was added; as butyl sulfate was produced, the concentration of 
free acid decreased resulting in an increased ratio of water to 
unreacted sulfuric acid. Below a certain acidity, both isomerl
zation and sulfate formation ceased. 

Figure 2 shows the results of a similar run made using a 
mixture of isobutane and trans-2-butene. Butyl sulfate formed 
in a manner very similar to that shown in Figure 1 (for 1-butene). 
Part of the trans-2-butene isomerized to form cis-2-butene. If 
any 1-butene was produced, it was in quantities too small to be 
detected with the qas chromatographic column used. 

When fresh acids were used with A/0 ratios from 0.3 up to 1, 
a third "phase" formed at the bottom of the reactor when agitation 
was suspended. This layer was unstable when brought to room 
temperature. It is thought to be an "ice" layer that became 
insoluble in the acid layer as the sulfuric acid reacted and as 
butyl sulfate was formed. When more add was added and as the 
acidity of the acid layer increased at A/0 ratios greater than 1, 
the third phase dissolved again in the acid phase. Except for 
this whitish layer, the acid and hydrocarbon phases remained 
essentially colorless when fresh acid was used and when tempera
tures of -20°C or less were used. For a run at - 1 0 ° C , however, 
some side reactions occurred as indicated by a slight color 
formation in the acid phase. 

A run was also made in which used acid was added in several 
increments to a mixture of isobutane and cis-2-butene. The 
reactions were similar to those using fresh acid. Trans-2-butene 
was the only C* isomer formed, and eventually Its concentration 
was higher than that of cis-2-butene. A small amount of the 
colored materials in the acid phase were extracted by the hydro
carbon phase. 

Figure 3 shows a plot of olefin conversions after equilibrium 
had been obtained versus A/0 ratios in the feed. The conversion 
results were essentially identical for all n-butenes and for all 
sulfuric acids tested. More than 10-30% excess sulfuric acid 
was needed to produce butyl sulfate (and also to cause olefin 
isomerlzation). 

Stability of Butyl Sulfate 

Acid mixtures containing dissolved butyl sulfate and relatively 
small amounts of acid were stable at temperatures from - 3 0 ° to 
-10°C. There was no Indication of Instability for samples stored 
several days at -20°C or several hours at -10°C . Furthermore, 
subsequent reactions of these stored butyl sulfates with isobutane, 
as will be discussed later (9), resulted 1n identical products 
as compared to freshly prepared butyl sulfate samples. 
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• R-14(1-Butene,96.4%Ac i d , - 2 0 ° C ) 

A R ~ 1 7 ( 2 - B u t e n e , 9 6 . 4 2 A c i d , - 2 0 ° C ) 

ο R-59(1-Butene,Used A c i d ( A M O C O ) , - 2 0 ° C ) 

Δ R-130(2-Butene,Used A c i d ( S 0 H I 0 ) , - 2 0 ° C ) 

X R-149(1-Butene,95 o5%Ac i d , - 1 0 ° C ) 

Β R-150(1-Butene,Used A c i d ( S O Η 1 0 ) , - 1 0 ° C ) 

A/0 MOLE RATIO 

Figure 3. First-step reactions with n-butenes: 
percent olefin conversion to sulfate vs. A/Ο ratio 

At 0°C and higher, mixtures of butyl sulfate and add were 
however, unstable resulting in the formation of both a hydro
carbon phase and acid-soluble hydrocarbons. In these tests, the 
original mixture was allowed to warm up without agitation. When 
the mixture was warmed to room temperature, the relatively clear 
add phase darkened in color within about one minute; further
more, a colorless hydrocarbon phase began to form. After 8-10 
minutes, no further visual changes were noted. The hydrocarbon 
phase was analyzed and found to contain in each case 5-10% 
isobutane, and the remainder was a mixture of all isoparaffins 
found in alkylates (see Table I); it was essentially a low-
quality (about 87-90 research octane number) hydrocarbon mixture. 
The acidity of the final acid indicated that 3-4% acid-soluble 
hydrocarbons were present in i t ; calculations indicated that 
approximately 20-40% of the initial olefin (used to produce the 
butyl sulfate) had reacted to form acid-soluble hydrocarbons. 

At 0°C, add solutions containing butyl sulfate reacted 
slowly. No observable changes were noted for 15-20 minutes. 
Slowly the color of the acid darkened, and after 1.75 hours a 
hydrocarbon phase began to form. Calculations indicated that 
more "alkylate" and less acid-soluble hydrocarbons were formed 
at 0°C as compared to higher temperatures. 

Production of isobutane, the same Isoparaffins (as found 1n 
alkylates), and add-soluble hydrocarbons undoubtedly occurred 
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Table I 

Composition of Acid-Insoluble Hydrocarbons 

Formed by Decomposition of Butyl Sulfate at 

Various Operating Conditions 

RUN 123A 123B 125A 125B 126 A 126B 127A 127B 

Feed Acid H 2S0 4 95.5 95.5 97.0 97.0 97.0 97.0 88.2 88.2 

C P . 0.0 0.0 0.0 0.0 0.0 0.0 8.8 8.8 

Temperature °C 0 25 5 26 2 25 2 20 

(A/0) Ratio 2 2 1.5 1.5 3 3 3 3 

RON 90.0 87.9 89.0 88.1 89.9 89.1 92.3 91.0 

Composition (by weight) of Acid-insoluble Hydrocarbons 
Isopentane 2.3 2.1 6.0 11.6 9.1 10.6 4.0 4.0 

2,3-DMB 3.6 4.9 5.5 9.0 6.6 7.6 4.9 5.3 

2-MP 0.8 1.5 1.4 2.6 1.5 1.9 0.9 0.8 

2,4,-DMP 2.5 3.2 2.9 3.5 3.2 3.5 2.2 2.2 

2,2,3-TMB 1.1 1.1 1.0 1.0 0.8 1.0 0.8 1.0 

2-MH 1.0 2.5 1.3 2.7 1.2 1.8 0.6 0.8 

2,3-DMP 2.6 3.9 2.9 4.9 2.7 3.4 3.1 2.9 

2,2,4-TMP 17.9 11.0 11.6 9.3 15.9 13.7 16.5 16.0 

DMH's 6.3 8.0 6.5 6.9 6.5 6.7 5.6 6.4 

2,2,3-TMP 1.4 1.3 1.4 1.1 1.3 1.2 1.3 1.3 

2,3,4-TMP 12.2 8.4 7.6 8.2 7.5 6.3 15.6 13.2 

2,3,3-TMP 9.1 8.4 7.7 7.2 7.7 7.0 12.2 10.5 

2,2,5-TMH 18.8 10.5 16.7 13.3 19.1 18.5 18.0 17.7 

Residue 20.3 24.2 24.4 16.0 13.6 13.8 11.4 14.5 

Total L .E . 's 13.9 19.3 21.0 35.3 25.2 29.8 16.5 17.0 
Total Octanes 47.0 37.1 38.0 35.9 42.1 37.8 54.2 50.8 
Total H.E.'s 39.1 43.6 41.0 29.0 32.7 33.3 29.4 32.2 
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because of many complicated reaction steps. The Initial step 
likely was the decomposition of butyl sulfate Into sulfuric add 
and n-butenes. Based on thermodynamic considerations, the n-bu
tenes probably contained over 99% 2-butenes. The subsequent re
actions that produced Isoparaffins and add-soluble hydrocarbons 
will be considered later (10). 

Table I shows the results at 0°C and higher for several 
decomposition runs for acid mixtures containing butyl sulfate. 
These results indicate the relative comparisons including the 
effect of various operating conditions. The quality or research 
octane number (RON) of the hydrocarbon phase obtained in these 
butyl sulfate decomposition runs increased either with reduced 
temperature, with higher ratios of acid to butyl sulfate, or 
when more dilute acids were used to produce the butyl sulfate. 
More dilute acid were obtained by using either more water or 
more acid-soluble hydrocarbons in the acid. Increased RON in 
general meant more TMP's, but lesser amounts of LE's, DMH's, HE's, 
and acid-soluble hydrocarbons. Considering just the TMP, LE, or 
DMH family in the hydrocarbon phase, the composition of each 
family was very similar in each of the following hydrocarbon 
mixtures : 

(a) Product formed 1n this investigation by degradation of 
of butyl sulfate. 

(b) Alkylate formed during conventional alkylations with 
sulfuric acid used as the catalyst (2). 

(c) Alkylate formed during the two-step alkylation product 
to be discussed later (9). 

This finding is considered to be highly significant relative 
to the alkylation mechanism also to be considered later (10). For 
the TMP family, 2,2,4-TMP, 2,3,4-TMP, and 2,2,3-TMP were always 
the major TMP's; generally their relative importance is in the 
above order of l isting. 

Results with Isobutylene 

Reactions between isobutylene and sulfuric acid were very 
different than those between n-butene and sulfuric acid. At least 
three types of reactions occurred. These were dimerization to 
form C8 olefins, formation of h*avy ends including C9 to C]4 
hydrocarbons (many of which are olefins), and acid-soluble hydro
carbons. These latter hydrocarbons probably included conjunct 
polymers and perhaps t-butyl sulfate. As will be reported later 
(9), some of the acid-soluble hydrocarbons react under select 
conditions in the presence of isobutane to form alkylate. 

When the acid was added to isobutane-isobutylene mixtures, 
large exothermocities were noted; higher exothmocities were noted 
when the acid was added to pure isobutylene. When sufficient acid 
to produce an A/0 ratio of 0.2 or 0.4 was added quickly to mix
tures of hydrocarbons originally at -30OC, temperature rises of 
4.5 to 20°C were noted. When, however, the acid was added in 
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Table II. Heavy End Hydrocarbons Produced in Reactions Between Isobutylene and 

Sulfuric Acid 

Hydrocarbon Predicted 
Boiling Point 

°C 

Probable 
Carbon 
Number 

Run 
28B1 

Run 
29B2 

Run 
323 

Run 
344 

19 161 
C9 0.0 0.0 0.0 0.0 

20 0.0 0.0 0.0 0.0 

21 181 
C10 2.8 0.7 0.0 0.0 

22 199 1.9 0.6 0.0 1.2 

23 201 0.0 0.3 0.0 2.4 

24 209 
C12 29.3 26.3 20.7 26.2 

25 215 
C12 22.0 22.7 24.0 23.6 

26 218 
C12 6.8 3.6 8.8 8.9 

27 224 
C12 4.8 3.1 6.8 5.0 

28 2.8 1.7 1.1 3.6 

29 0.0 2.3 0.0 0.0 

30 244 
C13 13.3 13.7 13.3 14.9 

31 245 
C13 2.3 2.8 2.9 2.4 

32 2.1 5.8 5.5 1.5 

33 2.0 4.8 4.3 1.3 

34 2.5 2.6 3.1 0.0 

35 0.0 1.1 2.0 1.0 

36 265 
C14 0.0 0.0 0.0 0.0 

Total 19-36 96.2 93.6 92.5 92.0 

\ — , 95.6% fresh acid, - 3 0 ° C , 1/0 = 10 and A/0 = 7 
% — , 95.6% fresh acid, - 3 0 ° C , 1/0 = 9, and A/0 = 10 
I 0.1 hour, 95.6% fresh acid, - 3 0 ° C , 1 / 0=5 , and A/0 =0.5 

0.16 hour, 95.6% fresh acid, - 3 0 ° C , 1/0 = 10, and A/0 = 1.0 

Note: Residual hydrocarbons were C,. - C ' s 
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relatively small increments (equivalent to an A/0 ratio of about 
0.04:1), temperature rises of only 1-20C were noted. The acid 
phase at the end of the reaction was generally reddish-yellow 
indicating the presence of conjunct polymer and other acid-
soluble hydrocarbons. 

In the present investigation, 60-90 ml of liquid mixtures of 
isobutane and isobutylene were first added to the reactor and then 
cooled to either -30° or -20°C. Sulfuric acid was then dripped 
into the hydrocarbon mixture that was vigorously agitated. The 
amount of isobutylene that disappeared from the hydrocarbon phase 
(mainly because of reactions) depended on the amount of acid 
added and on the temperature. At - 3 0 ° C , all of the isobutylene 
had reacted by the time an A/0 ratio of 0.3 was obtained. At 
- 2 0 ° C , a lower ratio of perhaps 0.2 resulted in complete dis
appearance of the isobutylene. There was no evidence at these 
low A/0 ratios and low temperatures that any isobutane had 
reacted. The acid-insoluble hydrocarbons produced as the acid 
was first added were dimers of isobutylene and to a lesser extent 
trimers. As more acid was added, the dimers reacted forming a 
large number of compounds in the Cg and higher range, as will be 
discussed in more detail later. In addition, part of the isobuty
lene was dissolved in the acid phase as indicated by an increase 
in the volume of the acid phase. Furthermore when only small 
amounts of acid were added, the acid phase became rather whitish 
and relatively viscous; the increased viscosity was noted when 
agitation was started after the phases were allowed to separate. 

When sufficient acid was added to result in A/0 ratios of 
about 1.0 or higher, a large number of acid-insoluble hydrocarbons 
were formed. At least 18 hydrocarbons that were Cg's or higher 
were present. These hydrocarbons designated in Table II as hydro
carbons 19 to 36* have not yet been identified. The approximate 
boiling points of these hydrocarbons as shown in Table II were 
determined using the following technique. The retention times 
in the chromatographic column of several known Cg through C«|4 
hydrocarbons were plotted versus their boiling points. It was 
assumed that this plot was applicable to the unknown hydrocarbons 
obtained from isobutylene. Hydrocarbons 24, 25, and 30 were 
produced in two runs in the 13-24% range. Some alkylate had how
ever been produced as indicated by the presence of 2,2,4-TMP; 
hence 1t is not clear whether the values for these three hydro
carbons are representative of values at the end of the f i rst -
effect reactions. 

One run was made in which a 1:1 mixture of isobutylene and 
2-butenes was combined with isobutane to produce a 5:1 mixture of 
1/0. A used alkylation acid was then slowly added to the mixture 

* Based on the chromatographic analysis, hydrocarbons 1 through 
4 are isobutane and C4 olefins; hydrocarbons 5 through 17 are 
major C5 through C8 isoparaffins found in alkylate; and hydro
carbon 18 is 2,2,5-trimethylhexane. 
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0 2 0 4 0 6 0 8 0 100 
REACTION TIME (MINUTES) 

Figure 4. First-step reactions with a 50:50 mixture of 
isobutylene and 2-butenes at —20°C 

maintained at -20°C. At an A/0 ratio of 0.3 (see Figure 4), all 
isobutylene had reacted but 2-butenes were s t i l l present. Cs 
and heavier olefins were formed. Material balance calculations 
indicated that part of the 2-butenes had reacted to form acid-
soluble hydrocarbons and also butyl sulfate. The next addition 
of acid forming an A/0 ratio of 0.75 resulted in the disappear
ance of all of the 2-butenes and part of the CQ olefins. There 
was an increase in the volume of the acid phase because of dis
solved or reacted olefins. When an excess amount of acid (A/0 = 
7.5) was added, alkylation occurred as will be discussed later (9). 

One run was made using a hydrocarbon mixture of isobutylene 
and n-pentane; this η - p a r a f f i n presumably was relatively Inert. 
When the acid was added, isobutylene reacted as i t did in the 
presence of isobutane. Of interest, no isobutane was noted in the 
reaction product. 

At lower temperatures and lower A/0 ratios, Isobutane was 
unreactive or at least only slightly reactive with either the 
acid-soluble or acid-insoluble hydrocarbons; when reactions did 
occur, isoparaffins produced init ial ly were LE*s (particularly 
isopentane and 2,3-dimethylbutane) and/or 2,2,4-TMP. Both higher 
temperatures and higher A/0 ratios promote alkylation reactions 
to produce isobutane and all isoparaffins normally found during 
commercial alkylatlons. 

The approximate conditions needed to obtain alkylate is 
summarized below for various A/0 ratios: 
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6. A L B R I G H T E T A L . Ch Olefins with Sulfuric Acid 107 

(a) At an A/0 ratio of 0.5, some LE1 s were first noted when 
the reaction mixture was heated to -10°C and maintained 
at this temperature for 30 minutes. 

(b) At an A/0 ratio of Ί . 0 , some LE's were first noted upon 
heating to -20°C. 

(c) At an A/0 ratio of 2, no TMP's were formed until the 
temperature was raised to about -10°C. 

(d) At an A/0 ratio of 7, alkylation occurred slowly at 
-30°C. 

These alkylation reactions will be discussed later (9). 

Results with 2,2,4-Trimethylpentene-1 

A series of runs were made in which sulfuric acid was added 
in small increments to a 4:1 mixture of isobutane and 2,2,4-
trimethylpentene-1 at -30°C or -20°C. Increased amounts of the 
feed isoolefin reacted as more acid was added. Almost no 
reaction products were noted in the hydrocarbon phase at A/0 
ratios of 0.25 or less. When the A/0 ratio was increased to 0.5, 
Cq - C 2 Q hydrocarbons were formed during a 1.5 hour period during 
which time most of the original isoolefin reacted. 

Discussion of Results 

Although no specific analysis was made to identify sec-butyl 
sulfate in the acid phase, there seems l i t t le doubt that this 
sulfate was the reaction product obtained in the n-butene runs. 
First, the n-butenes and acid reacted on essentially a 1:1 molar 
basis; only a slight excess of acid was needed in all cases. Of 
interest, formation of butyl sulfates has also been reported to 
occur in conventional alkylation reactors (13). Second, the 
reaction product was similar in many respects as compared to 
sec-propyl sulfate; the product was unstable at higher tempera
tures and i t reacted with Isobutane in the presence of sulfuric 
aicd to form alkylate (9). Third, the reaction products from all 
three n-butenes alkylated in Identical manners as will be 
discussed later (9). Fourth, McCauley (14) has shown that butyl 
fluorides can be formed and are quite stable at low temperatures 
such as used here; he had contacted HF with n-butenes. 

No evidence was found for the formation of di-sec-butyl 
sulfates. Di-sec-propyl sulfates are produced when propylene 
and sulfuric acid are contacted. 

If acid-olefin reactions which occurred in this investigation 
at -10°C or lower also occur during conventional alkylations at 
10°C or higher, some i f not all of the significant differences 
in the type of alkylations with n-butenes and with isobutylene 
can be explained, as will be discussed later (10). 
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Two-Step Alkylation of I sobutane with C4  O le f ins : 

Reaction of I sobutane with I n i t i a l Reaction Products 

LYLE F. ALBRIGHT, BHARAT M. DOSHI, MARTIN A. FERMAN, and ADA EWO 

School of Chemical Engineering, Purdue University, West Lafayette, IN 47907 

As has been indicated ear l i er (1,2), C4 olefins react to a 
s ignif icant , and maybe even predominant, extent before isotutane 
reacts during alkylations using sulfuric acid as a catalyst. In 
the previous paper (3) of this series the reactions that occur 
when n-butene and isobutylene were contacted with relat ively 
small amounts of sulfuric acid in the temperature range of about 
-30° to -10°C were investigated. These reactions defined as 
f irst-step reactions in the two-step alkylation process were 
found to be as follows: 

(a) n-Butenes react with sulfuric acid to form sec-butyl 
sulfates that dissolve in the acid phase. 

(b) Isobutylene reacts forming both acid-insoluble and 
acid-soluble hydrocarbons. Acid-soluble hydrocarbons 
probably include both t-butyl sulfates and conjunct 
polymers. The acid-insoluble hydrocarbons are mainly 
in the C8 and higher range; a large fraction of these 
hydrocarbons are olefins. 

The second step of a two-step alkylation process involves 
reactions of the isobutane with the products of the f irst-step 
reactions. Although two-step processes were f i r s t reported many 
years ago (4-6), relat ively little is known about the factors 
affecting the second step and the quality of the alkylate pro
duced. Most investigators have largely ignored the second-step 
reactions, perhaps because only relat ively poor quality alkylates 
had been produced in these ear l i er processes. 

A modification of the second-step process has been employed 
recently though as a means of reducing acid consumption in 
alkylation plants using sulfuric acid as a catalyst (7,8). Propyl 
sulfates formed using propylene are reacted with isobutane in 
conventional reactors; the resulting alkylates contain appreciable 
amounts of dimethylpentanes. Some butyl sulfates have also been 
reportedly formed in conventional processes when n-butenes are 
in the feed. Furthermore, fairly high molecular weight olef ins, 
up to at least C 2 0 ' s , react with isobutane in the presence of 
sulfuric acid to form fairly high quality alkylates (9). 

109 
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In the present investigation, extensive information was 
obtained on the second-step reactions of the two-step alkylation 
process. Alkylate (that was mainly CV - C, 2 isoparaffins) was 
the main reaction product in all cases. The theoretical import
ance of the present findings will be considered in the next paper 
of this series (10). 

Experimental Details 

The reaction system and the analytical procedures were 
identical with those used earlier for the first-step reactions 
(3). Considerably more acid had to be added to the reaction 
mixture however in order to obtain second-step reactions as 
compared to first-step reactions. Operating procedures and 
methods of obtaining hydrocarbon samples for analysis were 
essentially identical to those used in the first-step investi
gation. Yields and research octane numbers (RON) were calculated 
based on the analysis of the hydrocarbon product as reported 
earlier (2). 

Second-Step Runs with Butyl Sulfates 

More than 30 runs were made in which sec-butyl sulfate was 
reacted with isobutane in the presence of sulfuric acid. Vari
ables investigated included the following: 

Temperature -30, -20, - 1 0 ° C , and 0°C 
Ratio of acid to olefin (A/0): 2 to 20 
Composition of feed acid used: 1:15 to 8.0% water and 0 to 

8.8% acid-soluble hydrocarbons 
Agitation: 1000 to 2400 rpm 

The acid composition and ratio of acid to olefin reported 
here were those of the first-step reactions. Since the acid and 
n-butene reacted on a 1:1 basis, the ratio of free acid to butyl 
sulfate at the start of the second-step reaction was less by 1.0 
than the A/0 ratio, i.e. the ratios of free acid to butyl sulfate 
investigated varied from an initial value of about 1 to 19. At 
A/0 ratios up to about 8, the emulsions formed between the acid 
and hydrocarbon phases were in general hydrocarbon-continuous. 
At ratios of 10 or greater, the emulsions were generally acid-
continuous depending to some extent on the amount of excess iso
butane used. 

Kinetics of Butyl Sulfate Runs. In all riihs, plots of the alkyl-
ate yield versus time indicates S-shaped curves such as shown in 
Figure 1. The rates of alkylate production increased with time 
immediately after the start of the batch runs. The rates passed 
through maxima when approximately half of the theoretical amount 
of alkylate was produced, and then decreased toward zero as the 
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7. A L B R I G H T E T A L . Isobutane with Initial Reaction Products 111 

reactions approached completion (I.e. at theoretical alkylate 
yields of 204 grams of alkylate per 100 grams of feed C\. olefin). 

The butyl sulfate formed from 1-butene or the two 2-butenes 
reacted in all cases in identical manners. Such a conclusion 
was, of course, expected since all three n-butenes produce sec-
butyl sulfate. Storage of two mixtures of butyl sulfate and 
sulfuric acid for several days at -20°C had no effect on the 
subsequent alkylation reactions. Identical results were obtained 
as compared with freshly prepared mixtures. 

At -10°C and at A/0 ratios less than 2, the kinetics of 
second-step reactions were always low, generally too low to 
measure. The kinetics increased significantly both as the A/0 
ratios increased and at higher temperatures. In the glass 
reactor (operated at atmospheric pressure), the highest tempera
ture that could be investigated was about - 1 0 ° C ; higher temDera-
tures resulted in excessive vaporization. 

For runs at -10°C and for A/0 ratios greater than 4, the 
reaction was usually completed within 1.5 to 6 hours. The rates 
of alkylate production decreased significantly as the temperature 
decreased from -10°C to -30°C . 

Two runs were made at 0°C in a stainless steel reactor. In 
these runs, isobutane and mixtures of butyl sulfate and acid were 
first cooled to approximately -30°C and were then added to a 
stainless steel reactor having a volume of 50 ml. This reactor 
was a nipple closed at both ends with steel caps. The reactor 
was then immersed in an ice-water mixture, and the reactor was 
shaken at the rate of 250 oscillations per minute. Although the 
level of agitation in the steel reactor was undoubtedly quite 
different (probably less) than those in the glass reactor used 
in the other runs, the results of these runs clearly indicate 
the faster rates of alkylate production at 0°C as compared to 
-10°C . Figure 1 is a comparison of results at - 2 0 ° C , - 1 0 ° C , and 
0°C. 

Comparative runs indicated that the rates of alkylate forma
tion increased when the following occurred: 

(a) More concentrated feed acids were used in preparing the 
mixtures of acid and butyl sulfate, i.e. less water 
and/or less acid-soluble hydrocarbons were present in 
the feed acid. Comparative runs were made with 98.5% 
fresh acid, 95.5% fresh acid, and used alkylation acids 
containing several percent of both water and acid-solu
ble hydrocarbons. 

(b) As the A/0 ratio (for preparing the mixture of acid and 
butyl sulfate) increased from 2 to 8 which is the range 
in which the emulsions were hydrocarbon-continuous. At 
higher ratios the emulsions were acid-continuous, and 
changes in the ratio then had l i t t le effect on the 
kinetics of alkylation production. 

(c) Higher ratios of isobutane to olefin (that resulted in 
larger amounts of excess isobutane). The initial rates 
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during a run were essentially the same regardless of 
the ratio of isobutane to olefin; at the start of all 
runs, the hydrocarbon phases were always essentially 
pure isobutane. As the run progressed, the rates be
came as high as 10-15% greater for a run with a ratio 
of 5 as compared to one with a ratio of 2. 

(d) Higher levels of agitation. Increasing the level of 
agitation from 1000 to 2400 rpm increased the kinetics 
by about 30% for the one comparison made. 

Modelling of Kinetic Results. To model the kinetic data for 
reactions between butyl sulfate and isobutane, two possibilities 
were considered. Either the main reactions occurred in the acid 
phase or the main reactions occurred at the interface between 
the acid and hydrocarbon phases. For both cases, the following 
assumptions were made: 

(a) The rate of alkylate formation was directly proportion
al to the sulfate concentration in the acid phase. 

(b) The rate was directly proportional to the isobutane 
concentration in the hydrocarbon phase. 

(c) The rate was proportional to the square of H Q , the 
Hammett acidity of the acid phase. As the batch run 
progressed, additional acid was formed as the butyl 
sulfate reacted; hence the Hammett acidity increased 
during thp run. 

Second-order dependency relative to the Hammett acidity 
is based on the results for the degradation of TMP's in the 
presence of sulfuric acid (11). The acidity i s , of course, 
decreased because of dissolved acid-soluble hydrocarbons in
cluding conjunct polymers and butyl sulfates and because of 
dissolved water. The term, -H 0 - m(BS) - 0.065(CP), was employed 
to predict the effective acidity of the acids used. It 1s an 
expansion of the expression used earlier (11) for acids contain
ing dissolved conjunct polymers. 

Equations tested for representing the experimental data were 
as follows: 
For reactions occurring in the acid phase 

Ralk * K * V !>H0 " " ° - 0 6 5 < C P > 3 2 (C1so,A ) ( CBS,A> ( 1 ) 

For reactions occurring at the Interface 
Ralk = K * S C"H0 " m <BS> - 0 . ° 6 5 ( C P ) ] 2 ( C 1 s o > H C H C B S , A ) (2) 

where 
Ralk s r a t G °^ a ^ylate production, moles alkylate/hr 

Κ = reaction rate constant 
V s volume of acid phase 
S = interfadal area between phases 

HQ = Hammett acidity of fresh add with same water content 
as acid used 

BS • weight percent butyl sulfate in add 
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REACTION TIME (HRS) 

Figure 1. Effect of temperature on the rate of second-
step alkyhtion reactions 

200 

A/0 MOLE RATIO 

Figure 2. Kinetic model for second-step reac
tions: variation of K' (or interfacial surface area) 
with A/O ratio for isobutane-to-olefin feed ratio 

of 5:1 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
7 

| d
oi

: 1
0.

10
21

/b
k-

19
77

-0
05

5.
ch

00
7

In Industrial and Laboratory Alkylations; Albright, L., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



114 I N D U S T R I A L A N D L A B O R A T O R Y A L K Y L A T I O N S 

CP = weight percent acid-soluble hydrocarbons in acid 
m = constant for given run 

Ciso HC = concentration of isobutane in hydrocarbon phase 
Ciso A = c o n c e n t r a t ^ o n ° f isobutane dissolved in add phase 
C*BS ^ = concentration of butyl sulfate in acid phase 

To solve Equation 1, solubility date are needed to determine the 
dissolved concentration of isobutane in the acid phase. Experi
mental measurements at equilibrium conditions indicated low 
solubilities that were hard to measure accurately. It was then 
assumed that Κ · (C. Λ Λ) = Κ ' , and hence: 

1 SO » Μ ο 
Ralk = κ ' ' v C"Ho " m ( B S ) " ° - 0 6 5 { C P ) ] ( C BS,A ) ( 3 ) 

No data are available for the interfacial area (S) in Equa
tion 1. It was assumed that Κ" = Κ · S was a constant for a 
given run so that: ο 

Ralk " K " » H 0 " m(BS> - O-OM(CP)] Z (C i s o > H C ) (C B S > A ) (4) 
A non-linear weighted regression program was used to calculate 

values of Κ ' , K", and m for the above equations. Based on values 
of the correlation coefficient that were in general 0.90 or higher, 
both Equations 3 and 4 qave reasonably qood correlations of the 
experimental data of a given run. Equation 3 was, however, 
discarded for the following reason. If the reactions occurred 
in the acid phase (as postulated via Equation 3), isobutane would 
need to be transferred from the hydrocarbon phase and dissolved 
in the acid phase. The faster rates of alkylate formation when 
higher rates of agitation were provided would in such a case 
indicate that transfer of the isobutane was a rate-controlling 
step. Yet calculations indicated that sufficient agitation was 
available so that the transfer step for isobutane was not rate-
controlling. To make these calculations, both the equilibrium 
solubility of isobutane 1n the acid phase and the mass transfer 
coefficients were needed. The equilibrium solubility was approxi
mated in a separate experiment at 0.00015 moles/cc, and the value 
of Κ A of 30-1000 cc/sec as reported by Rushton et al (12) was 
used. The actual solubility of isobutane in the acid during a 
run was calculated to be 0.98 to 0.999 times the equilibrium 
solubility. The finding that transfer of isobutane was not 
rate controlling is not surprising since relatively high rates 
of agitation were provided and since the rates of alkylate 
production were quite slow (at least 1 to 1.5 hours were needed 
to complete the reactions). 

The rates of alkylate formation can be explained readily by 
Equations 2 and 4. Increased agitation would result in higher 
interfacial surface areas, S, and hence in higher K" values. 
Higher interfacial surface areas and hence higher KM values 
would also occur in the hydrocarbon-continuous emulsions as the 
A/0 ratios increased in the range from 2 to 7 (see Figure 2 and 
Table I). When, however, the emulsion became acid-continuous, 
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Increased A/0 ratios would result in no further significant 
increase in surface areas or in K" values. With acid-continuous 
emulsions, the level of agitation was probably fairly low 
because of the high viscosities of the acids. Values of m for 
Equation 4 increased rather linearly with increased A/0 ratios 
as indicated by Table I. Such an increase cannot be explained 
on a theoretical basis. 

Table I 
K" and m Values for Various Second-Effect Runs 

Feed Acid Isobutane to Correlation 
A/0 Concentration Olefin ratio K" m Coefficient 
5 95.5 5 128 0.34 0.97 
5 95.5 5 113 0.33 0.93 
5 95.5 5 15* 0.34 0.97 

10 95.5 5 166 0.63 0.93 
20 89.3 5 145 1.12 0.83 
2 98.8 5 61 0.23 0.99 

18 95.5 5 175 1.18 0.90 
3 95.5 5 40 0.23 0.90 
4 95.5 5 78 0.32 0.92 
5 89.3 (used) 5 120 0.53 0.90 

15 89.3 (used) 5 165 1.0 0.99 
3.5 98.8 5 118 0.31 0.93 
4 94 5 100 0.29 0.97 
5 95.5 2 234 0.34 0.94 

10 89.3 (used) 2 300 0.64 0.91 

Although Equation 4 correlates the data for batch runs 
reasonably well, there were several simplifying assumptions. 
Equation 4 is at best only a semi-theoretical equation. Im
proved ways of measuring the acidity of an alkylation acid need 
to be developed. Reliable values for the interfacial surface 
area and the amount of isobutane dissolved in the acid phase 
are also needed. 

Characteristics of Alkylate Produced in Butyl Sulfate Runs. The 
alkylate (produced from butyl sulfate and isobutane) contained 
the identical CV to Cg isoparaffins found in alkylates obtained 
in conventional one-step alkylation processes. The isoparaffins 
in the heavy end (H.E.) fraction, i.e. CVs and hiqher, were also 
presumably identical. Unfortunately the gas chromatographic 
analyses for some hydrocarbon samples resulted in heavy end 
analyses that were too low. Most analyses were made using an 
isothermal two-column unit in which the second column was 
designed to analyze the heavy-ends. This column generally 
indicated only 1 to 5% heavy ends whereas subsequent analyses 
indicated that values up to 15 to 20% sometimes occurred. These 
latter analyses were made employing a temperature-programmed 
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column and were also confirmed by an analytical group at Phillips 
Petroleum Co. The analytical results as obtained by the two 
analytical techniques for CV to Cg isoparaffins were, however, 
found to be in excellent agreement. 

Although the isothermal gas chromatographic column did not 
measure the heavy ends correctly, the results obtained with i t 
give good comparisons of the composition and quality of the 
alkylates on essentially a heavy-end-free basis. These qualities 
are reported as the research octane number (RON) that was cal
culated (2) based on the composition of the alkylates as deter
mined analytically. On essentially a heavy-end-free basis, RON 
values of 98-101 were common. Reanalyses of the alkylate in 
order to determine the heavy ends more correctly indicated that 
the above RON values were in general too high by 3-4 units. RON 
values of 94.5 to 98 are thought to have occurred. 

The composition of the alkylate and especially of the t r i -
methylpentane (TMP) family varied significantly as a batch run 
progressed (and as alkylate was produced). The first alkylate 
produced during a run generally contained a relatively large 
fraction of 2,3,4-TMP. In two cases, over 50% of the initial 
alkylate was 2,3,4-TMP. As a run progressed, the ratio of 2,2,4-
TMP to 2,3,4-TMP increased. Of interest, the amounts of 2,2,4-, 
2,3,3-, and 2,3,4-TMP were generally similar at the end of all 
batch runs (see Table II). The change of the composition of the 
TMP family was a major cause of the lower RON values for the 
alkylate as the run progressed. Figure 3 shows the decrease in 
RON as three batch runs progressed. 

Alkylates produced in runs made at different operating con
ditions often were found to have relatively different amounts 
of the four main groups (or families) of isoparaffins, namely 
TMP's, LE's, DMH's, and HE's. As a general rule, increased 
RON values resulted because of increased fractions of TMP's 
and decreased fractions of the other three. Variables that had 
a significant effect on the alkylate quality were as follows: 

(a) Feed acid composition. Acids with lower acidities 
produced higher quality alkylates, as shown in Fioure 3. 
The alkylate qualities at the end of a run varied from 
about 101 when used alkylation acid was employed to 
93 with 98.8% fresh acid. Little or no differences in 
quality were noted, however, for the alkylates produced 
using 95.5% and 92% acids. 

(b) Ratio of isobutane to n-butene used in the feed to the 
first effect. The calculated RON decreased by perhaps 
1 to 2 as the ratio decreased from 5 to 1.5; relatively 
l i t t le change, however, occurred in the 5 to 20 range. 

(c) Temoerature. Temperature had a major effect on both 
the relative amounts of TMP's and LE's in the alkylate 
and also the compositions of these two families; tent-
perature was the only variable that had such an effect. 
Tables II and III indicate the effect of temperature on 
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Table III 

Effect of Temperature on the Compositions of Trimethyl pentanes 

and Light Ends Produced Using Isobutylene as the Olefin 

-20 e C 
Two-Step 
Process 

10eC 
Conventional 

Process 

20eC 
Conventional 

Process 

30eC 
Conventional 

Process 

TMP Family 

2,2,4-TMP 63 59 58 57 

2,2,3-TMP 2 4.5 5.0 5.3 

2,3,4-TMP 13 13 13 14.0 

2,3,3-TMP 22 23.5 24 24 

L.E. Family 

Isopentane 29 36 43 45 

2,3-DMB 39 26 26 24.4 

3-MP 2 3.5 4 4.5 

2,4-DMP 15.4 19 13 12 

2,2,3-TMB 2 1.5 1.0 1.6 

2-MH 0.6 0.8 2.5 1.5 

2,3-DMP 11 12.5 10.5 9.5 
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the compositions of both TMP and LE groups produced by 
second-step reactions using n-butenes and isobutylene 
as feed olefins respectively. For LE's, the ratio of 
isopentane to 2,3-dimethylbutane increased significantly 
with temperature, 

(d) C\ olefin: As shown in Tables II and III, alkylations 
with n-butenes and isobutylene resulted in significantly 
different compositions for TMP's as will be discussed 
later. 

The compositions of the TMP's and LE's as determined for this 
investigation showed important differences as compared to the 
compositions calculated for alkylates produced in conventional 
processes operated at 10 to 15°C. The alkylates of this investi
gation produced from sec-butyl sulfates containpd larger relative 
amounts of 2,3,4- and 2,3,3-TMP's but lesser amounts of 2,2,4-TMP. 
The ratios of 2,3-dimethylbutane to isopentane were much higher 
in the alkylates of the present investigation. 

Second-Step Runs with Reaction Products from Isobutylene 

More than 20 runs were made to investigate the reaction 
between isobutane and the products of first-effect reactions with 
isobutylene. Alkylate was not produced until excess acid was 
used; and larger amounts of excess acid were needed for runs at 
-30°C as compared to runs at -10°C (3). An acid-to-olefin ratio 
of about 1.0 was required at -10°C to obtain TMP's whereas a 7:1 
ratio was needed at -30°C. 

In the present investigation, additional acid was generally 
added to the agitated acid-hydrocarbon emulsion resulting from 
the first-step reactions of isobutylene. The rate of alkylate 
formation was generally highest at the start of the run and 
decreased toward zero as alkylate yields of 80-120 were approached. 
Appreciable amounts of acid-soluble hydrocarbons remained in the 
acid at the end of all two-step runs using isobutylene, and these 
hydrocarbons caused alkylate yields to be much less than the 
theoretical value of 204. The yields of alkylate depended on the 
operating conditions investigated, as will be discussed later. 
In several runs, the kinetics of alkylate formation were slightly 
less at the start of the run and then increased to a maximum at 
intermediate conversions. 

The rates of alkylate production increased when the following 
occurred: 

(a) The A/0 ratio increased. Such a conclusion is based on 
several runs at -10°C with ratios between 1.0 and 9; 
the emulsions formed were hydrocarbon-continuous. For 
a run at a ratio of 1.0, 4.5 hours resulted in an 
alkylate yield of 52. With a ratio of 9, a yield of 98 
was obtained 1n 4 hours. 

(b) Increased temperatures in the - 3 0 ° to -10°C range. 
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The rates of alkylate formation were affected to only a 
small, and as yet undetermined, degree by changes of the ratio of 
isobutane to isobutylene in the 5 to 11 range and by changes in 
the feed acids used. Comparative runs were made with 96.5% fresh 
acid and with used alkylation acid. 

All alkylates produced by second-step reactions in which 
isobutylene was the feed olefin had relatively low RON's and 
contained relatively large amounts of LE's, DMH's, and HE's as 
compared to alkylates produced from butyl sulfate. The LE con
tent of the alkylate generally varied between 23 to 28%, and the 
HE content between 30 to 40% (based on analyses with the tempera
ture-programmed unit). The calculated RON values of the alkylate 
varied from about 88-91. The compositions of the TMP family were 
considerably different for the isobutylene runs (see Table III) 
as compared to those of the n-butene runs (see Table II). For 
runs using isobutylene, 2,2,4-TMP accounted for about 60% of the 
TMP family. The LE's had similar compositions, however, at a 
given temperature for both n-butene and isobutylene runs. 

Several samples of the hydrocarbon phase were obtained during 
the course of each batch run to determine how the composition was 
changing. As a run progressed, LE's, DMH's, and TMP's, were the 
major compounds produced. Several heavy end hydrocarbons de
creased toward zero as the run progresses: hydrocarbons 24, 25, 
and 30 as defined earlier (3) in particular disappeared as a re
sult of reactions with isobutane. These reactive hydrocarbons 
were presumably C 1 2 or heavier olefins. There were however large 
amounts of unreactlve heavy ends, which are heavy isoparaffins. 
Calculations indicated that the heavy ends in the alkylate were 
produced for the most part during the first-step reactions. 

Slightly higher quality alkylates were produced using iso
butylene at lower temperatures and at higher I/O ratios. The 
improvement in quality was, however, less for isobutylene runs as 
compared to those with n-butenes. 

Two runs were made using the products of first-step reactions 
in which mixtures of isobutylene and 2-butene had been used. The 
second-step reactions in such cases resulted in products that 
were intermediate between those products for runs with pure Iso
butylene and for runs with pure n-butenes. The RON of the alkyl
ates obtaining using isobutylene, a 1:1 mixture of isobutylene 
and 2-butene, and 2-butene were 89.7, 93.0, and 100.8 respectively. 
The composition of the TMP family obtained with the mixed olefins 
also appeared to be intermediate in nature. 

The alkylation mechanism for second-step reactions with iso
butylene as the olefin have been significantly clarified by two 
runs, each conducted as follows. The acid and hydrocarbon phases 
produced by first-step reactions involving isobutylene and sulfuric 
acid were separated. The acid phase which contained some acid-
soluble hydrocarbons or reaction products such as perhaps t-butyl 
sulfate was then contacted with fresh isobutane. This resulting 
mixture of reactants was designated as A below. The hydrocarbon 
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phase for each run was contacted with fresh 96.5% acid; this 
mixture was designated as B. 

A summary of the amount of reactants and of the results for 
these two runs are shown in Table IV. In both runs, approxi
mately the same amount and quality of alkylate was produced by 
mixtures A and Β, and the calculated RON of the alkylates were 
in the 88.6 to 91 range. The qualities of the alkylates in the 
second run were somewhat higher than those of the first run, but 
i t is now known i f the differences are significant. The higher 
rates of reaction for mixtures A are thought to be caused by the 
larger amounts of acid used. 

When isobutane was contacted in route A with the acid phase, 
some colored materials were extracted from the acid phase. Further 
more, apparently some isoparaffins wer* also extracted based on 
the analysis of the first sample of the hydrocarbon Dhase; more 
isoparaffins were present in the hydrocarbon phase than would 
seem probable based on the expected amount formed by initial 
alkylation reactions. Tentatively i t is concluded that some 
lighter isoparaffins had been dissolved in the acid phase. 

Second-Step Runs with Reaction Products from 2,2,4-Trimethyl-
pentene-1 

Several runs were made using the reaction oroducts obtained 
when sulfuric acid was slowly dripped into a mixture of isobutane 
and 2,2,4-trimethylpentene-l. The yield, quality, and composition 
of the alkylates produced were similar to those for runs using 
isobutylene. 

Discussion of Results 

The results of this and a companion investigation (3) report 
significant information on a two-step alkylation process which 
has been investigated at Purdue University since 1970 and which 
appears to be of considerable commercial interest. This two-step 
process requires a much more selective choice of operating 
variables as compared to earlier processes (4-6). The current 

[A] 
(Acid Phase 
Including 
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Table IV 
Mechanistic Investigation of Second-Step Reactions 

Using Isobutylene and 96.5% Sulfuric Acid 
RUN 1 2 
First-Step Reactions 

Isobutane, ml 
Isobutylene, ml 
Acid, ml 
Temperature, °C 

43 
9 

16 
-30 

47 
10 
25 

-30 
Second-Step Reactions (Part A) 

Isobutane Added, ml 
Temperature, °C 
Yield of Alkylate 
Time, Hr. 

52 
-10 
30-40 
1.5 

47 
-10 
45-60 
1.5 

Second-Step Reactions (Part B) 
Acid Added, ml 
Temperature, °C 
Yield of Alkylate 
Time, Hr. 

10 
-10 
30-40 
3 

15 
-10 
55-60 
2.5 

process, however, offers several key advantages that will be 
discussed later. The proposed new process has the following 
unique features. First, hydrocarbon-continuous emulsions have 
proved to be most satisfactory and probably are preferred. Yet 
acid-continuous emulsions have been shown in the past (2) to be 
highly preferred for conventional (one-step) alkylation processes. 
Second, lower temperatures are preferred. Although past Investi
gators have thought that such temperatures might offer advantages, 
no one had realized that both hydrocarbon-continuous systems and/ 
or longer residence times in the reactor were then required in 
order to operate satisfactorily at low temperatures. 

Although further investigations are required in order to 
determine the specific chemical steps of the second-step reactions 
with butyl sulfate, butyl sulfate perhaps first decomposes to 
release n-butene as follows: 

sec-C4Hg0S03H • n-butene + H?S04 

Thermodynamic information indicates that 2-butenes would be the 
predominant olefins released. The resulting 2-butenes presumably 
react in this process with a t-butyl cation to produce a trimethyl-
pentyl ion. Hydride transfer from isobutane or more likely an 
acid-soluble hydrocarbon would result in the production of a 
trimethylpentane. 

The relatively small amount of LE's and DMH's produced in 
reactions with butyl sulfates were probably because of the high 
ratios of isobutane to n-butenes in the reaction zone. Such a 
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high ratio would be expected because of the relatively slow rate 
of 2-butene formation as butyl sulfate decomposed at the low 
temperatures used. High isobutane to 2-butene ratios would result 
in the production of only small amounts of C*|2+ or higher ions; 
these ions are thought to be precursors for both LE's and DMH's. 

The relatively large amount of HE's formed suggests that HE's 
were formed as a result of polymerization reactions in the acid 
phase. The n-butenes were presumably present primarily in the 
acid phase when they were released from butyl sulfate; such a 
conclusion is based on the fact that butyl sulfate is dissolved 
in the acid phase. 

For the experiments in which the first-step reaction products 
of isobutylene were employed, reactions between high molecular 
weight olefins and isobutane were of major importance. Presum
ably a f irst step in the overall process was the protonation 
of the heavier olefins to form heavier isoalkyl cations. These 
cations apparently fragmented to a large extent to form mainly 
C.-CQ cations and olefins. The latter olefins also quickly pro-
tonated forming cations. Hydride transfer from isobutane or 
acid-soluble hydrocarbons resulted in the production of C\ to Cg 
isoparaffins. Heavy ends and conjunct polymers were, of course, 
produced to some extent during the second-step reactions, but 
most of these compounds were probably produced during the f i rst -
step reactions. 

The results of the present investigation support the hypothesis 
that the main alkylation reactions occurred at the acid-hydro
carbon interface. though such information does not apply 
directly to the phenomena occurring in industrial alkylation units, 
it is of interest that Kramer (13) supports this hypothesis in 
such units, and Doshi et al (11) have found that the interface 
is the location of degradation reactions for C g isoparaffins. One 
might expect the location of the main reactions to be the same in 
all three cases. 

Two-step alkylation of isobutane with C, olefins not only 
helps clarify the mechanism of alkylation, but may be of commer
cial importance. Some of the advantages of the new process as 
compared to the conventional processes are as follows: 

(a) Quality of alkylate that is at least comparable when 
butyl sulfates are used in the second step of the process. 
In considering the alkylate quality, some thought has to 
be given to the best way for reporting the quality, 
either as research octane number (RON) or motor octane 
number (MON). 2,3,4-TMP and 2,2,3-TMP both have higher 
RON values than 2,2,4-TMP; the reverse is true for MON 
values. This point is of interest since the relative 
amounts of these three TMP's differ significantly in 
the alkylates produced in the two-step and the convention
al processes. One of the favorable features of the 
alkylate produced by the new two-step process is the low 
amount of LE's; unfortunately the HE content has been 
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7. A L B R I G H T E T A L . Isobutane with Initial Reaction Products 125 

high 1n all experiments conducted to date. 
(b) Isobutane-to-olefin ratios in the feed streams to the 

reactor can be low, perhaps as l i t t le as 1.5 and certain
ly no higher than 5. Cost of recovering and recycling 
the excess isobutane would be drastically reduced. 

(c) The amount of acid that needs to be recycled will be low 
because of the low acid-to-hydrocarbon ratios used. The 
acid recycle costs would be decreased as compared to 
conventional processes. 

(d) Agitation costs should be relatively low since hydro
carbon-continuous emulsions have fairly low viscosities. 

Based on the present investigation, current disadvantages of 
the two-step alkylation process are as follows: 

(a) Relatively poor quality alkylates are obtained when 
isobutylene is the feed olefin. Such low quality alkyl
ates are produced in both the two-step process and the 
conventional alkylation process. There is hope that 
major improvements in quality can, however, be obtained 
for the two-step process. If t-butyl sulfates can be 
produced in high yields from isobutylene, then much 
improved alkylates likely would result. Tests to date 
indicate that the alkylate produced from mixed C* olefins 
is at least similar in quality to alkylates produced in 
commercial units. It is recommended that different 
composition acids and different temperatures be tested 
in future runs using Isobutylene in the feedstock. Acids 
containing relatively large amounts of conjunct polymers, 
butyl sulfates (such as obtained using n-butenes), and/or 
water may result in improved performance. 

(b) Large amounts of HE's in the alkylate. Further investi
gations need to be made to learn how HE production can be 
reduced. It is not known during what time period of 
batch runs using butyl sulfates that HE production is 
greatest. Future investigations with analytical tech
niques that will accurately measure the HE content 
should help develop improved methods of minimizing the 
formation of HE's. 

(c) Refrigeration to provide rather low temperatures will be 
needed. The energy demands for refrigeration may be 
relatively moderate, however, since lesser amounts of 
isobutane and add will need to be recycled. 

Although residence times 1n the reactor will be relatively 
long, perhaps 1.0 - 1.5 hours, the volume of the reactor may not 
be greater than those of many current reactors. Such a conclusion 
is based on the considerable reductions of the volumes of excess 
isobutane used and the low ratios of add to hydrocarbons in the 
reactor. 

Further investigations of the two-step alkylation processes 
are recommended. There is a chance that alkylate can be produced 
cheaper by the two-step process and/or be of better quality. 
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Although the Purdue work has been restricted only to runs with 
sulfuric acid, similarly promising processes can probably also 
be developed with both HF and AlC^-typ* catalysts. Possibly 
HF would even be a preferred catalyst since i t 1s not an oxidizing 
catalyst such as sulfuric add often is . 

The results reported by McCaulay (14) strongly support the 
postulate that a two-step alkylation process will be feasible 
with HF as the catalyst. Although he had emphasized the advantages 
of intermittently adding the olefin to HF cataysts, he reports 
two features of particular Interest relative to the two-step 
process. 

(a) Butyl fluorides are desired intermediates in his process. 
(b) Alkylates produced from butyl fluorides at low tempera

tures ( -18° and -15°C) had RON values of 100.1 to 101.9. 
For commercial development of a two-step process, provisions 

must be provided so that high yields of the desired products are 
obtained in both the first and the second steps of the process. 
In some cases at least, i t may be necessary to provide a different 
reactor for each step 1n order to obtain the desired operating 
conditions. McCaulay had apparently not considered such a system 
for alkylation. Furthermore, he had apparently not succeeded in 
producing butyl fluorides with either 1-butene or isobutylene 
since the qualities of the alkylates obtained using these olefins 
were significantly lower than those obtained using 2-butenes. 

The results of Roebuck and Evering (15) who used A l^ - type 
catalysts and temperatures down to -20°C can also be explained 
by the production of esters with both 2-butene and ethylene. They 
had found that improved alkylate qualities occurred as the reac
tion temperature was decreased, but yields of alkylate were 
significantly reduced at lower temperatures. Probably they would 
have obtained in all cases high yields of alkylate i f they had 
provided longer residence times for some of the lower temperature 
runs; presumably sufficient time had not always been allowed for 
complete reaction of all the esters. 

The present investigation clearly Indicates that in the range 
of temperatures from at least -30 to 0°C a two-step alkylation 
sequence is the predominant one. A logical question i s , does a 
similar two-step sequence occur at higher temperatures such as 
employed in cornnercial reactors? Since some butyl sulfate and 
some butyl fluorides are known to be formed 1n commercial reac
tors, i t seems obvious that the two-step process 1s of at least 
some importance at higher temperatures. The mechanism for alkyl
ation will be considered 1n further detail in the next paper of 
this series (10). 
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Mechanism for Alkylation of I sobutane with Light 

Olefins 

LYLE F. ALBRIGHT 

School of Chemical Engineering, Purdue University, West Lafayette, IN 47907 

Considerable information has been obtained in the last 
several years at Purdue University that provides new insights to 
the mechanism of alkylation. Such information has been obtained 
by investigating conventional alkylation processes using sulfuric 
acid as a catalyst and several related reactions that employ 
sulfuric acid. These reactions include the following: 

1) Conventional alkylations at 4 to 25°C employing either 
1-butene, 2-butenes, isobutylene, mixtures of C 4 olefins, 
propylene, and trimethylpentenes (1,2,3,4). 

2) Two-step alkylations at -30 to 0°C employing either 
n-butenes, isobutylene, mixed C 4 o lef ins , or 2,2,4-tri-
methylpentene-1 (5,6). 

3) Degradation reactions that occur when trimethylpentanes, 
dimethylhexanes, or isobutane are contacted with sulfuric 
acid at - 1 0 ° to 25°C (7). 

4) Decomposition reactions of sec-butyl sulfate (when dis 
solved in sulfuric acid) at 0° to 25°C (5). 

5) Reactions of C4 olefins when contacted with sulfuric acid 
at 10°C (1,3). 

When the results for these five reactions were considered 
in their entirety, two important observations were made. First 
the same isoparaffins were produced in each case. A total of 17 
C5-C8 isoparaffins were detected in each product. Additional 
isoparaffins were probably also produced in minor quantities, but 
l imitations with the analytical equipment did not permit conclusive 
evidence. Isobutane was also produced in each case based on the 
alkylation results of Hofmann and Schriesheim (8) who used C 1 4 -
tagged olefins and on the results for reactions 3,4, and 5 l i s ted 
above. Within the limits of analytical precision, the same heavy 
end isoparaffins were also present in each hydrocarbon product. 
At least 18-20 isoparaffins in the C9 and higher range were 
usually detected. The acid-soluble hydrocarbons were also apparent
ly identical in a l l cases. 

Dividing the hydrocarbon products into five families or groups 
indicated another important piece of information. These families 
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8. A L B R I G H T Isobutane with Light Olefins 129 

are trimethylpentanes (TMP's), light ends (LE's or C 5 - C 7 iso
paraffins), dimethylhexanes (DMH's), heavy ends (HE's), and acid-
soluble hydrocarbons (conjunct polymers, ester, red o i l , acid 
sludge, etc.). It was found that the composition of each family 
was essentially a function of temperature only and was similar 
for all five reactions. This later point was tested for especially 
TMP's and LE's (6). 

The relative importance of each family in the reaction 
products often varied over wide ranges depending on the specific 
reactions being tested and on the operating conditions employed. 
At preferred operating conditions, up to 90% of the product was 
TMP's for alkylates obtained by both conventional and two-step 
alkylation processes. Much smaller fractions of TMP's were 
produced by decomposition of butyl sulfate or by reaction of C4 

olefins in contact with sulfuric acid. Larger amounts of the 
other four families were produced in such cases. As a general 
rule, whenever the fraction of TMP's in the product decreased, 
the relative importance of the other four families increased. 

Based on these findings, 1t has been concluded that each of 
the above families 1s formed from a common Intermediated). Such 
a conclusion is of importance since the combined results for the 
five reactions outlined above can be employed to clarify and 
develop an Improved mechanism for alkylation. The mechanism 
proposed 1n the paper is considered to be applicable for all five 
reactions; special attention wi l l , however, be given to convention
al alkylation. 

General Comments on Past Mechanisms 

Production of TMP's has frequently been reported to be pri
marily by the following simple chain reaction (9,10): 

. 2-butene . 
t-C 4H g + or — TMP 

isobutylene 
TMP+ + isobutane — TMP + t -C 4 H g

+ 

where TMP+ and TMP represent one of several trimethylpentyl cations 
and trimethylpentanes respectively. 

Clearly such a simple chain mechanism 1s not, however, 
occurring 1n a two-step alkylation process (f>). Neither does 
this simple chain mechanism occur when butyl sulfate decomposes, 
when TMP's are degraded by sulfuric acid, or when C* olefins 
react 1n the presence of sulfuric acid. Furthermore, even during 
conventional alkylations, there is extensive evidence that at 
least some olefins react with the acid during the Initial stages 
of the reaction (2,3); in such cases, Isobutane reacts to a 
greater extent during the final stages of the reaction to form 
TMP's. Such evidence strongly suggests that other methods for 
production of TMP's are also often important, even during 
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conventional alkylation. 
Differences of opinion st i l l exist when sulfuric add 1s 

use£ as the catalyst as to the main route for production of 
DMH 's (the precursors for DMH's). Although both Hofmann and 
Schr1eshe1m (8) and Albright and L1 (11) have Indicated reasons 
why the reaction in which 1-butene reacts with a t-butyl cation 
to form DMH 1s generally of l i t t le or no importance, recent 
authors s t i l l refer to the 1-butene route as an important one 
but without rebutting the earlier arguments. An even more 
complete summary of reasons why the 1-butene reaction is of 
l i t t le importance when sulfuric acid is the catalyst 1s reported 
below. 

First almost identical amounts of DMH's and TMP's are 
generally produced when either 1-butene or 2-butenes are used 
as the olefins. A favorite explanation given is that 1-butene 
and 2-butene rapidly isomerize to form an equilibrium mixture 
of the two. Although isomerization 1s without question fast (5), 
the isomerlzation explanation alone is not sufficient as next 
Indicated: 

(1) The TMP/DMH ratio in alkylates produced by both 
1- butene and 2-butene alkylations varies significantly -
from about 1 to as high as 15 depending on the operat
ing conditions employed. For example, increased levels 
of agitation act to increase the ratios significantly. 
Production of TMP+,s (from 2-butenes) and of DMH+'s 
(from 1-butene) would mean that the ratio of TMP/DMH 
would depend primarily on the equilibrium ratio of 
2- butenes/l-butene. Obviously factors other than the 
equilibrium ratio are however of importance because 
this ratio does not change because of operating 
variables such as agitation. 

(2) If isomerlzation of 1-butene (or 2-butenes) was rapid 
and i f the main routes to produce TMP+,s and DMH+,s 
occurred when 2-butenes and 1-butene reacted with 
t-butyl cations, then use of a Cl4-tagged n-butene 
would result in TMP's and DMH's with similar amounts 
of C 1 4 . The results of Hofmann and Schriesheim (8) 
however indicate that DMH's (and also LE's and HE's) 
contain higher amounts of 0* than do TMP's. 

(3) Purdue results (2,3) have shown that DMH's (and also 
LE's and HE's) are produced to a larger extent by 
Initial reactions involving predominantly olefins; 
later reactions involving predominantly Isobutane lead 
primarily however to TMP's. The 1-butene method for 
producing DMH+'s would however result in simultaneous 
production of TMP's and DMH's. 

Second, there 1s the Indirect evidence: DMH's are often 
formed by routes in which 1-butene does not exist 1n significant 
amounts. One such reaction is alkylation of Isobutane with 
Isobutylene; more DMH's are produced than in comparable reactions 
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with either 1-butene or 2-butenes. It seems quite unlikely that 
isobutylene isomer!zes to 1-butene. A second reaction 1s the 
degradation of TMP's or of isobutane when contacted with sulfuric 
add at 0° -30°C (7). 

The above discussion was devoted to alkylations with sulfuric 
acid. In the case of HF alkylations, considerable amounts of 
DMH's are produced however by means of the 1-butene reaction as 
will be considered in detail later. 

Although the composition of sulfuric add phase in con
ventional alkylation is known to have an important effect on 
alkylate quality (1,4,8,12), the exact role of acid-soluble hydro
carbons during alkylation has as yet not been well defined. 
During the start-up of an alkylation process that employs fresh 
sulfuric acid as the catalyst, an apparent Induction period 
occurs (13). During this period, considerable acid-soluble 
hydrocarbons are produced, but relatively l i t t le alkylate 1s 
produced. A somewhat similar induction period also sometimes 
occurs when TMP's are degraded in the presence of sulfuric acid 
(7). Definitely there is a need to better describe the roles 
of add-soluble hydrocarbons during alkylation. 

Increased levels of agitation have been found to be a 
major factor in obtaining Improved quality alkylates (1,3). 
Agitation clearly has an Important effect on the physical steps 
of the overall process. The interfadal surface is one such 
variable that would be increased by increased agitation. Care
ful consideration needs to be given in any proposed mechanism 
as to the role of agitation. 

Proposed Mechanism 

The proposed mechanism 1s divided into six broad types of 
reactions as follows: 

1) Formation of t-butyl cations. Six methods have been 
identified. 

2) Reactions of C4 olefins. Specific reactions have been 
identified for both n-butenes and isobutylene when they 
react with t-butyl and heavier cations. 

3) Reactions of butyl sulfates. 
4) Reactions of acid-soluble hydrocarbons. 
5) Production of TMP's. TMP+'s are formed by at least 

three different methods. 
6) Production of undeslred (or at least less desired) 

products such as LE's, DMH's, HE's, and acid-soluble 
hydrocarbons. 

Production of t-Butyl Cations. Table I outlines six methods 
for production of t-butyl cations. The first two listed 
(Reactions A and B) are considered to be of major Importance in 
most commercial reactors. 

Reaction A is always of importance whenever isobutylene is 
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TABLE I 
PRODUCTION OF t-BUTYL CATIONS 

Formation from Isobutylene 
Isobutylene + H+ t-C 4H g

+ 

Initiation when Isobutane 1s contacted with adds contain
ing add-soluble hydrocarbonT 
R+(polymer cations) + ^"C4HIQ RH(add-solub1e polymer) 

• t-C 4H g
+ 

Initiation when mixtures of Isobutane and n-butenes are 
contacted with sulfuric add 
n-C4H8 + H+ — sec-C4Hg

+ 

sec-C4Hg
+ + 1-C4H1Q n-butane + t-C 4H g

+ 

Reactions between isoalkyl cations and Isobutane 
Cc and higher cations + 1-C>,H,n Cc and higher + t-C^H.* 

5 4 10 5 1 s o p a r a f f 1 n s * » 

Isomerlzation of 2-butene and production of t-C 4H g
+ 

(1) Isomerlzation via TMP+ 

t-C 4H g
+ + 2-C4H8 ^ 2,2,3-TMP+ 

2.2.3- TMP+ ς* 2,2,4-TMP+ 

2.2.4- TMP+ ς* t-C 4H g
+ + 1-C4Hg 

1-C4H8 + H+ - t-C 4H g
+ 

Some t-C 4H g
+ ,s are also formed by related reactions 

(fragmentation of heavier Isoalkyl cations, as shown 
1n Table III). 

(2) Via conjunct polymers (11); R 1s an add-soluble cation. 
ÇH 3 + 

R+ + 2-C,HQ — R - C - C - CH. 
rl A 

CH. CH. U CH. 
I 3 + + ι ι I 

R - C - C - C H . — R - C - C - CH. — R - C - C - CH. 
I I 3 ι I 0 I 0 

H H r u H H H + 
ι 3 

R - CH2 - C - CH3 ^ R+ + 1-C4Hg 

1-C4H8 + H+ t-C 4H g
+ 
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Table I (continued) 
(F) Oxidation of Isobutane with sulfuric add (7). 

1-C4H1Q + 4H2S04 — t-C 4H g
+ + 2H30+ + 3HS04 + S02 

Other Isoparaffins Including both TMP's and DMH's are also 
oxidized 1n a comparable manner (7,17,18). 

Notes : 
1) Reactions A, B, and D are predominant routes for most alkyla 

tlons using sulfuric add as the catalyst. 
2) Reaction C 1s of more Importance when HF 1s the catalyst. 
3) Reactions Ε-Ί and F are of Importance for degradation of 

Isoparaffins with sulfuric add (7). 
4) Reactions E-2 are probable when Isobutane reacts with add-

soluble hydrocarbons to form alkylate (6). 

TABLE II 
REACTIONS OF C4 OLEFINS, EXCLUDING t-C 4H g

+ FORMATION 

(G) Reaction with t-C 4H g
+ to form C 8

+ , s 

1) 2-butene or . T Γ M
 + _ T M D + « C 

Isobutylene *~°4 Η 9 ^ T M P s 

2) 1-butene + t-C4Hg ^ D M H S 

Reaction G-2 that produces DMH 's (dimethylhexyl 
cations) 1s of minor Importance (11) when sulfuric 
add 1s used as the catalyst, but 1s of major Importance 
when HF 1s the catalyst (19). 

(H) Isomerlzation of n-Butenes 

1) 1-butene ^ trans-2-butene ds-2-butene 
Isomerlzation occurs readily 1n presence of sulfuric 
add (5), but less so 1n presence of HF (19). 

2) 2-butenes Isobutylene (see Reactions E-l and E-2 of 
Table I) 
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Table II (continued) 

(I) Formation of Butyl Sulfates 

1) n-butenes + HgSÔ  sec-butyl sulfate 
Butyl sulfate formation 1s the primary Intermediate to 
alkylate when n-butenes are used with sulfuric acid at 
temperatures up to at least 0°C (6). Butyl fluorides 
are also produced at low temperatures with HF (23). 

2) Isobutylene + H2S04 t-butyl sulfate 
The Importance of Reaction 1-2 has not yet been proved; 
however, some as yet unidentified add-soluble hydro
carbons (formed from Isobutylene) react with Isobutane 
to form alkylate (6). 

(J) Complexlng or reactions with add-soluble 1ons (R*) 

C4 H8 + 

. 2-butene M
+ x 

R + or ^ R-C4Hft (see Reaction E-2) 
Isobutylene 

(K) Polymerization of C4 olefins 
7 2-butene . . 

CR (TMP's or DMH's) + or 1-C,, , 1-C., , etc. 
8 Isobutylene 1 2 1 6 

1-C 8
+ i i 1 -C 8 * + H + 

1 - C 1 2V 1 - C 12 + H + 

1-C 1 6
+ - 1-C16" + H+ 

Polymers (olefins) were formed 1n small amounts when alkyl
ate leaving a reactor was quickly quenched with a caustic 
solution (1). When, however, the add and hydrocarbon 
phases were allowed to separate by decanting, few 1f any 
olefins were detected. 

Isobutylene 1s particularly susceptible to formation 
of Cg and heavier cations (5,6); such cations are probably 
Important Intermediates whenever Isobutylene 1s used as 
olefin for alkylation. 

Note: Reactions I and/or J are of major Importance 1n con
ventional alkylation since olefins react 1n some manner 
with sulfuric add to form add-soluble hydrocarbons that 
later react with Isobutane to form alkylate (2,3). 
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8. A L B R I G H T Isobutane with Light Olefins 135 

present 1n the feed steeam. It is well known that t-butyl 
cations form rapidly whenever isobutylene contacts strong acid. 
The reaction may not stop however at the t-butyl cation; as will 
be discussed later, polymerization reactions also occur forming 
i - C 8 + > 1-C*|2 +» etc., that eventually results in a wide variety 
of isoparaffins and conjunction polymers. 

Although Reactions C have been widely accepted as the major 
method of initiating the formation of t-C4Hg+ whenever n-butenes 
are employed as feed olefins, Reaction Β involving polymer 
cations (R+) dissolved in the acid phase is considered to be more 
important especially when sulfuric acid is employed as the 
catalyst. Albright and Li (11) have previously discussed reasons 
for this choice, and recent experimental information further 
substantiates this choice. Two reasons are as follows: 

1) No η-butane is produced when sulfuric acid is employed 
as the catalyst. When HF is used, however, some pro
pane and η-butane are produced when propylene and n-butenes 
are used as olefins. Reactions C are of more importance 
when HF is employed probably because in part at least 
isobutane is more soluble in HF and the isobutane is 
hence more available to react. 

2) When fresh sulfuric acid 1s employed, there 1s a start
up or Induction period. During this period, l i t t le 
alkylation occurs, the quality of the initial alkylate 
1s poor, and considerable amounts of acid-soluble hydro
carbons are produced. Some polymers are also formed. 
When, however, an acid containing dissolved hydrocarbons 
1s employed, no induction period 1s noted. These add-
soluble hydrocarbons are highly Ionized (14); they 
could readily accept hydride ions from Isobutane, as 
shown in Reaction B. 

The relative importance of Reactions Β and C depend to at 
least some extent on the concentrations of R+ and of sec-butyl 
cations at the reaction site, thought to be the interface between 
the two liquid phases (7,15,16). In general, there will always 
be a fairly high concentration of R+ after the induction period, 
but the concentration of sec-butyl ions will presumably always 
be low. It also seems quite probable that R + ,s are more reactive 
than sec-butyl cations relative to isobutane. 

Reaction D includes reactions of isoalkyl cations (C5 and 
higher cations) with isobutane to form Isoparaffins (that become 
part of the alkylate) and t - C 4 H g + . This reaction is thought to 
be of some but not major importance for sulfuric acid alkylations, 
as will be discussed in more detail later. Most isoparaffins are, 
however, probably formed by the reaction of Isoalkyl cations with 
RH (acid-soluble polymers). 

Reactions Ε and especially F are probably of minor importance 
in commercial alkylators. Reactions E-l and F were, however, of 
major importance whenever TMP's, DMH's, and isobutane degraded (or 
reacted) in the presence of sulfuric acid (7,17,18). Reactions E-2 
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were first suggested by Albright and Li (11); although no con
clusive evidence has yet been obtained to prove these reaction 
steps, the reactions appear most probable based on experimental 
findings relative to the role of acid-soluble hydrocarbons during 
alkylations, as described later. A seventh method for producing 
t-butyl cations is described in Table III (to be presented later). 

Main Olefin Reactions. Although some olefins react to form 
t-butyl cations, i.e. to initiate the alkylation steps as shown 
in Table I, most olefins react by Reactions G through K, as 
summarized 1n Table II. Reaction G-l is the reaction in which 
either 2-butene or isobutylene reacts with a t-C4Hq+ to form a 
TMP+. This reaction is of major importance, and it is widely 
accepted as being a key step in alkylation (9,10). It should be 
emphasized, however, that the reaction as postulated here can be 
but is not necessarily part of a chain sequence of reactions. 
Instead much of the 2-butene or isobutylene is likely regenerated 
as a result of the decomposition of butyl sulfates or of acid-
soluble hydrocarbons, as will be discussed later. 

When sulfuric acid is employed as the catalyst, relatively 
few dimethylhexyl cations (DMH+) are produced by reactions of 
1-butene with t-butyl cations (11), see Reaction G-2; the reasons 
for this conclusion have already been discussed 1n detail earlier 
in this paper. Yet when HF 1s the catalyst, considerably more 
DMH's and less TMP's are produced with 1-butene than with 2-butene 
(19). Isomerlzation (Reaction H-l) of 1-butene to 2-butenes is 
considerably slower with HF as compared to sulfuric acid. Hence 
Reaction G-2 is of importance in the presence of HF. 

As indicated earlier (2,3) for sulfuric add alkylations, 
the rates of reaction for olefins are often higher during the 
initial stages of alkylation than the rates of reaction for iso
butane. In the case of n-butenes, isomerlzation of the n-butenes 
occurs readily in the presence of sulfuric acid, see Reactions H-l 
and H-2. Considerable information on these isomerlzations were 
reported earlier (5); the rates of isomerization Increase as the 
amounts of excess add or as the acidity of the acid phase increase. 
Certainly at the conditions employed in commercial alkylators, 
isomerlzation would be very rapid. 

Recent Purdue results (5) have now shown at -10°C or less 
and in the presence of relatively l i t t le excess sulfuric add 
that n-butenes both Isomerize and form sec-butyl sulfate, see 
Reaction 1-1. It seems safe to conclude that significant amounts 
of sulfate formation also occur 1n commercial alkylation reactors 
operated at about 5 to 15°C. The evidence supporting the formation 
of sulfates 1s as follows: 

(a) Butyl sulfates are present 1n small quantities 1n 
sulfuric acid leaving commercial alkylation units (20). 
Butyl sulfates react readily with Isobutane; the rates 
of reaction Increase rapidly with Increased temperatures 
in the range of -30° to 0°C (5). Even faster rates 
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8. A L B R I G H T Isobutane with Light Olefins 137 

presumably occur at 10° and 15°C. Consequently 1t is 
not surprising that only small amounts of butyl sulfates 
are detected in the exit acid, 

(b) Experiments conducted in a four-staged reactor indicated 
that acid-soluble hydrocarbons that in part could have 
been butyl sulfates reacted in significant amounts with 
isobutane at 10°C to form TMP's (2). 

Albright and Li (11) have also proposed that at least some 
olefins react with cations present in the acid-soluble hydro
carbons (Reaction E-2 of Table I and Reaction J of Table II). 
No direct evidence has yet been obtained to support this hypothesis, 
but on the other hand no evidence 1s known that 1s contrary to the 
above postulate. Definitive evidence 1s clearly needed. 

First effect results with isobutylene (5) clearly indicate 
that it forms some add-insoluble low polymers, mostly in the 
to C-jg range (see Reactions G-l and Κ of Table II), when 1t is 
contacted with sulfuric acid. Small amounts of polymers (that 
were olefins) were also noted when the hydrocarbon effluent of a 
laboratory alkylation reaction was quenched with a caustic solu
tion (1); 1-butene was employed as olefin in this system. It can 
be concluded that during alkylation some Cg-C-jg olefins are 
present, but these olefins are ionized in the presence of the 
acids to form C0-C15 cations (that are highly reactive as will be 
discussed later). Of the C4 olefins, isobutylene is without 
question the easiest to polymerize. 

Isobutylene was also found to react in the presence of sul
furic acid to form acid-soluble hydrocarbons that reacted with 
isobutane to form alkylate (5). Although the exact nature of 
these acid-soluble hydrocarbons is not known, 1t is thought that 
they are in part at least t-butyl sulfates (see Reaction 1-2) or 
that they complex (or react) with the conjunct polymer cations 
(R ), as shown 1n Reaction J . In both cases, isobutylene would 
be liberated by reverse reactions, and the isobutylene would then 
alkylate isobutane. 

When propylene is in the feed, i t will react with t-C 4Hg + to 
form dimethylpentyl cations; this reaction is very similar to 
Reaction G shown in Table II. In addition, propylene reacts with 
sulfuric acid to form sec-propyl sulfates similar to Reaction 1-1. 
Goldsby (21,22) has described the production of sec-propyl sul
fates; in some cases, di-sec-propyl sulfate is formed. These 
propyl sulfates are more thermally stable than butyl sulfates. 

Reactions of Butyl Sulfates. At 0°C or higher, sec-butyl 
sulfate 1s unstable (5). When i t decomposes in the absence of 
isobutane, both a low quality (i.e. low octane number) hydro
carbon mixture and acid-soluble hydrocarbons are produced. The 
products obtained by such decompositions are very similar to 
those produced when pure C4 olefins are contacted with sulfuric 
acid at 10UC (1,3). It seems safe to conclude that the initial 
reaction is the reverse of Reaction 1-1 as shown next: 
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trans-2-butene 
(1-1) sec-butyl sulfate —• and + H2SQ4 

ci s-2-butene 
Some 1-butene may also be formed, but based on equilibrium 

considerations, 2-butenes are formed in much larger amounts. The 
rate of decomposition certainly increases with increased tempera
tures (5). 

Since sec-butyl sulfate is soluble in the acid phase, pre
sumably 2-butenes will be released primarily in the acid phase. 
Two points can be made based on the hypothesis that olefins 
are regenerated as a result of butyl sulfate decomposition in the 
alkylation reactors. 

(a) The regeneration of C4 olefins is relatively slow even 
at 10-15°C. The ratio of isobutane to regenerated C4 
olefins is hence high at the acid-hydrocarbon interface 
where the main alkylation reactions occur (7,15,16). 
High ratios for th^se two reactants promote high ratios 
of TMP's to LE's. This is because production of 1-Cj 2

+ 

and heavier isoalkyl cations (Reactions K) are minimized. 
Of interest, there was a high TMP's/LE's ratio in the 
alkylate of two-step alkylations (6). 

(b) In the acid phase i tself , however, the ratio of isobutane 
to regenerated C4 olefin may be low since isobutane is 
only slightly soluble in sulfuric acid. In the acid 
phase, some released C4 olefins polymerize with the 
production of heavy ends and acid-soluble hydrocarbons 
(or conjunct polymers). Sufficient agitation should 
be provided then to transfer the olefins to the acid-
hydrocarbon interface. This conclusion is supported 
by the experimental results for two-step alkylations in 
which relatively large amounts of heavy ends were pro
duced. 

Based on the above reasoning, rather significant differences 
likely occur when HF is used for two-st*p alkylations as compared 
to two-step processes using sulfuric acid. For HF alkylations, 
butyl fluorides have been reported to be intermediates (23). Since 
isobutane is much more soluble in HF as compared to sulfuric acid, 
there 1s a strong possibility that less heavy ends or conjunct 
polymers would be produced in two-step alkylations using HF. 

When propyl sulfates are present, they will decompose 
relatively slowly to produce propylene and free sulfuric acid. 
The resulting propylene will then react primarily with t-butyl 
cations and heavier cations forming dimethylpentyl and s t i l l 
heavier cations. 

When aluminum chloride catalysts are use, esters undoubtedly 
also are produced as they are with sulfuric add and HF. The 
results of Roebuck and Evering (24) strongly imply that the olefins 
init ial ly reacted forming esters that then slowly reacted with 
isobutane to form alkylate. The low yields noted for low tempera-
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8. A L B R I G H T Isobutane with Light Olefins 139 

ture runs resulted because insufficient time was allowed for more 
complete reactions of the esters. 

Decomposition of Acid-Soluble Hydrocarbon Complexes. As re-
ported earlier (11), it has been postulated that 2-butenes may 
react with the acid-soluble hydrocarbon cations (see Reaction E-2 
of Table I). Isobutylene may also react similarly. The resulting 
acid-soluble ion could later decompose via β - s c i s s i o n to release 
isobutylene: C H 

I 3 

R-CH2-C+ — R+ + 1-C4H8 

CH3 

The isobutylene released would be either at the acid-hydro
carbon interface or in the acid phase itself. The exact location 
at which the Isobutylene is released would depend to a consider
able extent on the location of the Initial 1on 1n the acid phase. 
Although no direct Information is available, the acid-soluble 
hydrocarbon cations (14) appear to have surfactant-type character
istics and may be located primarily at the acid-hydrocarbon inter
face. 

Production of TMP* and TMP. TMP's are the preferred hydro
carbons produced by alkylation, and they are produced in all 
cases by transfer of a hydride 1on to TMP+ ,s. There are at least 
three methods by which TMP+,s are formed during alkylation: 

(1) Reaction G-l that was shown in Table II is always the 
predominant route for alkylations employing C4 olefins. 
In this case, either 2-butene or isobutylene reacts 
with a t - C 4 H n + . This reaction has been considered in 
detail by Schmerling (9,10). 

(2) i -C- |2 + » 1 -C-|5 +, or other heavy isoalkyl cations fragment 
via 3-scission. A wide variety of isoalkyl cations 
and iso-olefins are produced including TMP+,s and t r i -
methylpentenes (see fragmentation of heavy isoalkyl 
cations as described in Table III). This method is an 
expansion of the one described by Hofmann and Schrieshelm 
(8); 1t will be considered in detail later when the 
production of LE's and DMH's are discussed. 

(3) Trimethylpentenes protonate rapidly to form TMP's. As 
indicated above, trimethylpentenes can be formed by 
fragmentation of heavy isoalkyl cations. Furthermore 
the protonations of trimethylpentenes and other olefins 
are to some extent at lease reversible. Hence, small 
concentrations of trimethylpentenes are present in 
alkylation reactors during especially the initial stages 
of alkylation; Mosby and Albright (1) for example found 
small amounts of olefins when the alkylation product 
was quenched and neutralized. 
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TABLE III 
FRAGMENTATION OF HEAVY ISOALKYL CATIONS 

(L) Fragmentation of Heavy Isoalkyl Cations 
1) Isoalkyl cations 1n the C g and higher range fragment. 

β-sdsslon of 2,2,4-TMP+ 8s shown 1n Reaction Ε 1s an 
example. Isoalkyl cations that frequently fragment are 
thought to Include 1-C] 2

+ and 1-C]6+. Examples of how 
they might fragment are as follows: 

1-C ] 2
+ — 1-C5

+ + 1-C7
= or 1-C6

+ + 1-C6
= 

1 - C 1 6 + ^ 1 - C 5 + + 1 - C 5 = + 1 - C 6 S 

2) Protonation of olefins 
Olefins rapidly protonate to form Isoalkyl cations, e.g. 

1-C5
= + H+ ^ i - C ^ 

Note: Isoalkyl cations formed by fragmentation and protonation 
of olefins generally contain 4 to Ί0 carbon atoms. Some 
t-C-Hq+'s are formed 1n this manner, as are both DMH+'s 
•and TMP's. This method 1s thought to be the major method 
for production of the precursors for LE's and for DMH's 
(when sulfuric add 1s used as the catalyst). 

TABLE IV 
HYDRIDE ION TRANSFER STEPS 

(M) Hydrlde Ion Transfer Steps 
1) From Ac1d-Soluble Polymers (RH) 

Isoalkyl cation + RH Isoalkane + R+ (polymer cations) 
2) From Isobutane and Other Isoalkanes 

Isoalkyl cation + 1-C4H1Q ^ Isoalkane + t-C 4H g
+ 

Isoalkyl cation + Isoalkane ̂  Another + Another 
Isoalkyl Isoalkane 
cation 

This reaction 1s an expansion of Reaction D shown on Table 
I; the solubilities of Isobutane and Isoalkanes 1n the 
add may be key factor affecting Importance of this re
action. Higher Isoalkanes are less soluble 1n add phase. 

3) From Isobutylene ^ 
ι 3 

Isoalkyl cation + 1-C,Hg Isoalkane + CH2irC ^ H -

Note: Hydride transfer leads to production of TMP's, DMH's, 
LE's, HE's, and Isobutane. 
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Transfer of a hydride 1on to an Isoalkyl cation 1s often the 
rate controlling step 1n the overall reaction scheme (16). Iso
alkyl cations including C5 and higher ones react forming the 
various isoparaffin molecules found in alkylate, e.g. , TMP+,s 
react to fonn TMP's. 

Schmerling (9,10) had originally postulated that a hydride 
ion transfer from isobutane was both the most important method 
of hydride transfer and also part of the chain set of reactions 
(see Reaction C of Table I and Reaction M-2 of Table IV). Other 
hydride transfer steps that have now been suggested include trans
fer with the acid-soluble hydrocarbons (RH), see Reaction M-l of 
Table IV (8,11), and with isobutylene, see Reaction M-3 (8). 
Reaction M-3 is however considered to be of minor Importance since 
only trace amounts of free isobutylene are likely ever present 
at the acid-hydrocarbon interface (the probable location of alkyla
tion reactions); Isobutylene quickly protonates to form t - C 4 H g + . 
Reaction M-l is considered to be more important than Reaction M-2 
especially when sulfuric acid 1s used as the catalyst for the 
reasons listed as follows: 

(a) Alkylate (or isoparaffins) are produced preferentially 
as compared to polymers (or olefins) only after acid-
soluble hydrocarbons form in the acid phase. Hence, 
hydride transfer becomes important only after acid-
soluble hydrocarbons are produced. 

(b) When several percent of acid-soluble hydrocarbons are 
present in the acid, improved alkylate occurs as com
pared to fresh acids (that contain l i t t le or no acid-
soluble hydrocarbons). Obviously such acid-soluble 
hydrocarbons would be present in significant amounts 
at or close to the add-hydrocarbon interface and are 
hence available for hydride transfer. Isobutane is 
however only slightly soluble in sulfuric acid, and 
there is probably only limited availability of i t for 
the reaction. When HF is used however, isobutane 1s 
much more soluble and reaction M-2 is likely of greater 
importance. 

(c) If Reaction M-2 was of major importance when sulfuric 
acid is used, it would be expected that hydride trans
fer with other isoalkanes such as TMP's and LE's would 
also be of some importance; there is no evidence that 
such isoparaffins react to any appreciable extent. 

Additional discussions on the role of acid-soluble hydro
carbons as a reactant during alkylation has been discussed 
earlier (4,8,11). The acid-soluble hydrocarbons clearly act as 
a reservoir of hydride ions. Hydride ions are furnished to the 
acid-soluble hydrocarbons primarily from isobutane (Reaction Β 
of Table I) and they are withdrawn from the hydrocarbons princi
pally by Reaction M-l. 

The acid-soluble hydrocarbons furthermore also tend to in
crease the solubility of isobutane and other isoparaffins in the 
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acid phase. In addition to the viscosity, the Interfadal surface 
tension Is changed. Such factors are Important since transfer 
of reactants to the interface and/or of products away are obvious
ly rate-controlling steps. Such a conclusion is obvious since 
agitation was found to be an important, 1f not most important, 
operating variable relative to the quality of alkylate produced 
(3). 

Production of Light Ends and Dimethylhexanes. Hofmann and 
Schrieshelm ( 8 ) proposed two mechanisms and evidence to support 
each. The mechanism based on fragmentation of large Isoalkyl 
cations (see Table III) 1s preferred as the major route for 
production of both LE's and DMH's; the mechanism proposed here 
has been modified somewhat as compared to the original one that 
suggested 1-C-j2+ cations fragmented. Evidence supporting the 
fragmentation route 1s presented as follows: 

(1) LE's and relatively small isoparaffins are produced 
when heavy olefins are used as feedstock for alkylation. 
The products obtained when isobutylene or 2,2,4-tri-
methy 1 pentene-1 is used as the olefin for alkylation 
resulted 1n almost Identical products including LE's 
and DMH's (6,19). Even heavier olefins produce LE's, 
and fragmentation is obviously of major Importance. 

(2) Degradation of TMP's or DMH's 1n the presence of sulfur
ic acid leads to the formation of significant, and even 
major amounts of isobutane and LE's ( 7 ) . Fragmentation 
reactions obviously must be occurring. 

(3) The ratio of LE's to DMH's produced 1s generally relative
ly constant regardless of the operating conditions or 
the olefin used. Similar constant ratios are also 
obtained in the products of conventional alkylations, 
two-step alkylations (1n which butyl sulfates react), 
and degradation reactions between TMP's and sulfuric 
acid. This finding suggests that a common intermediate 
1s Involved in the production of most LE's and DMH's. 
1-Butene cannot be considered this Intermediate since 
1t is sometimes present only in at most minute quanti
ties. 1-Butene is mentioned since 1t has been suggested 
as the C4 olefin that leads to production of DMH's (9, 
10). Although 1-butene is probably of minor importance 
for production of DMH's when sulfuric acid is used as a 
catalyst (11), considerable DMH's are likely formed 
via Reaction G-2 (with 1-butene) when HF 1s the catalyst. 

(4) There 1s a question whether 1 - C « | 2
+ cations are the 

most important cations that fragment, as was originally 
proposed by Hofmann and Schriesheim ( 8 ) . If i - C ^ 
cations were the most Important Intermediates, then the 
amounts of Cc and C7 isoparaffins produced would likely 
be essentially identical (see Reaction L). Yet Iso
pentane (the only C5 Isoparaffin produced) is generally 
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formed 1n much larger amounts than the C7 Isoparaffins. 
Possibly part of the C5 or C7 cations or iso-olefins 
react, but C c ' s and not C-j's would probably be the more 
reactive. The experimental results can, however, be 
explained i f 1-C]6 cations were the key intermediates. 
Two isopentane molecules and one Ce isoparaffin could 
be produced from each i - C ] ç cation (as shown by Reaction 
L); such a ratio is approximated in many alkylates. 

(5) 1-Ci2 a n d heavier isoalkyl cations are produced during 
alkylation primarily because of polymerization reactions 
involving olefins. The C ^ results of Hofmann and 
Schriesheim (8) Indicating that higher levels of olefin 
reacted during production of DMH's and LE's as compared 
to TMP's is consistent with this postulate. 

(6) Production of heavy isoalkyl cations, including I-C12 
and i-C-jg cations, would logically occur during con
ventional alkylations, two-step alkylations, degradation 
of TMP's and DMH's, and reactions between olefins and 
sulfuric acid at 10°C or higher. In the case of alkyl
ations, higher ratios of isobutane to C4 olefin at the 
reaction site result in relatively smaller amounts of 
heavy isoalkyl cations and hence lower amounts of DMH's 
and LE's. This experimental finding 1s consistent with 
thé fragmentation mechanism. 

Hofmann and Schriesheim (8) also postulated that DMH's were 
formed when isobutylene reacted with an al lyl ic cation (formed 
via Reaction M-3) as follows: 

CH3 CH3 CH3 CH3 

(N) CH2r==C==CH2 + CH2=C - » CH2=C — C H 2 - C H 2 « C - C H 3 

Transfer of two hydride 1ons and one proton would result 1n 
DMH. Since the methyl groups could migrate on the chain, DMH's 
other than 2,5-DMH could be produced. Some t-butyl cations 
dissociate Into isobutylene and protons; hence this method could 
occur during alkylation with olefins other than isobutylene. 
Reaction Ν is probably only of minor importance in most cases, 
however, since only small concentrations of free isobutylene are 
thought to occur at the add-hydrocarbon interface; most Iso
butylene quickly protonates to form t-butyl cations. 

Production of Heavy Ends and Acid-Soluble Hydrocarbons. Heavy 
ends (HE's) are produced in large amounts by reactions involving 
primarily olefins; these reactions are primarily polymerization-
type reactions. The olefins are quite soluble in the acid phase, 
but isobutane 1s not. High ratios of isobutane to olefins and 
high levels of agitation are necessary to minimize formation of 
heavy ends (3). The large isoalkyl cations formed by polymeriza
tion-type reactions obviously fragment to some extent to produce 
some Cg and C]o isoparaffins (found in appreciable quantities 1n 
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HE's). It is thought however, that significant fractions of the 
HE's result from acid phase reactions as comnared to reactions 
at or close to the acid-hydrocarbon interface where most alkyla
tion reactions occur; this latter conclusion is based on the 
results for two-step alkylations (6). 

Both acid-insoluble and acid-soluble hydrocarbons are also 
produced to a small, and probably as a rule insignificant, extent 
from isobutane and other isoparaffins when sulfuric acid is used 
as the catalyst (7). The sulfuric acid acts as a mild oxidizing 
agent producing sulfur dioxide even at temperatures as low as 0°C. 

The acid-soluble hydrocarbons apparently have in all cases 
similar structures to the acid-soluble hydrocarbons removed from 
used alkylation acids by Miron and Lee (25). These hydrocarbons 
contained C5 cyclic rings; were highly unsaturated and frequently 
had conjugated double bonds; had fairly high molecular weights; 
and had carbon-to-hydrogen ratios higher than those of the 
reacting hydrocarbons. Clearly polymerization and dehydrogenation 
steps occur 1n the production of these acid-soluble hydrocarbons. 
Deno and associates (26,27) have shown that some t-butyl cations 
react forming cyclopentenyl cations. These latter ions likely 
are precursors to acid-soluble hydrocarbons formed during alkyla
tion. 

Purdue findings have shown that the viscosity and color of 
the acid-soluble hydrocarbons removed from the acid increased 
as the acid was used and as the acid was aged in drums stored at 
room temperature. Sulfur dioxide was also produced. Undoubtedly 
some olefins added to or polymerized with the acid-soluble cations 
during alkylation. The net result of these reactions was that 
the molecular weight of these acid-soluble hydrocarbons increased. 
The sulfur dioxide produced indicates that some sulfuric acid 
had acted as an oxidizing agent (and apparently also as a dehydro
genation agent causing double bond formation in the acid-soluble 
hydrocarbons). Recently Doshi and Albright (7) presented evidence 
that suggests significant fractions of the acid-soluble hydro
carbons are often produced while the acid phase 1s outside of 
the alkylation reactor, I.e., while the acid is being separated 
from the organic phase and while it 1s being recycled. Clearly 
more information 1s, however, needed to determine the complete 
role of acid-soluble hydrocarbons during alkylation. 

Physical Steps During Alkylation. Physical steps that occur 
during alkylation of isobutane have key roles in affecting the 
overall process and in the composition (and quality) of the 
alkylate produced (3). The transfer of Isobutane to the reaction 
site (which 1s at or close to the interface between the two phases) 
is in general the controlling physical step. It is affected by 
several operating variables. Agitation is , of course, an obvious 
variable since 1t affects not only the isobutane transfer step 
but also the interfadal area. Other variables that affect the 
isobutane transfer step include the 1sobutane-to-olef1n feed ratio, 
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8. A L B R I G H T Isobutane with Light Olefins 145 

the residence time in the reactor, the concentration of inerts in 
hydrocarbon phase, the volumetric ratio of acid to hydrocarbon 
phases, and which phase is the continuous phase in the emulsion. 
Variables affecting both the isobutane transfer step and also 
the chemical kinetics include temperature, composition of acid, 
and the specific olefin used (4). 

Although the main alkylation reactions are thought to occur 
at or close to the interface between the acid and hydrocarbon 
phases (7,15,16), the acid boundary layer at the interface seems 
more probable. This conclusion is based on the fact that other 
isoparaffins (including LE's, TMP's, DMH's, and HE's) appear to 
be much less reactive relative to hydride transfer steps as 
compared to isobutane; yet many of these isoparaffins contain one 
or more tertiary carbon-hydrogen bonds. These heavy isoparaffins 
are, however, even less soluble in the- acid phase than isobutane. 

Conclusions 

Alkylation of isobutane with light olefins in the presence 
of sulfuric acid involves considerable more chemical steps than 
have generally been considered in the past. Olefins tend to 
react to a higher extent during the initial stages of the alkyla
tion reactions and isobutane during the latter stages. Most 
alkylation reactions occur at the acid-hydrocarbon interface, 
but reactions resulting primarily in the production of heavy ends 
and acid-soluble hydrocarbons may occur primarily in the acid 
phase. Alkyl sulfates and acid-soluble hydrocarbons have key 
roles relating to the overall chemistry of alkylation. Although 
experimental data for alkylations using sulfuric acid and primarily 
C4 olefins were employed in development of the proposed mechanism, 
the mechanism has been expanded to include alkylations with HF, 
other acids, and other olefins. 
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9 

Free Radical-Induced Monoethylation with Ethylene 

LOUIS SCHMERLING 

UOP Inc., Des Plaines, IL 60016 

The f r e e radical-induced reaction of a s a t u r a t e d 
h y d r o c a r b o n w i t h e t h y l e n e produces chiefly greasy 
t e lomers formed by the addition o f a h y d r o c a r b y l 
radical a t one end of a po lymethy lene c h a i n and a 
hydrogen atom a t the o t h e r end (1). F o r example, when a 
solution of a catalytic amount o f di-t-butyl p e r o x i d e 
in cyc lohexane i s heated at 130-140°C (the temperature 
range a t which the r a t e o f d e c o m p o s i t i o n o f the 
p e r o x i d e i s  a p p r e c i a b l e ) under e t h y l e n e p r e s s u r e , t h e r e 
is formed viscous, high-boiling, grease-like p r o d u c t , 
some o f which is solid; it is a m i x t u r e o f ethylcyclo-
hexane and t e lo mers (i.e., butyl-, hexyl-, octyl-, and 
h i g h e r m o l e c u l a r weight a l k y l c y c l o h e x a n e s i n which the 
alkyl groups contain an even number o f carbon atoms, 
r a n g i n g from 2 to 40 o r more ) . The reaction a p p a r e n t l y 
involves the following f r e e radical c h a i n mechanism: 

(CH3) 3 COOC(CH 3 )3 > 2 ( C H 3 ) 3 C O - (1) 
(CH 3 )3CO. + C - C 6 H 1 2 > ( C H 3 ) 3 C O H + c - C 6 H n . (2) 

Ç _ - C 6 H 1 1 - + CH2=CH 2 > c - C 6 H l ; L C H 2 C H 2 . (3) 
c - C 6 H 1 1 C H 2 C H 2 . + n C H 2 = C H 2 > (4) 

C - C 6 H 1 1 ( C H 2 C H 2 ) n C H 2 C H 2 . 
Ç _ ~ C 6 H 1 1 ( C H 2 C H 2 ) n C H 2 C H 2 . + ç - C e H 1 2 > (5) 

c - C e H x x t C I ^ C I ^ J n C I ^ C I ^ + Ç - C 6 H 1 ; L . 

The c y c l o h e x y l radical formed in E q u a t i o n 5 starts a 
new cycle as in E q u a t i o n 3. 

Inhibition o f T e l o m e r i z a t i o n 

P r o c e d u r e . A glass liner containing the quanti
ties o f s a t u r a t e d h y d r o c a r b o n , alkyl chloride or e t h e r , 
o f hydrochloric acid (aqueous o r anhydrous) and di-t-
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butyl peroxide tabulated i n Tables I thru V was sealed 
into an Ipatieff-type rotating autoclave of 850 ml 
capacity. Ethylene was charged to an i n i t i a l pressure 
of from 15 to 40 atm. (about 0.5 to 1.3 mois ethylene) 
and the autoclave was rotated while being heated during 
four hours from 130 to 140°C, a range at which the 
peroxide decomposition proceeds at a p r a c t i c a l rate. 
The f i n a l pressure was usually about 5-25 atm. at room 
temperature. By charging ethylene to a lower i n i t i a l 
pressure, lesser amounts of ethylene were employed. 
The pressure drop showed that the reaction was usually 
completed i n less than two hours, but heating was 
continued for four hours to ensure optimum conversions. 
The autoclave was allowed to stand overnight, the 
gaseous product was discharged, the autoclave was 
opened and the l i q u i d product (usually c h i e f l y i n the 
liner) was recovered. The organic product was washed 
with water, dried and d i s t i l l e d and/or inspected by 
gas chromatography. 

Experiments with gaseous reactants (propane and 
isobutane, Table III) were carried out by charging the 
liq u e f i e d gas from a weighed st a i n l e s s - s t e e l sampling 
cylinder into the sealed autoclave containing hydro
c h l o r i c acid and, when used, a l i q u i d alkane after 
which ethylene was charged and the autoclave was 
rotated and heated. 

Cyclohexane. It i s the purpose of the present 
paper to discuss a unique modifier for the reaction 
which very markedly i n h i b i t s the telomerization and 
results i n the formation of ethylcyclohexane as the 
pr i n c i p a l single reaction product together with some 
butylcyclohexane and diethylcyclohexanes. 

The reaction modifier consists of hydrogen 
chloride which may be added as the anhydrous gas or as 
an aqueous solution. Its effectiveness i n the mono-
ethylation of saturated hydrocarbons, a l k y l halides 
and ethers w i l l be described. Thus, when 47 g (0.47 
mol HC1) of 38% hydrochloric acid and 96 g (1.14 mois) 
of cyclohexane containing 6 g of dissolved d i - t - b u t y l 
peroxide were heated at 130-140° under 40 atm. (1.3 
mois) i n i t i a l ethylene pressure (51 atm. at 130°C)in a 
glass l i n e r i n a rotating autoclave of 850 ml capacity 
for four hours, the f i n a l pressure at room temperature 
was 22 atm. The product included 24 g (18 mol % yield) 
of ethylcyclohexane and 18 g of higher-boiling product, 
consisting c h i e f l y of n-butylcyclohexane, diethylcyclo
hexanes, and n-hexylcyclohexane (and d i a l k y l isomers) 
plus a smaller amount of higher-boiling compounds 
(Expt. 2, Table I ) . On the other hand, when the same 
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9. S C H M E R L I N G Monoethylation with Ethylene 149 

T a b l e I 
R e a c t i o n o f C y c l o a l k a n e s w i t h E t h y l e n e 

E x p t . a 

< - R e a c t a n t s , m o i s — > 
c-RH mois C 9 HA 

< — H C l 
K i n d 

> 
mois 

< C h i e f P r o d u c t s -
K i n d g 

—> 
% 

1 C6H12 1.07 1.3* H 20 0 c - C 6 H u E t 
H i g h e r m o l wt 

1 
2 9 b 

1 

2 C 6 H 1 2 1.14 1.3 38% 0.5 c - C 6 H n E t 
H i g h e r m o l wt 

29 
1 8 c 

18 

3 C6 H12 1.15 1.3 100% 0.1 c-C^HxiEt 
H i g h e r m o l wt 

20 
26C 

16 

4 C 6 H 1 2 1.37 1.0 38% 0.2 c - C 6 H 1 ; L E t 
H i g h e r m o l wt 

36 
1 9 c 

32 

5 C 6 % 2 1.72 0.5 100% 0.1 c - C 6 H u E t 
H i g h e r m o l wt 

19 
3 C 

34 

6 C6 H12 1.15 0.6 3 8 % d 0.1 c - C 6 H u E t 

C l 0 H 2 0 
H i g h e r m o l wt 

2 4 e 

7 e 

6 

36 
17 

7 C 6H 1 ] LMe 1.28 1.3 38% 0.1 M e C 6 H 1 Q E t 

H i g n e r m o l wt 

2 2 f 

7δ 
12 

13 
7 

8 C 5 H 1 0 
1.57 1.3 38% 0.2 c-C 5H 9 E t 

C 9 H 1 8 
C 1 1 H 2 2 
H i g h e r m o l wt 

31 
1 6 h 

7 1 

21 

24 
20 
10 

9 j C 5H 9Me 1.34 1.3 19% 0.5 MeC5H g E t 
H i g h e r m o l wt 

3 8 k 

28 
26 

(a) The c y c l o a l k a n e s o l u t i o n o f 0.04 m o l d i - t - b u t y l p e r o x i d e and 
h y d r o c h l o r i c a c i d ( o r a n h y d r o u s h y d r o g e n c h l o r i d e ) was h e a t e d 
a t 130-140° d u r i n g f o u r h o u r s i n a g l a s s l i n e r i n an I p a t i e f f -
t y p e r o t a t i n g a u t o c l a v e u n d e r e t h y l e n e p r e s s u r e . 

(b) C h i e f l y g r e a s y l i q u i d and wax. 
( c ) I n c l u d e s much b u t y l c y c l o h e x a n e and d i e t h y l c y c l o h e x a n e s . 
(d) D e u t e r o c h l o r i c a c i d i n 99% D 20 ( 3 8 % by w e i g h t ) . 
(e) I n c l u d e s d e u t e r a t e d p r o d u c t ; c f . t e x t . 
( f ) C o n s i s t s o f 1 - m e t h y 1 - 1 - e t h y l c y c l o h e x a n e m i x e d w i t h s m a l l e r 

amounts o f c i s - 1 - m e t h y 1 - 3 - e t h y I c y c l o h e x a n e , c i s - and t r a n s - 1 -
m e t h y l - 4 - e t h y l c y c l o h e x a n e and o t h e r i s o m e r s . 

(g) M i x t u r e o f m e t h y l b u t y l c y c l o h e x a n e s , and m e t h y l d i e t h y l c y c l o -
h e x a n e s . 

(h) B.p. 150-155°, gc shows 3 m a j o r p e a k s . 
( i ) B.P. 192-200°; gc shows 2 m a j o r p e a k s , 
( j ) H e a t e d a t 120-128° d u r i n g 16 h o u r s , 
(k) C h i e f l y 1 - m e t h y 1 - 1 - e t h y l c y c l o p e n t a n e . 
(£) 40 atm p r e s s u r e . 
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amounts of cyclohexane and the peroxide were heated 
w i t h e t h y l e n e under the same c o n d i t i o n s , but i n the 
presence of water i n s t e a d of h y d r o c h l o r i c a c i d , the 
product c o n t a i n e d o n l y 1 g of e t h y l c y c l o h e x a n e and 29 g 
of h i g h e r - m o l e c u l a r weight l i q u i d , greasy and waxy 
telomers (Expt. 1 ) . I t was shown by gas chromatography 
(gc) f o l l o w e d by mass spectroscopy (ms) t h a t e t h y l - , 
η-butyl-, n-hexyl- and n - o c t y l c y c l o h e x a n e made up a 
l a r g e p o r t i o n of the product, the remainder c o n s i s t i n g 
of d e c r e a s i n g amounts of hi g h e r n - a l k y l c y c l o h e x a n e s 
having an even number of carbon atoms up to a t l e a s t 
n - t e t r a c o n t y l c y c l o h e x a n e . Minor amounts of t r i - and 
t e t r a e t h y l c y c l o h e x a n e were a l s o d e t e c t e d . 

The h i g h e r - b o i l i n g products o b t a i n e d i n the hydro
gen chloride-promoted r e a c t i o n c o n s i s t e d c h i e f l y of 
C 1 0 H 2 0 ' C 1 2 H 2 4 ' a n d C 1 4 H 2 8 hydrocarbons. The C-1QH20 
f r a c t i o n was a mixture of n-butylcyclohexane and 
d i e t h y l c y c l o h e x a n e s . The C i 2 H 2 4 product c o n t a i n e d n-
hexylcyclohexane and more e t h y l b u t y l c y c l o h e x a n e s than 
t r i e t h y l c y c l o h e x a n e s . n-Octylcyclohexane was 
d e f i n i t e l y i d e n t i f i e d i n the C14H28 mixture. 

Another byproduct of the r e a c t i o n was a mixture of 
a l k y l c h l o r i d e s i n which the a l k y l groups had an even 
number of carbon atoms. These were o b v i o u s l y formed by 
t e l o m e r i z a t i o n of e t h y l e n e and hydrogen c h l o r i d e (2̂ ) . 

A hi g h e r consumption of the hydrogen c h l o r i d e i n 
the aqueous a c i d , accompanied by a h i g h e r y i e l d of 
a l k y l c h l o r i d e , o c c u r r e d when concentrated h y d r o c h l o r i c 
a c i d r a t h e r than d i l u t e d a c i d (15-20%) was used. 

As i s apparent from the r e s u l t s summarized i n 
Table 1, both h y d r o c h l o r i c a c i d ( d i l u t e or concentrated) 
and anhydrous hydrogen c h l o r i d e were e f f e c t i v e i n 
g r e a t l y i n c r e a s i n g the r a t i o s of e t h y l c y c l o h e x a n e t o 
h i g h e r - b o i l i n g product. 

Mechanism. The hydrogen c h l o r i d e a p p a r e n t l y 
behaves as a c h a i n t r a n s f e r agent, f u r n i s h i n g a 
hydrogen atom t o the c y c l o h e x y l e t h y l r a d i c a l (1,) and 
forming a c h l o r i n e atom which s t a r t s a new c y c l e by 
a b s t r a c t i n g hydrogen from cyclohexane, producing a new 
c y c l o h e x y l r a d i c a l and r e g e n e r a t i n g hydrogen c h l o r i d e . 

CI- + CH2=CH2 > C l C H 2 C H 2 . H p Y - ^ 
C 1 C H 2 C H 2 ( C H 2 - C H 2 ) · η > 
Cl(CH 2CH2)nCH 2CH3 + CI-

n-C2H4 > 

(6) 
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9. SCHMERLING M onoethyhtion with Ethylene 151 

(7) 

CI- +f S i > HCl + f s T (8> 

Ç Y C H 2 C H 2 + HCl 
1 Θ 

The c y c l o h e x y l e t h y l r a d i c a l (1) appears to a b s t r a c t 
hydrogen more r a p i d l y from hydrogen c h l o r i d e than from 
cyclohexane and more r a p i d l y than i t adds to e t h y l e n e 
to y i e l d c y c l o h e x y l b u t y l or h i g h e r molecular weight 
r a d i c a l s . Chain t e r m i n a t i o n presumably occurs by 
condensation or d i s p r o p o r t i o n a t i o n o f a p a i r of f r e e 
r a d i c a l s , or by any other of the c h a i n - t e r m i n a t i n g 
r e a c t i o n s which normally occur. No attempt was made to 
i s o l a t e or i d e n t i f y the so-formed byproducts. 

The pathway by which the hydrogen c h l o r i d e 
i n h i b i t s the t e l o m e r i z a t i o n and thus produces mono-
eth y l c y c l o h e x a n e was supported by use of a s o l u t i o n o f 
deuterium c h l o r i d e (38%) i n heavy water (99% deuterium 
oxide) as promoter under the standard c o n d i t i o n s . The 
r e a c t i o n mixture i n c l u d e d 1.15 mois of cyclohexane and 
0.1 mol of deuterium c h l o r i d e as the a c i d . E t h y l c y c l o 
hexane was o b t a i n e d i n 36% y i e l d ; d i e t h y l c y c l o h e x a n e 
p l u s n-butylcyclohexane, i n 17% y i e l d . Mass s p e c t r o -
m e t r i c a n a l y s i s of the monoethylcyclohexane showed t h a t 
d e s p i t e the high r a t i o (138:1) of hydrogen i n c y c l o 
hexane to deuterium i n deuterium c h l o r i d e i n the 
r e a c t i o n mixture, the monoethylated compound c o n s i s t e d 
of o n l y about 60% undeuterated compound; th e r e was 
p r e s e n t about 32% monodeuterated, about 8% d i d e u t e r a t e d , 
and about 1% t r i d e u t e r a t e d hydrocarbon. About 60% of 
the deuterium was i n the e t h y l group and the remaining 
40% was i n the cyclohexane r i n g . About 19% of the 
recovered cyclohexane was monodeuterated, 3% was d i 
d e u t e r a t e d and l e s s than 1% was t r i d e u t e r a t e d . S i m i 
l a r l y , the p o l y e t h y l a t e d product c o n t a i n e d mono- and 
p o l y d e u t e r a t e d compounds. The recovered a c i d was 
c h i e f l y HCl d i s s o l v e d i n H 20 p l u s HOD. 

I t may be concluded t h a t the r o l e of the deutero-
c h l o r i c a c i d i n the e t h y l a t i o n r e a c t i o n i s t h a t 
suggested by Equations 7 and 8. The deuterium c h l o r i d e 
a c t s as a c h a i n t r a n s f e r agent by t e r m i n a t i n g the c y c l e 
and y i e l d i n g a c h l o r i n e atom which i n i t i a t e s a new 
c y c l e by a b s t r a c t i n g hydrogen from cyclohexane: 

c-C6H 1 1CH 2CH 2 + DC1 > c-C6H 1 1CH 2CH 2D + CI- (9) 
C l - + ç - C 6 H 1 2 > HCl + C-C6HH- (8) 
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Formation of ethylcyclohexane which i s deuterated 
i n the ring suggests that the cyclohexyl r a d i c a l formed, 
for example as in Equation 8, underwent intermediate 
exchange with the deuterium chloride. 

f s ^ + DC1 > (^J° + c 1 ' <10) 

(jTj' + CI- > (^-D + HCl (11) 

D + C=C >fX£U_D 

2 C C" 

(12) 

HCl 

2 -
or c-C6H 1 2 

DC1 

> ΓΜ^Ο + CI- (or c - C 6 H i r ) (13) 
\^\>CH 

> + CI- (14) 
^"^C-CD 

Equation 10 explains the recovery of deuterated 
cyclohexane. Equation 14 i l l u s t r a t e s a pathway for the 
formation of a polydeuterated compound. 

Calculations showed that the amount of deuterium 
in the cyclohexane, ethylcyclohexane and other hydro
carbons was actually more than that present i n the 
deuterium chloride charged. Hence, i t was concluded 
that the deuterium present i n the deuterium oxide also 
underwent exchange. This was confirmed by analysis of 
the recovered acid solution. Its mass spectrum showed 
that most of the D 20 was converted into DOH and H20. 
Exchange of the proton of hydrogen chloride with 
deuterium of the "heavy water" occurred v i a formation 
of a hydrated proton, (H-OD2) i n which the hydrogen 
and deuteriums are indistinguishable. 

Decreasing the r a t i o of ethylene to cyclohexane 
from 1.14 to 0.73 resulted i n an increase i n the y i e l d 
of monoethylcyclohexane (from 18 to 32%) and a marked 
decrease i n the y i e l d of higher molecular weight com
pounds (cf. Expts. 2 and 4). Further decrease i n the 
r a t i o to 0.29 resulted i n a smaller increase i n the 
y i e l d of monoethylcyclohexane (34%, Expt. 5). 

Other Modifiers. No other substance seems to 
exhibit the chain-transfer a c t i v i t y shown by hydrogen 
chloride. Even hydrobromic acid was i n e f f e c t i v e . 
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9. SCHMERLING Monoethylation with Ethylene 153 

Other reagents which d i d not i n h i b i t t e l o m e r i z a t i o n 
induced by d i - t - b u t y l p e r o x i d e a t 130-140° i n c l u d e d 
h y d r i o d i c a c i d , a c e t i c a c i d , t r i c h l o r o a c e t i c a c i d , t r i -
f l u o r o a c e t i c a c i d , phosphoric a c i d , s u l f u r i c a c i d , 
hydrogen s u l f i d e , hydrogen, and ammonium c h l o r i d e . The 
c h i e f condensation product o b t a i n e d when any of these 
reagents r e p l a c e d hydrogen c h l o r i d e or h y d r o c h l o r i c 
a c i d were high-molecular weight telomers of greasy 
( " V a s e l i n e - l i k e " ) or waxy composition. 

Other C y c l o a l k a n e s . Hydrogen c h l o r i d e promoted 
monoethylation of other c y c l o p a r a f f i n s (e.g., c y c l o -
pentane, methylcyclopentane and methylcyclohexane) and 
many p a r a f f i n s (e.g., propane, is o b u t a n e , n-pentane, 
isopentane, 2,2-dimethylbutane, 2,3-dimethylbutane, 
η-heptane and 2,2,4-trimethylpentane). 

The r e a c t i o n of methylcyclohexane w i t h an e q u i -
molar q u a n t i t y o f e t h y l e n e i n the presence o f d i - t -
b u t y l p eroxide and h y d r o c h l o r i c a c i d r e s u l t e d i n 
e t h y l a t i o n both a t the t e r t i a r y carbon atom and a t 
secondary carbon atoms (Expt. 7 ) . The m e t h y l e t h y l c y c l o -
hexane which was obt a i n e d i n 13% y i e l d c o n s i s t e d 
(according to i n f r a r e d ( i r ) comparison w i t h a u t h e n t i c 
samples) c h i e f l y of 1-m e t h y l - l - e t h y l c y c l o h e x a n e mixed 
w i t h s m a l l e r amounts of 1-methy1-cis-3-ethylcyclohexane 
and 1-methy1-cis- (and t r a n s - ) 4 - e t h y l c y c l o h e x a n e , and 
other isomers. The compounds produced by the r e a c t i o n 
of 2 mois of et h y l e n e per mol of cyclohexane (7% y i e l d ) 
c o n s i s t e d of a mixture of methylbutylcyclohexanes and 
m e t h y l d i e t h y l c y c l o h e x a n e s . 

Products formed by the r e a c t i o n of cyclopentane 
w i t h 1, 2 or 3 molecular p r o p o r t i o n s of ethy l e n e were 
the c h i e f products of the r e a c t i o n of approximately 
equimolar amounts of the c y c l o a l k a n e and the o l e f i n 
under the standard c o n d i t i o n s (Expt. 8). 

1- M e t h y l - l - e t h y l c y c l o p e n t a n e mixed w i t h l e s s than 
5% of l - m e t h y l - c i s - 3 - e t h y l c y c l o p e n t a n e was ob t a i n e d i n 
26% y i e l d by the e t h y l a t i o n of methylcyclopentane 
(Expt. 9). The presence of m e t h y l d i e t h y l c y c l o p e n t a n e 
and m e t h y l b u t y l c y c l o p e n t a n e i n the hi g h e r m o l e c u l a r 
weight by-product was suggested by gc coupled w i t h ms. 

L i q u i d Alkanes. The peroxide-induced r e a c t i o n of 
ethyl e n e w i t h a molar excess of n-pentane i n the 
presence of h y d r o c h l o r i c a c i d produced heptanes i n 27% 
y i e l d together w i t h o n l y a r e l a t i v e l y s m a l l amount of 
h i g h e r - b o i l i n g product (Expt. 10, Table I I ) . The c h i e f 
heptane was 3-methylhexane (3) which was ob t a i n e d i n 
more than three times the q u a n t i t y of 3-ethylpentane (4). 
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154 INDUSTRIAL AND LABORATORY ALKYLATIONS 

Expt. 

10 

11 

12 

13 

14 

15 

Table II 

Reaction of Liquid Alkanes with Ethylene 

<-Reactants, mols-> <—HCl > < Chief Products > 
RH 

n-C 5H 1 2 1.78 

i-C 5H 1 2 1.76 

Me3CEt 1.46 

mois Ç2H4 Kind mois Kind 

0.8 

0.8 

0.8 

BIPe 1.34 1.3 

35% 

38% 

20% 

18% 

n-C 7H 1 6 1.58 0.6 100 

TMP 0.63 0.6 19 

0.3 C 7 H 1 6 

Higher mol wt 

0.3 C 7 H 1 6 

Higher mol wt 

0.4 Octanes 
Higher mol wt 

0.5 2,3,3-Me3C5H9 

2,3,3-Me3C7H13 

Higher mol wt 

0.1 C 9H 2 Q 
Higher mol wt 

0.3 2,2,4,4-Me4C6Hlc 

2 2 b 2 7 

6 

25 c 31 
3 

6 d 6 
3 

10r 

6 
17S 

8 h 10 
8 

2,2,4,4,5-Me5C7HuJ 1 2 
Higher mol wt 2 

8 

(a) The cycloalkane solution of 0.04 mol di-t-butyl peroxide and 
hydrochloric acid (or anhydrous hydrogen chloride) was heated 
at 130-140° during four hours in a glass liner in an Ipatieff-
type rotating autoclave under ethylene pressure. 

(b) Includes 69% 3-methylhexane and 21% 3-ethylpentane (by gc+ ir> 
(c) Includes 86% 3,3-dimethylpentane and 13% 2,3-dimethylpentane. 
(d) Consists of 75% 2,2,3-trimethylpentane, 19% 2,2- and 6% 3,3-

dimethylhexane. 
(e) 2,3-Dimethylbutane (i.e., biisopropyl). 
(f) Also about 2 g acetone and t-butyl alcohol and 3 g 1-chloro-

hexane. 
(g) Includes 1-chloroalkanes with even-numbers of carbon atoms and 

branched-chain paraffins, most of which had the 2,3,3-trimethyl-
alkane structure. 

(h) 75% 3-Methyloctane and small amounts of 3- and 4-ethylheptane. 
(i) 2,2,4-Trimethylpentane. 
(j) Or 2,2,4,4-tetramethyloctane. 
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9. SCHMERLING Monoethylation with Ethylene 155 

Based only on the presence of four hydrogen atoms 
attached to the second carbon atom from either end of 
the chain and the presence of two hydrogen atoms 
attached to the middle carbon atom, i t would be ex
pected that there would be formed twice as much 3 as 4. 

c - c - c - c - c c - c - c - c - c 

I c=c 4,c=c 
c - c - c - c - c c - c - c - c - c 

ι ά-c· o-c-

HC1 -CI . HClI-CI-
c - c - c - c - c c - c - c - c - c 

ό-c o-c 

More than three times as much 3, as 4, was obtained 
because free radicals tend to abstract a hydrogen atom 
attached to a penultimate carbon atom of an n-alkane 
more readily than one attached to a more i n t e r n a l l y -
located carbon atom (see, for example, the results of 
the ethylation of n-heptane, Expt. 14). There are i n 
pentane twice as many penultimate carbon atoms as the 
in t e r n a l l y located carbon atom; however, the more ready 
reaction at the penultimate carbon atom i s confirmed by 
the products obtained with n-heptane. 

The reaction of isopentane with ethylene under the 
same conditions as those used for n-pentane resulted i n 
about the same y i e l d of heptanes (31%) and a very small 
amount of higher-boiling product (Expt. 11). The 
heptanes consisted of more than 6.5 times as much 3,3-
dimethylpentane as 2,3-dimethylpentane. It may be 
concluded that abstraction of the single hydrogen atom 
attached to the t e r t i a r y carbon atom takes place much 
more readily than does abstraction of one of the two 
hydrogen atoms attached to the secondary (penultimate) 
carbon atoms. 

A low y i e l d of octanes was formed when ethylene 
was heated with 2,2-dimethylbutane ( i . e . , neohexane) i n 
the presence of d i - t - b u t y l peroxide and 20% hydro
chl o r i c acid (Expt. 12). The low conversion was pro
bably due to the d i f f i c u l t y i n abstracting a hydrogen 
atom attached to a neopentyl carbon atom ( i . e . , a 
secondary carbon atom attached to the t e r t i a r y carbon 
atom of a t-butyl group). The p r i n c i p a l octane (about 
75% of the octane product) was 2,2,3-trimethylpentane 
formed by ethylation at the secondary carbon atom; 2,2-
dimethylhexane formed by condensation at a primary 
carbon atom (the neohexyl carbon atom) was obtained i n 
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156 INDUSTRIAL AND LABORATORY ALKYLATIONS 

19% y i e l d while 3,3-dimethylhexane formed by reaction 
at one of the three primary neopentyl ions was obtained 
in only 6% y i e l d . 

On the other hand there was a f a i r amount of 
conversion when equimolar quantities of 2,3-dimethyl-
butane and ethylene were reacted (Expt. 13). 2,3,3-
Trimethylpentane was produced by ethylation at a 
t e r t i a r y carbon atom and more highly end-chain 
ethylated compounds (up to 2,3,3-trimethylpentadecane) 
were formed by telomerization as were chloroalkane by
products. 

As indicated i n the discussion of the reaction of 
n-pentane, ethylation of η-heptane took place c h i e f l y 
at a penultimate carbon atom, yielding 3-methyloctane 
as the p r i n c i p a l product? only small amounts of 3- and 
4-ethylheptane were produced (Expt. 14). 

Rather low yields of ethylation products were 
obtained by reaction of 2,2,4-trimethylpentane with 
ethylene. It seems probable that the abstraction of 
hydrogen even from the t e r t i a r y carbon atom was d i f f i 
c u l t because i t was a neohexyl carbon atom. It was 
suggested by gc and ms analysis that the major reaction 
did occur at the t e r t i a r y carbon atom, yielding 
2,2,4,4-tetramethylhexane (5,). It was mixed with about 
10% of i t s weight of what appears to be either 
2,2,4,4,5-pentamethylheptane (6) formed by ethylation 
at the external secondary carbon atom of £ or 2,2,4,4-
tetramethyloctane ( 7 ) formed by end-chain ethylation. 

C Ç C 
C - Î - C - Ç - C + C = C E(l\ > C - C - C - Ï - C - C (15) 

ό c " c l " δ t 

ç ç Ί c c 
c - c - c - c - c - c + c=c > c - i - c - o - c - c - c (16) 

t b " c l e c i t 
6 

9 9 H C ] 9 9 
C - C - C - C - C - C . + C = C 2%R-> C - C - C - C - C - C - C - C ( 1 7 ) 

6 à " c l - c o 
7 

Gaseous Alkanes. Normally gaseous alkanes con
taining a secondary or t e r t i a r y carbon atom could be 
monoethylated by the peroxide-induced reaction with 
ethylene i n the presence of hydrogen chloride 
(Table I I I ) . The yields were markedly increased by 
adding a normally l i q u i d saturated hydrocarbon as 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
7 

| d
oi

: 1
0.

10
21

/b
k-

19
77

-0
05

5.
ch

00
9

In Industrial and Laboratory Alkylations; Albright, L., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



9. SCHMERLING Monoethyhtion with Ethylene 157 

Table III 

Reaction of Gaseous Alkanes with Ethylene 

<-Reactants, mois—> <—HCl > < Chief Products > 
Expt. a RH mois C9H4 Kind mois Kind _g _% 

16 C 3H 8 1.70 0.8 19% 0.3 Liquid product < 1 

17 C 3H 8
b 1.70 0.8 18% 0.3 C 5H 1 2 3 C 5 

C7H16 2d 5 
Higher mol wt 15 e 

18 i-C4H 1 0 0.96 1.0 38% 0.4 Alkanes 10f 

Alkenes 25 
Alkyl chlorides 5 

19 g i - C 4 H 1 0
h 1.72 0.8 19% 0.3 Me3CEt 5 7 

Higher mol wt 39* 

20 i-C4H 1 QJ 1.72 0.8 19% 0.3 Me3CEt 9 13 
Higher mol wt 28 k 

(a) The hydrocarbon reactant, hydrochloric acid, and 0.04 mol d i -
_t-butyl peroxide was heated at 130-140° during four hours in a 
glass liner in an Ipatieff-type rotating autoclave under 
ethylene pressure. 

(b) Also 0.17 mol n-heptane. 
(c) 81% Isopentane (by gc). 
(d) Other than n-C-jE^. Gc suggests 75% 2,3-dimethylpentane 

and/or 2-methylhexane, 18% 3,3-dimethylpentane and 7% 3-
methylhexane. 

(e) Includes about 6 g nonanes (28% yield based on n-heptane). 
(f) Gc showed the presence of 28.6 wt % 2,2-dimethylbutane, 4.9% 

2-methylpentane, 14.9% 2,2-dimethylhexane, 5.5% other dimethyl 
hexanes, 12.0% decanes, 7.6% dodecanes and 4.9% tetradecanes. 

(g) Heated at 125-135° during 16 hours. 
(h) Also 0.37 mol cyclohexane. 
(i) Contains at least 0.08 mol (22% yield) ethylcyclohexane. 
(j) Also 0.51 mol n-CjEi^. 

(k) Other than n-CyH]^, about 0.25 mol of which was recovered. 
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158 INDUSTRIAL AND LABORATORY ALKYLATIONS 

s o l v e n t f o r the gaseous alkane. For example, very 
l i t t l e r e a c t i o n o c c u r r e d when propane was heated a t 
130-140° w i t h e t h y l e n e , d i - t - b u t y l p e r o x i d e , and hydro
c h l o r i c a c i d (Expt. 14). R e p e t i t i o n of the r e a c t i o n 
under the same c o n d i t i o n s but i n the added presence of 
n-heptane s o l v e n t r e s u l t e d i n a 5 mol-% y i e l d of 
pentane ( c h i e f l y isopentane) and a 5 mol-% y i e l d of 
branched-chain heptanes ( c h i e f l y 2,3- and 3,3-dimethyl-
pentanes (Expt. 17). A comparatively l a r g e amount of 
nonanes ( l a r g e l y 3-methyloctane together with s m a l l e r 
amounts of 3- and 4-ethylheptane) were formed, suggest
i n g t h a t about 28 mol-% of the heptane s o l v e n t (used i n 
sm a l l e r amount) was monoethylated. 

The low y i e l d of pentane by the r e a c t i o n of propane 
i n the absence of s o l v e n t was probably due to the f a c t 
t h a t most of the propane was i n the vapor phase whereas 
the e t h y l a t i o n r e a c t i o n proceeds p r i n c i p a l l y i n the 
l i q u i d phase. 

S i m i l a r l y , i n the absence of added l i q u i d s a t u r a t e d 
hydrocarbon s o l v e n t , e t h y l a t i o n of isobutane even i n 
the presence of h y d r o c h l o r i c a c i d y i e l d e d a mixture of 
2,2-dime,thylbutane, 2-methylpentane, 2,2- and other d i -
methylhexanes, and u n c h a r a c t e r i z e d decanes, dodecanes 
and tetradecanes (Expt. 18). The p a r a f f i n s , however, 
comprised o n l y 30 v o l - % of the r e a c t i o n product which 
c o n t a i n e d 58 v o l - % l i q u i d o l e f i n s and 12 v o l - % a l k y l 
c h l o r i d e s . A l k y l a t i o n o c c u r r e d i n b e t t e r y i e l d when 
the r e a c t i o n was c a r r i e d out i n the presence of c y c l o 
hexane s o l v e n t which caused more of the r e a c t i o n to 
occur i n the l i q u i d phase (Expt. 19). 2,2-Dimethyl-
butane was obtaine d i n about 7-mol % y i e l d and e t h y l 
cyclohexane i n about 22 mol-% y i e l d ; a minor amount of 
2-methylpentane was formed by condensation as a primary 
carbon atom. Use of n-heptane as s o l v e n t r e s u l t e d i n a 
13 mol-% y i e l d of 2,2-dimethylbutane (Expt. 20). 
Higher-molecular weight product c o n s i s t e d l a r g e l y of 
alkanes having an even number o f carbon atoms. The 
secondary carbon atoms i n heptane were a p p a r e n t l y l e s s 
r e a d i l y e t h y l a t e d than the t e r t i a r y hydrogen atom i n 
isobutane. 

A l k y l C h l o r i d e s . H y d r o c h l o r i c a c i d a l s o promoted 
the peroxide-induced monoethylation of c h l o r o a l k a n e s . 
R e s u l t s w i t h η-butyl c h l o r i d e , i s o b u t y l c h l o r i d e and 
i s o p e n t y l c h l o r i d e are d e s c r i b e d b r i e f l y i n t h i s paper. 

Very l i t t l e r e a c t i o n o c c u r r e d when n - b u t y l 
c h l o r i d e w a s heated a t 130-140° w i t h e t h y l e n e i n the 
presence of d i - t - b u t y l peroxide (Expt. 21, Table I V ) . 
On the other hand, a f a i r y i e l d of r e a c t i o n products 
was o b t a i n e d when the experiment was repeated i n the 
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9. SCHMERLING Monoethylation with Ethylene 159 

Table IV 

Reaction of Alkyl Chlorides with Ethylene 

<-Reactants, mols-> <—HCl > < Chief Products— > 
Expt. a RC1 mois Ç2J4 Kind mois Kind g % 

21 n-BuCl 0.79 0.8 None 0.0 L i t t l e reaction 
22 n-BuCl 0.79 0.6 38% 0.2 EtCKMeCH2CH2Cl 7 10 

PrCHClEt 4 6 
n-C 6H 1 3Cl 1 4 
C 8 H 1 1 C 1 ? S 6 14 
Miscellaneous 1 

23 i-BuCl 0.50 0.6 19% 0.2 EtCMe2CH2Cl 5 8 
PrCHMeCH2Cl 1 2 
n-HexCl 1 4 
i-PrCHClEt 0.5 1 
BuCMe2CH2Cl 0.2 5 

24 i-PenCl 0.31 0.6 None 0.0 Telomerb 12 
25 i-PenCl 0.49 0.6 19% 0.2 EtCMe2CH2CH2Cl 12 18 

i-BuCClEt 
n-HexCl } 2 
CgHxgCl's 

(a) The alkyl chloride containing 0.04 mol dissolved di-t-butyl 
peroxide was heated at 130-140° with the hydrochloric acid 
during four hours in a glass liner in an Ipatieff-type 
rotating autoclave under ethylene pressure. 

(b) Boiled chiefly from 200° to above 400°. 
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160 INDUSTRIAL AND LABORATORY ALKYLATIONS 

added presence of concentrated hydrochloric acid (Expt. 
22). The major product was l-chloro-3-methylpentane 
which was formed by ethylation at the penultimate 
carbon atom of the butyl chloride v i a abstraction of 
the hydrogen atom attached to the penultimate carbon 
atom c h i e f l y by the chlorine atom formed from the 
hydrogen chloride. Product which was formed i n about 
one-half the amount of this chlorohexane was an isomer, 
3-chlorohexane, formation of which involved alkylation 
at the carbon atom holding the chlorine atom. The 
presence of a very minor quantity of 1-chlorohexane was 
also noted. This was formed either by alkylation at 
the methyl carbon atom or by telomerization of ethylene 
and hydrogen chloride. 

More isomeric oc t y l chlorides than hexyl chlorides 
were formed by a telomerization reaction involving a 
second molecule of ethylene. Nuclear magnetic reso
nance (nmr) suggested that the product was a mixture of 
about equal weight of primary and secondary chlorides. 
Since many octy l chloride isomers exist, no conclusion 
was reached as to the probable structures. 

It may be concluded that ethylation of n-butyl 
chloride occurs most readily at the penultimate carbon 
atom and next most readily at the carbon atom holding 
the chlorine atom. It probably also occurs at the 
other primary carbon atom. 

The peroxide-induced ethylation of isobutyl 
chloride i n the presence of 19% hydrochloric acid 
involved monoethylation at a l l of the carbon atoms i n 
the molecule (Expt. 23). As might be expected, the 
chief product was l-chloro-2,2-dimethylbutane, produced 
vi a abstraction of the hydrogen atom attached to the 
t e r t i a r y carbon atom. Also formed were l-chloro-2-
methylpentane (ethylation at a methyl group) and 3-
chloro-2-methylpentane (ethylation at the carbon atom 
holding the chlorine atom). Some 1-chlorohexane was 
also obtained; in this case, i t s formation was un
doubtedly due to telomerization of the ethylene with 
hydrogen chloride rather than by a reaction involving 
the isobutyl chloride. 

The presence of small amounts (a) of l-chloro-2,2-
dimethylhexane (9) formed by further reaction with 
ethylene of the r a d i c a l (8) responsible for the forma
tion of the major product^(l-chloro-2,2-dimethylbutane) 
and (b) of 3-chloro-2-methylheptane (11) by further 
reaction with ethylene of the r a d i c a l (10) responsible 
for the production of 3-chloro-2-methylpentane was also 
observed. 
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9. SCHMERLING Monoethylation with Ethylene 161 

HCl 

Cl-C-C-C - | k - > C1-C-Ç-C - ^ 2 u i > c i-C - Ç-C-C. (18) 

t ~ H C 1 c c 

ç * 

H C l » 
> Cl-C-C-C-C + C L (19) 

b 
c ç 

C 2 H 4 > c i - c - ï - c - c - c - c - H ^ j - > Cl-C-C-C-C-C-C (20) 
t " c l " ά 

9 
C l ^ 

Cl-C-C-C — £ ^ f - > Cl-C-C-C C 2 H 4 > -C-C-ά—C-C (21) 
b ~ H C 1 b c 

10 
C l 

-> C-C-O—C-C + C l - (22) 
ί ο — I b 

C 2 H 4 > . c - c - c - c - ά — c - c H £j- c - c - c - c - ά — c - i 2 3 ) 

ό " c 1 ' b 
11 

The product formed i n l a r g e s t amount by the hydro
c h l o r i c acid-promoted and peroxide-induced r e a c t i o n of 
i s o p e n t y l c h l o r i d e w i t h e t h y l e n e was a l s o t h a t formed 
by a l k y l a t i o n a t the t e r t i a r y carbon atom, namely 1-
chloro-3,3-dimethylpentane (12,) (Expt. 25). The remain
i n g c o n s t i t u e n t s of the r e a c t i o n product were a l l 
ob t a i n e d i n v e r y minor amount and were a l l a l k y l 
c h l o r i d e s . Among these were 4-chloro-2-methylhexane 
(1^), 1-chlorohexane (formed by t e l o m e r i z a t i o n ) and 
some chlorononanes i n c l u d i n g 5-chloro-3,3-dimethyl-
heptane (16) formed by e t h y l a t i o n of 12, 4-chloro-2-
methyloctane (15) and l-chl o r o - 3 - m e t h y l o c t a n e (17,) . 

C1C-C-C-C C 1 " > Cl-C-C-C-C 0 2 H 4 > C1C-C-C-C-C-
b b b 
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162 INDUSTRIAL AND LABORATORY ALKYLATIONS 

HCl 

cic-c-c-c-c-

n l — > C1C-C-C-C-C 
- c i - t 

12 

C2H4 > C 1 C - C - C - Ç - C - C - C - C -
c 

HCl -Cl-

Cl-C-C-^-C-C-C-C (24) 
c 

13. 

Also, ClG-C-C-C Cl- -> cic-c-c-c 
t 

cic-c-c-c ° 2 H 4 > -c-c-c—c-c-c —^=-> C-C-C—C-C-C 
ά ά " c l " c 

A 14 

Cl 
A C 2 H 4 > · C-C-C-C-ï—C-Ç-C 
^ c 

- C l - > C-C-C-C-ÎUc-Ç-C (25) -HCl 

15 

12 
Ç Cl ç 

C 1 * -> Cl-C-C-C-C-C C f f i > C-C-t—C-C-C-C (26) -HCl -HCl 

16 

> C 1 - C - C - Ç - C - - ^ 2 M _ > C l - C - C - C - C 
c à 

-c-c-c-

Β C 2 H 4 > ci-c-c-c-c-c-c-c-c- ^k-> Cl-C-C-C-C-C-C-C-C 
ά " c l e b (27) 

17 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
7 

| d
oi

: 1
0.

10
21

/b
k-

19
77

-0
05

5.
ch

00
9

In Industrial and Laboratory Alkylations; Albright, L., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



9. SCHMERLING Monoethylation with Ethylene 163 

Under the same c o n d i t i o n s but i n the absence of 
h y d r o c h l o r i c a c i d , t e l o m e r i z a t i o n o c c u r r e d (Expt. 24). 
A t r a c e amount of monoethylation product may have been 
produced, but the r e a c t i o n product b o i l e d c h i e f l y from 
about 200° t o higher than 400°. 

I t may be concluded t h a t primary a l k y l c h l o r i d e s 
undergo peroxide-induced, hydrogen ch l o r i d e - p r o m o t e d , 
a l k y l a t i o n w i t h ethylene to y i e l d products formed by 
a l k y l a t i o n a t a t e r t i a r y carbon atom, at a penultimate 
secondary carbon atom, or a t a primary carbon atom 
h o l d i n g a c h l o r i n e atom. In the absence of hydro
c h l o r i c a c i d , η-butyl c h l o r i d e underwent l i t t l e 
p e roxide-induced r e a c t i o n w i t h e t h y l e n e presumably 
because hydrogen c h l o r i d e i s necessary f o r propagating 
the r e a c t i o n c h a i n v i a a b s t r a c t i o n of hydrogen from the 
hydrogen c h l o r i d e to produce the e t h y l a t e d product and 
a c h l o r i n e atom which maintains the c h a i n by a b s t r a c 
t i o n from the a l k y l c h l o r i d e . 

E t h e r s . Low y i e l d s of s e v e r a l compounds were 
obtained when e t h y l e t h e r was heated a t 130-140° under 
ethylene p r e s s u r e i n the presence of d i - t - b u t y l 
peroxide and h y d r o c h l o r i c a c i d (Expt. 26, Table V ) . 
E t h y l a t i o n took p l a c e i n the normal f a s h i o n t o y i e l d 
e t h y l s e c - b u t y l ether by monoethylation t o g e t h e r w i t h 
at l e a s t three ethers having e i g h t carbon atoms; d i -
s e c - b u t y l e t h e r , ( e t h y l a t i o n a t both secondary carbon 
atoms of the e t h y l e t h e r ) , e t h y l 1 - m e t h y l - l - e t h y l p r o p y l 
ether ( e t h y l a t i o n a t the t e r t i a r y carbon atom of the 
primary product) and e t h y l - l - m e t h y l p e n t y l e t h e r formed 
by t e l o m e r i z a t i o n of the primary r a d i c a l w i t h two 
molecules of e t h y l e n e ) . Some Cio e t h e r s were a l s o 
formed. 

η-Butyl c h l o r i d e was produced i n about the same 
amount as e t h y l s e c - b u t y l e t h e r . I t s formation p r e 
sumably i n v o l v e d t e l o m e r i z a t i o n of et h y l e n e w i t h 
hydrogen c h l o r i d e . 

E t h y l a t i o n of t e t r a h v d r o f u r a n took p l a c e i n good 
y i e l d under the standard c o n d i t i o n s (Expt. 17). The 
p r i n c i p a l product was 2 - e t h y l t e t r a h y d r o f u r a n mixed w i t h 
a s m a l l e r amount of 3 - e t h y l t e t r a h y d r o f u r a n . D i e t h y l -
t e t r a h y d r o f u r a n s and b u t y l t e t r a h y d r o f u r a n s were a l s o 
formed as was much h i g h - b o i l i n g product. 
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164 INDUSTRIAL AND LABORATORY ALKYLATIONS 

Table V 

Reaction of Ethers with Ethylene 

<-Reactants, mols-> <—HCl > < Chief Products- > 
Expt. a Ether mois Ç 2 H 4 Kind mois Kind g % 

26 Et 20 1.49 1.0 38 0.2 EtOBu-s 4 4 
n-BuCl 4 9 
C8Hl60b 5 8 
Miscellaneous 0 1 

27 THFd 

1.97 1.0 38 0.2 EtC4Hy0e 22 22 
Higher-boiling 25 

28 p-Df 1.05 1.3 None p-Df 82 89 
EtDioxane 8 7 
Telomere 46 

29 p-D* 0.92 1.3 19 0.2 2-EtDioxane 3 3 
(C1CH2CH2)20 13 10 
C1C2H40C2H40H 3 3 

30 p-Df 0.78 0.6 38 1.2 2-EtDioxane 8 11 
(C1CH 2CH 2) 20 2 20 18 
C1C2H40C2H40H 3 3 

(a) The ether, hydrochloric acid (when used) and 0.04 mol d i - t -
butyl peroxide were heated at 130-140°C in a glass liner i n 
an Ipatieff-type rotating autoclave under ethylene pressure 

(b) Includes Et-0-C(Me)Et2, Et-0-CH(Me)Bu, and (s-Bu) 20. 

(c) Includes CĴ Q ethers and n-CgH-j^Cl and 11-C3H-QCI. 

(d) Tetrahydrofuran. 

(e) Mixture of 2- and 3-ethyltetrahydrofuran. 

(f) p-Dioxane. 

(g) Product of higher molecular weight than the ethyldioxane. 
Most (44 g ) boiled above 195° and was a very viscous 
yellow o i l at room temperature. 
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9. SCHMERLING Monoethylation with Ethylene 165 

C2H4|/HC1 C2H4 /HCl 

(28) 

2-Ethyldioxane (18) was a product of the reaction 
of p-dioxane with ethylene in the presence of hydro
chlo r i c acid and d i - t - b u t y l peroxide at 130-140°C 
(Expts. 29 and 30). However, the major product was 
bis-(2-chloroethyl) ether (20,) and a smaller amount of 
2-chloroethyl 2-hydroxyethyl ether (19). These were 
formed by hydrolysis of the p-dioxane by reaction with 
the hydrogen chloride. 

û Cl-
-HCl 

C2H4 
/HCl c y 

C-C 

(29) 

(C1-C-C)20 (30) 

20 
More hydrolysis occurred i n the presence of a 

larger proportion of more concentrated hydrochloric 
acid (cf. Expts. 29 and 30). 

In the absence of hydrochloric acid, telomeriza
tion occurred, yielding very high molecular weight telo-
mer (Expt. 28). Hanford and Roland (3) found that the 
benzyl peroxide-induced reaction of dioxane with ethyl
ene at 80°C resulted i n products formed by reaction of 
54 mois of ethylene per mol of p-dioxane. In Expt. 28 
using d i - t - b u t y l peroxide at 13ÏÏ-1400 14 mois of ethyl-
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166 INDUSTRIAL AND LABORATORY ALKYLATIONS 

ene was consumed f o r each mol of p-dioxane which was 
not recovered. A f t e r d i s t i l l i n g o f f the unreacted 
dioxane, t h e r e remained a r e a c t i o n product c o n t a i n i n g 
some e t h y l d i o x a n e (7 mol % y i e l d ) , the remainder con
s i s t i n g of product, over 95 wt % of which was a very 
v i s c o u s o i l b o i l i n g above 195°. 

I t may be concluded t h a t h y d r o c h l o r i c a c i d 
promotes the peroxide-induced monoethylation of p-
dioxane. However, t h i s s e l e c t i v e a l k y l a t i o n r e a c t i o n 
i s accompanied by h y d r o l y s i s of the dioxane. 

Literature Cited 

1. Schmerling, Louis, U.S. Patent 2,769,849 
(Nov. 6, 1956, originally f i led May 31, 1946). 
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10 

Coupl ing of Alkyl Groups Using Transition 

Metal Catalysts 

JAY K. KOCHI 
Department of Chemistry, Indiana University, Bloomington, IN 47401 

The formation of carbon-carbon bonds is one of the most 
important operations in organic synthesis, and it can be repre
sented by the coupling of organometallic reagents (including 
alkyllithium and Grignard reagents) with organic derivatives, 
such as alkyl halides among others. 

RMgX + R'-X t M l » R-R1 + MgX2 [l] 

The organic moieties, R and R' in Equation 1, can either be 
saturated alkyl, aryl, vinyl or acetylenic groups leading to a 
wide variety of hydrocarbon structures. The most effective 
catalysts represented in Equation 1 as [M] are derived from 
transition metal complexes. 

The role of the metal catalysts is varied in these reac
tions, but they are most commonly involved in the formation of 
organometallic intermediates RM which subsequently reductively 
eliminate to the coupled product. Reactions leading to the forma
tion of the key intermediate R-M and the elucidation of the path
ways for its decomposition are thus central to the understanding 
of these catalytic processes. We will first summarize briefly 
the processes involved in the formation and destruction of RM, 
which will be followed by our studies of various catalytic systems 
leading to the coupling of alkyl groups. 

Formation of Alkylmetal Complexes 

Organometals R-M are commonly prepared by metathesis 
of a transition metal complex with substitution-labile carbanio
noid reagents such as Grignard and lithium derivatives. 

CHi CHî 

CH3-AuŒ-PPh3 + CD 3 Li CH3-AuID:-PPh3 + Li l 

I CD, 

167 
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168 INDUSTRIAL AND LABORATORY ALKYLATIONS 

The formal oxidation state of the metal under these circum
stances does not change. Similarly, no change in the formal 
oxidation state of the metal results from the insertion of an 
olefin into a ligand-metal bond. 

L 2Pt* + CH 2 = CH 2 — > L 2 P t ^ [3](2) 
N C 1 X C 1 

On the other hand, when either alkyl radicals or alkyl 
carbonium ions (or their precursors) are used as alkylating 
agents, the metal center undergoes a change in the formal oxida
tion state of either one or two, respectively. 

CH 3. + c A n 2
+ 2 - CH 3-Cr nen 2

+ 2 [4](3) 

CH 3 

CDjI + (CH 3 ) 2 A u L i P P h 3 » CD 3-Au Œ-PPh 3 + L i l [5](4) 
CH 3 

Alkylations of metal centers under these circumstances are con
sidered as oxidative additions. 

Decomposition of Alkylmetal Complexes 

There are a number of modes by which carbon-metal bonds 
can be cleaved. Conceptually, they can be represented by the 
microscopic reverse of each of the processes in Equations 2-5 
which lead to the alkylation of the metal center. Thus, the 
reverse of Equation 2 is represented by the well-known electro-
philic cleavage of organometals.(5) 

(CHa^Au^PPha+HOAc — ( C H ^ A u ^ O A c J P P l ^ + CH 3-H [6] 

Similarly, β-elimination of hydrogen is probably the most 
common route by which alkylmetals decompose. 

CH 2CH 2CH 2CH 3 

CH 2 — CHCH 2CH 3 

L 2 P < - * + [7](6) 
CH 2CH 2CH 2CH 3 

L 2 P t ^ etc. 
CH 2CH 2CH 2CH 3 

The homolytic cleavage of alkylmetal bonds, particularly 
those of Main Group metals, is known from Paneth !s classic 
experiments to occur at high temperatures. The reverse of 
Equation 4, however, does not usually represent the energeti-

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
7 

| d
oi

: 1
0.

10
21

/b
k-

19
77

-0
05

5.
ch

01
0

In Industrial and Laboratory Alkylations; Albright, L., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



10. KOCHi Transition Metal Catalysts 169 

c a l l y m o s t f a v o r e d p a t h w a y i n t h e d e c o m p o s i t i o n o f R - M . A l k y l 
c o u p l i n g a s a r e s u l t o f h o m o l y s i s t o f r e e r a d i c a l s , f o l l o w e d b y 
d i m e r i z a t i o n 

R - M [ M - + R - ] — * R - R , e t c . [ 8 ] 

i s n o t u b i q u i t o u s , a l t h o u g h s u c h v i e w s w e r e w i d e l y h e l d d u e t o 
t h e m i s g u i d e d b e l i e f t h a t c a r b o n - m e t a l b o n d s , p a r t i c u l a r l y t h o s e 
i n v o l v i n g t r a n s i t i o n m e t a l s , a r e e x t r e m e l y w e a k . I f a l k y l r a d i 
c a l s a r e i n t e r m e d i a t e s i n t h e c a t a l y z e d c o u p l i n g o f a l k y l g r o u p s , 
t h e y s h o u l d u n d e r g o d i s p r o p o r t i o n a t i o n i n a d d i t i o n t o d i m e r i z a 
t i o n . 

C H 2 = C H 2 + C H 3 C H 3 [ 9 a ] 

2 C H 3 C H 2 -

C H 3 C H 2 C H 2 C H 3 [ 9 b ] 

E i t h e r b i m o l e c u l a r p r o c e s s i s n o t p o s s i b l e w i t h o u t t h e o t h e r , 
s i n c e t h e r a t i o o f t h e r a t e c o n s t a n t s i s f i x e d b y t h e s t r u c 
t u r e o f t h e r a d i c a l . ( 7 ) H o w e v e r , a n u m b e r o f m e t a l - c a t a l y z e d 
c o u p l i n g s a r e k n o w n t o p r o c e e d w i t h o u t t h e f o r m a t i o n o f a n y d i s 
p r o p o r t i o n a t i o n p r o d u c t s , c e r t a i n l y i n t h e a m o u n t s d i c t a t e d b y 
t h e v a l u e s o f 1 ^ / F u r t h e r , t h e c o u p l i n g r e p r e s e n t e d i n E q u a 
t i o n 1 c a n o c c u r w i t h o u t t h e s c r a m b l i n g o f R a n d R 1 , a s w o u l d b e 
e x p e c t e d o f f r e e r a d i c a l i n t e r m e d i a t e s . ( 8 ) 

T h e m i c r o s c o p i c r e v e r s e o f o x i d a t i v e a d d i t i o n i n E q u a t i o n 
5 i s r e p r e s e n t e d b y r e d u c t i v e e l i m i n a t i o n w h i c h c a n b e i n t e r -
m o l e c u l a r ( E q u a t i o n 1 0 ) o r i n t r a m o l e c u l a r ( E q u a t i o n 1 1 ) . 

d m g C o ^ C H a + B r " — > d m g C o 1 + C H 3 B r [ 1 0 ] ( 9 ) 

( C H 3 ) 3 A u 1 I P P h 3 — > C H 3 A u P P h 3 + C H 3 C H 3 [ H ] ( 1 0 . ) 

I n d e e d , t h e c o m b i n a t i o n o f o x i d a t i v e a d d i t i o n i n E q u a t i o n 5 a n d 
r e d u c t i v e e l i m i n a t i o n i n E q u a t i o n 11 i s t h e b a s i s f o r a c a t a l y t i c 
m e c h a n i s m f o r a l k y l c o u p l i n g . 

A l k y l T r a n s f e r s f r o m O r g a n o m e t a l l i c I n t e r m e d i a t e s 
i n C a t a l y t i c P r o c e s s e s 

T h e o x i d a t i o n - r e d u c t i o n r e a c t i o n s o f o r g a n o m e t a l l i c i n t e r 
m e d i a t e s p r e s e n t e d i n t h e f o r e g o i n g d e s c r i p t i o n c a n b e a p p l i e d , 
i n c o m b i n a t i o n , t o a v a r i e t y o f c a t a l y t i c p r o c e s s e s , s u c h a s t h e 
m e t a l - c a t a l y z e d a l k y l t r a n s f e r r e a c t i o n s o f G r i g n a r d r e a g e n t s 
o r i g i n a l l y i n v e s t i g a t e d b y K h a r a s c h a n d c o w o r k e r s . ( l 1 ) W e h a v e 
f o u n d t h a t t h e c a t a l y t i c r e a c t i o n s b e t w e e n l a b i l e o r g a n o m e t a l s a n d 
a l k y l h a l i d e s c a n b e g e n e r a l l y c l a s s i f i e d i n t o t w o c a t e g o r i e s , 
c o u p l i n g i n E q u a t i o n 12 a n d d i s p r o p o r t i o n a t i o n i n E q u a t i o n 1 3 , 
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d e p e n d i n g o n t h e c a t a l y s t . F o r e x a m p l e , s i l v e r ( l ) a n d c o p p e r ( l ) 
a r e e f f e c t i v e c a t a l y s t s i n t h e c o u p l i n g o f a l k y l g r o u p s , w h e r e a s 

r—* R - R + m X [ 1 2 ] 
R - m + R - X ( 

V _ > - R H + R ( - H ) + m X [ 1 3 ] 

i r o n e f f e c t s o n l y d i s p r o p o r t i o n a t i o n e x c e p t w h e n a r y l a n d v i n y l i c 
h a l i d e s a r e e m p l o y e d . E a c h c a t a l y s t s h o w s u n i q u e f e a t u r e s 
w h i c h a r e b e s t d e s c r i b e d w i t h i n t h e f o l l o w i n g m e c h a n i s t i c 
c o n t e x t . 

A . N i c k e l C a t a l y s i s i n t h e C r o s s C o u p l i n g o f A r y l H a l i d e s 
w i t h A l k y l m e t a l s . T h e R o l e o f A r y l a l k y l n i c k e l ( I I ) S p e c i e s a s 
I n t e r m e d i a t e s . F o r t h e s t u d y o f n i c k e l c a t a l y s i s i n t h e f o r m a t i o n 
o f a r a l k a n e s , w e e m p l o y e d t h e s y s t e m c o n s i s t i n g o f a r y l b r o 
m i d e s a n d m e t h y l l i t h i u m o r m e t h y l m a g n e s i u m b r o m i d e . 

A r - B r + C H 3 - m ( E t 3 P ) 2 N i B r 2 > A r _ C H j + m _ B r [ M ] 

w h e r e m = L i o r M g X 

A l t h o u g h t h e t r i e t h y l p h o s p h i n e c o m p l e x e s o f n i c k e l ( l l ) m a y n o t 
n e c e s s a r i l y r e p r e s e n t o p t i m u m e x a m p l e s o f c a t a l y s t s , ( 1 2 ) ( l 3 ) 
t h e y a l l o w e d u s a c c e s s t o t h e k e y i n t e r m e d i a t e , v i z . , tn~e a r y l -
m e t h y l - n i c k e l c o m p l e x e s s u c h a s l a a n d b . A n y c a t a l y t i c c y c l e 

P E t 3 J C H 3 P E t 3 

< Q W - C H 3 l a ((JS N i - C H 3 l b 
P E t 3 P E t 3 

w h i c h i s d e v e l o p e d a r o u n d t h i s i n t e r m e d i a t e m u s t d e p e n d o n t h e 
a v a i l a b i l i t y o f p a t h w a y s f o r i t s r a p i d f o r m a t i o n a n d f a c i l e d e c o m 
p o s i t i o n . ( 1 4 ) T h e m o s t s t r a i g h t f o r w a r d f o r m u l a t i o n s i m p l y 
c o n s i s t s ôT"a s e q u e n c e o f s t e p s i n v o l v i n g (a) r e d u c t i v e e l i m i n a 
t i o n f o l l o w e d b y (b) o x i d a t i v e a d d i t i o n a n d ( c ) m e t a t h e s i s a s 
s h o w n i n S c h e m e 1 ( L = t r i e t h y l p h o s p h i n e ) . 

S c h e m e 1 τ Λ Τ . J \ r a A _ τ τ τ , τ . Γ ι c l 

L 2 N i < ç H A r C H 3 + L 2 N i [ 1 5 ] 

A r X + L 2 N i , b » L 2 N < £ r [ 1 6 ] 
f a s t -Χ-

L 2 N i C ^ r + C H 3 m — — • X m + L 2 N < ^ e t c . [ 1 7 ] 
•λ f a s t 

I n d e e d , e a c h s t e p i n t h i s c a t a l y t i c c y c l e c a n b e d o c u m e n t e d 
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s e p a r a t e l y . W e h a v e s h o w n t h a t r e d u c t i v e e l i m i n a t i o n i n s t e p (a ) 
p r o c e e d s t o a n i c k e l ( O ) s p e c i e s w h i c h c a n u n d e r g o r a p i d o x i d a t i v e 
a d d i t i o n i n s t e p (b) a s d o e s t h e m e t a t h e s i s i n s t e p ( c ) . S i m i l a r 
o b s e r v a t i o n s h a v e b e e n m a d e q u a l i t a t i v e l y b y P a r s h a l l a n d 
o t h e r s . ( l 5 ) ( l 6) T h e r e a r e , h o w e v e r , t w o s e r i o u s p o i n t s t o b e 
r a i s e d o n t h i s s i m p l e m e c h a n i s m . M o s t i m p o r t a n t l y , w e f i n d 
t h a t t h e r a t e o f r e d u c t i v e e l i m i n a t i o n i n s t e p (a) i s t o o s l o w t o 
a l l o w f o r a c a t a l y t i c p r o c e s s . S e c o n d l y , a r y l - m e t h y l - b i s ( t r i -
e t h y l p h o s p h i n e ) n i c k e l ( l l ) c o m p l e x e s l a a n d b e x i s t e x c l u s i v e l y i n 
t h e t r a n s c o n f i g u r a t i o n . O x i d a t i v e a ~ d d i t i o n ~ t o n i c k e l ( O ) s p e c i e s 
i n s t e p (b) a l s o a f f o r d s o n l y t h e t r a n s a d d u c t s . O u r d e m o n s t r a 
t i o n o f t h e i n t r a m o l e c u l a r r o u t e f o r r e d u c t i v e e l i m i n a t i o n o f l a 
a n d b d e m a n d s t h a t i t p r o c e e d i n a c o n c e r t e d f a s h i o n v i a a 
t r a n s i t i o n s t a t e i n w h i c h t h e a r y l a n d m e t h y l g r o u p s a r e j u x t a 
p o s e d . T h u s , a c i s s q u a r e p l a n a r o r t e t r a h e d r a l g e o m e t r y f o r 
r e d u c t i v e e l i m i n a t i o n w o u l d b e s i m i l a r t o t h a t p r e v i o u s l y s h o w n 
f o r t h e s o m e w h a t a n a l o g o u s e x a m p l e o f t h e t r i a l k y l g o l d ( l l l ) c o m 
p l e x e s i n E q u a t i o n 1 8 . ( 1 7 ) S i n c e w e c o u l d f i n d n o e v i d e n c e o f t h e 
i s o m e r i z a t i o n o f t h e t r a n s t o e i t h e r a c i s i s o m e r o r a t e t r a h e d r a l 

C H 3 

R - A u I I L P P h 3 — • R - C H 3 + C H 3 A u P P h 3 [ 1 8 ] 

C H 3 

s p e c i e s e v e n a t 8 0 ° , w e t e n t a t i v e l y c o n c l u d e t h a t r e d u c t i v e e l i m i 
n a t i o n o f l a a n d b d o e s n o t p r o c e e d v i a t h e s e s t e r e o i s o m e r i c 
f o r m s . I n s u c h a n e v e n t , r e d u c t i v e e l i m i n a t i o n c a n p r o c e e d 
d i r e c t l y f r o m t h e t r a n s c o m p l e x v i a a t e t r a h e d r a l - l i k e t r a n s i t i o n 
s t a t e . O n t h e o t h e r h a n d , r e t a r d a t i o n o f r e d u c t i v e e l i m i n a t i o n b y 
a d d e d t r i e t h y l p h o s p h i n e s u g g e s t s t h a t i t p r o c e e d s b y a d i s s o c i a 
t i v e m e c h a n i s m , s i n c e n o f i v e - c o o r d i n a t e s p e c i e s c a n b e d e 
t e c t e d i n t h e 3 1 P N M R s p e c t r u m ( 1 8 ) i n s u f f i c i e n t c o n c e n t r a t i o n s 
t o account quantitatively f o r t h e Tate r e d u c t i o n . 

( E t 3 P ) 2 N i < J * ^ E t 3 P + E t 3 P N i < £ ^ e t c . [ 1 9 ] 

T h e t h r e e - c o o r d i n a t e i n t e r m e d i a t e i n E q u a t i o n 19 w o u l d t h e n 
a l l o w f o r g r e a t e r m o b i l i t y o f t h e g r o u p s f r o m w h i c h r e d u c t i v e 
e l i m i n a t i o n c o u l d p r o c e e d . ( 1 9 ) R e a r r a n g e m e n t f o l l o w e d b y a v e r y 
r a p i d r e d u c t i v e e l i m i n a t i o n - o f t h e c i s i s o m e r i s a l s o a p o s s i b i l 
i t y . H o w e v e r , o u r u n s u c c e s s f u l a t t e m p t s t o s y n t h e s i z e c i s - a r y l -
m e t h y l - n i c k e l ( l l ) c o m p l e x e s s t i l l l e a v e o p e n t h e q u e s t i o n o f 
r e d u c t i v e e l i m i n a t i o n f r o m s u c h s t e r e o i s o m e r s . T h e r e s u l t s w e 
o b t a i n e d i n s t u d i e s w i t h t h e b i d e n t a t e d i p h o s p h i n e l i g a n d ( d p p e ) , 
t h o u g h q u a l i t a t i v e l y i n t h i s d i r e c t i o n , u n f o r t u n a t e l y l a c k d é f i n i -
t i v e n e s s a s y e t . 

T h e f o r e g o i n g d i s c u s s i o n i n d i c a t e s t h a t o t h e r c o n s i d e r a 
t i o n s m u s t b e i n v o k e d i n o r d e r t o a l l o w f o r t h e f a c i l e e x p u l s i o n o f 
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a r y l a n d m e t h y l g r o u p s f r o m l a and b n e c e s s a r y f o r a c a t a l y t i c 
c y c l e . I n d e e d , the o b s e r v a t i o n t h a t ~ ô x y g e n i n d u c e s the r a p i d 
r e d u c t i v e e l i m i n a t i o n of l a and b p r o v i d e s the k e y to this u n d e r 
s t a n d i n g . In o r d e r to d e v e l o p trlis t h e s i s , we p r e s e n t f i r s t the 
a u t o x i d a t i o n of o r g a n o m e t a l s w i t h i n the g e n e r a l context of e l e c 
t r o n t r a n s f e r p r o c e s s e s . 

T h e r a p i d r e a c t i o n of a v a r i e t y of o r g a n o m e t a l l i c c o m 
p l e x e s w i t h m o l e c u l a r o x y g e n p r o c e e d s f r o m a p r i o r e l e c t r o n 
t r a n s f e r s tep s u c h as E q u a t i o n 20, 

0 2 + [ R - M ] — • 0 2~ + [ R - M j i " , e tc . [20] 

i n w h i c h o x y g e n ac ts as a n e l e c t r o n a c c e p t o r . T h i s p r o c e s s i s 
i m p o r t a n t i n d e p e n d e n t l y of w h e t h e r the s u b s e q u e n t s teps i n 
a u t o x i d a t i o n i n v o l v e a s t o i c h i o m e t r i c or r a d i c a l c h a i n process^20) 
S i m i l a r l y , o r g a n i c h a l i d e s s u c h as a r y l b r o m i d e s a r e a l s o k n o w n 
to b e a c c e p t o r s i n e l e c t r o n t r a n s f e r p r o c e s s e s . ( 8 ) ( 2 1 ) F u r t h e r 
m o r e , o r g a n o m e t a l s b e i n g g e n e r a l l y e l e c t r o n - r i c h " s p e c i e s a r e 
c a p a b l e of a c t i n g as d o n o r s i n a n u m b e r of e l e c t r o n t r a n s f e r 
r e a c t i o n s . ( 2 2 ) T h e e n h a n c e d l a b i l i t y of the r e s u l t a n t c a t i o n -
r a d i c a l t o w a r d r e d u c t i v e e l i m i n a t i o n has b e e n d i s c u s s e d r e c e n t l y 
w i t h r e g a r d to s o m e m a i n g r o u p as w e l l a s t r a n s i t i o n m e t a l -
o r g a n i c c o m p l e x e s . ( 2 3 ) 

A s s t r u c t u r a l l y " c l i f i e r e n t as they a r e , n o n e t h e l e s s o x y g e n 
and a r y l b r o m i d e s b e a r i n t e r e s t i n g r e s e m b l a n c e s , i n that t h e i r 
i n t e r a c t i o n w i t h a r y l - m e t h y l - n i c k e l c o m p o u n d s l a and b both 
l e a d to the e l i m i n a t i o n of a r y l and m e t h y l g r o u p s . F o r p u r p o s e s 
of f u r t h e r d i s c u s s i o n , we p r o p o s e a c h a r g e t r a n s f e r i n t e r a c t i o n 
c o m m o n to both , i n w h i c h r e a c t i o n s a r e p r o m o t e d b y a p r i o r 
e l e c t r o n t r a n s f e r f r o m I to o x y g e n or a r y l b r o m i d e a c t i n g as 
e l e c t r o n a c c e p t o r s (A).~ 

A + ( E t 3 P ) 2 N i ^ 3 - > A " ( E t 3 P ) 2 N i < ^ 3 , etc . [21] 

A c o n c e r t e d p r o c e s s f o r r e d u c t i v e e l i m i n a t i o n f r o m the nickel(n) 
s p e c i e s ( 2 4 ) i n E q u a t i o n 21 i s i n d i c a t e d b y the r e a s o n a b l e y i e l d s 
of A r C H 3 o b t a i n a b l e e v e n w h e n A i s o x y g e n . M o r e o v e r , the 
p a r t i a l s c r a m b l i n g o b s e r v e d w h e n A i s a r y l b r o m i d e (and the 
a r y l g r o u p s on the n i c k e l c o m p o u n d I and the a r y l b r o m i d e a r e 
d i f f e r e n t ) s u g g e s t s that the i o n p a i r In E q u a t i o n 21 m a y be i n t i 
m a t e l y a s s o c i a t e d . A c c o r d i n g to this f o r m u l a t i o n , the s c r a m b 
l i n g of the a r y l g r o u p s i n the c r o s s c o u p l e d p r o d u c t m u s t o c c u r 
a f t e r e l e c t r o n t r a n s f e r , s i n c e the r e c o v e r e d a r y l b r o m i d e i s not 
e x c h a n g e d . S e v e r a l p o s s i b i l i t i e s c a n be e n v i s a g e d , i n c l u d i n g 
i r r e v e r s i b l e c o l l a p s e to a f i v e - c o o r d i n a t e i n t e r m e d i a t e ( 2 5 ) s u c h 
a s : 

( E t 3 P ) 2 N i Ç ^ A r B r " ( E t 3 P ) 2 N i ^ B r " ( E t 3 P ) 2 N i < ^ + A r C H 3 [22] 
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f o l l o w e d b y t h e e l i m i n a t i o n o f t h e a r y l a n d m e t h y l g r o u p s i n a 
s u b s e q u e n t s t e p . 

W e h a v e a l s o o b s e r v e d t h a t t h e s e n s i t i v i t y o f a r y l - m e t h y l -
n i c k e l c o m p o u n d s l a a n d b t o o x y g e n i s g r e a t l y e n h a n c e d b y t h e 
a d d i t i o n o f methyllithiumT U n d e r these conditions, t h e p r e s e n c e 
o f l a a n d b a s n i c k e l a t e c o m p l e x e s I I I i s i n d i c a t e d b y i s o t o p i c 
excKange s t u d i e s . T h e s e a n i o n i c n i c k e l c o m p l e x e s s h o u l d b e 
e v e n b e t t e r d o n o r s t h a n t h e i r n e u t r a l c o u n t e r p a r t s 1 , (26 ) a n d t h e y 
a r e t h u s e x p e c t e d a l s o t o s h o w e n h a n c e d r e a c t i v i t y " t o " ~ â r y l b r o 
m i d e s i n t h o s e i n t e r a c t i o n s p r o c e e d i n g b y e l e c t r o n t r a n s f e r . 
R e d u c t i v e e l i m i n a t i o n s s i m i l a r t o t h o s e p r e s e n t e d f o r I c a n b e 
f o r m u l a t e d a s : ~~ 

( E t 3 P ) 2 N i < ^ c
r

H 3 ) 2 L . + A r X ( E t 3 P ) 2 N < £ ^ + A r C H 3 + L i X [23] 

T h e v a r i o u s s t o i c h i o m e t r i c r e a c t i o n s o f t h e a r y l - m e t h y l -
n i c k e l c o m p o u n d s o f l a a n d b l e a d i n g t o r e d u c t i v e e l i m i n a t i o n c a n 
b e a s s e m b l e d a s c o m p o n e n t s t o a c a t a l y t i c c y c l e i n t h e c r o s s 
c o u p l i n g p r o c e s s . S c h e m e 2 i s c o n s i s t e n t w i t h t h e f a c t s i n h a n d , 
i n c l u d i n g t h e p r o d u c t s , s t o i c h i o m e t r y , k i n e t i c s , e x c h a n g e a n d 
s c r a m b l i n g e x p e r i m e n t s . 

S c h e m e 2 

L 2 N i ( A r ) C H 3 + A r X s l o w > [ L 2 N i ( A r ) C H 3
+ A r X " ] [ 2 4 ] 

L 2 N i ( A r ) C H 3
+ f a S t > L 2 N i + 4- A r C H 3 [ 2 5 ] 

L 2 N i + + A r X " f a s t > - L 2 N i A r X [ 2 6 ] 

S c h e m e 2 i s p r e s e n t e d s t e p w i s e o n l y t o e m p h a s i z e t h e m e c h a n i s 
t i c f a c t o r s b r o u g h t o u t b y t h e s t u d y o f l a a n d b . T h u s , i t i s p r o 
b a b l y t h a t E q u a t i o n s 2 4 - 2 6 o c c u r i n o n e ~ t o t w o s t e p s s u c h a s 
E q u a t i o n 2 2 , o r i n r a p i d s u c c e s s i o n b e f o r e a n y o f t h e i n t e r m e 
d i a t e s d i f f u s e a p a r t . F u r t h e r m o r e , S c h e m e 2 i s o b v i o u s l y i n 
c o m p l e t e w i t h o u t c o n s i d e r i n g t h e n i c k e l a t e s p e c i e s Ι Π a s p a r t i c i 
p a t i n g i n r e a c t i o n s s u c h a s E q u a t i o n 23 w h i c h a r e m e c h a n i s t i c a l l y 
e q u i v a l e n t t o t h e r a t e - l i m i t i n g s t e p s h o w n b y I i n E q u a t i o n 24 o f 
t h e c a t a l y t i c c y c l e . 

F i n a l l y , t h e r e a r e s e v e r a l m e c h a n i s t i c p o i n t s y e t t o b e 
c l a r i f i e d . F o r e x a m p l e , t h e o r i g i n o f s i d e p r o d u c t s s u c h a s 
r e d u c e d a r e n e i s u n c l e a r . P r e l i m i n a r y r e s u l t s s u g g e s t t h a t t h e 
a r e n e a r i s e s f r o m a n a r y l - m e t h y l e x c h a n g e p r o c e s s s u c h a s , 

( E t 3 P ) 2 N i < ^ ^ + C H j L i ^ ( E t 3 P ) 2 N i < £ r
H j ) 2 : L i ^ (Et3P)2Ni<gJJ*+ArLi [27] 

s i n c e d e u t e r o l y s i s o f t h e r e a c t i o n m i x t u r e l e a d s p a r t l y t o d e u t e r -
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174 INDUSTRIAL AND LABORATORY ALKYLATIONS 

a t e d a r e n e . I t d o e s n o t a p p e a r , h o w e v e r , t h a t a l l o f t h e h y d r o 
g e n i s d e r i v e d f r o m p r o t o n o l y s i s , a n d i t i s p o s s i b l e t h a t s o m e 
o t h e r s o u r c e s u c h a s t h a t f r o m t h e m e t h y l g r o u p m a y b e i n v o l v e d . 

B . I r o n C a t a l y s i s i n t h e C r o s s C o u p l i n g o f A l k e n y l H a l i d e s 
a n d G r i g n a r d R e a g e n t s ! G r i g n a r d r e a g e n t s a r e c r o s s c o u p l e d 
s t e r e o s p e c i f i c a l l y w i t h a l k e n y l h a l i d e s s u c h a s 1 - b r o m o p r o p e n e 
i n t h e p r e s e n c e o f c a t a l y t i c a m o u n t s o f i r o n c o m p l e x e s . ( 2 7 ) 

R M g B r + X ; = C C B r ( F e ^ + " C = C C R + M g B r 2 [ 2 8 ] 

I r o n ( l l l ) c o m p l e x e s a r e e m p l o y e d , b u t t h e y a r e r a p i d l y r e d u c e d 
b y G r i g n a r d r e a g e n t i n s i t u t o g e n e r a t e a c a t a l y t i c a l l y a c t i v e 
r e d u c e d i r o n s p e c i e s ~ p r e s u m a b l y i r o n ( l ) . A m o n g v a r i o u s i r o n 
c o m p l e x e s e x a m i n e d , t r i s - d i b e n z o y l m e t h i d o i r o n ( l l l ) , F e ( D B M ) 3 , 
w a s f o u n d t o b e t h e m o s t e f f e c t i v e , p a r t i c u l a r l y w i t h r e s p e c t t o 
d e a c t i v a t i o n o f t h e c a t a l y s t . ( 2 8 ) T h e y i e l d s o f o l e f i n s o b t a i n a b l e 
b y t h i s c a t a l y t i c p r o c e s s v a r y ~ a c c o r d i n g t o t h e s t r u c t u r e o f t h e 
a l k y l m o i e t y i n t h e G r i g n a r d r e a g e n t a s s h o w n i n T a b l e I . T h u s , 
h i g h y i e l d s o f c r o s s c o u p l e d p r o d u c t s a r e o b t a i n a b l e w i t h m e t h y l -
m a g n e s i u m b r o m i d e . U n d e r t h e s a m e c o n d i t i o n s , e t h y l m a g n e s -
i u m b r o m i d e a f f o r d e d e t h a n e a n d e t h y l e n e a s s i d e p r o d u c t s i n 
a d d i t i o n t o t h e e x p e c t e d c r o s s c o u p l e d p r o d u c t . T h e d i f f e r e n c e 
c a n b e a t t r i b u t e d t o t h e a v a i l a b i l i t y o f ( 3 - h y d r o g e n s i n t h e l a t t e r , 
a f a c t o r w h i c h i s a l s o i m p o r t a n t i n a v a r i e t y o f o t h e r o r g a n o 
m e t a l l i c r e a c t i o n s . ( 2 9 ) 

I n t h i s s t u d y w ë " h a v e c a r r i e d o u t a t h o r o u g h a n a l y s i s o f t h e 
p r o d u c t s f o r m e d d u r i n g t h e r e a c t i o n o f e t h y l m a g n e s i u m b r o m i d e 
w i t h ( Z ) - a n d ( E ) - l - b r o m o p r o p e n e i n t h e p r e s e n c e o f t r i s - d i -
b e n z o y l m e t h i d o - i r o n ( l l l ) . A c o m p l e t e a c c o u n t i n g o f t h e m a t e r i a l 
b a l a n c e a s w e l l a s t h e e l e c t r o n b a l a n c e h a s b e e n a c h i e v e d . 
T o g e t h e r w i t h s t e r e o c h e m i c a l a n d i s o t o p i c l a b e l l i n g s t u d i e s , t h e y 
p r o v i d e s u b s t a n t i a l m e c h a n i s t i c i n f o r m a t i o n a b o u t t h i s i n t e r e s t i n g 
c a t a l y t i c p r o c e s s . 

F i v e m a j o r t y p e s o f s i d e p r o d u c t s a r e p r o d u c e d d u r i n g t h e 
c a t a l y t i c p r o c e s s , i n g r e a t e r o r l o w e r y i e l d s d e p e n d i n g o n t h e 
r e l a t i v e c o n c e n t r a t i o n s o f t h e r e a c t a n t s , t h e t e m p e r a t u r e o f t h e 
r e a c t i o n a n d t h e s t r u c t u r e o f t h e a l k y l m a g n e s i u m b r o m i d e . T h u s , 
a l k e n e R ( - H ) a n d a l k a n e R H f r o m t h e G r i g n a r d c o m p o n e n t a s w e l l 
a s p r o p y l e n e , p r o p e n y l m a g n e s i u m b r o m i d e a n d 2 , 4 - h e x a d i e n e 
f r o m 1 - b r o m o p r o p e n e a r e a l w a y s f o r m e d . N o s i m p l e r e l a t i o n 
s h i p c o u l d b e f o u n d f o r t h e f o r m a t i o n o f t h e s e s i d e p r o d u c t s i n 
r e l a t i o n s h i p t o t h e p r e d o m i n a n t c r o s s c o u p l e d p r o d u c t . T h e 
l a t t e r s u g g e s t s t h a t t h e s i d e p r o d u c t s a r e i n t i m a t e l y c o n n e c t e d 
w i t h t h e p r i n c i p a l r e a c t i o n , a n d t h a t b o t h p r o c e s s e s i n v o l v e 
c o m m o n r e a c t i v e i n t e r m e d i a t e s . A l t e r n a t i v e l y , t h e s i d e p r o 
d u c t s c o u l d a r i s e v i a c o n c u r r e n t b u t l a r g e l y i n d e p e n d e n t r e a c 
t i o n s f r o m t h e c r o s s c o u p l i n g p r o c e s s . T h e r i g o r o u s d e l i n e a t i o n 
b e t w e e n t h e s e b a s i c m e c h a n i s t i c c a t e g o r i e s i s e x t r e m e l y d i f f i c u l t 
t o m a k e i n a c a t a l y t i c s y s t e m i n w h i c h t h e i s o l a t i o n o f i n t e r m e -
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176 INDUSTRIAL AND LABORATORY ALKYLATIONS 

diates is impractical. 
Any mechanistic formulation of the catalytic process must 

take into account the diversity of side products, as well as the 
isotopic labelling and stereochemical results. In the following 
discussion we wish to present a reaction scheme which is consis
tent with the available data, while at the same time keeping the 
number of intermediates to a minimum. 

The Catalyst is best described as an iron(l) species formed 
by the facile reduction of the iron(lll) precursor by the Grignard 
reagent.(30) It is a metastable species subject to deactivation on 
standing, probably by aggregation. Formally, iron(l) species 
consist of a d 7 electron configuration, isoelectronic with man-
ganese(O) and cobalt(ll). Only a few complexes of iron(l) have 
been isolated, but a particularly relevant one is the paramagnetic 
hydrido complex, HFe(dppe) 2, which is stabilized by the bis-
phosphine ligand, dppe[Ph 2PCH 2CH 2PPh 2]. A toluene solution 
shows a strong esr signal centered at <g> = 2.085 with poorly 
resolved fine structure.(31 ) A broad intense esr spectrum (<g> = 
2.08) is also obtained if Fe(DBM) 3 is treated with excess ethyl-
magnesium bromide in T H F solutions at -40° to 0°C. A broad 
resonance is also observed when F e C l 3 [<g> = 2.15] or Fe(acac) 3 

[<g> = 2.07] are employed. The spectrum centered at <g> = 2.00 
retains the same general features when n-pentyl- or sec-butyl-
magnesium bromides are employed as reducing agents.(l2) It is 
destroyed immediately by molecular oxygen, and is the dianion-
radical of the ligand, PhCOCHCOPh-" 2. 

The Mechanism of the cross coupling reaction can be 
accommodated by an oxidative addition of 1-bromopropene to 
iron(l) followed by exchange with ethylmagnesium bromide and 
reductive elimination. Scheme 3 is intended to form a basis for 
discussion and further study of the catalytic mechanism. In 
order to maintain the stereospecificity, the oxidative addition of 
bromo-propene in step a should occur with retention. Similar 
stereochemistry has been observed in oxidative additions of 
platinum(O) and nickel(O) complexes.(32)(33) The metathesis of 
the iron(lll) intermediate in step b is " e x p e c t e d to be rapid in 
analogy with other alkylati on s. ( 34 ) The formation of a new 
carbon-carbon bond by the reductive elimination of a pair of 
carbon-centered ligands in step c has been demonstrated to occur 

Scheme 3 

MgBr 2 RMgBr 
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10. KOCHi Transition Metal Catalysts 177 

w i t h o r g a n o g o l d ( l l l ) , o r g a n o n i c k e l ( l l ) , o r g a n o p l a t i n u m ( l V ) a n d 
o r g a n o r h o d i u m ( l l l ) c o m p l e x e s . ( 1 7 ) ( 3 5 ) 

T h e i r o n ( l l l ) i n t e r m e d i a t e s ~ i n ~ S c h e m e 3 s e r v e a s f o c a l 
p o i n t s f o r t h e f o r m a t i o n o f t h e s i d e p r o d u c t s . F o r e x a m p l e , 
m e t a t h e t i c a l e x c h a n g e o f p r o p e n y l - i r o n ( l l l ) w i t h G r i g n a r d 
r e a g e n t w o u l d a f f o r d p r o p e n y l m a g n e s i u m b r o m i d e i n E q u a t i o n 
3 0 . ( 3 6 ) 

F e m - C H = C H C H 3 + R - M g B r —+· F e ^ - R + C H 3 C H = C H M g B r [30] 

F u r t h e r e x c h a n g e i n E q u a t i o n s 31 a n d 3 2 w o u l d p r o d u c e b i s - ( 1 -
p r o p e n y l ) i r o n ( l l l ) s p e c i e s w h i c h r e d u c t i v e l y e l i m i n a t e t o p r o d u c e 
t h e 2 , 4 - h e x a d i e n e s s t e r e o s p e c i f i c a l l y . ( 3 7 ) 

m B r ïïrCH=CHCH3 

F e X : H = C H C H 3
 + C H 3 C H = C H M g B r + F e ^ C H = C H C H 3

 + M ^ B r 2 P 1 ! 

m C H = C H C H 3 τ 
F e ^ C H = C H C H 3

 F e + C H 3 C H = C H - C H = C H C H 3 P 2 1 

D i s p r o p o r t i o n a t i o n p r o d u c t s a r e p o s t u l a t e d t o a r i s e f r o m 
a l k y l i r o n ( l l l ) a n d / o r d i a l k y l i r o n ( l l l ) s p e c i e s f o r m e d b y a n a n a l o 
g o u s m e t a t h e s i s b e t w e e n i r o n ( l l l ) s p e c i e s a n d a l k y l m a g n e s i u m 
b r o m i d e . T h u s , t h e d i s p r o p o r t i o n a t i o n p r o c e s s e s m a y p r o c e e d 
a s f o l l o w s ( v i d e i n f r a ) : 

m C H 2 C D 3 τ r , 
F e ^ C H 2 C D 3

 F e + C H 2 = C D 2 + D C H 2 C D 3 [33] 

C H 2 C D 
F e X 3 H = C H C H 3

 F e I + C H 2 = C D 2 + C H 3 C H = C H D [34] 

T h e s e d i s p r o p o r t i o n a t i o n s c o u l d p r o c e e d d i r e c t l y o r b y a 2 - s t e p 
m e c h a n i s m i n v o l v i n g p r i o r t r a n s f e r o f a β - h y d r o g e n t o i r o n f o l 
l o w e d b y r e d u c t i v e e l i m i n a t i o n . S i m i l a r d i s p r o p o r t i o n a t i o n p r o 
c e s s e s h a v e b e e n d e s c r i b e d w i t h o r g a n o c o p p e r ( l ) , o r g a n o m a n -
g a n e s e ( l l ) , a n d o r g a n o p l a t i n u m ( l l ) c o m p l e x e s . ( 3 8 ) 

T h e m e c h a n i s m i n S c h e m e 3 a c c o m m o d a t e s m u c h o f t h e 
e x t a n t d a t a o n t h e i r o n - c a t a l y z e d c r o s s c o u p l i n g r e a c t i o n o f 
G r i g n a r d r e a g e n t s a n d a l k e n y l h a l i d e s . T h e s i d e p r o d u c t s 
d e r i v e n a t u r a l l y f r o m o r g a n o i r o n ( l l l ) i n t e r m e d i a t e s b y r e a s o n 
a b l y w e l l - e s t a b l i s h e d p a t h w a y s . H o w e v e r , t h e r e a r e a n u m b e r 
o f i n t e r e s t i n g o b s e r v a t i o n s w h i c h m e r i t f u r t h e r s c r u t i n y i n t h e 
l i g h t o f t h i s m e c h a n i s m . F o r e x a m p l e , i t i s c o m m o n l y h e l d t h a t 
o r g a n o m e t a l l i c c o m p o u n d s s u c h a s t h e a l k y l - a n d p r o p e n y l - i r o n -
(II I ) s p e c i e s i n S c h e m e 3 u n d e r g o e l i m i n a t i o n o f | 3 - h y d r o g e n s i n 
t h e o r d e r ; t e r t . - R > s e c . - R > p r i m . R . H o w e v e r , t h e r e s u l t s p r e 
s e n t e d i n T a b l e I r u n c o u n t e r t o t h i s e x p e c t a t i o n . F u r t h e r m o r e , 
i f t h e o x i d a t i v e a d d i t i o n o f 1 - b r o m o p r o p e n e t o i r o n ( l ) i s r a t e -
l i m i t i n g , t h e r e a c t i v i t i e s o f t h e ( Z ) a n d ( E ) i s o m e r s s h o u l d b e 
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r e l a t i v e l y i n d e p e n d e n t o f t h e G r i g n a r d r e a g e n t . I t i s f o u n d , h o w 
e v e r , t h e ( Z ) - b r o m o p r o p e n e i s m o r e r e a c t i v e t h a n t h e ( E ) i s o m e r 
w i t h p r i m a r y a l k y l m a g n e s i u m b r o m i d e , b u t t h e c o n v e r s e i s t r u e 
o f m e t h y l , s e c o n d a r y a n d t e r t i a r y a l k y l m a g n e s i u m b r o m i d e s . 
T h e d e g r e e o f a s s o c i a t i o n a n d c o m p l e x f o r m a t i o n o f t h e l a t t e r n o 
d o u b t a f f e c t a q u a n t i t a t i v e e v a l u a t i o n , b u t e v e n a q u a l i t a t i v e 
r a t i o n a l i z a t i o n o f t h i s r e s u l t r e m a i n s o b s c u r e . C h a n g e s i n t h e 
c o n c e n t r a t i o n o f t h e r e a c t a n t s a s w e l l a s t h e t e m p e r a t u r e o f t h e 
r e a c t i o n c o u l d a f f e c t t h e r a t e s a n d e q u i l i b r i a o f t h e v a r i o u s r e a c 
t i o n s o u t l i n e d i n S c h e m e 3 a n d E q u a t i o n s 3 0 - 3 4 i n a m a n n e r t o 
c h a n g e t h e p r o d u c t d i s t r i b u t i o n . N o n e t h e l e s s , t h e a n o m a l i e s 
p r e s e n t e d a b o v e u l t i m a t e l y m u s t b e r e s o l v e d b e f o r e t h i s m e c h a n 
i s t i c f o r m u l a t i o n c a n b e a c c e p t e d w i t h m o r e c o n f i d e n c e . 

F i n a l l y , t h e m e c h a n i s m i n S c h e m e 3 b e a r s a r e s e m b l a n c e 
t o t h a t p r e s e n t e d a b o v e f o r t h e n i c k e l - c a t a l y z e d r e a c t i o n o f 
m e t h y l m a g n e s i u m b r o m i d e a n d a r y l b r o m i d e s . H o w e v e r , t h e r e 
a r e o u t s t a n d i n g d i f f e r e n c e s b e t w e e n i r o n a n d n i c k e l i n t h e i r 
a b i l i t i e s t o e f f e c t c r o s s c o u p l i n g r e a c t i o n s . I r o n i s a c a t a l y s t 
w h i c h i s e f f e c t i v e a t l o w e r t e m p e r a t u r e s a n d c o n c e n t r a t i o n s t h a n 
u s e d w i t h n i c k e l . E v e n m o r e i m p o r t a n t l y , c r o s s c o u p l i n g c a n b e 
e f f e c t e d c o m p l e t e l y s t e r e o s p e c i f i c a l l y w i t h a n i r o n c a t a l y s t a n d 
n o a l k y l i s o m e r i z a t i o n o f t h e G r i g n a r d c o m p o n e n t h a s b e e n o b 
s e r v e d , i n c o n t r a s t t o t h e n i c k e l - c a t a l y z e d r e a c t i o n s . 

C . C r o s s C o u p l i n g o f G r i g n a r d R e a g e n t s a n d A l k y l H a l i d e s 
w i t h C o p p e r ( I ) C a t a l y s t s . C o p p e r ( I ) s p e c i f i c a l l y c a t a l y z e s t h e 
c r o s s c o u p l i n g ( E q u a t i o n 3 5 ) b e t w e e n G r i g n a r d r e a g e n t s a n d 
a l k y l b r o m i d e s w h e n c a r r i e d o u t i n T H F s o l u t i o n s a t 0 ° C o r 
l o w e r . ( 3 9 ) 

T h e y i e l d o f h o m o d i m e r s , R - R a n d R f - R ! , u n d e r t h e s e c o n d i t i o n s 
i s n e g l i g i b l y s m a l l . T h i s c r o s s c o u p l i n g r e a c t i o n i s m o s t f a c i l e 
w i t h p r i m a r y a l k y l h a l i d e s , b u t u n l i k e s i l v e r ( l ) c a t a l y s i s , t h e 
s e c o n d a r y a n d t e r t i a r y a l k y l h a l i d e s a r e g e n e r a l l y i n e r t a n d g i v e 
p o o r y i e l d s o f c o u p l e d p r o d u c t s a n d m a i n l y d i s p r o p o r t i o n a t i o n . 
T h e s t r u c t u r e o f t h e G r i g n a r d r e a g e n t i s n o t a s i m p o r t a n t , i n 
a n a l o g y w i t h t h e c r o s s c o u p l i n g o b s e r v e d w i t h l i t h i u m d i a l k y l -
c u p r a t e s . ( 4 0 ) 

T h e ~ c ~ o u p l i n g o f e t h y l m a g n e s i u m b r o m i d e a n d e t h y l b r o m i d e 
t o η - b u t a n e f o l l o w s o v e r a l l t h i r d - o r d e r k i n e t i c s , b e i n g f i r s t 
o r d e r i n e a c h c o m p o n e n t a n d t h e c o p p e r ( l ) c a t a l y s t . T h e r e i s n o 
e v i d e n c e f o r a l k y l r a d i c a l s i n t h e c o p p e r ( l ) - c a t a l y z e d c o u p l i n g 
p r o c e s s , a n d w e p r o p o s e t h e f o l l o w i n g t w o - s t e p m e c h a n i s m : 

R M g X 4- R ! X R - R 1 4- M g X 2 [ 3 5 ] 

S c h e m e 4 R M g B r + C u B r R C u + M g B r 2 [ 3 6 ] 

R C u + R ' B r S l ° w >- R - R 1 + C u B r [ 3 7 ] 
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T h e r a t e - l i m i t i n g s t e p 3 7 c a n b e s h o w n i n d e p e n d e n t l y b y 
e x a m i n i n g t h e s t o i c h i o m e t r i c r e a c t i o n o f a l k y l c o p p e r ( l ) d i r e c t l y 
w i t h o r g a n i c h a l i d e s . H o w e v e r , t h e e x t e n t t o w h i c h d e c o m p o s i 
t i o n o f t h e a l k y l c o p p e r ( l ) i n t e r m e d i a t e c o m p e t e s w i t h t h e c a t a l y -
t i c c o u p l i n g r e a c t i o n i n t r o d u c e s d i s p r o p o r t i o n a t i o n p r o d u c t s . 
T h e l a t t e r i n v o l v e s a c o p p e r ( 0 ) - c a t a l y z e d s e q u e n c e ( 4 1 ) s i m i l a r 
t o t h a t o b s e r v e d w i t h i r o n ( v i d e i n f r a ) , a n d i t i s e s p e c i a l l y 
i m p o r t a n t w i t h s e c o n d a r y a n d t e r t i a r y a l k y l s y s t e m s . T h e 
e f f e c t s o f s t r u c t u r a l v a r i a t i o n a r e c o n s i s t e n t w i t h a r a t e - l i m i t i n g 
s t e p i n v o l v i n g n u c l e o p h i l i c d i s p l a c e m e n t o f h a l i d e i n E q u a t i o n 
3 7 . ( 4 0 ) T h e i n v o l v e m e n t o f a n u c l e o p h i l i c c o p p e r ( l ) c e n t e r , i . e . , 
o x i d a t i v e a d d i t i o n , f o l l o w e d b y r e d u c t i v e e l i m i n a t i o n h a s d i r e c t 
a n a l o g y t o t h e m e c h a n i s m w h i c h h a s b e e n e s t a b l i s h e d w i t h t h e 
a n a l o g o u s g o l d ( l ) c a t a l y s t . O r g a n o c o p p e r ( l I I ) i n t e r m e d i a t e s 

p r e s e n t e d i n E q u a t i o n 3 8 a r e f o r m a l l y r e l a t e d t o t h e s p e c i e s 
f o r m e d i n t h e a s s o c i a t i o n o f a l k y l r a d i c a l s w i t h c o p p e r ( l l ) c o m 
p l e x e s , (4Z) w i t h b o t h s h o w i n g a m a r k e d p r o p e n s i t y f o r r e d u c t i v e 
e l i m i n a t i o n . A l t h o u g h t h e o b s e r v a t i o n o f t h e s e h i g h l y m e t a s t a b l e 
i n t e r m e d i a t e s i s u n l i k e l y , t h e a n a l o g o u s o r g a n o g o l d i n t e r m e 
d i a t e s a r e m o r e s t a b l e a n d c a n b e i s o l a t e d o r o b s e r v e d d i r e c t l y 
b y N M R . O x i d a t i v e a d d i t i o n o f a l k y l h a l i d e s t o a l k y l ( P P h 3 ) -
g o l d ( l ) f o l l o w s t h e e x p e c t e d p a t t e r n : C H 3 I > E t I > i - P r I . ( _ 3 ) T h e 
s u b s e q u e n t r e d u c t i v e e l i m i n a t i o n o f t r i a l k y l g o l d ( l l l ) c o m p l e x e s t o 
c o u p l e d d i m e r w a s d e s c r i b e d e a r l i e r ( E q u a t i o n 1 1 ) . T h e p a r a l l e l 
b e t w e e n c o p p e r ( l ) a n d g o l d ( l ) i s f u r t h e r s h o w n i n t h e b e h a v i o r o f 
t h e c o r r e s p o n d i n g c u p r a t e ( l ) a n d a u r a t e ( l ) c o m p l e x e s . T h u s , 
a l k y l g o l d ( l ) r e a c t s w i t h a n e q u i m o l a r a m o u n t o f a l k y l l i t h i u m t o 
a f f o r d a n i s o l a b l e l i t h i u m d i a l k y l a u r a t e ( l ) . T h e a n i o n i c d i m e t h y l -
a u r a t e ( l ) s p e c i e s f o r m e d i n t h i s m a n n e r i s a t l e a s t 1 0 6 t i m e s 
m o r e r e a c t i v e t o o x i d a t i v e a d d i t i o n o f m e t h y l i o d i d e t h a n t h e 
n e u t r a l m e t h y l ( P P h 3 ) g o l d ( l ) . T h e s a m e p a t t e r n i s q u a l i t a t i v e l y 
e s t a b l i s h e d w i t h o r g a n o c o p p e r ( l ) s p e c i e s i n c o m p a r i n g t h e c o u p 
l i n g r e a c t i o n i n E q u a t i o n 3 7 w i t h t h a t r e p o r t e d f o r l i t h i u m 
d i a l k y l c u p r a t e s . ( 4 0 ) 

D . H o m o - C o u p l i n g w i t h S i l v e r ( l ) . S i l v e r i s a n e f f e c t i v e 
c a t a l y s t f o r t h e c o u p l i n g o f G r i g n a r d r e a g e n t s a n d a l k y l h a l i d e s , 
a n d i t i s e s p e c i a l l y u s e f u l w h e n b o t h a l k y l g r o u p s a r e t h e 
s a m e . ( 4 3 ) W h e n d i f f e r e n t a l k y l g r o u p s a r e e m p l o y e d , a m i x t u r e 
o f t h r e e c o u p l e d p r o d u c t s i s o b t a i n e d . D i s p r o p o r t i o n a t i o n 
b e c o m e s i n c r e a s i n g l y i m p o r t a n t w i t h s e c o n d a r y a n d t e r t i a r y 

[38] 

[ 3 9 ] 

RMgX + EX ·>- R-R + M g X 2 [40] 
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g r o u p s , i n d e p e n d e n t l y o f w h e t h e r t h e y a r e d e r i v e d f r o m t h e 
G r i g n a r d r e a g e n t o r t h e a l k y l h a l i d e . T h e r a t e o f p r o d u c t i o n o f 
b u t a n e f r o m e t h y l m a g n e s i u m b r o m i d e a n d e t h y l b r o m i d e i s 
r o u g h l y f i r s t o r d e r i n s i l v e r a n d e t h y l b r o m i d e , b u t z e r o o r d e r 
i n G r i g n a r d r e a g e n t . ( 4 4 ) T h e r e a c t i v i t y o f a l k y l h a l i d e s f o l l o w s 
t h e o r d e r : t - b u t y l > i ^ p r o p y l > n - p r o p y l b r o m i d e i n t h e r a t i o 
2 0 : 3 : 1 , a n d s t r u c t u r a l v a r i a t i o n s i n t h e G r i g n a r d r e a g e n t s h o w n o 
a p p a r e n t s y s t e m a t i c t r e n d . 

T h e r e s u l t s c a n b e a c c o m m o d a t e d b y S c h e m e 5 , i n w h i c h 
t h e c o u p l i n g a r i s e s f r o m a l k y l s i l v e r ( l ) i n t e r m e d i a t e s g e n e r a t e d 
v i a t w o l a r g e l y i n d e p e n d e n t p a t h w a y s : 

S c h e m e 5 

R ' M g X + AgX —+· TV A g + M g X 2 [ 4 1 ] 

R A g 1 , R ' A g 1 — [ R - R , R ' - R , R ! - R ! ] + 2 A g ° [ 4 2 ] 

A g ° + R - X — ν R- + AgX [ 4 3 ] 

R. + A g ° —>- R A g 1 e t c . [ 4 4 ] 

T h e r a t e - l i m i t i n g s t e p i n t h i s m e c h a n i s m i s g i v e n b y 
E q u a t i o n 4 3 i n w h i c h t h e a l k y l h a l i d e i s r e s p o n s i b l e f o r t h e r e -
o x i d a t i o n o f s i l v e r ( O ) p r o d u c e d i n E q u a t i o n 4 2 . T h i s s l o w s t e p i s 
c l o s e l y a k i n t o t h e p r o d u c t i o n o f a l k y l r a d i c a l s b y t h e l i g a n d 
t r a n s f e r r e d u c t i o n o f a l k y l h a l i d e s w i t h o t h e r r e d u c i n g m e t a l 
c o m p l e x e s . ( 4 5 ) M o r e d i r e c t e v i d e n c e f o r t h e s e l e c t i v e f o r m a t i o n 
o f a l k y l r a d i c a l s f r o m t h e a l k y l h a l i d e i s s h o w n b y t r a p p i n g 
e x p e r i m e n t s a s w e l l a s s t e r e o c h e m i c a l s t u d i e s . T h u s , t h e 
c a t a l y t i c r e a c t i o n o f c i s - p r o p e n y l m a g n e s i u m b r o m i d e w i t h 
m e t h y l b r o m i d e y i e l d e d c i s - b u t e n e - 2 , i n a c c o r d w i t h t h e r e t e n 
t i o n o f s t e r e o c h e m i s t r y d u r i n g t h e r e d u c t i v e c o u p l i n g o f v i n y l -
s i l v e r ^ ) c o m p l e x e s . ( 4 6 ) O n t h e o t h e r h a n d t h e r e v e r s e c o m b i n a 
t i o n , c i s - p r o p e n y l b r o m i d e a n d m e t h y l m a g n e s i u m b r o m i d e , i s 
c a t a l y t i c a l l y c o n v e r t e d t o a m i x t u r e o f c i s - a n d t r a n s - b u t e n e - 2 , 
c o n s i s t e n t w i t h t h e f o r m a t i o n a n d r a p i d i s o m e r i z a t i o n o f t h e 1 -
p r o p e n y l r a d i c a l i n S c h e m e 5 . 

[ 4 5 ] 

C H 3 M g B r 

E . C a t a l y s i s o f A l k y l D i s p r o p o r t i o n a t i o n b y I r o n . A l k y l 
d i s p r o p o r t i o n a t i o n i s t h e s o l e r e a c t i o n o b s e r v e d d u r i n g t h e i r o n -
c a t a l y z e d r e a c t i o n o f e t h y l m a g n e s i u m b r o m i d e a n d e t h y l b r o 
m i d e . (47) T h e c a t a l y s t i s a r e d u c e d i r o n s p e c i e s f o r m e d i n s i t u 
b y t h e r e a c t i o n o f i r o n ( l I , I I l ) w i t h G r i g n a r d r e a g e n t , a n d e l f e c t i v e 
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C H 3 C H 2 M g B r + C H 3 C H 2 B r ( F e ) » C H 3 C H 3 + C H 2 = C H 2 + M g B r 2 [46] 

i n c o n c e n t r a t i o n s a s l o w a s 1 0 " 5 M . A l t h o u g h t h e r e a c t i o n h a s 
l i m i t e d s y n t h e t i c u t i l i t y , i t m e r i t s s t u d y s i n c e i t c a n p r o v i d e 
i n s i g h t i n t o s o m e o f t h e c o m p l i c a t i o n s i n v o l v e d w i t h o r g a n o 
m e t a l l i c i n t e r m e d i a t e s d i s c u s s e d a b o v e . 

T h e r a t e o f r e a c t i o n s h o w s f i r s t o r d e r d e p e n d e n c e o n t h e 
c o n c e n t r a t i o n o f i r o n a n d e t h y l b r o m i d e , b u t i s i n d e p e n d e n t o f 
t h e c o n c e n t r a t i o n o f e t h y l m a g n e s i u m b r o m i d e . T h e r a t e , h o w 
e v e r , v a r i e s w i t h t h e s t r u c t u r e o f t h e G r i g n a r d r e a g e n t , a n d 
d i s p r o p o r t i o n a t i o n u s u a l l y r e s u l t s e x c e p t w h e n t h e a l k y l g r o u p i s 
m e t h y l , n e o p e n t y l o r b e n z y l w h i c h p o s s e s s n o ( 3 - h y d r o g e n s . T h e 
r e a c t i v i t i e s o f t h e a l k y l b r o m i d e s ( t - b u t y l > i - p r o p y l > n - p r o p y l ) 
a s w e l l a s t h e k i n e t i c s a r e t h e s a m e a s t h e s i l v e r - c a t a l y z e d 
c o u p l i n g d e s c r i b e d a b o v e a n d s u g g e s t a s i m i l a r m e c h a n i s m : 

S c h e m e 6 

F e 1 + R B r — > F e ^ B r + R- [4 7] 

R . + p e 1 - > R F e 1 [48] 

R ' M g B r + FeBr —+> R ' F e 1 + M g B r 2 [49] 

R F e 1 , R ' F e 1 — • [ R H , R ! H , R - H , R ! - H ] + 2 F e 1 , e t c . [50] 

A c c o r d i n g t o t h i s p o s t u l a t e , t h e d i f f e r e n c e b e t w e e n c o u p l i n g w i t h 
s i l v e r a n d d i s p r o p o r t i o n a t i o n w i t h i r o n r e s t s o n t h e d e c o m p o s i 
t i o n o f t h e a l k y l m e t a l i n t e r m e d i a t e i n E q u a t i o n 5 0 . I n d e e d , i t h a s 
b e e n s h o w n s e p a r a t e l y i n E q u a t i o n 4 2 t h a t t h e d e c o m p o s i t i o n o f 
a l k y l s i l v e r ( l ) p r o c e e d s b y r e d u c t i v e c o u p l i n g . U n f o r t u n a t e l y , t h e 
h i g h l y u n s t a b l e a l k y l i r o n i n t e r m e d i a t e i n S c h e m e 6 i s n o t y e t 
a c c e s s i b l e t o i n d e p e n d e n t s t u d y , b u t t h e s o m e w h a t a n a l o g o u s 
d i a l k y l m a n g a n e s e ( l l ) s p e c i e s i n E q u a t i o n 51 u n d e r g o e s s i m i l a r 
r e d u c t i v e d i s p r o p o r t i o n a t i o n b y a m e c h a n i s m ( £ 8 ) r e m i n i s c e n t o f 
d i a l k y l p l a t i n u m ( l l ) c o m p l e x e s d e s c r i b e d i n E q u a t i o n 7. 

R j j M n 1 — • R H + R - H + M n ° [51] 

S e l e c t i v e t r a p p i n g o f a l k y l r a d i c a l s f r o m t h e a l k y l h a l i d e c o m p o n 
e n t d u r i n g t h e c o u r s e o f t h e c a t a l y t i c d i s p r o p o r t i o n a t i o n i s t h e 
s a m e a s t h e p r e v i o u s o b s e r v a t i o n w i t h s i l v e r , a n d i t i n d i c a t e s 
t h a t t h e p r i m e s o u r c e o f r a d i c a l s i n t h e K h a r a s c h r e a c t i o n l i e s i n 
t h e o x i d a t i v e a d d i t i o n o f a l k y l h a l i d e t o r e d u c e d i r o n i n E q u a t i o n 
4 7 . S e p a r a t e p a t h w a y s f o r r e a c t i o n o f i - p r o p y l g r o u p s d e r i v e d 
f r o m t h e o r g a n i c h a l i d e a n d t h e G r i g n a r d r e a g e n t a r e a l s o s u p 
p o r t e d b y d e u t e r i u m l a b e l l i n g s t u d i e s w h i c h s h o w t h a t t h e y a r e 
n o t c o m p l e t e l y e q u i l i b r a t e d . ( 4 9 ) F u r t h e r m o r e , t h e o b s e r v a t i o n o f 
C I D N P ( A E m u l t i p l e t e f f e c t ) T r T t h e l a b e l l e d p r o p a n e a n d p r o p e n e 
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d e r i v e d o n l y f r o m t h e a l k y l h a l i d e c o m p o n e n t c a n b e a t t r i b u t e d t o 
a b i m o l e c u l a r d i s p r o p o r t i o n a t i o n o f i s o p r o p y l r a d i c a l s a r i s i n g 
f r o m d i f f u s i v e d i s p l a c e m e n t s . H o w e v e r , t h e l a t t e r c a n o n l y b e a 
m i n o r f a t e o f t h e a l k y l r a d i c a l s d e r i v e d f r o m t h e a l k y l h a l i d e , 
s i n c e t h e c o u p l e d d i m e r i s n o t f o r m e d i n a m o u n t s r e q u i r e d b y t h e 
b i m o l e c u l a r r e a c t i o n o f a l k y l r a d i c a l s p r e v i o u s l y d i s c u s s e d i n 
E q u a t i o n 9 · ( 4 8 ) ( 5 £ ) 

C r o s s c o u p l i n g o f G r i g n a r d r e a g e n t s w i t h 1 - a l k e n y l 
h a l i d e s , i n m a r k e d c o n t r a s t t o a l k y l h a l i d e s , o c c u r s r e a d i l y w i t h 
t h e r e d u c e d i r o n c a t a l y s t , a s d e s c r i b e d a b o v e . T h e i r o n -
c a t a l y z e d r e a c t i o n o f G r i g n a r d r e a g e n t s w i t h 1 - a l k e n y l h a l i d e s 
c a n , h o w e v e r , b e d i f f e r e n t i a t e d f r o m t h e r e a c t i o n w i t h a l k y l 
h a l i d e s . T h u s , a m i x t u r e o f p r o p e n y l b r o m i d e a n d e t h y l b r o m i d e 
o n r e a c t i o n w i t h m e t h y l m a g n e s i u m b r o m i d e a f f o r d e d b u t e n e - 2 b u t 
n o c r o s s - o v e r p r o d u c t s s u c h a s p e n t e n e - 2 o r p r o p y l e n e . T h e 
l a t t e r c e r t a i n l y w o u l d h a v e r e s u l t e d i f a p r o p e n y l i r o n s p e c i e s p e r 
s e w e r e i n v o l v e d i n t h e c a t a l y t i c p r o c e s s . C r o s s c o u p l i n g u n d e r 
t ï ï e s e c i r c u m s t a n c e s c l e a r l y m e r i t s f u r t h e r s t u d y . 

C o n c l u s i o n s 

T h e c o m p l e x c a t a l y t i c r e a c t i o n s l e a d i n g t o t h e c o u p l i n g o f 
o r g a n i c s u b s t r a t e s i n d u c e d b y m e t a l c o m p l e x e s c a n b e r a t i o n a l l y 
d i s s e c t e d i n t o a v a r i e t y o f e l e m e n t a r y s t e p s i n v o l v i n g o x i d a t i o n -
r e d u c t i o n r e a c t i o n s o f o r g a n o m e t a l l i c i n t e r m e d i a t e s . E l e c t r o n 
t r a n s f e r i n t e r a c t i o n s a r e i m p o r t a n t c o n s i d e r a t i o n s i n d i f f e r e n t i a 
t i n g c o n c e r t e d f r o m s t e p w i s e p r o c e s s e s , e s p e c i a l l y w i t h r e g a r d 
t o c h a i n p r o c e s s e s . C r u c i a l t o t h e d e s i g n o f n e w s y n t h e t i c p r o 
c e d u r e s a n d t h e u n d e r s t a n d i n g o f c a t a l y t i c p r o c e s s e s i s t h e i n f o r 
m a t i o n t o b e g a i n e d f r o m t h e s c r u t i n y o f t r a n s i e n t a l k y l m e t a l 
s p e c i e s , w h i c h r e p r e s e n t a l a r g e p o t e n t i a l f o r a v a r i e t y o f n o v e l 
r e a c t i o n s . 
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N e w Strong A c i d Catalyzed Alkylation and Reduction 

Reactions 

M. SISKIN, R. H. SCHLOSBERG, and W. P. KOCSI 
Corporate Research Laboratories, Exxon Research and Engineering Company, 
P. O. Box 45, Linden, NJ 07036 

Most of the work described in this paper was carried out using the 
strong acid system composed of tantalum pentafluoride and hydrogen fluo
ride. Tantalum pentafluoride (TaF5) is a white solid which melts at ~97°C. 
It is an acidic metal fluoride because of its large metal atom, which is 
coordinatively unsaturated having only ten electrons around it. The posi
tive nature of the tantalum atom is enhanced by five very electronegative 
fluorines. This allows the tantalum to accept an anion from a Brönsted acid, 
such as hydrogen fluoride and generate a proton active enough to protonate 
the weakly basic hydrogen fluoride solvent (eq. 1). 

2HF + T a F 5 ^ HF + H---F—TaF^'^ H 2 F + + TaFg (1 ) 

The resultant concentration of [H2F+] is responsible for the extraordinary 
acidity of the system. Furthermore, the TaF-6 anion is so weakly basic as to 
be essentially inert in a medium which thus allows the formation of stable, 
long-lived carbocations in hydrocarbon reactions. Tantalum pentafluoride 
is also very thermally stable (1) even at 300°C and resistant to reduction 
reactions, especially, by molecular hydrogen and hydrocarbon ions (2-5). 
This is in sharp contrast to antimony pentafluoride containing strong acid 
systems which are readily reduced to the antimony (III) state (6-8). Hydro
gen fluoride is a colorless liquid boiling at ~19.5°C, which when anhydrous 
is itself a fairly strong acid with a Hammett acidity (Ho) of ~11 (9). It is 
a thermally stable and non-reducible Brönsted acid (10). When TaF5 and 
HF are mixed together, a colorless solution is formed which can be classified 
as a "super acid" having an Ho of -18.85 (11), or ~108 times stronger than 
anhydrous hydrogen fluoride. In addition to forming a very stable liquid 
phase strong acid Friedel-Crafts system, it is, because of its high acidity, 
and therefore its ability to protonate weak organic bases, a good hydrogena
tion catalyst. We have shown that in the hydrogenation of benzene, in 
fact, it is protonated benzene, not benzene itself, which undergoes the 
initial hydrogenation (12). 

186 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
7 

| d
oi

: 1
0.

10
21

/b
k-

19
77

-0
05

5.
ch

01
1

In Industrial and Laboratory Alkylations; Albright, L., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



11. SISKIN ET AL. Strong Acid Catalyzed Reactions 187 

Introduction 

The direct and selective alkylation of benzene by alkanes has long 
been a desirable goal ( Ί 3 ) . The ability to ionize the lower alkanes to 
highly acidic cations in super acids has given further impetus to the 
challenge (14). Sacrificial species have even been added to the reaction 
mixture in order to provide a stoichiometric driving force to overcome the 
very unfavorable thermodynamics (Table I) for the reaction (15, Ί 6 ) . In 
sharp contrast, less attention has been given to carrying out the direct acid 
catalyzed alkylation of the lower alkanes with the lower alkenes, (17, 6) 
although such reactions are very thermodynamically favorable (Table I), 
especially at low temperatures ( 2 5 - 1 2 5 ° ) where antagonistic entropy effects 
are less important. 

TABLE I (18) 

THERMODYNAMICS OF ALKANE ALKYLATIONS 

A F ? (KCAL/MOLE) 
T K ) 

AROMATIC S 300 400 500 

C H 4 + C 6 H 6 — ^ C 6 H 5 C H 3 + H 2 +10.32 +10.36 +10.31 

C H 3 C H 3 + C 6 H 6 — ^ C 6 H 5 C H 2 C H 3 + H 2 +8.08 +8.18 +8.15 

ALKENES 

C H 4 + C 2 H 4 — C 3 H 8 - 9.70 - 6.43 - 3.17 

CH3CH3 + C 2 H 4 - ^ n - C 4 H 1 0 -12.46 - 9.14 - 5.86 

C H 4 + C 3 H 6 — Μ : 4 Η 1 ( ) - 7.77 - 3.97 - 0.21 

Conventional alkane-alkene alkylation is an acid catalyzed reaction 
which involves the addition of a tertiary carbenium ion generated from an 
alkane to an alkene to yield (after hydride addition) a saturated hydro
carbon of higher molecular weight. 

Mechanistically, as elucidated by Schmerling (19) and as illustrated 
for isobutane-ethylene (alkane-alkene) alkylation (Scheme 1), the reaction 
is initiated by protonation of the alkene (ethylene) to form a very acidic 
primary ethyl cation (step 1) which rapidly abstracts a hydride ion from an 
isobutane molecule to generate the chain carryings-butyl cation (step 2). 
This can then alkylate another molecule of ethylene to form the secondary -
2-methyl-t-butyl carbenium ion (step 3). This cation rapidly undergoes a 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
7 

| d
oi

: 1
0.

10
21

/b
k-

19
77

-0
05

5.
ch

01
1

In Industrial and Laboratory Alkylations; Albright, L., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



188 INDUSTRIAL AND LABORATORY ALKYLATIONS 

methyl shift to form the more stable (less acidic) tertiary-dimethylisopropyl 
carbenium ion which then abstracts a hydride ion from isobutane to form the 
2,3-dimethylbutane alkylation product and generate a M>utyl cation which 
can then react with another ethylene in (step 3), etc. , and thus make the 
reaction catalytic. 

SCHEME 1 

ISOBUTANE-ETHYLENE ALKYLATION 

INITIATION: C H 2
 — C H 2 + H C H g - C H 2 

® 0) 

GENERATION OF 
REACTIVE SPECIES: 

CRUCIAL STEPS: 

C 
1 © C - C - H + C H 3 - C H 2 -

C 

C - C ^ + C h L - C H , (2) 

1 Θ C - C W + C H . ChL 

C Η 
I I 

C - C - C - C H-
® I J 

c 

C Η 
I I ~ c 

C - C - C - C H o ^ 
I © 3 

C Η 
I I 

: C - C - C - C H , 

(3) 

C 
I 

C - C - H 
I 

C 
C Η 
I 

C - C - C - C Ho +C-C 
I I I 

H C C 

® (4) 

The conditions required to carry out conventional alkane-alkene 
alkylation reactions selectively depends upon (a) the strength of the acid 
catalyst, (b) the acidity (reactivity) of the carbenium ion generated upon 
protonation of the alkene, e . g . , (the ethyl cation is so much more reactive 
than the t-butyl cation that it can be consumed in ways other than tertiary-
hydride abstraction), and (c) the alkane reactant should have a tertiary-
hydrogen because the hydride abstraction steps are easier. 

A turning point in the revival of interest in strong acid chemistry was a 
publication in 1968 in which ionization of the C-H bonds of the extraordi
narily unreactive "lower paraffins" methane and ethane in HSU3F-SbF5 at 
5 0 ° C was reported (14). The proposed mechanism (Scheme 2) proposes the 
existence, in super acid solution, of protonated alkanes or pentacoordinated 
ions, at least as possible transition states, and attempts quite logically to 
draw a parallelism between the presence of such species in solution chemistry 
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11. SISKIN ET AL. Strong Acid Catalyzed Reactions 189 

in super acids and gaseous ion-molecule reactions which occur in the mass 
spectrometer. 

SCHEME 2 

METHANE CONDENSATION REACTION 

HS0 3 F-SbF 5 

This parallelism is reflected in the proposed mechanism for the ioniza
tion of methane which shows that (a) the second step of the scheme involves 
attack of an ethyl cation on methane, but the reaction cannot stop there, 
and goes on to (b), the third step, which involves attack of a secondary-
isopropyl cation on methane. The primary and secondary alkyl cations are 
very strongly acidic species and are unstable under the reaction conditions. 
The condensation reaction essentially terminates with the much more weakly 
acidic tertiary-butyl ion. Alkane polycondensation and olefin polymeriza
tion side reactions producing stable, less acidic, tertiary ions obscured the 
simple alkylation reactions of the primary and secondary alkyl cations. 
Implicit in this mechanism, however, is that it is possible to react an acidic 
energetic primary cation (such as the ethyl cation) with molecules as weakly 
basic as methane and thus, the door was opened to new chemistry through 
activation of the heretofore passive, weakly basic, "paraffins" (20-24). 

Results and Discussion 

Alkene-Alkane Alkylations. A logical approach to achieve the 
catalytic alkylation reaction of methane was to initiate electrophilic attack 
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190 INDUSTRIAL AND LABORATORY ALKYLATIONS 

of its very unreactive C-H bonds by using a very energetic primary 
carbenium ion. The simplest way to generate such an ion is to dissolve 
ethylene in a large excess of a super acid at a moderate temperature (in 
which it would be as fully protonated as possible) to form the highly acidic 
and reactive primary ethyl cation. The ion is thus available to react with 
the strongest base available, i .e . , methane, in an alkene-alkane alkyla
tion in contrast with the traditional alkane-alkene alkylations. We have 
now found that such simple addition reactions can be selectively carried 
out in the HF-TaF5 catalyst system (25). A methane:ethylene (85.9%: 
14.1%) gas mixture was passed through an autoclave containing 50 cc of a 
10:1 HF-TaF 5 (2.0 mol/0.20 mol) system stirred at 1000 rpm at 4 0 ° and 
maintained at 40 psig. In order to minimize possible competition from 
ethylene oligomerization reactions a forty-fold excess of acid as well as 
efficient mixing was maintained and the temperature was not permitted to 
vary more than +1 ° . Gas samples were taken after 1 .5 and 2.5 hours and 
the selectivity to C3 in the product amounted to 58%. 

Mechanistically, two pathways are logical (Scheme 3). The ethyl 
cation can directly alkylate methane via a pentacoordinated carbonium ion 
(Olah) (path a), or alternatively, although a less favorable pathway (b), 
the ethyl cation could abstract a hydride ion from methane. The methyl 
cation thus formed, which is less stable by ̂ 39 kcal/mole (26), could then 
react directly with ethylene. In the latter case, propylene and/or poly
meric material would probably be formed since the hydrogen required for a 
catalytic reaction has been consumed by the formation of ethane. 

SCHEME 3 

ETHYLENE-METHANE ALKYLATION AT 4 0 ° C 

HF-TaF 5 

CH2 ~~ CH2 

C H 3 — C H 3
+ + C H 3 - C H 3 

C H 3 - C H 2 ~ C H 3 *<- C H 3 - C H - C H 3 ^ C H 3 - C H = C H 2 
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11. SISKIN ET AL. Strong Acid Catalyzed Reactions 191 

Ethylene alone (15% diluted in helium) does not react in HF-TaF^ at 
4 0 ° C to form any propane product but rather forms a complex mixture of 
unsaturated and higher molecular weight products. Methane also does not 
react at all under these conditions (27). It should be noted that unless a 
flow system is used, the propane product, which is a substantially better 
hydride donor than methane, reacts further with the intermediate ethyl 
cation to ultimately form ethane and propylene (eq. 2). 

C H 3 - C H 2 - C H 3 

^ C H 3 - C H 2 + ( 2 ) 

C H 3 - C H - C H 3 + C H 3 - C H 3 

I—̂  >• C H 3 - C H = C H 2 

In our work, o n l y ^ l % of the propylene formed in the flow system reacted 
with another molecule of methane to form isobutane. Also, based upon the 
results of acid quenching and analysis of hydrocarbons, only traces of iso
pentane and isohexanes were present in the acid. No hydrogen or hydro
carbons above C Q could be detected in the product. 

In an attempt to generate primary (trivalent) cations and to simulate 
the ethylene-methane alkylation, ethyl chloride was reacted with methane 
(eq. 3) under alkylation reaction conditions (28). When no propane or 
propylene product was observed, the energetically more favorable reaction 
of methyl chloride with ethane was carried out (eq. 3a). These two reac
tions proceeded without any involvement of the alkane and provide evidence 
that the ethylene-methane alkylation proceeds through a more stabilized 
species such as a pentacoordinated carbonium ion. The behavior of these 
alkyl chlorides will be discussed separately after the alkylation chemistry. 

HF-TaF 5 , 4 0 ° C 

CH 3 CH 2 CI Chi 

CH 3 CI 

C H 3 C H 2 C H 3 (3) 

(3a) 

It should also be noted that the propane product is not being formed by 
degradation of polyethylene, because under similar reaction conditions, 
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192 INDUSTRIAL AND LABORATORY ALKYLATIONS 

but in the presence of hydrogen, we have shown that the polymer (MW 
800,000) reacts quantitatively to form C3-C6 paraffins with isobutanes and 
isopentanes constituting over 85% of the product. The polymer degradation 
products can be easily rationalized on the basis of known carbenium ion 
stabilities in acid media. Olah (29) observed t-butyl cation by reaction of 
polyethylene in "magic acid." These results further substantiate that the 
direct alkene-alkane alkylation takes place in the ethylene/methane 
reaction. 

The reaction of ethylene with ethane is of major scientific significance. 
The only C4 product, formed in 78% selectivity, in this reaction is norma I -
butane (Scheme 4) which does not isomerize under these conditions with the 
HF-TaF5 catalyst (eq. 4) or under similar conditions with the HF-SbF5 
catalyst (30). This means that the primary ethyl cation is alkylating a 
primary ethane position (path a) and that there is no classical free primary 
norma I-butyl cation formed (path b) because such a cation, as would be 
generated from n-butylchloride, would yield exclusively isobutane upon 
rearrangement as shown in one experiment carried out where n-butyl 
chloride with hydrogen in the acid yielded only isobutane (eq. 5). 

SCHEME 4 

ETHYLENE-ETHANE ALKYLATION AT 4 0 ° C 

HF-TaFc 

CH3-CH3 

CH3-CH2" 

CH3-CH2-CH2-CH3 

CH2~CH2 

R + 

C H 3 - C H 2
+ 

CH2 ~ CH2 

C H 0 - C H 0 - C H 0 - C Η,η 

C H 3 

CH. 

^ C - C H o . 

C H 3 

+H- \ - 2 - > C-CHo 
/ I 3 

C H 3 Η 
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11. SISKIN ET AL. Strong Acid Catalyzed Reactions 193 

HF-TaF 5 

C H 3 C H 2 C H 2 C H 3 ° > N.R. (4) 

HF-TaFs, 2 0 ° C C H 3 ^ 
CHoCHoCH 9 CH 9 CI — ^ •—>- C-CHo (5) 

3 2 2 2 H 2 0.13 mole cw*% I 
(0.05 mole) ^ C H 3 H 

Of further interest is the fact that η - b u t y l chloride reacts in the pres
ence of excess ethane, also at 4 0 ° C , to form bu ty lènes (85%) and some iso
butane (15%)(eq. 6a). These products lead to the conclusion that rearrange
ment of the "free" trivalent carbenium ion is more rapid than hydride 
abstraction from another η - b u t y l chloride molecule. The t-butyl carbenium 
ion thus formed, being too weak an acid to abstract a hydride, deprotonates 
to form b u t y l è n e products. No isohexane alkylation products are formed 
(eq. 6). 

HF-TaF 5 , 4 0 ° C 
C H 3 C H 2 C H 2 C H 2 C I 0 

(0.05 mole) 
CH3CH3 (0.13 mole) 

C 6 H 1 4 ' s (6) 

C 4 H 8 ' S + r c 4 H i o ^ 
(85%) (15%) 

The secondary propyl carbenium ion formed in the reaction of propylene 
(3.4%) at 4 0 ° in 10:1 HF-TaF5, attacks methane (96.6%) to form isobutane 
(Scheme 5) with 60% selectivity. 

Olah (1 7a) has also reported the alkylation reactions (at - 1 0 ° with 1 :1 
HS03F-SbF5) of η - b u t a n e with ethylene to yield 38 weight percent of 
hexanes and of η - b u t a n e with propylene to yield 29 weight percent of 
heptanes. The former reaction has also been reported by Parker (31 ) at 
6 0 ° , but the product in this case more nearly resembles polyethylene 
degradation products. In our work with 10:1 HF-TaF5 at 4 0 ° , in a flow 
system, ethylene (14.1 wt.%) reacted with η - b u t a n e to form 3-methyl-
pentane as the initial product of 94% selectivity (Scheme 6, path a). The 
alternative, i .e . , the direct reaction of ethylene with a secondary-butyl 
cation (path b), can be ruled out since butane does not ionize under these 
conditions (vide supra). 

The products of the reactions in schemes 4 and 6 suggest strongly that 
cations or tight ion pairs of the pentacoordinated type proposed by Olah are 
more stable than the classical type in these reactions. 

In pentacoordinated systems three center-two electron bonds help 
stabilize the system relative to a localized cation. This becomes more 
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SCHEME 5 

A L K Y L A T I O N O F METHANE WITH PROPYLENE 

H F - T a F 5 

CH3CH — C H 2 

xsH 

CH3CHCH3 
+ 
I CHA 

(CH 3 ) 3 C4 
+H~ 

CH<q 

C H 
\ 

CH-, 

( C H 3 ) 3 C H 

important as the carbocation type goes from tertiary to secondary to primary 
and thus we can rationalize the formation of η - b u t a n e rather than^-butane 
in the ethylene/ethane reaction and of 3-methylpentane rather than 2,3-
dimethylbutane in the ethylene/butane reaction. 

Direct Alkyl Chloride Reductions. It was previously pointed out that at 
4 0 ° in HF-TaF5 methyl- and ethyl-chloride do not form the expected alkyl
ation product with alkanes, expected that is, assuming traditional carbenium 
ion chemistry, but rather underwent an independent reaction. The second 
part of this paper will describe in more depth what reactions do take place 
when alkyl chlorides react in the presence or absence of the lower alkanes 
under our reaction conditions of 4 0 ° C . 

A century ago, Friedel and Crafts (32) reported that "when a small 
amount of anhydrous aluminum chloride was added to amyl chloride an 
immediate vigorous evolution of gas was observed in the cold. The gas was 
composed of hydrogen chloride accompanied by gaseous hydrocarbons not 
absorbed by bromine." The precise nature of these saturated hydrocarbons 
has not been well understood. In the course of our mechanistic studies on 
alkene-alkane alkylations we observed the direct reduction products of 
several alkyl chlorides. While there exists an extensive literature on the be-
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SCHEME 6 

A L K Y L A T I O N O F N O R M A L - B U T A N E WITH ETHYLENE 

195 

H F - T a F 5 

C H 2 = C H 2 

V 
f 

C H 3 - C H 2 

C H 3 - C H 2 - C H 2 - C H ; 

CHo 

C H 3 - C H 2 - C H — ; 

- H 

C H 2 C H 3 

CHo 

C H 3-CH2~CH-CH 2~CH 3 

\ C H 3 - C H 2 - C H 2 C H 3 

( b ) \ 

C H 3 - C H - C H 2 C H 3 + C H 3 C H 3 

CHq 

C H 3 

. C - C H 3 

x + 

CHq 

C H 2
— C H 2 

"CHo 

C H 3 +CH-CH3 

CHq 

•CH 3 -CH-CH-CH 3 

CHo 

havior or alkyl chlorides in acidic and super-acidic media, we believe that 
these results represent the first conversion of C] - C 3 alkyl chlorides as deter
mined by analysis of the primary gas phase products to the corresponding 
alkane. The reactions proceed in considerable yield (up to 34%), via a 
direct hydride transfer route. 

We have looked at the following systems in HF-TaF^ at 4 0 ° C (eq. 7-9): 
C H 3 C I , C 2 H ^ C I , and Î S O - C 3 H T C I . The latter systems and n-C 3H7CI were 
also studied in HChAICf^ at 1 4 0 ° . In all cases the gas phase was analyzed 
and, where reaction occurred, the corresponding alkane was found to be the 
major product. 

The first conclusion is that the lower alkane does not participate in the 
reaction and the alkyl chloride reacts with a second molecule of alkyl 
chloride to form the direct reduction product which is observed in the gas 
phase. These gas phase products do not account for all of the alkyl chloride 
charged to the reactor. Upon quenching the acid, we can recover some 
alkyl halide and some higher molecular weight condensed-hydrocarbon 
products. 
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ANALYSIS OF GAS PHASE 

HF-TaF 5 

C V U CH3CH3 

C H 3 C H 2 - C I 

CH3CH3 

C t t o g ^ C H 4 

CH3-CI 

C H , 

(7) 

(7a) 

(8) 

(8a) 

C H , 

C H , 

; C H - C I * C H 3 C H 2 C H 3 (9) 

Olah (33) has shown that alkyl fluorides undergo a self-condensation 
reaction (eq. 10) similar to that previously described for the ionization and 
condensation of methane so that this additional pathway is not an unex
pected one. 

SELF CONDENSATION OF ALKYL FLUORIDES IN HF-SbF^ 

F C H 3 + • , CH 3 F-SbF 5 " ^ F C H 2 — 
X H 3 

00) 

F C H 2 C H 3 

"RF-SbF 5" 
(CH 3 ) 3 C , Etc. 

Using the propyl chlorides as an example (eq. 11, Table II), after five 
minutes at 1 4 0 ° in a 45 cc Hastelloy C reactor charged with aluminum 
chloride and 2-chloropropane the pressure was 500 psig of which 71 % was 
propane by mass spectrometric analysis. 

CH3CHCH3 

Cl 

C H 2 C H 2 C H 2 C I J 

HCI-AICI3 

1 4 0 ° C 
C H3C H3C H3 (11) 
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TABLE II 

REACTION OF PROPYL CHLORIDES IN HCI-AICI3 

Compound Time (Min.) % C Conv. to C^Hg 

N ^ H T C I 5 
15 

34 
24 

n-C 3H7CI 5 
15 

18 
17 

In other words, of the initial charge of isopropyl chloride, 34% of the 
carbon is converted to propane under these conditions. A comparable 
sample of 1-chloropropane under identical reaction conditions, of excess 
alkyl halide vs. Lewis acid, was converted after five minutes to the extent 
of 18% to propane. After 15 minutes the relative amount of "propane" had 
decreased as a result of further acid catalyzed polycondensation reactions. 
Similarly, isopropyl chloride reacts in HBr-AIBr3 at room temperature to 
give a gas product which is entirely propane after 2 min. In this system we 
again begin to see a buildup of heavier hydrocarbon species with time. The 
fact that the reaction proceeds so rapidly here can probably be attributed to 
a homogeneous hydrocarbon/acid liquid phase. This last result and addi
tional experiments are summarized in Table IV. 

Since the ratio of acid to alkyl halide could conceivably affect the 
acidity of the medium and hence the reaction mechanism, these reactions 
were also carried out at widely varying ratios (Tables III and IV). The 
results indicate that in aluminum halide systems the stoichiometry does not 
alter the primary pathway. In the HF-TaF5 system at the higher acid :a Iky I 
chloride ratio there is a lower selectivity to the alkane with hydrogen the 
only other major product in the gas phase lending support to the conclusion 
that condensation is the major competing reaction. 2-Chloropropane under
goes a shift in reaction mechanism at low acid:alkyl chloride ratio to form 
the direct reduction product propane. The more acidic methyl cation, on 
the other hand, undergoes only slow polycondensation (^25% in 1 hr.) 
reaction and no direct reduction at the low acid:alkyl halide ratio. 

Mechanistically, alkane formation could be occurring via several path
ways. 

1 . Dialkylchloronium ions (Scheme 7): The existence of halogen 
substituted cations (34) is well documented in the literature as is the 
existence of dialkylhalonium ions (35). Support for this possibility in our 
studies comes from low temperature ( - 3 5 ° C ) 60 MHz pmr spectra of the acid 
layer of the methyl chloride reaction in HF-TaF5 which shows a sharp 
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TABLE III 

REACTIONS OF ALKYL CHLORIDES WITH STRONG ACIDS 
- RESULTS -

TaF5:RCI(4:l)^ 

HF-TaF 5 

4 0 ° C , 2 hr. 
TaF5:RCI(l -A) 

R = C H 3 , C 2 H 5 / i - C 3 H 7 

AICI3:RCI(4:1)^ 

HCI-AICI 3 

= >-

1 4 0 ° C , 5 min. 1 4 0 ° C , 5 min. 
AICI3:RCI(1 :4) 

R—Î -Cg Hy, Π -Cg Hy 

% RH on Total HC Gases 
% C H 4 % C 2 i J 6 % C 3 H 8 

57 49 48 

0 — 97 

% C ? Hg of HC Gases 
i-PrCl n-PrCI 

97 

97 97 
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TABLE IV 

SUMMARY OF RESULTS OF THE REACTIONS 
OF ALKYL CHLORIDES WITH STRONG ACIDS 

Alkyl Chloride 
(R-CI) 

MXn/ 
RCI Acid 

Τ t 
( m î n . ) 

% RH in 
Gas Phase 

% RH 
in Total 

HC Gase: 

CH3CI 4.0 10:1 HF-TaF 5( a) 40 30 
60 

120 

6.6 
7.5 
8.9 

21.5<d> 
42.3 
57.0 

CH3CI 0.2 10:1 HF-TaF 5 40 60 0.0 0.0 

CH 3 CH 2 CI 4.0 10:1 HF-TaF 5 40 30 
60 

120 

9.7 
10.0 

25.7 
32.2 
49.3 

C H 3 C H 2 C H 2 C I 0.2 1:1 HCI-AICI3 140 5 
15 4 7 . 0 ^ 

97.2 
93.0 

(CH 3) 2CHCI 0.2 1:1 HCI-AICI3 140 5 
15 

7 0 . 7 ( ° ) 
56.8<c) 

97.1 
92.8 

4.0 1:1 HCI-AICI3 140 5 >90.0 96.8 

10:1 HF-TaF 5 40 30 
60 

120 

30.1 
32.5 
33.4 

43.0 
46.0 
47.8 

0.2 10:1 HF-TaF5 40 5 
60 

55.5 
61.8 

97.0 
96.7 

0.2 1 :1 HBr-AlBr 3 20 2 
18 

~100.0 ~ 
~ 90.0 ~ 

100 .0^ 
90.0 

(a) HF-TaF5 (2.0 mole:0.2 mole) + RCI (0.05 mole) in a 300 cc Hastelloy C 

Autoclave Engineers autoclave stirred at 1000 rpm. 

(b) Yields: 9.5% and 9.0% in 5 and 15 min. respectively. 

(c) Yields: 34.2% and 23.6% in 5 and 15 m î n . respectively. 

(d) 21 .5% of the hydrocarbons in the gas phase is methane. 

(e) Analysis via gas chromatography. 
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singlet at 4.1 <S in HF solution relative to external TMS (36). This peak 
represents about 50% of the unreacted methyl chloride remaining in the acid 
layer. This also indicates that the formation of dimethylchloronium ion must 
be more rapid than displacement of chloride in methyl chloride by fluoride 
ion and that since fluoride is too electronegative to form fluoronium ion 
salts the fluoride does not displace chloride from the dimethylchloronium 
ion. 

SCHEME 7 

Via Dialkylhalonium Ions: 
+ 

2R2CHCI + MXn (R2CH)2CI(MXnCI)~ 
+ + 

(R 2 CH) 2 CI(MXnClf + R2CHCI ^ R 2 C H 2 + (R2CHCICR2CI)(MXnCI)" 

2. Chloroalkyl carbenium ions (Scheme 8): The existence of simple 
halomethyl cations has as yet only been the subject of speculation and dis
cussion (37). The stability of such species should become increasingly 
favorable as the size of the alkyl group and number of such groups is 
increased. 

Recent energy calculations by Hehre favor the 1 -haloethyl form of the 
cation (38). Based upon the temperature dependence of the observed nmr 
spectrum, Olah (39) has postulated the formation of the 1-fluoroethyl cation 
by the reaction of SbF5 with 1,1 -difluoroethane. He also observed the 1 -
chloroethyl and chlorine-bridged ethyl cation in the nmr by reaction of 
SbF5 in sulfuryl chloride and from ^ 3 C nmr results predicts a significant 
contribution by the CH3-CH=CI + resonance form. That part of these reac
tions are occurring through this type of species cannot be precluded. We 
have not as yet been successful, however, in identifying by nmr or quench
ing experiments with toluene possible chloroalkyl-halonium ions in the acid 
solution. 

SCHEME 8 

Via Haloalkyl Carbenium Ions: 

+ 
R2CHCI +MXn^=^ R2CH(MXnCI)" 

+ + 
R 2 CH(MXnClf + R2CHCI ^ R 2 C H 2 + R2CCI(MXnCI)" 
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For the reaction of the propyl chlorides, the possibility of dehydro-
halogenation followed by hydride abstraction from propylene to produce 
propane, while remote, cannot be discounted (Scheme 9). We believe, 
however, that propylene formation would produce oligomerization and 
polymerization products and thus is not consistent with fully one-third of 
the product going to propane. 

SCHEME 9 

For Propyl Chlorides: 

A . Via Propenyl Cation Formation; 

C H 3 C H C H 3 + M X n MCH3CHCH3) (MXnClf 

Cl 

(CH3CHCH3) (MXnClf > H + ( M X n C l f +CH 3 CH=CH 2 

+ 

CH 3 CH=CH 2 + (CH3CHCH3) MXnCI" 
+ 

C H 3 C H 2 C H 3 + ( C H 2 — C H — C H 2 ) M X n C I " 

Or, 

B. Via Di isopropyl Chloronium Ion; 

CH 3 CH=CH 2 + ([CH 3] 2CH) 2CI(MXnCI)~ >. 

+ 
C H 3 C H 2 C H 3 + (C 3 H 5 ) -CI - (C 3 H 7 ) (MXnClf 

In any case, the conversion of methyl or ethyl chlorides to methane and 
ethane, respectively, precludes the ally lie hydrogen donation pathway for 
these systems and lends support to a mechanism such as outlined in schemes 
7 and 8. 

In a related experiment we looked at the chemistry of methanol in 
HCI-AICI3 at 1 5 0 ° C . We were interested in determining whether a reduc
tion reaction of methanol to methane (eq. 12) could be competitive with 
conversion to methyl chloride (eq. 13). Mass spectral results show copious 
amounts of methyl chloride in the gas phase after 5 min. and 30 min. of 
reaction, with little or no methane, thus arguing that, if occurring, the 
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reduction does not kinetically compete with the conversion to methyl 
chloride under our conditions. 

COMPETITIVE REDUCTION VS . CHLORINATION OF METHANOL 
— HCI-AICI3 CATALYST— 

H+ + 
2 C H 3 O H ^ " (CH 3 ) 2 OH 

H (,2) 

(CH 3 ) 2 OH + CH3OH ^ C H 4 + H O C H 2 - 0 - C H 3 

I Versus | 

C H 3 O H ^ = ^ = C H 3 O H 2 ^ = ^ CH3CI (13) 

Conclusions 

The complexity of the chemistry involved is apparent from the variety 
of plausible pathways which can be invoked to explain that part of the 
reaction we can measure. The work to date clearly indicates that differ
ences in reaction products will result and should be expected in comparing 
the behavior of carbocations generated from the alkane versus the complex 
mixture of cationic species generated from the alkyl chloride in super acid 
media. 

REACTIONS IN STRONG FRIEDEL-CRAFTS ACIDS 
PROCEED VIA DIFFERENT STABILIZED SPECIES 

Via De localized Penta-
Coordinated Carbonium Ion 

Via Localized 
Trivalent Carbenium Ions 

C 2 H 6 -

C 2 H 5 C I 

C 4 H 1 0 

C2H4 

H" C4 H10 

C2H5C\ 

C 2 H 6 

C 4 H 1 0 

C 2 H 5 C I 

C 2 H 6 
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We believe much more work is needed before the true nature of species 
obtained via the acid catalyzed treatment of haloalkanes is well understood 
and we are loathe to extrapolate from alkane/acid systems to those involving 
carbon halogen bonds. 
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12 
Base-Catalyzed Carbon-Carbon Addition of 

Hydrocarbons and Related Compounds 

H E R M A N PINES 

The Ipatieff Catalytic Laboratory, Department of Chemistry, 
Northwestern University, Evanston, IL 60201 

The discovery that sodium in the presence of s m a l l 
amounts of organosodium compounds, produced in situ or 
deposited on alumina, acts as an effective catalyst for double 
bond isomerization of alkenes and cyclenes (1) tr iggered much 
research in this field (2). It was subsequently discovered that 
base-catalyzed isomerization of olefins may proceed in homo
geneous solutions using lithium ethylenediamine (3) or 
potassium tert-butoxide (t-BuOK) in dimethyl sulfoxide 
(DMSO) (4). 

Base-catalyzed carbon-carbon addition reactions are of 
synthetic interest because they afford hydrocarbons and related 
compounds in good yields by a simple one-step procedure. 
These reactions are made possible by the fact that hydrocarbons 
and related compounds having a benzylic or al lyl ic hydrogen are 
carbon acids, having a pKa of about 35 to 37; they can donate a 
proton to a base and thus become carbanions. These carbanions 
can add to olefinic hydrocarbons. The steps involved in the 
catalytic chain reactions are i l lustrated by the following set of 
equations, using toluene and ethylene as reactants, and sodium 
as catalyst (5). 

Promoter + Na -4 B ~ N a + (1) 

Initiation 

C 6 H 5 C H 3 + B ~ N a + 2 C 6 H 5 C H 2 " N a + + B H (2) 

Addition 

C 6 H 5 C H 2 ~ N a + + C H 2 = C H 2 ^ = ^ - C 6 H 5 C H 2 C H 2 C H 2 ~ N a + (3) 

205 
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206 INDUSTRIAL AND LABORATORY ALKYLATIONS 

Propagation 

C 6 H 5 C H 2 C H 2 C H 2 " N a + + C 6 H 5 C H 3 -

C 6 H 5 C H 2 C H 2 C H 3 + C 6 H 5 C H 2 " N a + (4) 

Step 2, chain initiation, involves the metalation of 
toluene by an organosodium compound. Since the action of 
sodium on the reactants does not produce organosodium 
compounds, a "promoter" is added to accomplish it. o - C h l o r o -
toluene and anthracene were found to be effective promoters 
since they readily react with sodium to form benzylsodium and 
disodium anthracene (6), respectively. The promoters also 
facilitate the dispersion of sodium into a very fine black powder 
which can form additional organosodium compounds as the 
reactions progress . 

Step 3, the addition reaction, is energetically the least 
favorable step as it involves the formation of an anion lacking 
resonance stabilization f rom a resonance-stabilized benzylic 
anion. However, once the anion adduct is produced it is instan
taneously and i r r e v e r s i b l y protonated by the benzylic hydrogen 
of the toluene present. The facility with which addition occurs 
depends to a great degree on the olefin used. Addition of benzyl 
anion to propene requires more drastic conditions than to 
ethylene, due both to steric and to inductive effects. The 
addition reaction is greatly facilitated when conjugated 
alkadienes or styrenes are used as olefins since the anion 
adducts formed are resonance stabilized by conjugation with a 
double bond and benzene r ing, respectively. 

The ease of addition to olefins depends also on the 
acidity of the alkylarenes used in the reaction. 4 - M e t h y l -
pyridine, having a p K a of about 29 at - 4 0 ° , adds to isoprene at 
room temperature in the presence of t - B u O K in D M S O . 
Toluene, however, having a much higher p K a does not add to 
isoprene in the presence of this catalyst. 

Of the alkali metals, potassium is a more effective 
catalyst than sodium, while lithium has only l imited applications 
as catalyst. Unlike sodium, potassium also catalyzes certain 
cyclialkylation reactions, and thus provides new methods for 
the synthesis of a variety of cycl ic compounds. 

Oligomerization of Olefins 

Propene. The oligomerization of olefins by bases was 
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reported in 1956 using simple olefins or olefin pairs in the 
presence of sodium as catalyst, and anthracene as a chain 
initiator (7). The olefins used were ethylene, propene, i s o 
butylene, and cyclohexene. 

The dimerization of propene at about 2 1 0 ° in the 
presence of potassium or cesium yielded 4-methyl-l-pentene as 
the predominant dimer (8). The dimerization proceeds through 
an init ial formation of an organoalkali compound, followed by 
metalation of the propene. 

The dimerization of propene in a flow system over 
supported potassium or sodium on graphite or potassium 
carbonate, at 1 5 0 ° and under pressure , gave good yields of 
d i m e r s , and the copolymerization of ethylene with propene on 
supported alkali metal catalysts gave 92$ pentenes (9). 

Isoprene. Using benzene as solvent and sodium as 
catalyst isoprene undergoes oligomerization at 4 0 ° to yield 47$ 
of dimers and 20$ of t r i m e r s (10). The dimer fraction 
contained 85$ myrcene, 1, and the t r i m e r contained 76$ of 2. 
The formation of these compounds involves an initial metalation 
of the methyl group in isoprene. 

Li thium naphthalene and sodium naphthalene (11) in 
solvents such as T H F , diglyme, or aliphatic amines were found 
to be effective agents for the hydrodimerization of isoprene. 
Although this reaction is not s tr ic t ly catalytic, it contributes to 
a better understanding of the base-catalyzed oligomerization of 
unsaturated conjugated hydrocarbons. 

In a typical reaction using T H F as solvent L i (0.1g.-at. ), 
naphthalene (0.03 mol), triethylamine (0.001 mol), and isoprene 
(0.1 mol) at 3 0 ° for 8 hrs , a 75$ yield of hydrodimers was 
obtained, consisting of 3 (43$), 4 (52$), and other products (5$). 
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C H Q C H Q C H Q C H Q 
3 ( 3 I I 

C H 3 C = C H C H 2 C H 2 C = C H C H 3 C H 3 C = C H C H 2 C I | C H = C C H 3 

3 4 

Styrenes. Dimerizat ion and cycl idimerizat ion of styrene 
and of a - and β-methylstyrene have been accomplished in the 
presence of bases. The type of product depends greatly on the 
styrene and on the specific catalyst used. 

The polymerization of styrene to form macromolecules 
using alkali metal catalysts has been known and extensively 
used. The dimerization of styrene i s , however, a novel 
reaction (12). D i m e r s of styrene, α - m e t h y l s t y r e n e and a co-
dimer of the above two styrenes are obtained by heating the 
olefins at about 1 6 0 ° in the presence of catalytic amounts of 
anhydrous _t-BuOK. 

a -Methylstyrene yields 93$ dimer 5, while styrene 
forms 11$ of 6. When a mixture consisting of 1 mol of styrene 
and 0. 5 m o l of α -methylstyrene is reacted, " d i m e r i c " mater ia l 
composed of 7$ 5, 48$ 6, 32$ 7, and 13$ 8 results . The init ial 

5 6 7 8 

step probably involves the formation of an ionized compound 
through the addition of _t-BuOK to the monomer. In the next 
step, through a concerted addition and elimination reaction an 
intermediate d imer , 9, is produced which by the usual base-
catalyzed isomerization is converted to 5. 
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f H 8 

v ^ C H 2 - O C 4 H 9 -> _t-BuOK + 

> C H 2 K + 

J C H 8 

The intermediate dimer 9 could also be formed by a 
D i e l s - A l d e r condensation of the "monomers (13), followed by 
t - B u O K catalyzed isomerizat ion of the double bond (14). 

α -Methylstyrene, on refluxing in the presence of sodium-
benzylsodium, produces a cycl ic dimer 10 i n a 32$ y i e l d based 
on the reacted olefin (15). The other products are i sopropyl -
benzene, a t r i m e r , and s m a l l amounts of p-terphenyl . The 
following mechanism was proposed for the~formation of the 
cycl ic dimer 10. 

^ C H 2 

C 6 H 5 C + Β N a + -4 C 6 H 5 C ^ 
< C H 2 

C H 2 N a n 

Β 

+ B H 

A + Β 
^ C H 2 H 3 C ^ 

Q ^ C ^ ^ C C 6 H 5 

C H 2 C H 2 

Na 

C 6 H 5 - ^ 
C H , 

C 6 H 5 

Na 
B H 

C H , 

C R H 
+ Β Na 

6 n 5 

10 

(B = benzylsodium or any organosodium compound 
formed in the reaction) 
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β -Methylstyrene undergoes dimerization to 1, 5-diphenyl-
4-methyl- l -pentene, 11, in 80-90$ yields , when heated at 100-
1 5 5 ° in the presence of sodium (16), In the presence of the 
more electropositive potassium, "hydrodimerization was the 
pr incipal reaction, resulting in the formation of compound 12. 

C H o C H Q 
I I 

C g H 5 C H = C H C H 2 C H C H 2 C 6 H 5 C g E ^ C H ^ C H C H C I ^ C g H ^ 

C H 3 

11 12 

The two reactions are mechanistically different: 
dimerization to form 1^ is a typical carbanion-catalyzed chain 
reaction, whereas hydrodimerization leading to compound 12 
is a non-catalytic reaction. 

D i m e r 11. may undergo further reaction leading to the 
formation of toluene, 1 ,3-diphenyl-2-methylpropane, 13_, and 
3-methyl-4-phenylcyclobutene, 14: 

- + / Λ V H s 

11 ? M - [ C 6 H 5 C H = C H C H ' - C H ^ C H 2 C e H 5 ] M + -, 
R H 

C 6 H 5 C H = C H C H = C H C H 3 + C e H 5 C H 2 ~ M + 

R J L ^ C 6 H 5 C H 3 

R " M + 

C H 3 

- + 1 - Η 
C 6 H 5 C H 2 M + C 6 H 5 C H = C H C H 3 ^ C 6 H 5 C H 2 C H C H C 6 H 5 M 

R H ? Η 3 

^ CgHsCHgCHCHgCgHs 
R " M + 

13 
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A ^ R M - [ C 6 H 5 C H - - C H * - C H " - C H " - C H 2 ] " M + 

R H 

CgHsCH Ç H — C H 2 

CH=CH 

M + C 6 H 5 Ç H - Ç H - C H 2 ~ M + 

C H = C H 

^ R H ^ C 6 H 5 C H - C H C H 3 

M C H = C H 

14 

ο: , β -Unsaturated Es ters and Nit r i les 

E thyl crotonate undergoes fast and selective d i m e r i 
zation at 110 u in the presence of potassium and a promoter to 
form the diethyl ester of diacid 1̂ 5 with a high yield (16). 

Ç H 3 

CjH C H 3 

E t ( X ) C C C ~ C H C H 2 C C X ) E t 

15 

Crotononitrile undergoes oligomerization at 1 1 0 ° in the 
presence of potassium-benzylpotassium catalyst to afford a 
mixture consisting 20-23$ of dimer and 67-75$ of a t r i m e r 18, 
and 5-15$ of high boiling product. The dimer was composed of 
67$ c i s - , 16, and 33$ trans-2-ethylidene-3-methyl-glutaro-
ni t r i le , 17. 

C H Q C H Q 
I ι 

H 3 C C H C H 2 C N H C H C H 2 C N 

H C N H 3 C C N 

16 17 

The t r i m e r consisted of 75-80$ of 18. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
7 

| d
oi

: 1
0.

10
21

/b
k-

19
77

-0
05

5.
ch

01
2

In Industrial and Laboratory Alkylations; Albright, L., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



212 INDUSTRIAL AND LABORATORY ALKYLATIONS 

H 3 C 

N C 

C H 3 

C N 

18 

Reaction of Alkylaromatic Hydrocarbons with Olefins 

The base-catalyzed reaction of alkylaromatics with 
olefins is unique in that it allows the size of the alkyl group of 
an arylalkane to be increased. Arylalkanes suitable for this 
reaction are those which contain a benzylic hydrogen. The 
olefins most useful for this reaction are ethylene, propylene, 
conjugated alkadienes, and styrene and its derivatives. Sodium 
and potassium are very effective catalysts. Sodium usually 
requires the presence of a chain precursor to initiate the 
reaction. 

Ethylation of alkylbenzene proceeds at 1 5 0 ° to 2 0 0 ° with 
ethylene pressure ranging f rom 1 to 70 atm. The reaction 
involves the replacement of benzylic hydrogens by ethyl groups, 
i . e . , toluene forms n-propylbenzene as the p r i m a r y product of 
reaction, further ethylation produces 3-phenylpentane and 3-
ethyl-3-phenylpropane (5). 

This reaction can also be extended to the ethylation of 
cycloalkylbenzenes, indan, and tetrahydronaphthalene. 

Potassium also catalyzes cyclialkylation reaction 
resulting in the formation of indans. The ratio of indans to 
monoalkylbenzenes formed depends on the extent of substitution 
on the a -carbon atom, and in the case of isopropylbenzene the 
concentration of 1 ,1-dimethylindan amounted to 49$. Potassium 
hydride or K - B u L I seem to be more effective catalysts for 
cycliethylation (20). 

Sodium in the presence of o-chlorotoluene promoter is a 
selective catalyst for the ethylation of alkylnaphthalenes at 175-
2 0 0 ° (21): 
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R — C H 2 C H 2 C H 3 

C H ( C 2 H 5 ) 2 

C ( C 2 H 5 ) 3 

Only on prolonged heating and s t i r r i n g a s m a l l amount of the 
heptyltoluene is obtained. 

Potassium-catalyzed ethylation of alkylnaphthalenes 
proceeds at 90-160° and, besides the n o r m a l s ide-chain 
ethylation, a cyclialkylation also occurs . F r o m 1-methyl-
naphthalene compounds 19 and 20 are obtained, and from 2-
methylnaphthalene compound 2 f T s obtained. 

19 R = H 

20 R = CoH 2 n 5 21 

Propylation of alkylbenzene with propene requires more 
drastic conditions than that of ethylation. The main product of 
s ide-chain propylation of toluene was isobutylbenzene. 

Alkenylation of Alkylbenzenes 

The mechanism of alkenylation is s i m i l a r to that of side-
chain alkylation of alkylaromatics and can be illustrated as 
follows: 

C 6 H 5 C H 3 + B * N a + ^ C 6 H 5 C H 2 " N a + 

C 6 H 5 C H 2 " N a + + C H 2 = C H C H = C H 2 

^ [ C 6 H 5 C H 2 C H 2 C H e - C H * - C H 2 ] " N a + 

C 6 H 5 C H 3 

C 6 H 5 C H 2 " N a + + C 6 H 5 C H 2 C H 2 C H = C H C H 3 

The alkenylation reaction proceeds at 100° or below. 
Yields of 80-91$ of monobutenylated alkylbenzene were obtained 
f rom toluene, o- and p-xylene, and ethylbenzene using sodium 
deposited on calcium oxide (23). 
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The pentenvlation of alkylbenzenes with isoprene was 
c a r r i e d out at 1 3 5 ° using dispersed sodium or potassium as 
catalyst (24). Two monoadducts were obtained, A and B , with a 
ratio of A / B ranging f rom 2 to 3. 

C g H 5 Ç C H 2 C H = C C H 3 C g H 5 C C H 2 Ç — C H C H 3 

R-i CH3 R^ CH3 

A Β 

R = R i = Η 

R — H , R| — CH3 

R — R| = CH3 

In the presence of a catalyst composed of sodium naph
thalene in T H F , the pentenylation occurs at 2 0 ° (25). 

Aralkylat ion of Alkylbenzenes 

M o n o - and diadducts have been produced in relatively 
good yields in reacting alkylbenzenes with styrene and a - and 
β -substituted styrene in the presence of either sodium or 
potassium at 1 0 0 - 1 2 0 ° (26). 

Toluene and ethylbenzene react with styrene to f o r m 
monoadducts 22_ and 2S_ and diadducts 24 and 25 

/ C H 3 

CeHjCHjCI^CI^CeHs C g H 5 C H ^ 

C H 2 C H 2 C e H 5 

22 23 

/ C H 3 

C 6 H 5 C H ( C H 2 C H 2 C 6 H 5 ) 2 C g ^ C T ^ 

( C H 2 C H 2 C g H 5 ) 2 

24 25 

Isopropylbenzene produces with styrene mono- and 
diadducts 26 and 27 
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^ ( C H 3 ) 2 ^ ( C H 3 ) 2 

C H 2 C H 2 C g H g C H 2 C H C H 2 C H 2 C g H 5 

26 27 

α -Methylstyrene reacts readily with n-alkylbenzenes in 
the presence of potassium to form 1,3-diphenylalkanes in yields 
ranging f rom 73 to 82$. β -Alkylbenzenes on reaction with 
toluene form 1,3-diphenyl-2-alkylpropanes in 60-95$ yields . 

Reaction of Alkylpyridines with Olefins 

The p i c o l y l hydrogens of 2- and 4-alkylpyridines are 
more acidic than the corresponding benzylic hydrogens. F o r 
that reason, the reactions of alkylpyridines with olefins occur 
under m i l d conditions, and with conjugated dienes, styrenes, 
and vinylpyridines at below room temperatures. The 
mechanism of s ide-chain addition of alkylpyridines to olefins 
is very s i m i l a r to that described for alkylbenzenes. 

2- A n d 4-alkylpyridines undergo reaction with ethylene 
under pressure at 1 4 0 - 1 5 0 ° in the presence of sodium to form 
the corresponding 2 - n - p r o p y l - and (3-pentyl)-2- and 4-
pyridines . Yields of"86-94$ of monoethylated products are 
obtained from higher 2- and 4-alkylpyridines (28). The relative 
ethylation of 4-alkylpyridines is 3. 5 to 7. 0 times greater than 
that of 2-alkylpyridines , and is associated with greater acidity 
of the 4 over the 2 i s o m e r s . 

3- Alkylpyr idines . The reaction between ethylene and 3-
alkylpyridines in the presence of alkali metal is much more 
complicated than s i m i l a r reactions made with the corresponding 
2 and 4 i somers (29). The two p r i m a r y products f r o m the 
reaction of 3-ethylpyridine with ethylene in the presence of 
either sodium or potassium are 3-sec-butylpyridine and cycl ic 
compound 28. Further ethylation occurs with a longer reaction 
time to form 29. 
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28 

C H 2 —CH 2 

7 

29 

2- A n d 2- Alkylpyr idine with Diolefins , Styrenes, and 
Vinylpyr idines . The reaction of alkylpyridines with isoprene, 
styrenes, and vinylpyridines occurs at 0 - 2 5 ° . The yields of 
adducts are high, and the compounds formed are those p r e 
dicted f rom s i m i l a r reactions made with alkylbenzenes (30). 

The relative rate of alkenylation of 4 -alkylpyridines with 
either butadiene or isoprene is about 8 to 20 times greater than 
that of 4 -methylpyridine, and therefore the alkenylation of 4-
methylpyridine is always accompanied by dialkenylation (31). 

Homogeneous C a r b o n - C a r b o n Addition Reactions 

The use of aprotic solvents promotes anionic reactions 
of very weak organic acids under m i l d conditions. A variety of 
alkylaromatic compounds undergo alkenylation and aralkylation 
in a homogeneous aprotic so l vent - t - B u O K system (32). The 
reactions can be represented by the following equations. 
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f t - B u O K 
A r C H 3 + C H 2 = C H C = C H R T 

solvent 

A r C H 2 C H 2 C H = C C H 2 R ' 

and 

R ' R 
I I 

A r C H 2 C H C = C H C H 3 

R t - B u O K R ' R 

A r C H 3 + C 6 H 5 C = C H R ' s o l y e n t > A r C H 2 C H C H C 6 H 5 

A r or 

R, R ' = Η or C H 3 

The rate of reaction is greatly influenced by the type of 
solvents used. 

Aprot ic solvents such as N M - 2 - P , 30a, and N M - 2 - P i , 
30b, may react almost quantitatively with olefins containing an 
activated double bond, at room temperature and in the presence 
of _t-BuOK (33). The general scope of the reaction i s presented 
by 

(CHj). 

R 
ι " i 

C = 0 + C H , = C - R ' 

C H 3 

η = 2 = N M - 2 - P = 30a 

η = 3 = N M - 2 - P i = 30b 

( C H 2 K 
n \ 

C H R 2 

c = o and 

Ν 
I 

C H 3 

(CH 2 ) 

C ( R 2 ) 2 

c = o 
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R= H ; R* = C H = C H 2 ; R 2 = C H 2 C H = C H C H 3 

R= H ; R ^ C ( C H 3 ) = C H 2 ; R 2 = C H 2 C H 2 C H ( C H 3 ) 2 

C H 2 C H ( C H 3 ) C 2 H 5 

(after hydrogénat ion) 

R= H ; R 1 = C g H 5 ; R 2 = C H 2 C H 2 C 6 H 5 

R= H ; R*= S i ( C H 3 ) 3 ; R 2 = C H 2 C H 2 S i ( C H 3 ) 3 

R= C H 3 ; R* = C 6 H 5 ; R 2 = C H 2 C H ( C H 3 ) C 6 H 5 

Although D M S O is used extensively as an aprotic solvent, 
the hydrogens in D M S O are quite labile. D M S O under the 
influence of base can react with a variety of conjugated dienic 
hydrocarbons, arylalkenes, and aromatic and heteroaromatic 
r i n g compounds (34). The net result of these reactions is the 
formation of methylated analogs of the starting hydrocarbons. 

Reaction of Olefins with Miscellaneous Compounds 

Ethylene reacts with salts of saturated carboxylic acids 
containing at least one hydrogen atom attached to the α - c a r b o n 
atom (35). The ethylation which is catalyzed by alkali metals 
and their derivatives and which occur at 1 5 0 - 2 5 0 ° under 
ethylene pressure , can be presented as follows: 

M / C 2 H 5 . ( C 2 H 5 ) 2 

R C H 2 C C " + C H 2 = C H 2 R C H + R C ^ 
O M ^ C 0 2 M C 0 2 M 

(R = H , a lkyl , cycloalkyl . M = alkali metal) 

A l d i m i n e s , which can be synthesized in good yields by 
the condensation of p r i m a r y amines with aldehydes, undergo a 
facile reaction with isoprene and vinylaromatic hydrocarbons 
in the presence of alkali metals (36). The alkenylation of 
aldimines with isoprene is made at atmospheric pressure in 
benzene solvent. A l m o s t quantitative yields of mono- and 
diadducts are obtained. The alkenylation with isoprene can be 
presented as follows. 
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RN=CHCHR' + CH2=CHC=CH3 

R" CH 3 

Na 

R' 
RN=CHÇCH2Ç=CHCH3 

RtT CH3 

When R f is hydrogen the monoadducts can undergo further 
reaction with isoprene to form dialkenylated aldimines. 

Intramolecular Cyclization Reactions 

Potassium hydride catalyzes cyclization of cycloocta-
dienes at 190° to form 84-94$ of 31 (37), while 1,4, 7-cyclo-
nonatriene undergoes in the presence"©! potassium tert-butoxide 
in dimethyl sulfoxide double cycloisomerization to 32. 

ω -Phenylalkenes undergo cyclization and cyclialkylation 
at 185° in the presence of either potassium or cesium, i .e . , 

31 32 

Κ 

cis and trans 12$ 

66$ 
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6-(3-Pyridyl) - l -hexene in the presence of either sodium 
or potassium forms 33̂  and 34 in good yields. 33 Is the p r e 
ferred t r i cyc l i c compound (30). 

33 34 

Conclusion 

Base-catalyzed carbon-carbon addition reactions are of 
synthetic importance as they permit the production of difficult 
to prepare hydrocarbons and related compounds in good yields 
by a one-step procedure. The reactions proceed under 
relatively m i l d conditions and in the presence of either 
dispersed alkali metals or alkali metals deposited on supports. 
In the case of olefins containing an activated double bond the use 
of t - B u O K in D M S O can be used as an effective catalyst. 
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13 

Mixing in Emulsion-Reaction Types of Liquid-Liquid 

Processes 

J. Y. OLDSHUE 
Mixing Equipment Co., Inc., 135 Mt. Read Blvd., Rochester, NY 14611 

This discussion is aimed primarily at alkylation processes, 
which are characterized by two-phase emulsions. The traditional 
process includes a hydrocarbon phase in contact with a sulfuric 
acid catalyst to form the environment for proper alkylation. In 
the petroleum industry, the desired product is a high octane alka
late, but other alklation processes have other desired products. 

There are several different ways of running full scale alkyl
ation processes. One of the earlier systems was the use of a 
"cascade reactor", there was a sulfuric acid catalyst in each 
stage, which did not flow between stages, and the hydrocarbon was 
allowed to flow in each stage in series. A mixing device was 
used to form a two-phase emulsion, which then must settle in each 
stage so that clear hydrocarbon can flow into the next stage. 
Mixers used included jets, submerged pumps, and mixing impellers. 

Another type of cascade continuous flow system did not try to 
settle in each stage, but allowed emulsion to flow co-currently 
through the system. 

A third type used a high energy side entering propeller unit, 
which carried out the process in a single stage. 

This paper analyzes the role that mixing can play in this 
reaction, and tries to divide "mixing" down into its several com
ponent fluid mechanic parts, which is helpful in analyzing process 
results. 

In order to orient the reader, Table I illustrates the steps 
that are desirable in designing a fluid mixer. Under I, we look 
at the mechanics of a flow from impellers, what kind of fluid re
gimes are required by the alkylation process, and how do we scale 
up and scale down the operation. 

Under II, impeller power characteristic curves hold true 
whether we are doing the desired process job or not. It is es
sential to have data on various impellers in these areas, but 
this data is largely available and it is primarily a matter of 
specifying the specific gravity and viscosity of the various 

224 
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TABLE I 

ELEMENTS OF MIXER DESIGN 

I PROCESS DESIGN 1 - FLUID MECHANICS 
OF IMPELLERS 

2 - FLUID REGIME 
REQUIRED BY PROCESS 

3 - SCALE UP; HYDRAULIC 
SIMILARITY 

II IMPELLER POWER 
CHARACTERISTICS 

III MECHANICAL DESIGN 

4 - RELATE IMPELLER 
HP, SPEED & DIAMETER 

5 - IMPELLERS 

6 - SHAFTS 

7 - DRIVE ASSEMBLY 
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226 INDUSTRIAL AND LABORATORY ALKYLATIONS 

phases and emulsion that the impeller will see during various 
parts of the process operation. 

In III, mechanical design is essential for a satisfactory 
operation, but this part of the design is not treated in this pro
cess oriented paper. 

Fluid Mechanics of Flow From Impeller 

By way of review, all the power that we apply to the mixing 
impeller produces a pumping capacity, Q, and a velocity head, H, 
within the discharge from the impeller, such that power P, is pro
portional as shown below. 

Ρ « QH 
Other relationships, such as: 

Ρ « Ν 3 D 5 

where Ν is impeller speed and D is impeller diameter, as well as: 
Q « ND3 

allow us to calculate the way that we can vary the flow to impel
ler head ratio at a given power level with various impeller sizes 
and speed. It turns out that i f we combine the previous three 
equations, that we arrive at a fourth, 

Q/H « D 4/3 
This equation essentially tells us that the large diameter impel
ler running at slow speed at a given power level gives us a high 
volume of fluid pumped, and a relatively low impeller head, while 
a small impeller running at high speed gives us less flow and a 
higher level of impeller head. 

The impeller head is related to various fluid shearing phe
nomena going on in the tank, and as such, is an important element 
of emulsion and reaction processing. 

In general, every process has an optimum combination of flow 
and impeller head. For many processes, the particular impeller 
type used to generate that flow and impeller head is relatively 
unimportant, and two impellers will achieve the same process re
sult when operated at their optimum geometry to give this flow to 
head ratio for the particular process requirement. Fig. 1 i l lus
trates this phenomena with two different impellers producing the 
best process result at different actual impeller diameters. 

The whole question of impeller shear effects has been devel
oping rapidly in the last few years, and it will be helpful to 
summarize the role that these play in the alkylation process. 
Using for illustration the radial flow impeller, Fig. 2 shows the 
velocity profile based on average velocities at a point coming off 
the blades of an impeller. As shown in the diagram, by taking the 
slope at any point, we obtain the velocity gradient, which is the 
shear rate that exists at that point. This shear rate can be cal
culated at any point in the mixing tank i f we will make various 
velocity measurements and establish the velocity profile at any 
point. 

Actually, the fluid shear rate must be multiplied by the vis-
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T A B L E I I 

SHEAR RATE TO RUPTURE A GIVEN DROPLET SIZE 

JUL' = 80 Cp 

JUL 
CP 

SHEAR 
RATE 
SEC. -1 

SHEAR STRESS IN 
CONTIN. PHASE 

g / c m 2 

80 93 0.08 

2 4 0 38 0.09 

370 22 0.08 

745 16 0.12 

1175 14 0.17 

JUL = continuous phase viscosity 

JUL' = discontinuous phase viscosity 

SHEAR RATE = -ffi 

Figure 2. Schematic of velocity flow pattern 
from radial flow turbine, showing shear rate 

calculation 
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228 INDUSTRIAL AND LABORATORY ALKYLATIONS 

cosity, to give the fluid shear stress which carries out our pro
cess result, in accordance with the equation below. 

Fluid shear stress = μ (fluid shear rate) 
An article by Karam (1) gives typical data to illustrate the 

difference between shear rate and shear stress. Table II is ex
tracted from cross plots of their data, showing the shear rate re
quired with different continuous phase viscosities and one dis
persed phase viscosity to break up a second fluid of the same 
size droplet. This shows that the shear stress in grams per cen
timeter squared is the basic parameter and the viscosity and shear 
rate are inversely proportional to give the required shear stress. 

Looking at the profile from the average velocity at a point, 
there are 4 regions in the tank which are of particular interest. 
These give us the following points of pertinent definitions: 

1. The average impeller zone shear rate. 
2. The maximum impeller zone shear rate. 
3. The average tank zone shear rate. 
4. The minimum tank zone shear rate. 
The average velocity gradients throughout the tank have been 

defined by several different methods. Estimates from our labora
tory indicate that these velocity gradients are an order of magni
tude less than the average velocity gradient around the impeller 
zone. 

The minimum velocity gradient of the tank has been estimated 
as 1/4 to 1/3 of the average velocity gradient throughout the en
tire tank. 

If a flow in the tank is turbulent, either because of high 
power levels or low viscosity, then a typical velocity pattern at 
a point would be illustrated by Fig. 3. The velocity fluctuation 
μ" can be changed into a root mean square value (RMS), which has 
great util ity in estimating the intensity of turbulence at a point. 
So in addition to the definitions above, based on average velocity 
point, we also have the same quantities based on the root mean 
square fluctuations at a point. We're interested in this value at 
various rates of power dissipation, since energy dissipation is 
one of the major contributors to a particular value of RMS μ". 

Looking at the average velocity at a point, Fig. 4 gives the 
result that the maximum shear rate around an impeller increases 
with impeller diameter at a given RPM, while the average shear 
rate around the impeller remains essentially a constant with impel
ler diameter. 

This yields a further relationship, as shown in Fig. 5, which 
shows that typically on scaleup, maximum shear rates increase, 
while average shear rates decrease. These now are shear rates 
that affect large scale particle, variously estimated at 100 to 
200 microns and larger. 

It is impossible to keep the ratio of all the pertinent 
mixing parameters constant in scaleup, so that we must pick and 
choose the mixing parameters and shear rates that are important 
for a given type of process. 
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4 .0 

lxj 2 . 0 

1.0 

.75 

CONSTANT SPEED 

AVERA( 3E 

IMPELLER DIAMETER 

Figure 4. Data showing 
that maximum shear rate 
around an impeller in
creases, while average 
shear rate remains constant 
with different diameters 

having the same RPM 

Figure 5. Effect of scale-up on 
maximum and average impellers 

TANK DIA. RATIO zone shear rates 
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230 INDUSTRIAL AND LABORATORY ALKYLATIONS 

On the other hand, the turbulent velocity fluctuations RMS 
affect microscale processes, again variously estimated at 100 

to 200 microns or less, on down to possibly the mixing length or 
possibly on down to the scale of molecular reaction. 

Turbulent Velocity Fluctuations 

Experimental data reported by J . Y. Oldshue, (6) were obtain
ed with a hot wire velocity meter. Details of that equipment are 
included in the appendix to this report. Additional data from 
this equipment are shown on Figs. 6, 7 and 8. Fig. 6 shows some 
of the data which give the ratio of the RMS velocity fluctuation 
to the average velocity at that point as a function of position 
above and below the impeller centerline. These data are for a 4" 
diameter, 6 flat blade turbine at 259 RPM. This indicates the 
ratio of fluctuating velocity to average velocity at a point can 
be as high as 0.75 and is generally in the range of 0.5 to 0.7. 
These measurements were made approximately 3/4" from impeller 
periphery. Additional measurements made in other parts of the 
tank are shown in Fig. 7. These indicate that the velocity fluc
tuation in other parts of the tank in the range of 0.05 to 0.15 
of the average velocity which is more typical of the turbulence 
behind grids and in pipelines. 

Other background on turbulent velocity parameters is given 
by Cutter (3) who calculated several parameters from photographs 
of flow patterns in a mixing vessel. He found that the RMS veloc
ity fluctuation was primarily related to energy dissipation. His 
measurement scale in making these photographic studies could be 
quite different from the scale velocities from the hot wire veloc
ity meter reported here, so that a direct comparison of these re
sults with those of Cutter has not been made in this paper. 

It since appears that the frequency and size of the turbulent 
velocity fluctuations are more compatible with phenomena on a mo
lecular micron size scale in a mixing vessel. For example, in a 
publication Paul & Treybal (4) shows the yield of a given reac
tion which had several alternate paths was determined by the RMS 
velocity fluctuations at the feed point. Paul used data from 
Schwartzberg & Treybal (5) and Cutter to calculate RMS velocity 
at the feed point. 

Another parameter which can be measured by the hot wire ve
locity meter technique is a dissipation length. 

λ D I S S I P A T I O N 
L E N G T H 

2 

υ V E L O C I T Y 
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INCHES A B O V E (+) OR 
B E L O W (-) TURBINE DISC 
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Figure 6. The ratio of RMS velocity fluctuations 
to average velocity at different distances above 

and below the impeller centerline 
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Figure 7. Effect of distance from impeller shaft on the ratio of RMS velocity fluc
tuation to the average velocity at a point 
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232 INDUSTRIAL AND LABORATORY ALKYLATIONS 

This is helpful in indicating the size of the turbulent eddies, λ 
is a measure of, although not equal to, the mean size of the 
smaller eddies which are dissipated Into energv. Fig. 8 gives 
some experimental values. At the moment, λ values are not being 
used to quantitatively analyze processes in the mixing vessel. 

Some Practical Concerns On Scaleup Of Alkylation 

Alkylation needs pumping capacity to maintain a uniform mix
ture of components within each phase as well as a uniform distr i 
bution of dispersed phase in the continuous, and the dispersion 
step itself requires a certain amount of shear stress to create 
interfacial area for mass transfer. There is no way of knowing 
what levels of each are needed without running some experiments. 

If this is coupled with the various kinds of continuous flow 
phenomena, and the requirement for settling of the various phases 
in one or more stages of the system, there comes out to be some 
very definite optimum mixer combinations for a given process. 

For example, i f the emulsion must settle in each stage, so 
that a clear hydrocarbon phase can be passed on to the subsequent 
stage, then the optimum requirement for mixer variables becomes 
quite unique. As the speed of the given impeller is increased, 
the interfacial area is increased, better mass transfer is pro
duced, possibility of better uniformity is available, but d i f f i 
culty in settling a clear hydrocarbon phase is increased. There 
is a definite optimum power level, D/T ratio and other parameters, 
that have been found to exist in these kinds of-processes. 

In general, the relatively large diameter mixing impellers 
with relatively high pumping capacity and lower levels of fluid 
shear have been found to be more effective than higher shear de
vices, such as high speed pumps or high velocity jet nozzles. 

If the emulsion is to flow unsettled from stage to stage, 
then there is no concern about settling until the final product 
settler is reached. This means that at various power levels, dif
ferent combinations of variables are optimum. For example, at a 
low total hp level, large D/T ratios are required to achieve the 
pumping and blending required to maintain a uniform emulsion. As 
power levels are increased, the total productivity of the process 
usually increases, and smaller D/T's are more important because a 
level of pumping action at a higher power level can be achieved 
with smaller D/T ratios and st i l l give adequate blending. As 
power levels are increased further, more of the energy can be put 
into shear rates, since a smaller proportion of the power is 
needed to achieve uniformity of blending and emulsification. At 
some point, the improvement in process yield with power begins to 
reach a peak and fall off, and at that point, economic conditions 
enter into the picture and dictate practical levels of power. 

If consideration is being given to a single stage reactor, 
then high power levels are used to go along with coil and jacket 
type cooling, and power levels are often dictated by the necessi-
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13. OLDSHUE Emulsion-Reaction Liquid-Liquid Processes 233 

ty for heat transfer and mass transfer, rather than subsequent 
settling and stage operation. 

Some Considerations In Scaling Up Or Scaling Down Alkylation 
Studies 

Table III gives the change in various mixing parameter ra
tios for 4 different scaleup calculations. What this shows is 
that we cannot control the ratio of every individual fluid mech
anics parameter. It also indicates that it is better to use 
correlating parameters to find out how they change on scaleup, 
rather than searching for a constant scaleup parameter for every 
conceivable mixing process. There is no assurance that there is 
a constant scaleup parameter for any given process job we are 
studying. Therefore, pilot plant studies should be directed to
ward establishing a controlling factor in the process, so that 
its control on scaleup can be more closely monitored. 

Referring to this table, it is seen that i f constant power 
per unit volume is used as a parameter, then maximum impeller 
zone shear rates go up while the pumping capacity system goes 
down. Another column shows that a constant impeller tip speed, 
the power per unit volume goes down drastically and the pumping 
capacity goes down st i l l further. 

In general, small scale models have too much pumping capa
city and too l i t t le impeller zone shear rate to be typical of the 
performance to be expected in a full scale prototype. Thus, it 
is normally necessary to purposely scale down the pumping capa
city, and increase the shear rate on small scale equipment to 
more closely duplicate the performance which will be expected on 
full size units. 

In alkylation, this means that the large size tank will nor
mally have higher shear stresses, and finer bubbles produced 
around the impeller, but also a much greater tendency for coales-
cense to occur in the lower shear zones in the tank. The pumping 
capacity per unit volume of the full size unit will tend to be 
much less than it is in the small size unit and therefore, the 
uniformity of reagents, the blending of these materials, and the 
stability of the emulsion will be less than it would be on the 
pilot scale. Non-geometric designs must often be used. 

Some Considerations About Pilot Plants 

There is a minimum size pilot plant for two phase processes. 
For example, Fig. 9 shows an impeller that, let's say, is 2 cen
timeters in blade width. The jet from the impeller gives a macro-
scale shear rate of 10 at a given speed, while the shear rate 
across a quarter centimeter distance is 9-1/2, across a 0.5 cen
timeter distance is 7.0, across half the blade width is 5, and 
across the entire impeller is zero. Thus, a bubble that is 2-1/2 
centimeters in size will see no shear rate, while a micron sized 
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Figure 8. The effect of RPM on the dissipa
tion length in a mixing vessel 

T A B L E I I I 

PROPERTIES OF A FLUID MIXER ON SCALE UP 

PROPERTY PILOT SCALE 
5 GALLONS PLANT SCALE 625 GALLONS 

POWER (P) 1.0 125 3125 25 0.2 
P/VOL. 1.0 1.0 25 0.2 0.0016 

SPEED(N) 1.0 0.34 1.0 0.2 0.04 

TURBINE DIA(D) 1.0 5.0 5.0 5.0 5.0 

PUMPING CAPACITY (0) 1.0 42.5 125 25 5.0 

0/VOL. 1.0 0.34 1.0 0.2 0.04 

ND 1.0 1.7 5.0 1.0 0.2 
ND2/> 1.0 8.5 25.0 5.0 1.0 
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bubble will see a shear rate of 10. 
We cannot let the physical size of the impeller blade in the 

pilot scale get out of proportion to the particle we are trying 
to disperse and the bubble we are trying to create. 

A way to evaluate the effect of macroscale maximum and aver
age impeller zone shear rates, and the microscale fluctuating 
turbulent intensity forces, is to build a series of different 
impellers as shown in Table IV. Merely for illustration, 5 impel
lers are shown. The first impeller is a standard blade width, 
run at a diameter of 1 and a speed of 1, to yield a maximum shear 
rate of 1, an average shear rate of 1, and a fluctuating shear 
rate of 1 on a relative basis. There is no relationship between 
the values of 1 for the three shear rate quantities. This impel
ler would be run and the process result evaluated. Then impeller 
number 2 would be used, which is a smaller diameter, higher 
speed impeller of the same blade proportions. It gives the shear 
rate properties as shown on the table. A 3rd, 4th and 5th impel
ler are used, which vary the various shear quantities. By ob
serving the effect on process result, this allows a general inter
pretation of the role of various macro and micro scale shear 
rates in the process to be evaluated, and give some idea of the 
kind of scaleup performance to be expected with various kinds of 
scaleup parameters. 

Some Comments About Liquid-Liquid Dispersion 

One of the key points is to know which phase is continuous. 
If there is an ambivalent range, which means that either phase 
can be continuous, then the phase that the impeller starts in 
will normally be the continuous phase and it will suck in the dis
persed phase into the zone. Fig. 10 illustrates the ways the dif
ferent phases can be dispersed, and also shows the method of dis
persing a heavy phase and light phase with the impeller s t i l l be
ing at the bottom portion of the tank. 

Emulsion break time can be a measure of the degree of tight
ness of the emulsion, and Figs. 11 and 12 show data obtained un
der various kinds of experiments illustrating the effect of dif
ferent mixing variables on emulsion break time for a particular 
two phase system. This kind of data does give an indication of 
the settling times to be expected in the settling stage following 
a continuous system. A general truism says that the f irst phase 
will settle with more clarity than will the continuous phase. 
The continuous phase normally has a haze that is very difficult 
to settle, while the dispersed phase, once it settles, is usually 
much more clear. 

Some Considerations About Instantaneous Concentrations At The 
Feed Point 

Figs. 13 and 14 show the average velocity at a point as de-
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Figure 9. Schematic of different shear rates 
as a function of different size particles in the 

flow stream 

ADD HEAVY 

LIGHT DISP. 

t i t Ι 

Μ  • h » M -

HEAVY DISP. Ο 
ADD LIGHT 

Θ 
HEAVY DISP. 

Figure 10. Method of controlling which phase is dispersed 
in batch extractions 

IMPELLER 

D Ν Du>/D 

1 1 S 
0 .7 1.3 S 
1 1.3 Ν 
1 1 Ν 
0 .8 1.3 S 

SHEAR RATE 

MAX AVG FLUC 

1.0 1. 0 1. 0 
1.3 1. 8 1. 0 
1.3 1. 3 1. 0 
1.0 1. 0 0. 5 
1.0 1. 3 0. 7 
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) 2 0 4 0 6 0 Figure 11. Effect of mixing time and RPM 
TIME OF M I X I N G - S E C O N D S on break time for a liquid-liquid emulsion 
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9 0 ° ^TURBINE BLADE 

Figure 14. Effect on the angle between the blades 
on the average velocity at a particular position in the 

discharge stream from a radial flow impeller 
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termined by the angle between the blades. What this shows is 
that the velocity at a point fluctuates about 50% from the aver
age, as is also shown by the RMS values discussed previously. 

If a chemical is injected at a constant rate, then the molar 
concentration ratio at that point is actually fluctuating over a 
factor of 2. If reaction rates are fast enough so that this 
would affect the path that a reaction would take, this could 
affect the distribution of reaction products in a way that would 
be either good or bad, depending upon circumstances. For example, 
in neutralizing a sensitive chemical or biological product, add
ing acid or base at a constant rate into the eye of the impeller, 
can cause the pH to fluctuate markedly at that point, and is 
thought to be one of the reasons for the decrease in yield from 
a theoretical value when trying different types of introduction. 

If a uniform concentration of a miscible liquid is more de
sirable than the high intensity turbulent dispersion of these ma
terials in the stream, then it may be well to have injection 
points out in a more uniform, less fluctuating environment. Thus 
evaluation of injection point conditions can be very critical in 
reactions that may take different paths, depending upon chemical 
concentrations and fluid mechanics variables. 

In the paper by Paul & Treybal ,thev showed that the reaction 
products of a competitive, consecutive second order reaction do 
depend on the RMS fluctuation value at the injection point. 

Summary 

Mixers can be designed to increase pumping capacity at a con
stant level of impeller shear rate, which would increase the tot
al horsepower of the system, they can be designed to increase 
pumping capacity at the expense of fluid shear rate variables, or 
they can be designed to increase fluid shear rate variables at 
the expense of pumping capacity. 

To determine which of these would be more advantageous, 
there has to be some information or speculation on where a given 
process result stands relative to these variables. On a full 
scale unit, it is usually very difficult to make significant 
changes in mixing variables, so that it is seldom possible to 
assess possible improvements in increasing horsepower, level, the 
torque in the mixer drive to change other variables, or whether 
it is worth making major changes in geometry, feed introduction, 
etc. 

If small scale experiments are to be used for evaluation 
purposes, then they must be designed to have blend time, pumping 
capacity and shear rate levels relatively similar to full scale 
installation. This normally means a non-geometric model of scale-
down to control various mixing parameters. 

The small scale model must be of the same general type as 
full scale with regards staging, continuous flow and other vari
ables. The impeller must not be allowed to get out of proportion 
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in terms of physical size to the bubbles and droplets involved in 
the full scale process. 

To shed most light on the effect of mixing, the usual order 
of variables includes the following: 

1. Vary mixer speed, which varies both pumping capacity and 
all of the shear rates. If this does not change the process 
result, then the probability of other variables affecting it 
are relatively small. 

2 . Making a change in impeller size to tank size ratio of a 
given type impeller will normally tell whether pumping cap
acity or the entire variety of shear rates is significant in 
the process result. 

3 . If i t is desired to separate out macroscale and microscale 
shear rate effects, then a change in the internal geometry 
of an impeller is necessary to change the relative propor
tions of these two quantities. 

Symbols Used 

U Impeller diameter 

D/T Impeller diameter-to-tank diameter ratio. 

Deo Impeller blade width. 

^jjj-2" Reynolds number, ratio of inertia force to viscosity force, 
dimensionless. 

Ρ Total power. 

Pq 
N 3 D 5 Power number, ratio of applied force to graviation force, 

p dimensionless. 

Q Volumetric fluid displacement of impeller. 

RMS Root mean square, / y 2 

Τ Tank diameter 

u Velocity in χ direction. 

û Mean velocity, ft . /sec. 

Fluctuating velocity. 
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Ζ Liquid depth. 
Γ 1 1 /duV" 

> Dissipation length. χΤ ΰ2\~3χ) 

μ Continuous phase viscosity. 

yA Discontinuous phase viscosity 

ρ Density of fluid or solid. 
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Improved M i x i n g i n Alkylation 

D. E. ALLAN and R. H. CAULK 
Exxon Research and Development Laboratories, P. O. Box 2226, Baton Rouge, LA 70821 

Turbulent transfer processes are important in many 
petroleum and petrochemical operations. For example, turbulent 
mixing in stirred tanks affects both yield and product quality 
in such chemical conversions as alkylation and vinyl chloride 
polymerization; i t influences the rate in physical conversions 
such as crystallization by dilution chilling. Mixing efficiency, 
as measured by process results, is tied to the type and degree 
of turbulence present in the reactor. This paper will show 
that the efficiency of mixing may be improved through a better 
understanding of turbulent flow field coupled with an under
standing of how flow affects the process. This study was an 
attempt at combining turbulent flow studies, studies on model 
systems and pilot plant data in order to understand the mixing 
processes involved. 

The paper is in two parts. First is a study of turbulent 
flows generated by radially discharging impellers. It has been 
asserted that mixing is a flow phenomenon hence, the first step 
in gaining an understanding of mixing is to catalog flow 
characteristics generated by common impellers. The second part 
is a detailed comparison of the performance of two impellers 
that generated significantly different flows in a pilot plant 
test which studied the alkylation of butylenes. 

Summary 

This paper discusses a way to improve mixing, hence 
product q u a l i t y , i n a c i d c a t a l y z e d a l k y l a t i o n without i n c r e a s 
i n g the power consumption. I t i s e s s e n t i a l l y d i v i d e d i n t o two 
p a r t s : (1) a b a s i c study of the f l u i d mechanics o f i m p e l l e r 
d r i v e n flows which has y i e l d e d a new i m p e l l e r design, and 
(2) an a l k y l a t i o n mixer comparison wi t h s u l f u r i c a c i d c a t a l y s t 
done i n an a l k y l a t i o n p i l o t p l a n t . 

Looking at mixing as a t u r b u l e n t flow generated by an 
i m p e l l e r , a study of the flows generated by conventional and 
novel r a d i a l l y d i s c h a r g i n g i m p e l l e r s t y l e s was done at Exxon 1s 

242 
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Corporate Research L a b o r a t o r i e s . Modern l a s e r v e l o c i m e t r y 
techniques were employed. Local average v e l o c i t i e s and turbu
l e n t i n t e n s i t i e s were obtained i n the discharge from the 
i m p e l l e r s . Average v e l o c i t i e s v a r i e d w i t h power number f o r 
the v a r i o u s s t y l e s as expected and t h i s means the most commonly 
used f l a t blade t u r b i n e generated the highest average v e l o c 
i t i e s . The s i g n i f i c a n t r e s u l t was that t u r b u l e n t i n t e n s i t i e s 
were s i m i l a r f o r a l l conventional i m p e l l e r s . One novel impel
l e r generated i n t e n s i t i e s over twice as high i n the f l u i d near 
the i m p e l l e r . M i x i n g l i t e r a t u r e suggests an improvement i n 
processes such as a l k y l a t i o n based on t h i s flow d i f f e r e n c e . 

A mixer comparison wi t h s u l f u r i c a c i d c a t a l y s t was c a r r i e d 
out i n the Exxon Research and Development Laboratories a l k y l a 
t i o n p i l o t p l a n t . The novel i m p e l l e r was compared to the 
conventional f l a t bladed t u r b i n e at constant power l e v e l s 
u s i n g r e f i n e r y o l e f i n and isobutane streams. A n a l y s i s of the 
product q u a l i t y - a c i d composition data f o r the p i l o t p l a n t 
comparison showed t h a t the octane i n c e n t i v e f o r the new mixer 
was r e l a t e d t o a c i d s t r e n g t h and v a r i e d between 0.4 and 0.25 
MON i n the commercial operating r e g i o n (96-90% H2SO4). In 
a d d i t i o n to the q u a l i t y comparison, c a t a l y s t l i f e e f f e c t s were 
c a l c u l a t e d and compared f o r both mixers. These data showed 
that the novel i m p e l l e r r e q u i r e d somewhat lower a c i d r e p l a c e 
ment r a t e than the f l a t bladed t u r b i n e at high a c i d strengths 
(98-94% H2SO4). C a l c u l a t e d a c i d replacement r a t e s f o r both 
mixers were equivalent at lower a c i d strengths (94-90% H2SO4). 
I n t e r p r e t a t i o n of these p i l o t p l a n t r e s u l t s i n l i g h t of the 
mixing s t u d i e s i n d i c a t e s that the key r o l e of the novel impel
l e r i n a l k y l a t i o n i s t o generate a d d i t i o n a l emulsion surface 
area. 

The Impellers and The Flows They Generate 

Flow c h a r a c t e r i s t i c s i n a mixing v e s s e l can i n f l u e n c e 
process performance. The i m p e l l e r i s a device which imparts 
motion t o the medium i n which i t operates. The c h a r a c t e r i s t i c s 
o f the flow which are of greatest i n t e r e s t are the mean f l u i d 
v e l o c i t y at a l l p o i n t s w i t h i n the f l u i d and the t u r b u l e n t 
f l u c t u a t i o n s superimposed on the mean v e l o c i t y . Paul and 
Treybal (1) have discussed how the d e t a i l e d flow character
i s t i c s can i n f l u e n c e process performance. This paper w i l l show 
how i m p e l l e r s t y l e can i n f l u e n c e the flow c h a r a c t e r i s t i c s . 

The i m p e l l e r s used i n t h i s study are shown i n Figure 1. 
They are both of the r a d i a l l y d i s c h a r g i n g type which i s 
c h a r a c t e r i z e d by a strong r a d i a l j e t of f l u i d t hat moves out 
t o the v e s s e l w a l l s while e n t r a i n i n g f l u i d from above and below. 
Near the w a l l i t s p l i t s i n t o two c i r c u l a t i o n zones. The f l a t 
blade t u r b i n e (FBT) i s commonly used i n i n d u s t r y and c o n s i s t s 
of a d i s c with s e v e r a l paddles f i x e d normal t o the d i s c which 
serve to generate the r a d i a l flow. The novel i m p e l l e r design 
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14. A L L A N A N D C A U L K Improved Mixing 245 

(HIT)* has two d i s c s that l i m i t the flow i n t o the i m p e l l e r . I t 
a l s o has s e v e r a l p a i r s of paddles f i x e d normal to the d i s c s 
which generate the r a d i a l flow. 

E a r l i e r work has used s e v e r a l methods to measure t u r b u l e n t 
flow parameters i n the discharge stream o f an i m p e l l e r and 
these are summarized by Gunkel and Weber (2). Only the FBT 
i m p e l l e r s t y l e was used i n a l l e a r l i e r s t u d i e s . 

In t h i s work, measurements o f the mean v e l o c i t y and the 
t u r b u l e n t f l u c t u a t i o n s i n the flows generated by the two impel
l e r s were confined t o the center l i n e o f the r a d i a l j e t s i n c e 
t h i s i s the zone where the flow i s most s t r o n g l y i n f l u e n c e d 
by the i m p e l l e r s t y l e . Turbulent flow parameters were deter
mined using a DISA E l e c t r o n i c s Laser Anemometer System. As the 
name i m p l i e s , t h i s i s an o p t i c a l device t h a t measures the 
instantaneous v e l o c i t y at a p o i n t . The technique i s l i n e a r 
which allows accurate flow measurements at very high turbulence 
l e v e l s such as found i n mixing v e s s e l s . Since there i s no probe, 
there are no flow disturbances and the measurement i s indepen
dent o f f l u i d p r o p e r t i e s . The anemometer used i n t h i s work was 
s e n s i t i v e t o the d i r e c t i o n o f the instantaneous v e l o c i t y . 

A g l a s s mixing v e s s e l o f 0.20 m diameter was used f o r the 
study. I t was enclosed i n a square p l e x i g l a s s tank t h a t was 
a l s o f i l l e d w i t h the same l i q u i d as used i n the mixing v e s s e l 
i n order to minimize r e f r a c t i o n o f the l i g h t beams. The l i q u i d 
l e v e l was 0.20 m and the i m p e l l e r s were 0.10 m from the bottom. 
Impellers o f approximately 0.064 m diameter were used t o 
minimize w a l l feedback e f f e c t s . Water was the working f l u i d 
f o r the r e s u l t s reported here. 

The instantaneous v e l o c i t y , Vj_, i n a t u r b u l e n t flow 
can be expressed as 

V i = V i + U± ( i = 1,2,3) 

where i s the time mean v e l o c i t y and i s the instantaneous 
f l u c t u a t i n g v e l o c i t y i n the i d i r e c t i o n . By d e f i n i t i o n , the 
average f l u c t u a t i n g v e l o c i t y , U^, i s zero. The r e l a t i v e 
i n t e n s i t y o f turbulence, I , i s def i n e d as 

where i s the mean of the square o f the f l u c t u a t i n g v e l o c i t y . 
Figures 2 and 3 are measurements o f the r a d i a l component of 
v e l o c i t y along the center l i n e o f the strong r a d i a l j e t i s s u i n g 
from the d i f f e r e n t i m p e l l e r s t y l e s versus the r a d i a l p o s i t i o n 
(r) normalized by the i m p e l l e r r a d i u s (R). 

*High i n t e n s i t y t u r b i n e 
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The v a r i a t i o n of mean r a d i a l v e l o c i t y with d i s t a n c e from 
the i m p e l l e r t i p i s shown i n Figure 2. When the v e l o c i t y i s 
normalized using the i m p e l l e r t i p speed ( V t i p ) a r e l a t i o n i s 
obtained f o r each i m p e l l e r s t y l e f o r v a r i o u s r o t a t i o n a l speeds. 
The mean r a d i a l v e l o c i t y i s a measure of i m p e l l e r pumping 
c a p a c i t y . As expected, the various s t y l e s show g r o s s l y d i f f e r e n t 
c h a r a c t e r i s t i c s i n terms of pumping c a p a c i t y . 

In a l l cases the mean r a d i a l v e l o c i t y decreases wi t h 
i n c r e a s i n g r a d i a l d i s t a n c e (except f o r the HIT i m p e l l e r near 
the t i p ) . This i s due to two t h i n g s : (a) i n a c y l i n d r i c a l 
geometry, the cross s e c t i o n a l area f o r flow increases w i t h 
r a d i a l d i s t a n c e , and (b) the r a d i a l j e t e n t r a i n s f l u i d from 
above and below, hence v e l o c i t y must decrease t o conserve 
momentum. 

The d i s t r i b u t i o n of the t u r b u l e n t i n t e n s i t i e s f o r the 
r a d i a l component of v e l o c i t y i s p l o t t e d i n Figure 3 as a func
t i o n o f r a d i a l p o s i t i o n . Turbulent i n t e n s i t y i s a measure of 
the energy p a r t i t i o n i n g between the f l u c t u a t i n g v e l o c i t y t o 
which l o c a l mixing i s a t t r i b u t e d and mean v e l o c i t y which r e l a t e s 
t o pumping or blending. The FBT ranges from 0.35 near the 
i m p e l l e r t o 0.60 toward the w a l l . The increase i n i n t e n s i t y 
w i t h d i s t a n c e i s due t o the mean v e l o c i t y decreasing more 
r a p i d l y than the f l u c t u a t i n g v e l o c i t y . I n t e n s i t y i s seen t o be 
independent of i m p e l l e r speed. That i s , once f u l l y developed 
t u r b u l e n t flow i s achieved, a d d i t i o n a l energy input i s d i v i d e d 
i n a constant manner between flow and turbulence. 

The new i m p e l l e r s t y l e (HIT) generates a d i f f e r e n t p r o f i l e 
and i s c h a r a c t e r i z e d by a zone of very high t u r b u l e n t i n t e n s i t y , 
up to 0.95, near the i m p e l l e r t i p . These higher turbulence 
l e v e l s mean more energy i s being put i n t o f l u c t u a t i o n s ( l o c a l 
mixing) at the expense of pumping. The very high l e v e l s a l s o 
i n d i c a t e t h a t instantaneous flow r e v e r s a l s are o c c u r r i n g ( t h i s 
c o n d i t i o n could only be observed using a Laser Anemometer). 
Negative instantaneous v e l o c i t i e s , when made part o f an average 
v e l o c i t y , reduce the time mean near the i m p e l l e r t i p . This 
e x p l a i n s the decreasing p o r t i o n o f the mean v e l o c i t y p r o f i l e 
f o r the HIT i m p e l l e r as we move toward the i m p e l l e r . That i s , 
the new i m p e l l e r generates a "washing-machine" a c t i o n where 
some of the f l u i d e j e c t e d i s p e r i o d i c a l l y sucked back i n t o the 
i m p e l l e r . 

Results on the FBT agree w i t h e a r l i e r s t u d i e s o f Mujumdar 
et a l (3) who used a hot wire anemometer f o r t h e i r measurements. 
Recent mixing l i t e r a t u r e (]^, 4) suggests that the tu r b u l e n t 
flow c h a r a c t e r i s t i c s o f the novel HIT i m p e l l e r should be of 
value i n a l k y l a t i o n . 

Experimental A l k y l a t i o n Equipment 

The experimental equipment used to obt a i n the mixer a l k y l a 
t i o n data described i n t h i s paper i s a p i l o t p l a n t at the Exxon 
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American Chemical 
Society Library 

1155 16th St., N.W. 
Washington, D.C. 20036 
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Research and Development Laboratories (ERDL) i n Baton Rouge, La. 
This u n i t was designed to be s i m i l a r i n performance to the 
s t i r r e d a l k y l a t i o n u n i t s c u r r e n t l y i n commercial use. Although 
i t was not p o s s i b l e t o maintain exact mixing s i m i l a r i t y , t h i s 
u n i t maintained s i m i l i t u d e i n the more important scale-down 
parameters. 

A condensed v e r s i o n o f the ERDL a l k y l a t i o n p i l o t p l a n t flow 
p l a n i s shown i n Figure 4. O l e f i n and isobutane feed streams 
are s e p a r a t e l y pumped t o the u n i t from l a r g e feed storage 
v e s s e l s w i t h Lapp Pulsafeeder diaphragm pumps and metered w i t h 
t u r b i n e flow meters. The streams are then combined, c a u s t i c 
scrubbed, water washed and d r i e d w i t h molecular sieves before 
being sent t o the r e a c t o r . The combined feed stream i s then 
i n j e c t e d i n t o the acid-hydrocarbon emulsion i n the s t i r r e d 
r e a c t o r v e s s e l . In order t o maintain a constant temperature 
environment both r e a c t o r and s e t t l e r are coolant jacketed. 
A f t e r r e a c t i o n , the acid-hydrocarbon emulsion passes from the 
r e a c t o r to a b a f f l e d s e t t l e r where a phase s e p a r a t i o n takes 
pl a c e and s e t t l e d a c i d i s pumped back t o the r e a c t o r . The 
s e t t l e d hydrocarbon phase i s c a u s t i c scrubbed t o remove any 
e n t r a i n e d a c i d and sent e i t h e r t o a m a t e r i a l balance accumulator 
or t o a product accumulation system. 

Information t h a t has been obtained from t h i s p i l o t p l a n t 
i n c l u d e s : (1) a l k y l a t e q u a l i t y at simulated commercial 
operating c o n d i t i o n s , (2) a l k y l a t e y i e l d , (3) isobutane 
consumption, (4) c a t a l y s t l i f e , (5) maintenance of product 
q u a l i t y w i t h c a t a l y s t l i f e , and (6) s e l e c t i v i t y data (which 
c o n t r i b u t e s t o the determination o f r e a c t i o n r a t e c o n s t a n t s ) . 

Mixer A l k y l a t i o n Comparison - P i l o t P l ant Parameters 

In order t o get the most meaningful comparison between 
the two mixer s t y l e s i n an a l k y l a t i o n environment, two back-
to-back dying a c i d runs* (each o f about two weeks duration) 
were made i n the ERDL a l k y l a t i o n p i l o t p l a n t at the nominal 
t e s t c o n d i t i o n s shown below. 

Reactor Parameters 

Reactor Temperature - 40°F 
O l e f i n Space V e l o c i t y - 0.15 v o l . o l e f i n / h r / v o l . H2SO4 
H2SO4 i n Emulsion - 60 v o l . % 

*In a dying a c i d run one begins w i t h f r e s h a c i d i n the r e a c t o r 
and without spent a c i d withdrawal or f r e s h a c i d makeup allows 
the c a t a l y s t d i l u e n t s ( a c i d s o l u b l e o i l and water) to b u i l d up 
w i t h time. This type of run can be contrasted t o a steady 
s t a t e run where spent a c i d i s purged and f r e s h a c i d added so 
as to keep the d i l u e n t l e v e l constant. 
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Mixing Parameters 

Mixing Devices - F l a t bladed t u r b i n e , novel high i n t e n s i t y 
t u r b i n e 

Mixer Speed - 170 RPM (FBT), 245 RPM (HIT) ( i . e . , 
constant power) 

Mixer S i z e - Both mixers are 7" i n diameter 
J e t Reynolds No. - 3245 

The r e a c t o r parameters shown above are t y p i c a l f o r commercial 
s t i r r e d a l k y l a t i o n u n i t s i n H2S04-butylene s e r v i c e . I t i s 
important t o emphasize th a t the mixer comparison was made at 
constant power. 

The o l e f i n and isobutane feed streams used i n the mixer 
a l k y l a t i o n comparison were obtained from Exxon Company USA's 
Baton Rouge Ref i n e r y . The o l e f i n stream was c a t a l y t i c a l l y 
cracked butènes while the isobutane stream was obtained as 
the overhead from a d e i s o b u t a n i z e r tower. The composition of 
these streams i s shown below: 

Feed Stream O l e f i n Isobutane 
Composition, V o l . % 

Isobutane 37.1 85.6 
O l e f i n 

c 3 = °- 1 

C 4= 28.0 
C 5" 3.6 
T o t a l 31.7 0.1 

Other P a r a f f i n s 31.2 14.3 

} · • 

A l k y l a t i o n P i l o t P l a n t Results 

Previous i n v e s t i g a t o r s such as A l b r i g h t et a l (5) have 
shown t h a t a l k y l a t i o n c a t a l y s t composition has a profound 
e f f e c t on product q u a l i t y and t h a t q u a l i t y comparisons must be 
made at constant c a t a l y s t composition. In a d d i t i o n to measure
ment of product q u a l i t y d i f f e r e n c e s , one of the o b j e c t i v e s of 
the mixer comparison was t o look at p o s s i b l e d i f f e r e n c e s i n 
c a t a l y s t composition between the two mixer s t y l e s and the 
subsequent e f f e c t on c a t a l y s t l i f e . 

The e f f e c t of c a t a l y s t age (measured as hours on o l e f i n ) on 
the c o n c e n t r a t i o n of H2SO4* i n the c a t a l y s t phase i s shown i n 
the top p a r t of Figure 5. The H2SO4 con c e n t r a t i o n f o r both 
mixers decreased smoothly and n e a r l y l i n e a r l y w i t h i n c r e a s i n g 
c a t a l y s t age and there seemed t o be no s i g n i f i c a n t d i f f e r e n c e s 

*H2S04 conce n t r a t i o n i n the c a t a l y s t was determined by NaOH 
t i t r a t i o n . 
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0 1 0 0 2 0 0 3 0 0 

CATALYST A G E , HRS . 

Figure 5. Catalyst composition vs. age. O , HIT mixer; A , FBT mixer. 
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between them. The s t a r t i n g a c i d f o r the HIT mixer study was 
97.9% H 2S0 4 w h i l e the discharge a c i d was 86.0% H 2S0 4. The f r e s h 
or s t a r t i n g a c i d f o r the FBT study was 97.3% H2SO4 while the 
discharge a c i d s t r e n g t h was 89.6% H2SO4. The reason f o r the 
d i f f e r e n c e i n discharge strengths was t h a t the FBT study was 
terminated at a lower c a t a l y s t age. The second par t of Figure 
5 shows the e f f e c t of c a t a l y s t age on the c a t a l y s t water 
c o n c e n t r a t i o n ^ f o r both mixers. These data show that the water 
content v a r i e d smoothly from about 2 wt. % f o r the f r e s h a c i d 
t o about 3-3.5 wt. % f o r the discharge c a t a l y s t . Although 
there was a s l i g h t d i f f e r e n c e i n water content between the 
mixers i n i t i a l l y , the water data f o r the most p a r t are q u i t e 
s i m i l a r . Since the t o t a l feed to the ERDL p i l o t p l a n t was d r i e d 
t o a l e v e l of 1-2 ppm H2O, t h i s water buildup was due t o hydro
carbon o x i d a t i o n by the s u l f u r i c a c i d . F i n a l l y , the e f f e c t of 
c a t a l y s t age on a c i d s o l u b l e o i l ^ l e v e l i n the c a t a l y s t f o r the 
mixer comparison i s shown i n Figure 6. These data show t h a t , 
as a n t i c i p a t e d , a c i d s o l u b l e o i l b u i l t up s t e a d i l y w i t h 
i n c r e a s i n g c a t a l y s t age reaching a l e v e l of 10 wt. % f o r the 
HIT mixer discharge a c i d and ^7 wt. % f o r the FBT mixer discharge 
a c i d . For a l l p r a c t i c a l purposes both mixers showed about the 
same v a r i a t i o n of a c i d s o l u b l e o i l content w i t h c a t a l y s t age. 
There are two i n t e r e s t i n g features w i t h regard to the data i n 
F igure 6 that should be noted. The f i r s t p o i n t i s that both 
runs show a f i n i t e a c i d s o l u b l e o i l l e v e l i n the a c i d before the 
o l e f i n stream was s t a r t e d (as measured by c a t a l y s t age). This 
low l e v e l was due t o feeding isobutane over the f r e s h H2SO4 
p r i o r to s t a r t i n g o l e f i n feed and shows that s i g n i f i c a n t a c i d 
s o l u b l e o i l components can be formed from compounds other than 
dienes, o l e f i n s and/or s u l f u r at low temperatures. The other 
i n t e r e s t i n g p o i n t w i t h regard t o the Figure 6 data i s t h a t the 
HIT data become n o n - l i n e a r a f t e r about 225 hours on o l e f i n s . 
This seems to i n d i c a t e an " a c i d runaway" c o n d i t i o n * and more w i l l 

(|>Water concentration i n the c a t a l y s t was determined by t i t r a t i o n 
w i t h fuming H 2S04 (oleum) a f t e r A l b r i g h t et a l (5). 

M c i d d i l u e n t commonly r e f e r r e d t o as red o i l or sludge which 
i s formed p r i m a r i l y i n the r e a c t o r (emulsion residence time 
i n the s e t t l e r i s an order of magnitude l e s s than the r e a c t o r ) . 
Although feed contaminants such as dienes or s u l f u r are 
important red o i l p r e c u r s o r s , i t can a l s o be formed from the 
o l e f i n , isobutane and a l k y l a t e . 

* " A c i d runaway" i s a term commonly used i n commercial a l k y l a t i o n 
operations and i s c h a r a c t e r i z e d by a c o n d i t i o n of low a c i d 
s t r e n g t h and r a p i d b u i l d up of d i l u e n t s . In c e r t a i n s i t u a t i o n s 
an a c i d runaway may f o r c e o l e f i n feed to be cut out s i n c e 
f r e s h a c i d u s u a l l y cannot be added f a s t enough to counteract 
the r a p i d d i l u e n t formation. 
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Figure 6. Acid-soluble oil vs. catalyst age 
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be s a i d about i t i n the d i s c u s s i o n on c a t a l y s t l i f e . 
The consistency of the raw c a t a l y s t composition data can 

be seen by l o o k i n g at the bottom p a r t of Figure 5. This i s a 
p l o t on the sum of wt. % H 2S04, wt. % H 20 and wt. % a c i d 
s o l u b l e o i l f o r each of the a c i d analyses i n the mixer comparison 
study. The absolute d i f f e r e n c e between t h i s sum and 100 gives 
a measure o f the consistency of the a c i d analyses. Except f o r 
the one p o i n t at about 250 hrs. (and the analyses that were 
rerun at ^75-100 h r s . ) , the sums i n Figure 5 f o r the mixer 
comparison runs vary between 99% and 101% w i t h most sums being 
c l o s e r than 1%. I f i t i s considered that these sums are formed 
from the r e s u l t s of three independent analyses, i t can be s a i d 
t h a t the q u a l i t y of the a c i d composition data i s very good. 

One o f the most important f a c e t s of the mixer comparison 
was the e f f e c t of the mixer type on a l k y l a t e q u a l i t y . As 
mentioned p r e v i o u s l y , s i n c e a c i d composition does have a profound 
e f f e c t on q u a l i t y i t i s necessary t o compare mixing e f f e c t s at 
constant a c i d composition. For t h i s study, the a c i d component 
which seemed to p l a y the key r o l e i n t h i s c o m p o s i t i o n / q u a l i t y 
e f f e c t i s the a c i d s o l u b l e o i l . This component, which i s 
c h a r a c t e r i s t i c of strong a c i d processes, i s a complex mixture 
i n which c y c l i c conjunct polymers predominate (6). Since 
a l k y l a t e q u a l i t y does vary markedly w i t h a c i d s o l u b l e o i l content, 
many t h e o r i e s on i t s r o l e i n q u a l i t y enhancement have been 
proposed such as a hydride t r a n s f e r agent, s u r f a c t a n t , or agent 
to i ncrease isobutane s o l u b i l i t y . 

Therefore, s i n c e the c a t a l y s t water content was r e l a t i v e l y 
constant, a c i d s o l u b l e o i l l e v e l has been used as a primary 
i n d i c a t o r o f a c i d composition to compare the product q u a l i t i e s 
of the two mixers. A comparison of octane product q u a l i t y f o r 
the two mixers i s i l l u s t r a t e d i n Figure 7 where the data are 
p l o t t e d as GC c a l c u l a t e d C 6

+ MON ( c l ) * versus wt. % a c i d s o l u b l e 
o i l i n the c a t a l y s t . Although i n i t i a l product q u a l i t y was poor* 
Figure 7 shows that the MON went through a broad maximum f o r 
both mixers from 2 t o 4 wt. % a c i d s o l u b l e o i l . These data show 
that the HIT mixer gave a product q u a l i t y i n c e n t i v e over the 
f l a t bladed t u r b i n e and t h a t the magnitude of t h i s i n c e n t i v e 
v a r i e d between 0.4 and 0.25 MON i n the commercial operating 
r e g i o n (2-7 wt. % a c i d s o l u b l e o i l or 96-90 wt. % H 2S0 4). 
As f a r as the general shape of the curves i s concerned, the 
presence of maxima i n d i c a t e s t h a t at low concentrations a c i d 
s o l u b l e o i l s i n t e r a c t d i r e c t l y w i t h the a l k y l a t i o n r e a c t i o n s 
and have a b e n e f i c i a l e f f e c t toward product q u a l i t y while at 
high concentrations the d i l u e n t e f f e c t on a c i d s t rength outweighs 
any p o s s i b l e b e n e f i t s . 

*Clear motor octane number 
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In a d d i t i o n to product q u a l i t y the economics of the 
a l k y l a t i o n process d i c t a t e that c a t a l y s t d e a c t i v a t i o n must be 
f u l l y considered when e v a l u a t i n g p o t e n t i a l process improvements. 
C a t a l y s t d e a c t i v a t i o n i n a l k y l a t i o n i s c h a r a c t e r i z e d by the 
formation of d i l u e n t s t h a t lower a c i d s t r e n g t h and have a del e 
t e r i o u s e f f e c t on product q u a l i t y beyond a c e r t a i n l e v e l . These 
d i l u e n t s can e i t h e r be absorbed d i r e c t l y i n the a c i d such as 
water i n the hydrocarbon feed or be formed from feed components. 
The primary d i l u e n t formation route i s p o l y m e r i z a t i o n o f these 
feed components ( e s p e c i a l l y dienes and s u l f u r compounds) t o a c i d 
s o l u b l e o i l s . In a d d i t i o n , o x i d a t i o n o f the feed and/or 
a l k y l a t e hydrocarbons by the a c i d may occur which forms water 
and tends t o d i l u t e the a c i d . In a commercial a l k y l a t i o n opera
t i o n the d i l u e n t s formed are continuously purged by withdrawing 
spent a c i d and sending i t f o r regeneration. Fresh or r e p l a c e 
ment a c i d i s added back at a r a t e t h a t replaces the a c i d l o s t 
by purging and compensates f o r any i n t e r n a l losses such as 
o x i d a t i o n . Due t o the importance and costs a s s o c i a t e d w i t h 
c a t a l y s t l i f e , d e a c t i v a t i o n r a t e s f o r both mixers were measured 
and are discussed i n the f o l l o w i n g paragraphs. 

The q u a n t i t a t i v e measure of c a t a l y s t l i f e i n a l k y l a t i o n 
i s the pounds o f d i l u e n t ( i . e . , a c i d s o l u b l e o i l and Η 20) 
generated per g a l l o n o f o l e f i n (pure) fed. This f a c t o r when 
a p p r o p r i a t e l y combined w i t h a c i d losses ( i . e . , o x i d a t i o n ) and 
f r e s h and spent a c i d c o n c e n t r a t i o n s , gives the f r e s h a c i d 
replacement r a t e which i s a d i r e c t measure of the regeneration 
cost f o r any p a r t i c u l a r a l k y l a t i o n process. In order t o c a l c u 
l a t e values f o r the a c i d replacement r a t e s , i t was necessary 
to formulate a "dying a c i d " model f o r the p i l o t p l a n t r e a c t o r -
s e t t l e r system.* This model assumed the r e a c t o r - s e t t l e r system 
t o be a p e r f e c t l y mixed tank and took i n t o account a c i d s o l u b l e 
o i l generation and H2SO4 o x i d a t i o n . Using data on a c i d composi
t i o n , a d d i t i o n s / d e l e t i o n s (sampling and loss e s ) and c a t a l y s t 
i n v e n t o r i e s , the model was a p p l i e d i n c r e m e n t a l l y t o the data 
to c a l c u l a t e d i l u e n t and o x i d a t i o n parameters. These parameters 
were then used to c a l c u l a t e equivalent a c i d replacement r a t e s 
f o r each mixer. 

The c a l c u l a t e d equivalent a c i d replacement r a t e s f o r each 
mixer are shown i n Figure 8 as f u n c t i o n s o f a c i d s t r e n g t h 

*In a "dying a c i d " type of experiment w i t h no a d d i t i o n s / w i t h 
drawals, the f r e s h a c i d replacement r a t e has no r e a l meaning. 
Values c a l c u l a t e d f o r the mixer comparison data are c a l l e d 
equivalent replacement r a t e s . These equivalent replacement 
r a t e s are the r a t e s necessary ( i . e . , f o r a given d i l u e n t forma
t i o n r a t e ) t o maintain e q u i l i b r i u m i n a h y p o t h e t i c a l steady 
s t a t e a l k y l a t i o n u n i t which uses f r e s h a c i d at 98% t i t r a t a b l e 
a c i d i t y and spends i t s a c i d at the a c i d s t r e n g t h i n question. 
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and as expected decrease w i t h decreasing H2SO4 concentration 
down to about 90 wt. % FUSC^. These data i n d i c a t e that the HIT 
mixer showed a lower a c i d replacement r a t e i n the high a c i d 
s t r e n g t h p o r t i o n of the commercial operating r e g i o n ( i . e . , 
98-94 H2SO4).* The d i f f e r e n c e i n a c i d replacement r a t e s seemed 
to be the greatest w i t h the f r e s h a c i d and p r o g r e s s i v e l y 
narrowed w i t h decreasing a c i d s t r e n g t h . In the lower a c i d 
strength p o r t i o n of the commercial operating region ( i . e . , 94-
90% H2SO4), the a c i d replacement r a t e s f o r both mixers were 
e s s e n t i a l l y e q u i v a l e n t . Below 90% H2SO4, data from the HIT 
mixer run g r a p h i c a l l y showed how q u i c k l y replacement r a t e s can 
r i s e when the a c i d s t r e n g t h gets below a c r i t i c a l value ( i . e . , 
" a c i d runaway"). 

I n t e r p r e t a t i o n of Mixing and A l k y l a t i o n Results 

Since data are a v a i l a b l e on the flows generated by the two 
i m p e l l e r s , as w e l l as on process performance some sp e c u l a t i o n s 
can be made on the r o l e o f the novel HIT i m p e l l e r i n a l k y l a t i o n . 
A summary o f the r e l a t i v e flow c h a r a c t e r i s t i c s and a l k y l a t e 
q u a l i t y are given i n the t a b l e below. 

Flow Turbulence Emulsion Δ MON @ 
at O l e f i n Surface 3% A c i d 

Impeller Power A d d i t i o n Point Area Soluble ( 

FBT 1.0 1.0 1.0 1.0 
2.0 1.26 1.26 1.3 0.3 
3.0 1.45 1.45 1.6 0.7 

HIT 1.0 0.59 1.45 1.2 0.25 

Results on operating the FBT at higher power l e v e l s are from 
other p i l o t p l a n t runs. The Δ MON i s at the optimum a c i d 
s o l u b l e o i l l e v e l o f about 3.0 wt. %. 

High flow of emulsion generated by the i m p e l l e r should 
d i s p e r s e the o l e f i n feed more q u i c k l y throughout the r e a c t o r 
and thereby improve q u a l i t y . Comparing the FBT and HIT impel
l e r s at constant power, the flow i s 40% lower f o r the HIT 
i m p e l l e r . Conventional wisdom would p r e d i c t the product q u a l i t y 
t o be lower. Hence i m p e l l e r pumping i s not the key v a r i a b l e . 

Micromixing and the subsequent r a p i d d i s p e r s i o n of the 
o l e f i n should be increased by i n c r e a s i n g the turbulence at the 
po i n t o f i n j e c t i o n o f o l e f i n . At constant power the HIT 
i m p e l l e r has turbulence l e v e l s that are 1.45 times as high. For 
the FBT to reach these l e v e l s , i t s power must be increased by a 

*This d i f f e r e n c e i n replacement r a t e s f o r the two mixers i s due 
t o : (1) a small d i f f e r e n c e i n the e f f e c t o f c a t a l y s t age on 
a c i d s o l u b l e o i l l e v e l (see F i g . 6) and (2) about a 10% d i f 
ference i n a c i d i n v e n t o r i e s f o r the two runs. 
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14. A L L A N A N D C A U L K Improved Mixing 259 

f a c t o r o f three. At these high power l e v e l s the product q u a l i t y 
i s improved by 0.7 MON. Since t h i s i s twice the improvement 
obtained by the HIT i m p e l l e r , t h i s suggests that turbulence 
alone (and i t s i n f l u e n c e i n d i s p e r s i n g o l e f i n ) i s not the key 
v a r i a b l e . 

The combination of reducing the flow and i n c r e a s i n g the 
turbulence l e v e l has been shown by Brown and P i t t (4_) t o decrease 
emulsion drop s i z e and, i n systems as we have here w i t h a f i x e d 
amount of dispersed phase, increase the emulsion surface area. 
The HIT i m p e l l e r has been shown t o generate emulsions wi t h 20% 
more surface area than d i d the FBT when compared at the same 
input power l e v e l . This i s i n l i n e w i t h Brown and P i t t 1 s cor
r e l a t i o n s i f the observed flow c h a r a c t e r i s t i c s f o r the HIT 
im p e l l e r are used. To increase the emulsion surface area by 
t h i s amount using the FBT, the power l e v e l must be approximately 
doubled. When the FBT power l e v e l i s doubled, the improvement 
i n product q u a l i t y i s i n l i n e w i t h that obtained w i t h the HIT 
im p e l l e r . This suggests the key r o l e o f the i m p e l l e r i n 
a l k y l a t i o n i s t o generate emulsion sur f a c e area. 

The bigger increases i n a l k y l a t e q u a l i t y at higher a c i d 
strengths due t o improved mixing i s l i k e l y due to an increased 
importance of mixing i n stronger a c i d environments. At present 
i n s u f f i c i e n t data e x i s t t o be sure i f the r o l e o f the i m p e l l e r 
i s the same i n t h i s r e g i o n . 
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Computer Modeling of Alkylation Units 

J. C. KNEPPER* and R. D. KAPLAN 
Amoco Research Center, Naperville, IL 60540 
G. Ε. TAMPA** 
Amoco Oil Refinery, Whiting, IN 46394 

Computer simulation (1,2) is a powerful tool for improving 
the design and operation of process units. Such techniques have 
been used to design units, to evaluate proposed process modifica
tions, to compare operations between units, to identify declining 
unit performance, to optimize current performance, and ultimately 
to control unit operation. Within the petroleum industry, a cata
lytic cracking simulation model (3) is being used to predict and 
guide unit operation. 

Amoco has now applied this approach to sulfuric acid alkyla
tion units. Gilmour (4) had previously developed an alkylation 
unit model, using PACER, a general purpose simulator. He present
ed no quantitative results of model applications, however, Sauer 
et al. (5) also developed an alkylation unit simulation, but they 
did not use a rigorous approach and indicated that "the similar
ity to alkylation is not complete because several simplifying 
assumptions are made in describing the process and in using the 
correlations (6)." 

In contrast, the Amoco model is more fundamental and is based 
on extensive laboratory and commercial test data that accurately 
reflect unit operations. Because Stratco and cascade units ac
count for over 80% of the alkylation capacity of Amoco refineries, 
we developed complete computer models for each type. 

Unit D e s c r i p t i o n 

Blow diagrams of St r a t c o and cascade a l k y l a t i o n u n i t s , the 
two which were modeled, are shown i n Figures 1 and 2. Both types 

^Present address i s Rio Blanco O i l Shale P r o j e c t , 
9725 E. Hampden Ave., Denver, Colorado 80231. 
**Present address i s Standard O i l (Indiana), 
200 E. Randolph D r i v e , Chicago, I l l i n o i s 60680. 
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Deisobutanizer 

^ * η-Butane + alkylate 

Figure 1. Stratco effluent-refrigeration alkylation unit 

Propane 

A 
Depropanizer 

Refrigerant 

Compressor 

Isobutane 

(^Olefin ,1 ,1 1 I I 

Isobutane recycle 

Deisobutanizer 

Recycle acid 

D 

Ί 1 . Butane + alkylate 

Figure 2. Cascade alkyhtion unit 
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t y p i c a l l y c o n t a i n m u l t i p l e r e a c t o r s . 
In the S t r a t c o e f f l u e n t r e f r i g e r a t i o n u n i t , mixed o l e f i n s and 

isobutane flow i n p a r a l l e l to the s h e l l s i d e of each r e a c t o r , 
where the exothermic a l k y l a t i o n r e a c t i o n s take place i n a hydro
carbon-in-acid emulsion. The r e a c t o r e f f l u e n t flows to a s e t t l e r 
where a c i d and hydrocarbon phases are separated. The a c i d 
i s then r e c y c l e d to the s h e l l s i d e of the r e a c t o r s . A back pres
sure v a l v e i n the hydrocarbon e f f l u e n t l i n e from the s e t t l e r i s 
used to maintain t o t a l l i q u i d o p e r a t i o n i n the r e a c t o r and s e t 
t l e r . Downstream of the v a l v e , the pressure i s reduced. Some 
hydrocarbon v a p o r i z e s , c o o l i n g the remaining m a t e r i a l . This 
stream i s then f l a s h e d through heat exchange tubes to c o n t r o l r e 
a c t i o n temperature. The l i q u i d - v a p o r hydrocarbon e f f l u e n t then 
flows to a p r e s s u r e - c o n t r o l l e d f l a s h drum. L i q u i d from the drum 
i s sent to a d e i s o b u t a n i z e r , which produces an isobutane r e c y c l e 
stream overhead and a crude a l k y l a t e bottoms product. F l a s h 
drum vapors are compressed and condensed. Then a pa r t of t h i s 
stream i s depropanized. The depropanizer bypass and bottoms pro
duct form the l i q u i d r e f r i g e r a n t r e c y c l e stream, which returns 
to the r e a c t i o n zone. The u n i t a l s o includes i n t e r s t r e a m heat 
exchangers that improve the energy e f f i c i e n c y of the process. 

In the cascade u n i t , the o l e f i n feed flows i n p a r a l l e l to 
s e v e r a l mixed zones w i t h i n each r e a c t o r s h e l l , w h i l e r e f r i g e r a n t 
isobutane, isobutane r e c y c l e and a c i d flow i n s e r i e s through these 
zones. Compared w i t h s i n g l e - s t a g e r e a c t o r s h a n d l i n g e q u i v a l e n t 
feed streams, t h i s s e r i e s of s t i r r e d r e a c t o r s achieves a h i g h e r 
average isobutane co n c e n t r a t i o n . Temperature i s determined by r e 
a c t o r pressure c o n t r o l , which se t s the extent of v a p o r i z a t i o n of 
the hydrocarbons i n the r e a c t i o n zones. The isobutane r e c y c l e 
and r e f r i g e r a n t isobutane streams are produced s i m i l a r l y i n both 
S t r a t c o and cascade u n i t s . 
Need For Models 

S i m u l a t i o n models are needed to evaluate commercial u n i t per
formance because of the strong emphasis on r e c y c l e w i t h i n the pro
cess, as i s shown i n Figures 1 and 2. A n a l y s i s of such flow 
p a t t e r n s r e q u i r e t e d i o u s , time-consuming, t r i a l - a n d - e r r o r c a l c u l a 
t i o n s t h a t are best done by computer. 

Models can be used to balance the key elements of p r o f i t a b i l 
i t y , energy versus product q u a l i t y . For example, good r e a c t o r 
performance i s favored by low temperatures and high isobutane 
concentrations i n the r e a c t i o n zones. R e f r i g e r a t i o n systems 
serve the double r o l e of c o n t r o l l i n g r e a c t o r temperature and 
keeping isobutane c o n c e n t r a t i o n h i g h through e f f i c i e n t removal 
of propane from the system. These r e s u l t s are obtained at the 
expense of compressor energy. The de i s o b u t a n i z e r a l s o maximizes 
the c o n c e n t r a t i o n of isobutane i n the r e a c t o r system, but only at 
the expense of energy. 

Sim u l a t i o n models are a l s o p a r t i c u l a r l y u s e f u l f o r assess-
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15. K N E P P E R E T A L . Computer Modeling 263 

i n g the economics of u n i t maintenance and proposed m o d i f i c a t i o n s . 
Deisobutanizer condenser performance i s a good example. As these 
u n i t s age and t h e i r heat t r a n s f e r c a p a b i l i t y decreases, there i s a 
d e c l i n e i n the r a t e and/or p u r i t y of the isobutane r e c y c l e stream. 
With a comprehensive s i m u l a t i o n model, the e v a l u a t i o n of the eco
nomics of a turnaround can be made w i t h i n a matter of days by 
using a c t u a l measured and design heat t r a n s f e r c o e f f i c i e n t s . 

D e s c r i p t i o n of Models 

The options of using a v a i l a b l e general purpose process flow
sheet s i m u l a t o r s , or fo r m u l a t i n g s p e c i a l purpose models were con
si d e r e d . The l a t t e r was chosen to s a t i s f y the need f o r d e t a i l e d , 
accurate, and f l e x i b l e models, which are s u i t a b l e f o r r o u t i n e 
use. 

The components of our models are: 

• Data input 

• Vapor-liquid equilibrium constant and enthalpy 
value calculation routines 

• Dew point, bubble point, and flash calculations 

• Stream enthalpy and temperature from enthalpy routines 

• Heat exchanger and distillation column simulations 

• Convergence techniques for trial-and-error calculations 

• Reaction correlations 

• Process economics 

• Optimization routine 

• Data output 

Thermodynamic c a l c u l a t i o n s are used to evaluate v a p o r - l i q u i d 
e q u i l i b r i u m constants, enthalpy v a l u e s , dew p o i n t s , bubble p o i n t s , 
and f l a s h e s . E s t a b l i s h e d techniques simulate the heat exchangers 
and d i s t i l l a t i o n columns, and handle convergence and o p t i m i z a 
t i o n . 

Reaction c o r r e l a t i o n s r e l a t e a l k y l a t e octane and y i e l d , a c i d 
usage, and isobutane consumption to feed composition and process 
v a r i a b l e s . These c o r r e l a t i o n s , determined from p i l o t p l a n t and 
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commercial t e s t s , are of the form: 

Response = f ( o l e f i n feed composition, tempera
t u r e , space v e l o c i t y , isobutane c o n c e n t r a t i o n , 
a c i d s t r e n g t h , mixing c o n d i t i o n s , etc.) 

Figures 3 and 4 show t y p i c a l c o r r e l a t i o n s . The e f f e c t of 
propylene concentration i n the o l e f i n feed on a c i d consumption i s 
shown i n Figure 3. There i s a c r i t i c a l propylene c o n c e n t r a t i o n 
below which a c i d consumption increases at a low, l i n e a r r a t e and 
above which the incr e a s e i s more d r a s t i c . The vario u s symbols 
r e f l e c t a number of d i f f e r e n t p i l o t p l a n t and commercial t e s t r e 
s u l t s . Figure 4 presents p i l o t p l a n t data showing the e f f e c t of 
isobutane i n the r e a c t o r e f f l u e n t on research octane number. A 
number of other a l k y l a t i o n c o r r e l a t i o n s have appeared i n the l i t 
e r a t u r e (2, S, 9., 10, 11, 12 ). 

Model s t r u c t u r e i s shown i n Figure 5. Process v a r i a b l e s , 
u n i t constants (such as heat t r a n s f e r c o e f f i c i e n t s ) , and feed 
streams are described on input or as s e l e c t e d by the o p t i m i z a t i o n 
r o u t i n e . Then, heat and m a t e r i a l balances are performed u s i n g an 
assumed a l k y l a t e y i e l d and isobutane consumption. These r e s u l t s 
form a set of r e a c t i o n c o n d i t i o n s which are used i n c o r r e l a t i o n s 
to c a l c u l a t e r e a c t o r performance. The heat and m a t e r i a l balance 
c a l c u l a t i o n s are repeated i f r e a c t o r performance d i f f e r s s i g n i f i 
c a n t l y from that used i n the previous c a l c u l a t i o n . Operating 
i n c e n t i v e s are then computed and may be used i n the o p t i m i z a t i o n 
r o u t i n e to s e l e c t new values of the o p t i m i z a t i o n v a r i a b l e s . 

The accuracy of the models has been v a l i d a t e d by comparison 
w i t h commercial operating data. Unit performance data are used 
to adjust r e a c t i o n c o r r e l a t i o n s to base po i n t l e v e l s . 

Examples of Model A p p l i c a t i o n s 
The models have been a p p l i e d to analyze v a r i o u s operations. 

Four examples of model usage are: 
1) To i d e n t i f y p r o f i t a b l e u n i t m o d i f i c a t i o n s . 
2) To compare performance between u n i t s . 
3) To evaluate optimal u n i t c a p a c i t y . 
4) To determine optimal d e i s o b u t a n i z e r o p e r a t i o n . 

Unit M o d i f i c a t i o n s . 

Model s i m u l a t i o n s are u s e f u l f o r e v a l u a t i n g the b e n e f i t s of 
proposed c o n f i g u r a t i o n a l changes i n u n i t s . For example, si m u l a 
t i o n s suggested that m o d i f i c a t i o n s to the i n t e r n a l s of cascade 
u n i t s would improve performance. A f t e r these changes had been 
made i n an Amoco commercial u n i t , weekly average a c i d con
sumptions as low as 0.2 l b / g a l of a l k y l a t e were recorded. 
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I Α τ · Commercial tests / 
• Pilot plant tests J 

As' 

Propylene, % of olefins 

Figure 3. Effect of propylene con
centration on acid consumption 

fdsobutane concentration in effluent) 

Figure 4. Effect of isobutane 
concentration on research octane 

number 

Input 
Independent variables 
Unit constants 
Feeds 

Heat and material 
balances 

Reactor 
simulation 

± 
I Economics | 

± 
I Output I 

é 
Figure 5. Model structure 
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Comparison of Performance. 

The models may be used to compare performance between sever
a l u n i t s or u n i t types. For example, a week of production data 
from the above-mentioned modified cascade u n i t was compared w i t h 
simulated S t r a t c o performance. The agreement between Amoco 1s 
St r a t c o s i m u l a t i o n model p r e d i c t i o n s and m a t e r i a l balance and per
formance p r e d i c t i o n s provided by the S t r a t f o r d Engineering Corpor
a t i o n had been confirmed e a r l i e r . Model adjustments allowed a 
comparison at constant operating c o n d i t i o n s to be made. Table I 
compares the performance of the modified cascade u n i t w i t h the 
S t r a t c o s i m u l a t i o n model p r e d i c t i o n s . A c i d consumption i s 36% 
lower i n the modified cascade u n i t . The S t r a t c o u n i t does show a 
s l i g h t research octane advantage over the cascade. However, 
o v e r a l l economics favor the modified cascade i n t h i s case. 

Optimal Unit Capacity. 

The s i m u l a t i o n models can e a s i l y be used to i d e n t i f y optimal 
u n i t c a p a c i t y . In t h i s example, feed r a t e s to the cascade u n i t 
were v a r i e d i n such a way t h a t composition remained constant. 
Maximum r e f r i g e r a t i o n and deisobutanizer r e b o i l e r duty were a l s o 
s p e c i f i e d . V a r i a t i o n i n o l e f i n feed composition w i t h changes i n 
feed r a t e could a l s o have been simulated. Figure 6 shows the e f f e c t 
of i n c r e a s i n g feed r a t e on average r e a c t o r isobutane c o n c e n t r a t i o n 
and temperature, and on u n i t operating i n c e n t i v e s ( p r o f i t ) . The 
average isobutane c o n c e n t r a t i o n decreases s i g n i f i c a n t l y as feed 
r a t e i n c r e a s e s ; but the average r e a c t o r temperature remains r e 
l a t i v e l y constant at 46 eF u n t i l a butane-butylenes feed r a t e of 
about 1000 B/H i s reached. Thereafter, temperature r i s e s s h a r p l y . 
This temperature p a t t e r n r e s u l t s from the i m p o s i t i o n of dual 
l i m i t a t i o n s : f i r s t , minimum al l o w a b l e r e a c t o r zone temperature, 
then minimum p e r m i s s i b l e compressor s u c t i o n pressure. As feed 
r a t e i n c r e a s e s , the combination of higher space v e l o c i t y , lower 
isobutane c o n c e n t r a t i o n and, e v e n t u a l l y , higher temperature r e 
s u l t s i n lower octanes and a l k y l a t e y i e l d per b a r r e l of o l e f i n 
feed, and i n higher a c i d consumption. However, the lower p a r t 
of the f i g u r e shows that the value of the a d d i t i o n a l product over
comes these disadvantages u n t i l the optimal feed r a t e of 1050 B/H 
i s reached. A l k y l a t i n g incremental feed above t h i s p o i n t i s not 
economical. 

Optimal Deisobutanizer Operation 

Deisobutanizer o p e r a t i o n i s a key f a c t o r i n the performance 
of an a l k y l a t i o n u n i t . The deisobutanizer f u l f i l l s two main func
t i o n s ; s e p a r a t i n g a l k y l a t e from l i g h t e r components, and maintain
i n g a high c o n c e n t r a t i o n of isobutane i n the r e a c t o r . The S t r a t c o 
model was used to search f o r the combination of energy costs and 
a l k y l a t e q u a l i t y g i v i n g maximum p r o f i t . S i m u l a t i o n model p r e d i c -
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Table I 

Comparison of modified cascade operation with Stratco performan 

Modified Stratco Effluent 
Conditions Cascade Refrigeration 

Propylene in olefin 

feed, vol% 11.8 

Average isobutane con

centration in reactor, 

vol % 69.6 

Space velocity, V/V/hr 0.27 

Temperature, ° F 50.0 

Spent acidity, 

W t % H 2 S 0 4 91.5 

Research octane 95.0 95.2 

Acid consumption, 
lb 98.5-91.5 wt% H 2 S 0 4 / 
gal. C 5 + alkylate 0.369 0.580 

Butane-butylene feed rate, B/H 

Figure 6. Capacity study 
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t i o n s were made f o r given o l e f i n and make-up isobutane stream 
r a t e s and compositions to show the e f f e c t that d e i s o b u t a n i z e r 
r e b o i l e r duty and r e f l u x r a t i o have on r e l a t i v e p r o f i t . The r e 
s u l t s are shown i n Figure 7, where the e l l i p t i c a l curves are con
s t a n t p r o f i t contours. The l a r g e r the p r o f i t , the s m a l l e r the 
e l l i p s e . 

I n c r e a s i n g r e c y c l e r a t e at constant r e b o i l e r duty i n i t i a l l y 
leads to improved performance because of higher r e a c t o r isobutane 
concentrations. Further increases i n r e c y c l e r a t e w i l l eventu
a l l y have a negative e f f e c t on performance because of decreased 
isobutane c o n c e n t r a t i o n i n the r e c y c l e as w e l l as other e f f e c t s . 

I n c r e a s i n g r e b o i l e r duty at constant r e c y c l e leads to i n 
creased r e c y c l e p u r i t y and a h i g h e r r e a c t o r isobutane concentra
t i o n . As a r e s u l t , performance improves. Further increases i n 
r e b o i l e r duty w i l l continue to improve octane and decrease a c i d 
.consumption. E v e n t u a l l y , t h e value of these improvements w i l l not 
be s u f f i c i e n t to pay f o r the increased r e b o i l e r energy usage. 

A s e c t i o n drawn through Figure 7 at a constant isobutane r e 
c y c l e r a t e i s shown i n Figure 8, f o r which the a b s c i s s a i s now 
r e f l u x r a t i o ( r e f l u x / i s o b u t a n e r e c y c l e ) . The optimum corresponds 
to the value of r e b o i l e r duty g i v i n g the maximum p r o f i t f o r the 
s p e c i f i e d r e c y c l e r a t e . As the r e b o i l e r duty (or r e f l u x rate) 
decreases, the p r o f i t drops sharply. No r e f l u x corresponds to 
the o p e r a t i o n of the d e i s o b u t a n i z e r as an " i s o s t r i p p e r " . Figure 8 
shows that " i s o s t r i p p e r " o p e r a t i o n s i g n i f i c a n t l y reduces u n i t 
p r o f i t a b i l i t y . 

The e f f e c t of reduced r e f l u x r a t e on Motor octane i s shown i n 
Figure 9. As " i s o s t r i p p e r " o p e r a t i o n i s approached, octane drops 
markedly because of s h a r p l y reduced r e a c t o r isobutane concentra
t i o n . 

Conclusions 

Complete s i m u l a t i o n models have been formulated f o r cascade 
and S t r a t c o s u l f u r i c a c i d a l k y l a t i o n u n i t s ; and s t u d i e s have 
confirmed the accuracy of the models. A p p l i c a t i o n s t u d i e s i n c l u d e 
cases i n which model usage i d e n t i f i e d p r o f i t a b l e u n i t m o d i f i c a 
t i o n s , determined optimal u n i t c a p a c i t y and optimal d i s t i l l a t i o n 
tower o p e r a t i o n , and compared the performance of cascade and 
S t r a t c o u n i t s . " I s o s t r i p p e r " d e i s o b u t a n i z e r operation was deter
mined to be r e l a t i v e l y u n p r o f i t a b l e f o r s u l f u r i c a c i d a l k y l a t i o n 
u n i t s ; and a c i d consumption on a modified cascade u n i t was found 
to be 36% below that expected f o r a S t r a t c o u n i t . The examples 
presented suggest the broad a p p l i c a b i l i t y of the s i m u l a t i o n 
models f o r improving a l k y l a t i o n u n i t operation. Use of the models 
not only p i n p o i n t s areas where s i g n i f i c a n t improvements are pos
s i b l e , but a l s o q u a n t i f i e s i n c e n t i v e s needed to get them imple
mented q u i c k l y . 
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ξ 2000 

§ ί ο ο ο 

ω 0 

! • 
Optimum 

/ Isostripper 
operation 

Deisobutanizer reflux ratio 

Figure 8. Effect of deisobutanizer reflux ratio on profita
bility at a given isobutane recycle rate 

Optimum 
profitability 

I Isostripper 
/ operation 

Deisobutanizer reflux ratio 

Figure 9. Effect of deisobutanizer reflux 
ratio on motor octane number 
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Abstract 

Computer simulation models have been formulated for cascade 
and Stratco sulfuric acid alkylation units. These complete 
models incorporate mathematical descriptions of all the interact
ing parts of the units, including reactors, d i s t i l l a t i o n columns, 
compressors, condensers, and heat exchangers. Examples illus-
strate diverse model applications. These include identifying 
profitable unit modifications, comparing cascade to Stratco per
formance, evaluating optimal unit capacity and determining opti
mal deisobutanizer operation. 
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16 

Sulfuric Acid Requirements for Industrial A l k y l a t i o n 

Plants 

ORLANDO WEBB 
Rt. 4, F-12, Lee's Summit, MO 64063 

The most common u t i l i z a t i o n of the l i g h t o l e f i n s produced 
from c a t a l y t i c c r a c k i n g and coking operations i s as feedstock 
f o r a l k y l a t i o n u n i t s f o r r e a c t i o n w i t h isobutane. The a l k y l a t e 
product has high research and motor octane numbers and i s used 
i n motor ga s o l i n e b l e n d i n g o r , to a l i m i t e d e x t e n t , rerun and 
used as the base stock f o r manufacturing a v i a t i o n g a s o l i n e . 

Of the 125 commercial a l k y l a t i o n u n i t s o p e r a t i n g i n the 
United States today, 59 employ concentrated s u l f u r i c a c i d as the 
c a t a l y s t . T o t a l a l k y l a t e production i s over 850,000 b a r r e l s per 
stream day, and of t h i s domestic t o t a l the d a i l y c a p a c i t y of the 
s u l f u r i c a c i d a l k y u n i t s i s i n excess of 500,000 b a r r e l s (1). To 
produce a s a t i s f a c t o r y product and avoid c o r r o s i o n and other 
problems the t i t r a t a b l e a c i d i t y of the a c i d c a t a l y s t must be 
maintained at a r e l a t i v e l y high l e v e l , normally above 88% 
(equivalent wt. % H2SO4). I n most p l a n t s t h i s i s accomplished by 
continuous a d d i t i o n of f r e s h s u l f u r i c a c i d of 98.0 to 99.5% 
H2SO4 stre n g t h and continuous d i s c a r d of spent a c i d of the m i n i 
mum acceptable s t r e n g t h . F i g u r e 1 i s a b l o c k diagram showing the 
general process arrangement. The d i s c a r d a c i d i s e i t h e r returned 
to the a c i d s u p p l i e r , or to a much l e s s e r e x t e n t , u t i l i z e d e l s e 
where i n the r e f i n e r y . 

Purchased a c i d costs have increased i n recent years from 
nominally $20/ton to $30-40/ton i n many l o c a t i o n s . T y p i c a l l y , 
the current cost of make-up a c i d ranges from a low of about 
$0.10 to highs of over $1.00 per b a r r e l of a l k y l a t e . I t i s one 
of the major o p e r a t i n g expenses f o r a s u l f u r i c a c i d a l k y l a t i o n 
u n i t . The purpose of t h i s paper i s to discuss the f a c t o r s that 
a f f e c t f r e s h a c i d requirements and to p o i n t out areas that warrant 
close operator a t t e n t i o n . 

P l a n t E v a l u a t i o n Considerations 

Before c o n s i d e r i n g s p e c i f i c a c i d r e a c t i o n s and t h e o r i e s , one 
should pause b r i e f l y and take note of the operating procedure 
used on a t y p i c a l commercial u n i t and the e f f e c t t h i s can have on 
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the apparent p l a n t performance, i r r e s p e c t i v e of feed i m p u r i t i e s , 
s i d e r e a c t i o n s , e t c . F i r s t , recognize th a t the volume of the 
a c i d c a t a l y s t i n the r e a c t i o n s e c t i o n of the p l a n t i s very l a r g e 
compared to both the f r e s h a c i d make-up and the d i s c a r d a c i d 
flow r a t e s . For example, there may be as much as 1,800 b a r r e l s 
of a c i d i n v e n t o r y i n a 17,000 b a r r e l per day u n i t , and the f r e s h 
and d i s c a r d a c i d flow r a t e s may be only roughly 30 b a r r e l s per 
hour. The c o n f i g u r a t i o n of the l a r g e s e t t l e r s used f o r sepa
r a t i n g and r e c y c l i n g the a c i d u s u a l l y i s such t h a t even a s m a l l 
change i n the a c i d l e v e l , say one i n c h , may represent 45 minutes 
of t o t a l f r e s h a c i d flow. Thus the m a i n t a i n i n g of a constant 
inventory i n the p l a n t i s a d i f f i c u l t o perating goal to s a t i s f y . 
P l a n t performance e v a l u a t i o n s should take i n t o account the p o s s i 
b l e e f f e c t of i n v e n t o r y changes. 

Second, even assuming tha t an e s s e n t i a l l y constant volume of 
a c i d c a t a l y s t i s maintained, the operator must decide what the 
optimum d i s c a r d a c i d i t y should be and attempt to maintain i t by 
making adjustments i n f r e s h a c i d and d i s c a r d a c i d flow r a t e s . I f 
the d i s c a r d a c i d i t y i s allowed t o i n c r e a s e , excessive f r e s h a c i d 
i s used. I f i t i s allowed to decrease, a l k y l a t e q u a l i t y 
d e c l i n e s , u n d e s i r a b l e s i d e r e a c t i o n s i n c r e a s e , and a c i d usage 
increases-. A decrease i n average system a c i d i t y of 1% t y p i c a l l y 
reduces a l k y l a t e q u a l i t y by about 0.4 octane numbers. In c e r t a i n 
s i t u a t i o n s , a c i d i t y may drop below the point where the a c i d i s no 
longer an e f f e c t i v e a l k y l a t i o n c a t a l y s t but continues to absorb 
o l e f i n s . Chain p o l y m e r i z a t i o n r e a c t i o n s can a l s o be i n i t i a t e d . 
This i s accompanied by r a p i d temperature r i s e and a sharp f u r t h e r 
d e c l i n e i n t i t r a t a b l e a c i d i t y . In such s i t u a t i o n s , operators 
commonly r e s o r t to very l a r g e a c i d a d d i t i o n s i n an e f f o r t to 
b r i n g the e n t i r e volume of a c i d up i n s t r e n g t h . Recognizing the 
enormous a c i d inventory i n the system, i t i s obvious that such 
upsets, i n a d d i t i o n to changes i n a c i d i t y at the beginning and 
end of an o p e r a t i n g p e r i o d , must a l s o be taken i n t o account i n 
making a f a c t u a l p l a n t performance e v a l u a t i o n of average a c i d 
usage. 

T h i r d , and now assuming e s s e n t i a l l y constant volume and 
a c i d i t y are maintained, there i s the problem of determining an 
accurate d i s c a r d a c i d a n a l y s i s . Discard a c i d samples are viscous 
and can contain appreciable e n t r a i n e d hydrocarbon. The hydro
carbon phase must be completely removed by c e n t r i f u g i n g the 
sample i f the a n a l y s i s i s to have any meaning or r e p r o d u c i b i l i t y . 
Most a n a l y t i c a l l a b o r a t o r i e s report the t i t r a t a b l e a c i d i t y of the 
a c i d p o r t i o n of the sample. This i s c a l c u l a t e d from the amount 
of sodium hydroxide used i n n e u t r a l i z i n g the sample i n a standard 
t i t r a t i o n procedure. While the r e s u l t i s expressed as wt.% H2SO4 
i t i s important to recognize that the d i s c a r d l i q u i d i s not a 
simple s u l f u r i c a c i d s o l u t i o n , but i s a c t u a l l y a very complex 
mixture of s u l f u r i c a c i d , weak org a n i c a c i d s , s u l f o n i c a c i d s , 
s u l f i d e s , a c i d s o l u b l e polymeric o l e f i n compounds, carbon, water, 
and probably other compounds depending on feed composition and 
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i m p u r i t i e s . The nature and r e l a t i v e amounts of the a c i d d i l u t i n g 
compounds can vary and have a pronounced e f f e c t on the make-up 
a c i d requirement and the c a t a l y t i c behavior of the a c i d i n the 
r e a c t o r . 

With the a c i d inventory c o n t r o l , a c i d i t y c o n t r o l , and ana
l y t i c a l l i m i t s i n mind, and r e s p e c t i n g t h e i r p o t e n t i a l e f f e c t on 
reported a c i d make-up requirements f o r any given o p e r a t i o n , par
t i c u l a r l y over o p e r a t i n g periods of l e s s than t h i r t y days, l e t us 
now t u r n to some of the s p e c i f i c f a c t o r s a f f e c t i n g a c i d usage. 

Feed Impurity E f f e c t s 

The most s i g n i f i c a n t i m p u r i t i e s i n the feed streams to a 
t y p i c a l a l k y l a t i o n u n i t are ethylene, d i o l e f i n s , s u l f u r compounds 
and water. Corrosion i n h i b i t o r s and other chemicals used i n up
stream p r o c e s s i n g can a l s o be present i n some cases, and these 
can have harmful e f f e c t s . The amount of each imp u r i t y t h a t 
reaches the a l k y l a t i o n r e a c t o r v a r i e s considerably from r e f i n e r y 
to r e f i n e r y . I f a c c u r a t e l y determined and p r o p e r l y accounted 
f o r , these i m p u r i t i e s can e x p l a i n an appreciable percentage of 
the a c i d make-up reported by v a r i o u s operating u n i t s . The impu
r i t y data shown i n Table I can be used to evaluate the merit of 
improved upstream process c o n t r o l and/or more e f f i c i e n t feed 
pretreatment methods. 

Table I . Feed Impurity E f f e c t s 

Compound S u l f u r i c A c i d D i l u t i o n Rates 
(Basis 98.5% Fresh, 90.0% Discard) 

Ethylene 3952 Lbs. per B a r r e l 
Butadiene 2465 Lbs. per B a r r e l 
S u l f u r Compounds 15-60 Lbs. per Pound of S u l f u r 
Water 4116 Lbs. per B a r r e l 

Ethylene 

I f s u f f i c i e n t isobutane i s a v a i l a b l e , most r e f i n e r s today 
are charging a f u l l C3-C4 cut to a l k y l a t i o n . In these operations 
the c o n t r o l of the feed deethanizer can have a n o t i c e a b l e e f f e c t 
on the amount of f r e s h a c i d needed f o r the a l k y u n i t , and yet the 
concentration of ethane-ethylene i n the feed may appear to be 
i n s i g n i f i c a n t . Ethylene r e a c t s w i t h s t r o n g s u l f u r i c a c i d to form 
e t h y l s u l f u r i c a c i d , r a t h e r than combining w i t h isobutane to form 
an a l k y l a t e . The e t h y l s u l f u r i c a c i d becomes a p a r t of the d i s 
card a c i d mixture and t i t r a t e s as a weak a c i d , thereby decreasing 
the c a l c u l a t e d d i s c a r d a c i d i t y and r e q u i r i n g the a d d i t i o n of more 
f r e s h a c i d f o r c o n t r o l . On a mole f o r mole b a s i s , and assuming 
an a c i d d i l u t i o n range of from 98.5 to 90.0% (wt.), the f r e s h 
a c i d make-up r a t e i s 3952 pounds of a c i d per b a r r e l of ethylene 
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i n the feed. This c a l c u l a t e d f i g u r e i s c o n s i s t e n t w i t h r a t e s 
ranging from 2940 t o 4620 pounds per b a r r e l , which the w r i t e r has 
found i n common i n d u s t r i a l use. 

The a l k y l a t i o n a c i d penalty f o r ethylene i s so l a r g e i t makes 
clo s e c o n t r o l of the feed deethanizer a b s o l u t e l y mandatory f o r 
economical o v e r a l l o p e r a t i o n . The ethane and l i g h t e r content of 
the C3-C4 cut should be maintained n i l as measured by continuous 
chromatography. Even a t r a c e amount of C2 fs may represent sev
e r a l b a r r e l s of ethylene per day. In a d d i t i o n , i f a s l u g of 
ethylene i s a c c i d e n t a l l y charged to the a l k y l a t i o n r e a c t o r i t can 
a l s o have the e f f e c t of suddenly reducing the st r e n g t h of the a c i d 
c a t a l y s t to the p o i n t that a l k y l a t i o n ceases, o l e f i n absorption 
r a p i d l y d i l u t e s the a c i d , and chain p o l y m e r i z a t i o n of o l e f i n s 
("acid runaways") can occur. 

D i o l e f i n s 

D i o l e f i n s a l s o occur i n r e l a t i v e l y s m a l l concentrations i n 
o l e f i n feed streams. T h e i r concentration increases as c r a c k i n g 
s e v e r i t y i n c r e a s e s , such as i n f l u i d coking. As i n the case of 
ethylene, the butadienes do not appear to react w i t h isobutane i n 
the presence of strong s u l f u r i c a c i d . The dienes are b e l i e v e d to 
form r e a c t i o n products, most of which are a c i d s o l u b l e , and i f 
t h i s general premise i s accepted the f r e s h a c i d make-up r a t e f o r 
a d i l u t i o n range of 98.5 to 90.0% (wt.) can be c a l c u l a t e d to be 
2465 pounds of a c i d per b a r r e l of butadiene. Industry p r a c t i c e i s 
to use rat e s i n the range of 1890 to 4200 pounds per b a r r e l . 

S e l e c t i v e hydrogénation has been s u c c e s s f u l l y employed com
m e r c i a l l y to convert the butadienes to mono-olefins. Current s u l 
f u r i c a c i d p r i c e s give considerable j u s t i f i c a t i o n f o r adding these 
f a c i l i t i e s i n cases where severe c r a c k i n g c o n d i t i o n s are employed. 

S u l f u r Compounds 

Before being charged to an a l k y l a t i o n u n i t , o l e f i n streams 
are normally t r e a t e d f o r removal of s u l f u r compounds. The type of 
t r e a t i n g used depends f o r the most p a r t on the amount and k i n d of 
s u l f u r compounds present. Q u a n t i t i e s are normally reported i n 
p a r t s per m i l l i o n u n i t s . According to i n d u s t r y sources, estimates 
of the amount of s u l f u r i c a c i d d i l u t e d l i e i n a range of 15 to 60 
pounds per pound of s u l f u r i n the feed. A very commonly used f a c 
t o r i s 20 pounds per pound. In the case of methyl mercaptan, i f 
one assumes a mole f o r mole r e a c t i o n occurs and that the r e a c t i o n 
products are s o l u b l e i n the a c i d and do not t i t r a t e , then the c a l 
c u l a t e d amount of a c i d d i l u t e d i s 53.7 pounds per pound of mercap
tan s u l f u r ( d i l u t i o n range 98.5 to 90.0%). This i s a very severe 
assumption however: commercial t e s t s i n d i c a t e about 45 pounds per 
pound and t h i s i s probably more r e a l i s t i c . Somewhat lower d i l u 
t i o n r a t e s are normally assumed f o r H2S and COS, t y p i c a l l y ranging 
between 15 and 18 pounds per pound of s u l f u r present. 
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In a d d i t i o n to the d i l u t i o n e f f e c t , the presence of the s u l 
f u r r e a c t i o n products i n the a c i d c a t a l y s t promote p o l y m e r i z a t i o n 
and other undesirable s i d e r e a c t i o n s . I t i s t h e r e f o r e obvious 
that operating companies should check t r e a t e r performance f r e 
quently and make whatever changes are necessary to accomplish a 
high degree of d e s u l f u r i z a t i o n of the a l k y l a t i o n feedstock. 

Water 

Water i n feedstocks, p a r t i c u l a r l y that i n excess of s a t u r a 
t i o n , i s an important p o t e n t i a l a c i d d i l u e n t . There are s e v e r a l 
types of separators and d r i e r s i n commercial use on a l k y l a t i o n 
u n i t s . The simplest are coalescer devices packed w i t h e x c e l s i o r , 
or other kinds of packing m a t e r i a l . With proper maintenance, 
these devices can coalesce and remove s i g n i f i c a n t amounts of 
f i n e l y d i v i d e d and e n t r a i n e d water d r o p l e t s i n the o l e f i n and 
isobutane streams. For best r e s u l t s the feed streams are c h i l l e d 
by heat exchange w i t h the c o l d hydrocarbon e f f l u e n t before they 
are charged to the c o a l e s c e r s . In one p l a n t t e s t , a 55-gallon 
drum of water was drawn o f f such a device every 12 hours. The 
p l a n t was o p e r a t i n g at an a l k y l a t e production r a t e of about 2,000 
b a r r e l s per day. A problem w i t h these s e p a r a t o r s , however, i s 
that they develop channeling i n time and t h e i r water removal e f f i 
ciency d e c l i n e s r a p i d l y , u n f o r t u n a t e l y t h i s performance d e t e r i o 
r a t i o n and need f o r packing replacement o f t e n goes undetected, 
s i n c e there i s no s i g n i f i c a n t change i n pressure drop, or other 
data to a l e r t the operator. The r e s u l t i s that f r e s h a c i d usage 
s t e a d i l y increases i n many l o c a t i o n s . 

A more r e l i a b l e type of separator which i s sometimes used i s 
a guard chamber packed w i t h rock s a l t . These u n i t s can be b u i l t 
l a r g e enough so that onstream time can be q u i t e long. F i e l d data 
i n d i c a t e e s s e n t i a l l y complete removal of f r e e water and, i n some 
cases, even a p o r t i o n of the s o l u b l e water. The coalesced water 
i s withdrawn as a b r i n e s o l u t i o n . Maintenance c o n s i s t s of simply 
r e s t o r i n g s a l t l e v e l w h i l e the u n i t i s being by-passed f o r a short 
time. 

The isobutane r e c y c l e from f r a c t i o n a t i o n can a l s o c o n t a i n 
appreciable e n t r a i n e d f r e e water. I f the r e c y c l e contains no o l e 
f i n s (from outside make-up streams, f o r example) t h i s stream can 
be chemically d r i e d by c o n t a c t i n g i t w i t h the d i s c a r d a c i d from 
the u n i t . This i s an e f f i c i e n t and a r e l a t i v e l y inexpensive pro
cedure . 

The most e f f i c i e n t devices a v a i l a b l e f o r complete water 
removal employ molecular s i e v e s . These are w i d e l y used on hydro
f l u o r i c a c i d u n i t s but have been d i f f i c u l t to j u s t i f y f o r s u l f u r i c 
p l a n t s . They can a l s o be u t i l i z e d to remove any s u l f u r compounds 
remaining i n the feed a f t e r pretreatment (2). I f s u l f u r i c a c i d 
p r i c e s continue t o i n c r e a s e , f u r t h e r c o n s i d e r a t i o n of molecular 
s i e v e s seems warranted. 

The f r e s h a c i d make-up r a t e f o r water d i l u t i o n i s 4116 pounds 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
7 

| d
oi

: 1
0.

10
21

/b
k-

19
77

-0
05

5.
ch

01
6

In Industrial and Laboratory Alkylations; Albright, L., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



276 I N D U S T R I A L A N D L A B O R A T O R Y A L K Y L A T I O N S 

of a c i d per b a r r e l of water i n the feed, again assuming an a c i d 
spending range of 98.5 to 90.0% (wt.). Furthermore, i n the view 
of many t e c h n o l o g i s t s , i n c r e a s i n g the water content of the a c i d i n 
the r e a c t o r has the a d d i t i o n a l undesirable e f f e c t of reducing i t s 
e f f e c t i v e n e s s as an a l k y l a t i o n c a t a l y s t (3). I f t r u e , t h i s could 
r e s u l t i n the formation of more a c i d s o l u b l e r e a c t i o n products and 
th e r e f o r e a f u r t h e r i n c r e a s e i n the a c i d make-up. 

Water a l s o increases the c o r r o s i v e nature of the a c i d i n the 
r e a c t i o n s e c t i o n . Metal l o s s e s i n the t u r b u l e n t high v e l o c i t y 
s e c t i o n s of r e a c t o r s can be q u i t e r a p i d i n u n i t s c i r c u l a t i n g high 
water content a c i d s . 

Reactor Operating Conditions 

The previous d i s c u s s i o n has been concerned w i t h i m p u r i t i e s 
i n feed streams and t h e i r e f f e c t s on a c i d make-up requirement. 
A l l of the a c i d d i l u t i o n rates are l a r g e and the r e s u l t i n g f r e s h 
a c i d costs are adequate to support e f f i c i e n t feed f r a c t i o n a t i o n 
and t r e a t i n g f a c i l i t i e s , frequent maintenance and close operator 
o b s e r v a t i o n and c o n t r o l of upstream operations. Assuming t h i s i s 
done, the major remaining concern i s the op e r a t i o n of the a l k y l a 
t i o n u n i t proper, p a r t i c u l a r l y the r e a c t o r s e c t i o n . 

In making a l l o p e r a t i n g and design d e c i s i o n s , i t i s important 
to keep i n mind the d e f i n i t i o n of the true r e a c t i o n zone. Funda
m e n t a l l y , t h i s i s the i n t e r f a c i a l area between the immiscible 
hydrocarbon and a c i d c a t a l y s t l i q u i d phases i n the r e a c t o r . Reac-
tants and products flow across t h i s boundary. The o l e f i n s i n the 
feed stream react i n s t a n t a n e o u s l y w i t h the s u l f u r i c a c i d c a t a l y s t 
and combine w i t h the r e l a t i v e l y s m a l l amount of isobutane present 
i n s o l u t i o n i n the a c i d c a t a l y s t to form a l k y l a t e . A l k y l a t e 
passes out through the i n t e r f a c i a l surface r e a c t i o n boundary i n t o 
the hydrocarbon phase w h i l e isobutane passes i n to r e s a t u r a t e the 
c a t a l y s t . To suppress undesirable p o l y m e r i z a t i o n and other reac
t i o n s i t i s necessary t o : 

a. operate the r e a c t o r and s e t t l e r i n such a manner 
as to produce a f i n e l y d i v i d e d hydrocarbon-in-
a c i d emulsion; 

b. maintain vigorous and r e p e t i t i v e contact between 
the hydrocarbon and a c i d c a t a l y s t phases and 
thereby accomplish continuous r e s a t u r a t i o n of the 
a c i d as the o l e f i n s react and isobutane i s con
sumed; 

c. keep the concentration of o l e f i n uniformly low i n 
the a c i d c a t a l y s t phase; 

d. maintain a high concentration of isobutane i n the 
hydrocarbon phase; and 

e. keep the temperature uniformly low throughout the 
r e a c t o r . 
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E m u l s i f i c a t i o n 

Perhaps the most d i f f i c u l t of the requirements i s the emulsi
f i c a t i o n and c o n t a c t i n g . For e f f i c i e n t operations the emulsion 
c h a r a c t e r i s t i c s must be uniform throughout the r e a c t o r . An excess 
of a c i d i s p r e f e r r e d , s i n c e t h i s r e s u l t s i n a hydrocarbon-in-acid 
emulsion. In these mixtures the v i s c o s i t y and surface t e n s i o n of 
the continuous a c i d phase are e f f e c t i v e i n m i n i m i z i n g the tendency 
of the dispersed hydrocarbon d r o p l e t s to coalesce and separate, 
a c t i n g under the i n f l u e n c e of the very l a r g e s p e c i f i c g r a v i t y d i f 
f e r e n t i a l between the l i g h t and heavy phases. 

The e f f l u e n t hydrocarbon-acid mixture i s separated e i t h e r i n 
a s e t t l i n g zone i n the r e a c t o r or i n a separate a c i d s e t t l e r ves
s e l . The o p e r a t i o n of the a c i d s e t t l e r s e c t i o n can have a marked 
e f f e c t on the o v e r a l l performance of the r e a c t o r . A very success
f u l o p e r a t i n g technique i n v o l v e s operating w i t h an a c i d emulsion 
i n the a c i d s e t t l e r and r e c y c l i n g the emulsion r a t h e r than a 
separated a c i d phase ( 4 ) . To accomplish t h i s the i n v e n t o r y of 
a c i d i n the r e a c t o r s e t t l e r s e c t i o n i s lowered and the r e c y c l e 
r a t e i s increased to the p o i n t that as much as 20 to 30 percent 
hydrocarbon i s e n t r a i n e d i n the a c i d as an emulsion r e c y c l e . 
Large improvements i n a c i d requirements have been observed on both 
butylène and mixed propylene-butylene feeds when emulsion r e c y c l e 
has been employed. 

To minimize a c i d make-up requirements the i n t e r f a c i a l area of 
the c i r c u l a t i n g emulsion i n the r e a c t o r must als o be maximized. 
Emulsion s e t t l i n g r a t e s are normally used*to measure the amount o f 
dispersed hydrocarbon phase i n the emulsion. A sample i s trapped 
i n a transparent gauge glass and the time i s recorded as the 
hydrocarbons coalesce and separate i n a continuous l a y e r on top of 
the h e a v i e r a c i d emulsion l a y e r . E l e c t r i c a l c o n d u c t i v i t y measure
ments have a l s o been made confir m i n g the s e t t l i n g curve data. The 
emulsion s e t t l i n g curves p u b l i s h e d by C u p i t , Gwyn and J e r n i g a n (5) 
are t y p i c a l of those observed on commercial r e a c t o r s . An example 
of a d e s i r a b l e homogenous acid-continuous emulsion s e t t l i n g curve 
i s i l l u s t r a t e d i n Figure 2. 

In c r e a s i n g e m u l s i f i c a t i o n has the e f f e c t of i n c r e a s i n g the 
area a v a i l a b l e f o r mass t r a n s f e r of isobutane i n t o the a c i d c a t a 
l y s t phase. A l k y l a t e q u a l i t y improves and a c i d consuming s i d e 
r e a c t i o n s decrease. Other i n v e s t i g a t o r s (5) have reported a 
l a r g e i n c r e a s e i n the r a t i o of C8 compounds to other 05+ compounds 
i n the product a l k y l a t e was observed when a homogeneous emulsion 
was produced. In the w r i t e r ' s experience, changing commercial 
r e a c t o r operation to produce the d e s i r e d type of emulsion has, i n 
some cases, had the e f f e c t of improving a l k y l a t e q u a l i t y by 1.5 
RON or more, and reducing a c i d make-up by 20 percent w i t h other 
o p e r a t i n g v a r i a b l e s e s s e n t i a l l y unchanged. 
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Figure 1. Simplified flow diagram 
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Figure 2. Preferred emuhion settling characteristics 
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Contacting 

The o p e r a t i o n of the mixer used i n the r e a c t o r can have a 
l a r g e e f f e c t on the degree of e m u l s i f i c a t i o n . I t c o n t r o l s the 
ra t e of c i r c u l a t i o n of the emulsion w i t h i n the r e a c t o r , and there
f o r e the average number of passes the feedstocks make through the 
mixing i m p e l l e r during t h e i r residence time i n the r e a c t o r . Most 
commercial r e a c t o r s have motor d r i v e n mixers, and mixer speed 
cannot be v a r i e d . Some, however, are equipped w i t h t u r b i n e and 
gear d r i v e s , and some range of speed v a r i a t i o n i s a v a i l a b l e to the 
operator. Impeller speeds of 620 RPM have been reported to be 
very e f f e c t i v e i n improving a l k y l a t e q u a l i t y i n mixed feed opera
t i o n s ( 4 ) . Improved d i s p e r s i o n has been c r e d i t e d by Knoble and 
Hebert w i t h reducing a c i d make-up from 1.85 to 0.659 pounds per 
g a l l o n on t h i s commercial u n i t . 

Use of e f f i c i e n t o l e f i n feed d i s t r i b u t o r s i s a l s o e f f e c t i v e 
i n reducing a c i d consumption. The co n d i t i o n s at the p o i n t of 
i n i t i a l o l e f i n contact w i t h the c i r c u l a t i n g c a t a l y s t are very 
important because of the extremely r a p i d r a t e of the i n i t i a l reac
t i o n . P e r f o r a t e d sparger r i n g s are f r e q u e n t l y employed, and a 
co n c e n t r i c feed n o z z l e i s a l s o a common feature ( 6 ) . 

Space V e l o c i t y 

As a p p l i e d to a l k y l a t i o n , space v e l o c i t y i s defined as the 
ga l l o n s per hour of o l e f i n i n the feed d i v i d e d by the g a l l o n s of 
a c i d i n the r e a c t o r . This term i s simply a measure of the concen
t r a t i o n of o l e f i n i n the a c i d phase of the r e a c t o r . As o l e f i n 
space v e l o c i t y i s i n c r e a s e d , there i s a greater tendency f o r p o l y 
m e r i z a t i o n and other undesirable r e a c t i o n s to occur and a c i d make
up requirements i n c r e a s e . There i s a l s o an increase i n the higher 
b o i l i n g compounds i n the a l k y l a t e product. Space v e l o c i t y , i n one 
form or another, enters i n t o almost a l l process performance c o r r e 
l a t i o n s and i s important to note i n any p l a n t e v a l u a t i o n s t u d i e s . 
For a given p l a n t i t i s sometimes used s i n g l y i n p r e d i c t i n g p l a n t 
behavior. Figure 3 i s a t y p i c a l example of the combined e f f e c t s 
of space v e l o c i t y and other v a r i a b l e s on a butylène o p e r a t i o n . 
Note c a r e f u l l y however that space v e l o c i t y i s i n t i m a t e l y a s s o c i 
ated w i t h e m u l s i f i c a t i o n , c o n t a c t i n g , and mixing horsepower. I t 
can be very misleading to compare r e a c t o r s or p l a n t s of d i f f e r e n t 
designs using space v e l o c i t y as a primary c r i t e r i o n . 

Isobutane Concentration 

The d r i v i n g f o r c e to complete the a l k y l a t i o n process i s the 
concentration of isobutane i n the hydrocarbon phase i n the r e a c t o r 
( i . e . i n the hydrocarbon e f f l u e n t ) . This i s the source of the 
isobutane needed to r e s a t u r a t e the a c i d c a t a l y s t as the a l k y l a t i o n 
r e a c t i o n proceeds. The η-paraffins i n the hydrocarbon phase are 
i n e r t and i f they are allowed to b u i l d i n concentration they can 
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c o n s t i t u t e a harmful d i l u e n t i n the r e a c t i o n zone. T h e i r e f f e c t 
i s not always recognized, p a r t i c u l a r l y by those who, f o r the sake 
of convenience, o v e r s i m p l i f y r e a c t o r behavior by using the e x t e r 
n a l isobutane to o l e f i n r a t i o i n performance c o r r e l a t i o n . 

To c o n t r o l an o p e r a t i n g p l a n t f o r minimum a c i d make-up, the 
isobutane concentration i n the r e a c t o r must be maintained at the 
maximum p o s s i b l e l e v e l . This means operating both the depropan-
i z e r and the d e i s o b u t a n i z e r under optimum c o n d i t i o n s . The oper
ator should adjust tower feed r a t e s and o p e r a t i n g c o n d i t i o n s , 
always u s i n g the isobutane concentration i n e i t h e r the t o t a l 
e f f l u e n t hydrocarbon or the net e f f l u e n t hydrocarbon from the 
r e a c t o r as h i s primary reference. I s o b u t a n e - t o - o l e f i n r a t i o * 
deis o b u t a n i z e r overhead p u r i t y , depropanizer r e c y c l e p u r i t y , and 
r e f r i g e r a n t r e c y c l e p u r i t y are s i g n i f i c a n t only as they r e l a t e to 
r e a c t i o n zone isobutane c o n c e n t r a t i o n . 

The c o r r e l a t i o n s published by Putney (7) show the e f f e c t s of 
isobutane concentration on octane number, and octane number on 
a c i d consumption. These are f o r butylène feedstocks. By com
b i n i n g the data i t i s p o s s i b l e to construct the curve shown i n 
Figure 4 i l l u s t r a t i n g the i n f l u e n c e of isobutane c o n c e n t r a t i o n on 
a c i d make-up requirement, w i t h a l l other v a r i a b l e s constant. The 
p o t e n t i a l a c i d savings provide an obvious i n c e n t i v e f o r o p t i m i z i n g 
f r a c t i o n a t i o n o p e r a t i o n i n both butylène and mixed feed opera
t i o n s . 

Propane i s e l i m i n a t e d from the p l a n t by charging a p o r t i o n of 
the stream c o n t a i n i n g the highest percentage of propane, u s u a l l y 
the r e f r i g e r a n t stream, to a depropanizer tower. In some p l a n t s 
propane build-up has been reduced and isobutane concentration 
i n c r e a s e d by revamping and charging the depropanizer tower at a 
higher feed r a t e , u t i l i z i n g the f u l l l i q u i d h a n d l i n g c a p a c i t y of 
the tower e f f e c t i v e l y . 

In the case of η-butane the operator must f i n d the optimum 
mode of opera t i o n of the d e i s o b u t a n i z e r , or i s o s t r i p p e r column. 
For r e f l u x e d columns t h i s i n v o l v e s determining the best feed 
p o i n t l o c a t i o n , and the best d i v i s i o n between r e f l u x and overhead 
r e c y c l e to the r e a c t o r s e c t i o n . In some cases i t has been found 
that isobutane c o n c e n t r a t i o n i n the r e a c t o r could be increased by 
moving the feed p o i n t up, reducing the r e f l u x and i n c r e a s i n g the 
r e c y c l e to the maximum that the r e a c t o r loop could handle. 

Reaction Temperature 

R e l a t i v e l y low temperatures are r e q u i r e d i n a l k y l a t i o n reac
tors using s u l f u r i c a c i d c a t a l y s t . They are necessary i n order to 
slow down p o l y m e r i z a t i o n r e a c t i o n s and reduce the formation of 
u n d e s i r a b l e a c i d s o l u b l e and hydrocarbon s o l u b l e by-products. 
T y p i c a l l y , most commercial u n i t s operate w i t h r e a c t i o n tempera
tures i n the range of 35°F. to 65°F. Design temperatures are 
u s u a l l y set at 50°F. For minimum a c i d make-up the r e a c t o r sec
t i o n should be operated as c o l d as p o s s i b l e . This means o p e r a t i n g 
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the r e f r i g e r a t i o n compressor f o r peak performance and t a k i n g maxi
mum advantage of a v a i l a b l e c o o l i n g water. The cost of the i n c r e 
mental u t i l i t i e s r e q u i r e d f o r lower temperature operation i s con
s i d e r a b l y l e s s than the cost of the incremental a c i d make-up. 
Some operators have expressed concern over the p o s s i b i l i t y of 
a c i d f r e e z i n g and have r e s t r i c t e d o p e r a t i o n to 45°F. Others how
ever, have reported e x c e p t i o n a l l y low a c i d make-up requirements 
at 32°F. to 35°F. and have not reported any f r e e z i n g or other 
ope r a t i n g problems. V a r i a t i o n s i n the water content of the a c i d 
c a t a l y s t may e x p l a i n why p l a n t experience v a r i e s . 

Fresh A c i d Composition 

Make-up a c i d f o r a l k y l a t i o n u n i t s t y p i c a l l y contains from 
98.0 to 99.5 wt. percent H2SO4. Recognizing the d e s i r a b i l i t y of 
maintaining the lowest p o s s i b l e water content ( 8 ) , some compa
n i e s s p e c i f y f r e s h a c i d i s to be 99.0 to 99.9 % H2SO4 but con
t a i n i n g no f r e e SO3. Others s p e c i f y 98.0 to 99.0 % based on the 
assumption th a t t h i s s p e c i f i c a t i o n w i l l assure there i s , i n f a c t , 
no f r e e SO3 present. In the w r i t e r ' s o p i n i o n , the f r e s h a c i d 
concentration should be s p e c i f i e d as 99.0 to 99.5 % H2SO4 and 
c o n t a i n i n g no f r e e SO3. Fresh a c i d samples should be spot checked 
r o u t i n e l y and c a r e f u l l y analyzed f o r t i t r a t a b l e a c i d i t y and SO3. 

Summary 

The operator of a commercial s u l f u r i c a c i d a l k y l a t i o n u n i t 
can reduce the amount of make-up s u l f u r i c a c i d he must charge i f 
he: 

1. improves feed treatment f o r removal of s u l f u r 
compounds and i n h i b i t o r s ; 

2. monitors feedstock composition and e l i m i n a t e s 
ethane and l i g h t e r compounds from the feed; 

3. operates feed d r i e r s f o r maximum water removal; 
4. checks d i s c a r d a c i d i t y f r e q u e n t l y and c o n t r o l s 

i t at the optimum l e v e l d i c t a t e d by p l a n t exper
i e n c e ; 

5. operates the a c i d s e t t l e r as a decanter, main
t a i n i n g an emulsion i n the a c i d s e t t l e r and 
r e c y c l i n g an emulsion to the r e a c t o r ; 

6. maintains a hydrocarbon-in-acid emulsion i n 
the r e a c t o r w i t h as h i g h an a c i d content as 
p o s s i b l e , c o n s i s t e n t w i t h s e t t l e r l i m i t a t i o n s ; 

7. increases the speed of the r e a c t o r mixer to as 
high an RPM as i s p o s s i b l e , l i m i t e d by d r i v e r 
and s e t t l e r c a p a b i l i t y ; 

8. operates the de i s o b u t a n i z e r and depropanizer as 
necessary to accomplish a maximum conce n t r a t i o n 
of isobutane i n the hydrocarbon e f f l u e n t from 
the r e a c t o r s e c t i o n ; 
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9. lowers the r e a c t i o n temperature to the minimum 
co n s i s t e n t w i t h the a v a i l a b l e c o o l i n g water 
and r e f r i g e r a t i o n equipment l i m i t a t i o n s ; and 

10. uses f r e s h a c i d of maximum st r e n g t h and con
t a i n i n g no f r e e SO3. 

Abstract 

One of the largest operating costs of a sulfuric acid alky
lation unit for reacting light olefins with isobutane i s the cost 
of the fresh sulfuric acid make-up needed to maintain the acidity 
of the catalyst at, or above, the required minimum level. Factors 
affecting fresh acid requirement are classified in two categories: 
feed contaminants and their effects; and the reaction conditions 
that contribute to acid dilution. Estimates of acid make-up are 
presented when the feed impurities are ethylene, butadiene, sul
fur compounds, and water. The importance of proper sampling, 
analysis, and control of the titratable acidity of the acid cata
lyst and potential resulting operating problems are emphasized. 
Reaction conditions which affect acid make-up are: olefin space 
velocity in the acid catalyst; isobutane and n-paraffin concen
tration in the hydrocarbon phase; the amount of surface area at 
the hydrocarbon-acid catalyst interface; the degree of contacting 
between the two immiscible phases; and the reaction temperature. 
These conditions affect the formation of undesirable side reaction 
products; such products result in increased fresh acid require
ments, lower aklylate product quality, and more downstream oper
ating problems. Methods of obtaining improved plant operation are 
considered. 
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SARP: Chemical Recovery of Used Sulfuric Acid 

Alkylation Catalyst 

ARTHUR R. GOLDSBY 

76 Marcourt Drive, Chappaqua, NY 10514 

In the early days, in the late 1930's and early 1940's, of 
the alkylation of isobutane with olefins using a sulfuric acid 
catalyst , the acid catalyst was low in cost, the production of 
alkylate was l imited, and the discarded or used catalyst could 
be used in other processes, such as naphtha and lube o i l treating 
(1). Therefore, there was little incentive for the development 
of a recovery process unique to the alkylation catalyst. In 
addition, i t was confirmed early in the development of alkylation 
that the current, conventional processes for the recovery or 
conversion of sulfuric acid containing hydrocarbons from treat
ing processed could be used for converting the used alkylation 
catalyst to fresh sulfuric acid of any desired strength. 

As the production of alkylate increased in the 1940's, 
largely because of World War II , a great deal more of the used 
catalyst became available for recovery. Most of it continues 
to be used merely as a source of sulfur, and is charged to 
conventional sludge conversion processes for recovery. To most 
chemists this did not seem to be a good solution to the problem, 
and i t still does not. The used catalyst has a t i tratable 
acidity of about 90% H2S04, and a water content of about 2-5%. 
The fresh charge acid to alkylation is usually white sulfuric 
acid of about 98.0-99.5% concentration. Currently a large 
amount of the used catalyst on the order of 5,000 tons per day in 
the United States is available for recovery, since typical ly 
about 0.5 pound of sulfuric acid is required for each gallon of 
alkylate produced. 

In view of the f o r e g o i n g , i t i s not s u r p r i s i n g that many 
attempts have been made by many companies almost from the s t a r t 
o f a l k y l a t i o n to develop a recovery process unique to the used 
s u l f u r i c a c i d a l k y l a t i o n c a t a l y s t . Most o f the e a r l y attempts 
were not i n t e n s i v e and cont inuous . Most of the work i s unpub
l i s h e d , s i n c e i t was of a p r e l i m i n a r y nature and not very 
s u c c e s s f u l . An added i n c e n t i v e was provided f o r the users and 
l i c e n s o r s o f the S u l f u r i c A c i d A l k y l a t i o n Process when i t was 
d iscovered that h y d r o f l u o r i c a c i d was a l s o a good a l k y l a t i o n 
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c a t a l y s t . S ince h y d r o f l u o r i c a c i d u s u a l l y costs on the order o f 
twenty times that o f s u l f u r i c a c i d , a recovery system by d i s 
t i l l a t i o n was incorporated i n the HF d e s i g n . Hence, the f i g u r e s 
g iven f o r a c i d consumption i n HF a l k y l a t i o n are u s u a l l y net 
f i g u r e s a f t e r recovery . The f i g u r e s given i n H2SO4 a l k y l a t i o n 
are u s u a l l y gross f i g u r e s without recovery . 

S ince the hydrocarbons or conjunct polymers i n the used 
s u l f u r i c a c i d c a t a l y s t are u n s a t u r a t e d , attempts have been made 
to hydrogenate the c a t a l y s t in an e f f o r t to s a t u r a t e the po ly 
mers, and thus make them i n s o l u b l e in the a c i d . Attempts have 
a l s o been made to conduct the a l k y l a t i o n under hydrogen pressure . 

Var ious so lvents have been used to t r y to e x t r a c t the s o l u b l e 
or chemica l ly bound conjunct polymers from the used c a t a l y s t . 

Attempts have been made to separate the a c i d from the con
j u n c t polymers by c r y s t a l l i z a t i o n of the a c i d , and washing of the 
polymers from the a c i d c r y s t a l s . T h i s work was promising and a 
l a rge p i l o t u n i t was operated . A paper on the process by 
Mr. S. Robert S t i l e s i s scheduled f o r t h i s Symposium ( 2 ) . 

Background f o r SARP 

One l i n e o f a t t a c k , which i s the s u b j e c t of t h i s paper, i s 
to convert the s u l f u r i c a c i d i n the used c a t a l y s t to d i a l k y l 
s u l f a t e s , which are s o l u b l e i n hydrocarbons, and then e x t r a c t 
the d i a l k y l s u l f a t e s from the conjunct polymers and water . Con
s i d e r a b l e background in format ion was a v a i l a b l e p r i o r to the l a t e 
1950's when a study was s t a r t e d with the s p e c i f i c o b j e c t i v e o f 
deve lop ing such a recovery p r o c e s s . When i t i s cons idered that 
s u l f u r i c ac id had a net cos t o f not over about one cent per 
pound, o r $20.00 per t o n , and a net cost in a l k y l a t i o n of about 
0 .4 to 0.6 cents per g a l l o n of a l k y l a t e , and that only 5% or l e s s 
of the a c i d was l o s t in convent ional recovery p r o c e s s e s , i t was 
r e a l i z e d that any new recovery process would have to have low 
c a p i t a l and operat ing c o s t s , and high y i e l d s , i f i t were to be 
compet i t ive s t r i c t l y on a savings in a c i d c o s t . Some of the 
background in format ion gave hope t h a t not only could such a pro
cess be i n t e g r a t e d with an a l k y l a t i o n u n i t , but by us ing such a 
p rocess , an improved a l k y l a t e o f h igher octane value and lower 
end po in t could be made. 

S ince t h i s general l i n e of a t tack i s an e x c i t i n g and c h a l 
leng ing f i e l d f o r chemists and chemical e n g i n e e r s , and s i n c e such 
a process i s o f i n t e r e s t to most o i l companies and many chemical 
companies f o r commercial o p e r a t i o n , some o f the background 
in format ion w i l l be d i scussed b r i e f l y . 

S u l f u r i c a c i d and o l e f i n s are an i n t r i g u i n g p a i r i n that 
v a s t l y d i f f e r e n t r e s u l t s may be obtained depending on the r e 
a c t i o n c o n d i t i o n s , the p a r t i c u l a r a c i d s t rength and the o l e f i n 
i n v o l v e d . 

Up to about 1932 one o f the most wide ly used a n a l y t i c a l 
methods f o r the a n a l y s i s o f o l e f i n mixtures was the Orsat 
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a n a l y s i s . The o l e f i n mixture in gaseous form was passed through 
p r o g r e s s i v e l y s t ronger s u l f u r i c a c i d . Thus, i sobuty lene was 
removed by 62.5% a c i d , propylene and n-butenes by 82.5% a c i d , 
and ethylene by 8% fuming a c i d . 

Cons iderable work was done by many o i l companies on the so-
c a l l e d 2-stage a l k y l a t i o n process ( 3 ) . Th is process had con
s i d e r a b l e a p p e a l , s ince i t o f f e r e d a p o s s i b l e means of reducing 
the amount o f f r a c t i o n a t i o n requ i red i n a l k y l a t i o n , and f r a c t i o n 
a t i o n was the most expensive part o f a l k y l a t i o n . In a d d i t i o n to 
p i l o t u n i t work, severa l p l a n t t r i a l s were made. In t h i s process 
o l e f i n was absorbed in used or r e c y c l e a l k y l a t i o n a c i d , the i n e r t s 
and p a r a f f i n hydrocarbons e l i m i n a t e d i n the absorpt ion s t e p , and 
the a c i d - o l e f i n mixture c o n t a i n i n g the c a t a l y s t contaminants 
charged to a l k y l a t i o n . The e l i m i n a t i o n of i n e r t s r e s u l t e d i n a 
h igher octane product and a reduct ion in the amount o f f r a c t i o n 
a t i o n requ i red f o r the r e c y c l e o f i sobutane. However, a weakness 
i n the process was t h a t i t r e s u l t e d i n a cons iderab ly h igher 
a c i d consumption. One other weakness or compl i ca t ion was t h a t 
when the absorpt ion s tep was c a r r i e d out at a f a i r l y high con
v e r s i o n of the a c i d to e s t e r s in the l i q u i d phase, a cons iderab le 
amount of the neutra l e s t e r s or d i a l k y l s u l f a t e s ended up i n the 
hydrocarbon l i q u i d , r a t h e r than i n the a c i d . F r a c t i o n a t i o n i s 
s t i l l an expensive part o f a l k y l a t i o n i n c a p i t a l and operat ing 
c o s t s . However, i t i s not as expensive as o r i g i n a l l y , s i n c e 
the i n t r o d u c t i o n of e f f l u e n t r e f r i g e r a t i o n (4 ,5) i n about 1953 
and i s o s t r i p p i n g in about 1956. Both of these schemes r e s u l t in 
a s m a l l e r d e i s o b u t a n i z e r and a lower operat ing cos t f o r f r a c t i o n 
a t i o n to f u r n i s h r e c y c l e i sobutane. 

I t was found in the e a r l y a l k y l a t i o n work t h a t var ious o l e 
f i n es te rs cou ld be used i n p lace of o l e f i n s to a l k y l a t e i s o -
butane with a strong H2SO4 c a t a l y s t . I t was a l s o known that 
d i e t h y l s u l f a t e was an accepted e t h y l a t i n g agent in the chemical 
i n d u s t r y . 

Before the days o f the s o p h i s t i c a t e d mechanisms such as 
those being presented i n t h i s Symposium, i t was thought t h a t 
probably the o l e f i n f i r s t formed an a l k y l s u l f a t e before r e a c t i n g 
with i sobutane . In a l k y l a t i o n , r e a c t i o n c o n d i t i o n s were s e l e c t e d 
so as to keep the concent ra t ion o f the a l k y l s u l f a t e s low. I t 
was standard procedure i n batch l a b o r a t o r y work to have a 
f i n i s h i n g p e r i o d , that i s , a per iod at the end o f a run under 
a l k y l a t i o n cond i t ions except that no o l e f i n was charged. 
E s p e c i a l l y with propylene as the on ly o l e f i n , or in a high con
c e n t r a t i o n i n the o l e f i n f e e d , i t was d i f f i c u l t to get good 
enough a l k y l a t i o n c o n d i t i o n s so t h a t the a l k y l s u l f a t e concen
t r a t i o n would not become too high i n the r e a c t i o n mixture . And 
even today sometimes i n commercial a l k y l a t i o n neut ra l e s t e r s end 
up i n the a l k y l a t e l e a v i n g the r e a c t o r . T h i s has been shown by 
a n a l y s i s , and i n some cases by a temperature r i s e in the s e t t l e r , 
decomposit ion i n the f r a c t i o n a t i o n system, and poor lead suscep
t i b i l i t y o f the a l k y l a t e . Neutral e s t e r s are not removed from 
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a l k y l a t e by the usual c a u s t i c washing t reatment , and that i s the 
main reason some p lants use bauxite t r e a t i n g of a l k y l a t e . 

Numerous patents have been i ssued on var ious phases of an 
a c i d recovery process i n v o l v i n g the absorpt ion of o l e f i n s in 
r e c y c l e or used a l k y l a t i o n c a t a l y s t , e x t r a c t i o n of the d i a l k y l 
s u l f a t e s , and charging of the d i a l k y l s u l f a t e e x t r a c t , a f t e r 
treatment with H 2 S 0 4 , to a l k y l a t i o n . Reference w i l l be made to 
those o f p a r t i c u l a r i n t e r e s t i n l a t e r s e c t i o n s o f the paper. 
The others with which the author i s f a m i l i a r are inc luded i n the 
L i t e r a t u r e C i t e d f o r convenience (6-16) . 

In the November 1965 Hydrocarbon Process ing and Petroleum 
R e f i n e r (17)» i t was i n d i c a t e d that the f i r s t commercial p lant f o r 
such a process was being i n s t a l l e d by C i t i e s S e r v i c e f o r s t a r t - u p 
i n l a t e 1966, under l i c e n s e from Texaco Development C o r p o r a t i o n . 
A s t a f f a r t i c l e on the process i n the January 2, 1967 O i l and Gas 
J o u r n a l , (18), was apparent ly based on three patents i ssued up to 
that t ime(19-21) . A second commercial p lant by Humble O i l & 
R e f i n i n g Co. went i n t o operat ion i n 1969 ( 2 2 ) . 

To conf i rm some of the above types o f in format ion and to get 
some q u a n t i t a t i v e data on the absorpt ion of propylene and buty
lènes i n r e c y c l e a l k y l a t i o n a c i d , and the s o l u b i l i t y o f d i i s o -
propyl s u l f a t e and d i i s o b u t y l s u l f a t e s i n hydrocarbons, some 
fundamental work, unpub l i shed , was done by Midwest Research 
I n s t i t u t e in Kansas C i t y , M i s s o u r i , i n the e a r l y I960's f o r 
Texaco Development C o r p o r a t i o n . 

I t seemed q u i t e c l e a r from the a l k y l a t i o n process i t s e l f , 
and some of the attempts to e x t r a c t the conjunct polymer from the 
used a l k y l a t i o n c a t a l y s t , that the polymers could not be ex
t r a c t e d from the strong s u l f u r i c a c i d , such as used a l k y l a t i o n 
c a t a l y s t . However, there was no assurance that t h i s would be the 
case when the a c i d became weak as a r e s u l t o f most o f the a c i d 
being converted to d i a l k y l s u l f a t e . 

A number o f d i f f e r e n t processes i n v o l v i n g the absorpt ion of 
o l e f i n i n r e c y c l e s u l f u r i c a c i d a l k y l a t i o n c a t a l y s t , e x t r a c t i o n 
of the d i a l k y l s u l f a t e , treatment o f the e x t r a c t in some manner, 
and a l k y l a t i o n o f the t r e a t e d d i a l k y l s u l f a t e have been con
s i d e r e d . One such process which has become known in the i n d u s t r y 
as SARP i s the sub jec t o f t h i s paper. SARP stands f o r S u l f u r i c 
Ac id Recovery P rocess , which o b v i o u s l y has a r a t h e r gener ic con
n o t a t i o n . The process i s r a t h e r s p e c i f i c . The w r i t e r p re fe rs 
the name o r i g i n a l l y given to the p r o c e s s , namely, E x t r a c t y l a t i o n . 
However, SARP has the advantage o f being known and i s s h o r t , so 
SARP w i l l probably p r e v a i l . 

The in format ion marshal led and acqui red i n connect ion with 
the development o f SARP has been q u i t e h e l p f u l i n g e t t i n g a 
b e t t e r understanding of H 2 S 0 4 a l k y l a t i o n i t s e l f . T h i s i s par
t i c u l a r l y true f o r such areas as run-aways, poor lead suscep
t i b i l i t y o f a l k y l a t e , t r e a t i n g procedures f o r crude a l k y l a t e , the 
importance of low water content c a t a l y s t and what c o n s t i t u t e s 
good mixing or a g i t a t i o n . 
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Experimental 

From e a r l y work done f o r other purposes, i t seemed c e r t a i n 
that at l e a s t q u a l i t a t i v e l y o l e f i n s could be absorbed i n r e c y c l e 
s u l f u r i c a c i d a l k y l a t i o n c a t a l y s t , the r e s u l t i n g d i a l k y l s u l f a t e s 
ext rac ted with isobutane and a l k y l a t e d . Evidence as to what 
would happen to the conjunct polymer present in the r e c y c l e a c i d 
and the a d d i t i o n a l conjunct polymer formed in the absorpt ion step 
when the a c i d phase of the absorpt ion mixture was ext racted with 
isobutane was m i s s i n g . There was some concern that the conjunct 
polymer, or at l e a s t par t o f i t , would a l s o be ext rac ted by the 
i sobutane. 

I t was confirmed i n the work at Midwest Research that pro
pylene could be reacted with r e c y c l e a l k y l a t i o n ac id to g ive a 
high y i e l d of d i i s o p r o p y l s u l f a t e (DIPS), and that the DIPS 
could be e x t r a c t e d with hydrocarbon s o l v e n t s , i n c l u d i n g i s o -
butane. The i sopropy l a c i d s u l f a t e (IPS) i s q u i t e i n s o l u b l e i n 
hydrocarbons and only a small amount i s ext rac ted along with the 
DIPS. S ince the r e a c t i o n of propylene with s u l f u r i c a c i d i s an 
e q u i l i b r i u m r e a c t i o n , some IPS i s always present . I t was found 
that some of the conjunct polymer i s a l s o ext rac ted with the 
DIPS. I t was a n t i c i p a t e d that the water would s tay in the a c i d 
phase or r a f f i n a t e , and t h i s was found to be the case . 

I t was f a i r l y obvious that some method had to be d iscovered 
to remove the conjunct polymer from the isobutane-DIPS e x t r a c t 
i f i t were to be charged to an a l k y l a t i o n u n i t . I t was found 
that the polymer reacts q u a n t i t a t i v e l y with strong s u l f u r i c a c i d 
(19,21 ),such as f r e s h 98% a c i d or r e c y c l e a l k y l a t i o n c a t a l y s t . 
About an equal weight or 50% by volume of the a c i d in r e l a t i o n 
to the conjunct polymer i s r e q u i r e d . The ac id-polymer complex 
forms e a s i l y and q u i c k l y merely by hand shaking i n a c e n t r i f u g e 
tube at room temperature. The complex i s a heavy but f a i r l y f r e e 
f l o w i n g , v i scous l i q u i d at room temperature. I t may be sep
arated by g r a v i t y s e t t l i n g . I t i s i n s o l u b l e in hydrocarbons 
such as i sobutane , and s o l u b l e i n H0SO4. DIPS apparent ly i s not 
s o l u b l e i n the complex. However, i f excess a c i d i s used, some 
DIPS w i l l d i s s o l v e i n the a c i d and a c i d complex. IPS i s a l s o 
s o l u b l e i n the excess a c i d and a c i d complex. 

Thus, the three step process o f a b s o r p t i o n , e x t r a c t i o n and 
a l k y l a t i o n became a f o u r s tep process of a b s o r p t i o n , e x t r a c t i o n , 
a c i d treatment o f the e x t r a c t , and a l k y l a t i o n . 

I t was concluded from the r e s u l t s of the work at Midwest 
Research and the l a t e r work on the removal o f conjunct polymer 
from the e x t r a c t with H 2 S 0 4 that a l l four steps were operab le . 
An economic study i n d i c a t e d t h a t the process would be a t t r a c t i v e 
i f about 90% o f the a c i d i n the used a l k y l a t i o n c a t a l y s t could be 
converted to DIPS, and about 90% of the DIPS ext racted and 
a l k y l a t e d . Th i s amounted to an 80% recovery o f the a c i d , and a 
corresponding reduct ion in a c i d consumption. 

In order to obta in q u a n t i t a t i v e data on the i n d i v i d u a l steps 
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and o v e r a l l y i e l d s , a b r i e f p i l o t u n i t study was c a r r i e d out by 
Texaco Development Corporat ion and S t r a t f o r d Eng ineer ing Corpora
t i o n i n Kansas C i t y , M i s s o u r i . To expedi te the s tudy , a v a i l a b l e 
S t r a t c o Contactors were used f o r the a b s o r p t i o n , a c i d t r e a t i n g 
and a l k y l a t i o n s t e p s . Using Texaco Development's s o l v e n t r e 
f i n i n g e x p e r i e n c e , a Rotat ing D isc Contactor (RDC) was used f o r 
the e x t r a c t i o n s t e p . 

The SARP f low i n s i m p l i f i e d form i s shown in F igure 1. 
The SARP f low as used i n the p i l o t u n i t i s shown i n F igure 2. 

and descr ibed i n d e t a i l i n U.S. Pat . 3,803,262 (23) . 
In the f o l l o w i n g example, the feed stocks shown in Table 1 

were employed in the apparatus of FIG. 2. 

TABLE I 

Feed Stocks 

In weight percent 

Propane- Butane-
Isobutane propylene butylène 

Ethane 0.4 
Propylene 62.3 0.1 
Propane 6.9 33.7 2.7 
Isobutane 91.1 3.6 34.6 
n-Butane 2.0 11.0 
Isobuty lene 15.9 
Butylene-1 9.5 
Buty lene-2 22.9 
Pentanes 3.3 

Tota l 100.0 100.0 100.0 

10 c c . per minute of used a l k y l a t i o n a c i d from the s e t t l e r 
39 t i t r a t i n g 91.0% was charged to absorber 12 at about 25° F. 
Fresh propane-propylene feed a t the ra te o f 45.0 c c . per minute 
was charged to absorber 11 at about 30° F. Unreacted propane-
propylene from absorber 11 separated i n s e t t l e r 23 was charged to 
absorber 12. The hydrocarbon phase or unreacted propane-
propylene from absorber 12 separated i n s e t t l e r 14 comprised 
11.8% d i p r o p y l s u l f a t e . The a c i d phase from absorber 11 sep
arated i n s e t t l e r 23 compris ing 80.6% d ipropy l s u l f a t e and 15.3% 
propyl a c i d s u l f a t e was passed a t a ra te o f 24.2 c c . per minute 
to a r o t a t i n g d i s c c o n t a c t o r e x t r a c t o r 33 near the top . 315.0 c c . 
per minute of the isobutane feed was charged to the r o t a t i n g 
d i s c c o n t a c t o r near the bottom. A temperature g r a d i e n t was 
maintained i n the e x t r a c t o r , the bottom temperature being about 
55° F and the top temperature about 65° F. Overhead from the ex
t r a c t o r compris ing 83.8% i sobutane , 5.7 d ip ropy l s u l f a t e , and 
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0.3% propyl a c i d s u l f a t e was passed to a 600 c c . mechan ica l ly 
a g i t a t e d r e a c t o r at about 80° F along with 0.2 c c . per minute 
o f used a l k y l a t i o n ac id of 91.0% c o n c e n t r a t i o n . The a c i d t r e a t e d 
product was passed to a s e t t l e r 41 separat ing a hydrocarbon phase 
a t the r a t e o f 341.2 c c . per minute compris ing 84.2% i s o b u t a n e , 
5.8% d ipropy l s u l f a t e and 0.1% propyl a c i d s u l f a t e . 

105.5 c c . per minute of the butane buty lène feed in l i n e 29, 
315.4 c c . per minute of the isobutane feed i n l i n e 30, and 0.4 
pound per hour of 97.5% s u l f u r i c a c i d in l i n e 43 were charged t o 
gether with the hydrocarbon phases from s e t t l e r s 14 and 41 , r e 
c y c l e a c i d i n l i n e 21 and r e c y c l e isobutane i n l i n e 34 to a 
S t r a t c o a l k y l a t i o n r e a c t o r 31 with e f f i c i e n t mixing he ld at 40 to 
45° F. React ion mixture was passed c o n t i n o u s l y to a s e t t l e r 39. 
The hydrocarbon phase produced at a r a t e o f 749 c c . per minute 
was c a u s t i c and water washed and s t a b l i z e d to remove most o f the 
butane and l i g h t e r hydrocarbon producing approximately 50 g a l l o n s 
per day of d e s i r e d a l k y l a t e product . 

Spent a c i d from the a c i d t r e a t e r 38 was produced at the r a t e 
of 1.3 c c . per minute. 

The spent a c i d from e x t r a c t o r 33 at the ra te of 3 .8 c c . per 
minute corresponds to an a c i d consumption of 0.18 pound per 
g a l l o n of a l k y l a t e . A corresponding cont ro l run without a c i d 
recovery gave an a c i d consumption of 0.88 pound per g a l l o n of 
a l k y l a t e . 

Approximately 90% of the used a l k y l a t i o n a c i d was converted 
to d i p r o p y l s u l f a t e and approximately 90% of the d i p r o p y l s u l f a t e 
formed was sent back to a l k y l a t i o n wherein the s u l f u r i c a c i d was 
regenerated or recovered . O v e r a l l , approximately 80% of the used 
a l k y l a t i o n a c i d was recovered . The r e a c t i o n s o f s u l f u r i c a c i d 
with propylene i s an e q u i l i b r i u m r e a c t i o n , and by the method of 
operat ion descr ibed i t i s not p o s s i b l e to convert a l l o f the a c i d 
to e x t r a c t a b l e d i a l k y l s u l f a t e s ; some w i l l remain as a l k y l a c i d 
s u l f a t e . In a d d i t i o n , with the e x t r a c t i o n c o n d i t i o n s used i t i s 
not p o s s i b l e to e x t r a c t a l l of the d i a l k y l s u l f a t e s formed. 

The spent a c i d from e x t r a c t o r 33 had an a n a l y s i s o f a p p r o x i 
mately 2.5% water , 10% a c i d - p o l y m e r i c o i l complex (probably 
a c t u a l l y c o n s i d e r a b l y h i g h e r ) , 10% d ipropy l s u l f a t e and 77.5% 
propyl a c i d s u l f a t e . 

The research octane of the t o t a l a l k y l a t e from the a c i d r e 
covery run was 95.5 c l e a r and 107.0 with 3.0 c c . o f T e l . The 
motor octane was 92.6 c l e a r and 106.8 with 3 c c . T e l . The a l k y 
l a t e from the cont ro l run without a c i d recovery had a research 
octane c l e a r of 94.7 and 105.9 with 3.0 c c . o f T e l . 

A f t e r a l i t t l e exper ience , the operat ion of the p i l o t u n i t 
was smooth and easy. In general the operat ion was s t a b l e and 
e a s i e r to c o n t r o l than in a convent ional a l k y l a t i o n u n i t . In one 
run some water was a c c i d e n t a l l y introduced i n t o the a l k y l a t i o n 
system. The system a c i d r a p i d l y dropped to about 80% t i t r a t a b l e 
a c i d i t y without causing a run-away (24) , as would have been the 
case in convent ional a l k y l a t i o n . 
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The r e s u l t s o f the p i l o t u n i t study were about as expected 
and p r e d i c t e d . However, the a l k y l s u l f a t e s were much more s t a b l e 
to time and temperature than a n t i c i p a t e d . Aà a r e s u l t , there was 
c o n s i d e r a b l e l a t i t u d e f o r the c o n d i t i o n s in the e x t r a c t i o n and 
a c i d t r e a t i n g s t e p s . 

A commercial u n i t was designed based on the p i l o t u n i t r e 
s u l t s . The design was e s s e n t i a l l y the same as in the p i l o t u n i t . 
A p l a n t was operated by C i t i e s S e r v i c e f o r severa l y e a r s . Some 
years ago the e n t i r e r e f i n e r y where the SARP u n i t was l o c a t e d was 
d i s c o n t i n u e d . As was the case with the p i l o t u n i t , the SARP u n i t 
was easy to operate , and i n general a s t e a d i e r operat ion was 
obta ined . Upsets and poor operat ion of u n i t s not d i r e c t l y a par t 
o f the recovery s e c t i o n , such as the feed s p l i t t e r , butane i s o -
m e r i z a t i o n u n i t , and d e i s o b u t a n i z e r were not as ser ious when SARP 
was i n o p e r a t i o n . The general f e e l i n g was that an octane i n 
crease was o b t a i n e d , as wel l as a demonstrated two t h i r d s to 
three four ths reduct ion i n a c i d consumption. S u f f i c i e n t l y pre
c i s e runs under s t a b l e c o n d i t i o n s were not made in the p i l o t u n i t 
or i n e i t h e r o f two commercial p lants to be c e r t a i n that an i n 
crease in octane was o b t a i n e d . 

Up u n t i l some time a f t e r the commercial operat ion o f SARP in 
1966, i t was assumed that the d i s c a r d SARP a c i d would or could be 
d isposed of i n the same manner as d i s c a r d a l k y l a t i o n a c i d , 
namely, by sending i t back f o r c r e d i t to the a c i d s u p p l i e r . Th i s 
was based on in format ion from a c i d s u p p l i e r s a f t e r samples o f 
a c i d had been sent to them. L a t e r , i t developed that although 
the a c i d could be recovered i n a s ludge convers ion u n i t , i t de
creased the c a p a c i t y o f the u n i t by about 50%, because of the 
high hydrocarbon content o f the a c i d . As a r e s u l t , the d i s c a r d 
SARP a c i d as f a r as the a c i d s u p p l i e r was concerned, had a minor 
or negat ive va lue as a source o f s u l f u r f o r a s ludge convers ion 
u n i t . 

I t was found that a second SARP commercial u n i t o f about the 
same des ign as the f i r s t one, a lthough c o n s i d e r a b l y l a r g e r , was 
a l s o easy to o p e r a t e , and in general gave l i t t l e t r o u b l e . Using 
an o v e r a l l o l e f i n feed of about 35% propylene and 65% b u t y l è n e s , 
the a c i d consumption was reduced to about one t h i r d . The research 
octane value of the t o t a l a l k y l a t e of about 375° F . E . P . was about 
94 c l e a r and 105 with 3 c c . TEL . The water content on the SARP 
d i s c a r d a c i d was about 1.9% whereas without SARP i t was about 
4-5%, and i n each case with make-up a c i d o f 99.0-99.5%. 

O r i g i n a l l y , i t was thought that q u i t e s imple and low cost 
equipment could be and would be used f o r SARP commerc ia l ly . How
e v e r , more s o p h i s t i c a t e d and expensive equipment was a v a i l a b l e f o r 
the p i l o t u n i t , so i t was used. To be as sure as p o s s i b l e about 
the s c a l e - u p , the same type o f equipment was used commerc ia l ly . 
As a r e s u l t , the c o s t o f the recovery s e c t i o n ( a b s o r p t i o n , ex
t r a c t i o n and a c i d treatment o f e x t r a c t ) was c o n s i d e r a b l y h igher 
than o r i g i n a l l y p r o j e c t e d . T h i s became even more pronounced when 
a l l o y s had to be used f o r c e r t a i n parts o f the equipment to take 
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care of c o r r o s i o n . With t h i s as background, and i n a d d i t i o n , the 
r e l a t i v e l y low cost o f f r e s h s u l f u r i c a c i d and low value of d i s 
card a c i d , i t became apparent along about 1969 that SARP could 
not be a success commercial ly j u s t on a c i d savings a l o n e , espe
c i a l l y with f r e s h a c i d at about $20.00 per t o n . SARP would have 
to r e s u l t in other s a v i n g s , such as in a h igher octane product , or 
lower operat ing c o s t s . 

I t should be made c l e a r that t e c h n i c a l l y from a chemical and 
chemical eng ineer ing v iewpoint the process i s a success . Each of 
the three steps o f the recovery s e c t i o n works q u i t e w e l l , and the 
i n d i c a t i o n s are that the operat ion of the a l k y l a t i o n s e c t i o n i s 
more s t a b l e and improved because of the recovery s e c t i o n . 

Because of the above types of f a c t o r s , and the u n c e r t a i n t y 
regarding the r o l e o f Government in f u e l s , SARP has been dormant 
f o r severa l y e a r s . A l k y l a t i o n a l s o has been r a t h e r q u i e t . How
e v e r , with the phasing out o f lead i n g a s o l i n e , and increased 
pressure f o r l e s s p o l u t i o n from f u e l s , i t looks as i f a l k y l a t i o n 
may have y e t another surge in p r o d u c t i o n . And, with the r i s i n g 
cost of s u l f u r i c a c i d , and the i n c r e a s i n g need f o r high octane , 
c l e a r a l k y l a t e a t a reduced c o s t , perhaps SARP may a lso have a 
renewal o f i n t e r e s t . Problems i n SARP with suggested s o l u t i o n s 
and areas f o r improvement may perhaps be d i scussed in a l a t e r 
paper. A b r i e f d i s c u s s i o n o f the four steps o f SARP or E x t r a c t y -
l a t i o n w i l l be g i v e n . 

A b s o r p t i o n . In the absorpt ion s tep as much as p o s s i b l e of 
the o l e f i n should be converted to d i a l k y l s u l f a t e . The d i a l k y l 
s u l f a t e s are q u i t e s o l u b l e in hydrocarbons above about 40° F, 
whereas the a l k y l a c i d s u l f a t e s are not . Propylene i s the pre
f e r r e d o l e f i n , and n-butylenes may be used. Propylene has been 
used commerc ia l ly . Although an exhaust ive study was not made, the 
use o f a buty lène feed c o n t a i n i n g i sobuty lene gave poor r e s u l t s . 
Isobutylene r e s u l t s i n a cons iderab le l o s s of a c i d and a l s o i s o 
buty lene . About 10-25% of the t o t a l o l e f i n used in SARP i s r e 
acted in the absorber , assuming a net a c i d consumption o f about 
0.2-0.5%. The exact amount w i l l depend on the net a c i d consump
t i o n or the amount o f f r e s h make-up a c i d charged to the a l k y l a t i o n 
s e c t i o n . 

The a c i d charge to the absorber i s the used s u l f u r i c a c i d 
c a t a l y s t from the a l k y l a t i o n s e t t l e r . I t u s u a l l y i s o f about 90% 
t i t r a t a b l e a c i d i t y with about 3-5% water and 3-6% conjunct p o l y 
mer. The a l k y l a t i o n c a t a l y s t i s no longer a c t i v e as an a l k y l a t i o n 
c a t a l y s t when the a c i d i t y drops to about 80% due to the p ick up of 
conjunct polymer and a l k y l s u l f a t e s . However, i t i s s t i l l a c t i v e 
f o r the absorpt ion o f propylene u n t i l s u b s t a n t i a l l y a l l of the 
a c i d i s converted to a l k y l s u l f a t e s . S ince the formation of a l k y l 
s u l f a t e s from o l e f i n s and s u l f u r i c a c i d are e q u i l i b r i u m r e a c t i o n s , 
c o n d i t i o n s should be used which w i l l s h i f t the e q u i l i b r i u m to the 
r i g h t , or to the d i a l k y l s u l f a t e , with minimum formation o f 
a l k y l ac id s u l f a t e . 
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C H + H SO -> C H HS0„ 
3 6 2 4 *- 3 7 4 

C 3 H 7 H S 0 4 + SH6 ί W z S ° 4 

2 C 3 H 6 + H 2 S 0 4 ί i C 3 H 7>2 S ° 4 

As may be seen in F igure 2, the S t r a t c o Contactors were 
operated so as to get part o f the advantage of countercurrent 
f low. The contactors g ive good mixing and contact of the o l e f i n 
feed with the a c i d . Intimate mixing of the o l e f i n feed and a c i d 
i s d e s i r a b l e . An excess o f o l e f i n , low water content of a c i d , and 
removal of d i a l k y l s u l f a t e from the a c i d phase of the absorpt ion 
r e a c t i o n mixture f a v o r a high convers ion of the ac id to d i a l k y l 
s u l f a t e . Th is probably can be accomplished best in a t r u l y 
countercurrent operat ion in l i q u i d phase, such as in a tower. 

I t w i l l be noted from the f low of F igure 2 that the un
reacted o l e f i n stream from the weaker a c i d absorber 11 i s sent to 
the s t ronger a c i d absorber 12. Then the unreacted o l e f i n stream 
from st ronger a c i d absorber 12 i s sent d i r e c t l y to a l k y l a t i o n . 
Th is f low under the proper c o n d i t i o n s probably insures that no 
conjunct polymer, or very l i t t l e , i s sent to a l k y l a t i o n in the un
reacted o l e f i n stream. It a l s o enables a l l of the o l e f i n not r e 
acted in the absorpt ion step to be u t i l i z e d in a l k y l a t i o n . 
However, the unreacted o l e f i n stream from weaker ac id absorber 11 
may be s u b s t a n t i a l l y saturated with DIPS, and when t h i s stream i s 
sent to s t ronger a c i d absorber 12, i t tends to r e t a r d the extent 
of convers ion of a c i d and/or a c i d propyl s u l f a t e to DIPS. Ignor
ing the p o s s i b i l i t y that the unreacted o l e f i n stream from weaker 
a c i d absorber 11 may conta in conjunct polymer, and j u s t c o n s i d e r 
ing the convers ion of a c i d to DIPS, i t would be b e t t e r to send the 
unreacted o l e f i n d i r e c t l y to a l k y l a t i o n . 

E i t h e r l i q u i d phase or vapor phase a b s o r p t i o n , or a com
b i n a t i o n of the two may be used. L i q u i d phase was used commer
c i a l l y . 

As in a l k y l a t i o n , the time requ i red f o r the absorpt ion step 
i s determined l a r g e l y by the c o o l i n g r e q u i r e d and the e f f i c i e n c y 
of the c o n t a c t i n g . The two contac tors used in the p i l o t u n i t gave 
a contact or res idence time of about one hour in each c o n t a c t o r , 
which i s probably f a r in excess o f what i s needed. 

A temperature of 35-40° F was used commerc ia l ly . In some 
l a t e r p i l o t u n i t work b e t t e r r e s u l t s were obtained a t 50° F. 
However, the s o l u b i l i t y of DIPS in hydrocarbons i s much higher at 
50° F than at 35° F, and t h i s may account f o r a higher convers ion 
a t 50° F. 

Conjunct po lymer i zat ion should be kept to a minimum, as i t 
represents a l o s s of o l e f i n and a c i d . Retardat ion of conjunct 
po lymer izat ion i s favored by a low temperature, as in a l k y l a t i o n , 
e s p e c i a l l y in that por t ion of the absorber with the s t rongest 
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a c i d , such as the upper p o r t i o n of a countercur rent tower. A 
short res idence time and e f f i c i e n t mixing probably a l s o favor 
minimum conjunct p o l y m e r i z a t i o n . 

Usua l l y there i s no d i f f i c u l t y in separat ing the a c i d and 
hydrocarbon phases in a g r a v i t y s e t t l e r , e s p e c i a l l y i f the tem
perature of the s e t t l e r i s c o n t r o l l e d . I f any d i f f i c u l t y i s en
countered , i t may be so lved by adding isobutane to the absorpt ion 
m i x t u r e , or by c o o l i n g the absorpt ion mixture to about 40-50" F. 
I f c o o l i n g i s not provided in the s e t t l e r , the temperature may 
r i s e , apparent ly due to continued r e a c t i o n , as of ten i s the case 
in the a l k y l a t i o n s e t t l e r s in propylene a l k y l a t i o n . 

E x t r a c t i o n . Solvent e x t r a c t i o n processes are u s u a l l y f a i r l y 
expensive because of the c o s t in recover ing the s o l v e n t , such as 
by heat ing or c h i l l i n g , and u s u a l l y with some l o s s of s o l v e n t . In 
SARP we have a unique and q u i t e f a v o r a b l e s i t u a t i o n . The so lvent 
i s a r e c y c l e stream of isobutane from the a l k y l a t i o n s e c t i o n , 
which , a f t e r i t i s used to e x t r a c t DIPS, i s returned along with 
the DIPS to a l k y l a t i o n , where the isobutane i s processed as usual 
i n a l k y l a t i o n . 

As w i l l be noted in F igure 2, isobutane from the product 
recovery f a c i l i t i e s or d e i s o b u t a n i z e r was used commerc ia l ly . This 
i s a very l a rge stream and i s adequate in q u a n t i t y . 

Countercurrent operat ion and e f f i c i e n t c o n t a c t i n g w i t h i n the 
e x t r a c t o r , a high so lvent dosage, and a temperature above about 
40° F favor complete e x t r a c t i o n of the d i a l k y l s u l f a t e . DIPS i n 
creases in s o l u b i l i t y in isobutane with i n c r e a s i n g temperature. 
A temperature of about 50° F was used commercia l ly with a Rotat ing 
Disc Contactor (RDC). The optimum RPM of the e x t r a c t o r was not 
determined. The volume r a t i o of isobutane to DIPS should be 6 or 
h i g h e r . A high so lvent dosage a l so favors a good separat ion of 
the e x t r a c t from the r e a f f i n a t e in the s e t t l e r . Although the DIPS 
seems qu i te s t a b l e in isobutane s o l u t i o n , i t i s probably advan
tageous to operate at about 50° F r a t h e r than at about 100° F. 

The aim or idea l in the e x t r a c t i o n step i s to remove a l l of 
the a v a i l a b l e HpSO, in the used a l k y l a t i o n c a t a l y s t as DIPS and 
IPS, and to leave a l l of the conjunct polymer and water in the 
r a f f i n a t e . J u s t how near the i d e a l i s r e a l i z e d depends on the 
e f f i c i e n c y of the absorpt ion s t e p , as wel l as the e x t r a c t i o n s tep . 
I t was o r i g i n a l l y a n t i c i p a t e d that s u b s t a n t i a l l y a l l o f the water 
would stay in the r a f f i n a t e , and no evidence or data have been 
developed to i n d i c a t e otherwise . In g e n e r a l , a low water content 
and a low convers ion of a c i d to DIPS favor r e t e n t i o n of the p o l y 
mer in the r a f f i n a t e . A r e l a t i v e l y high water content and a high 
convers ion of the a c i d to DIPS favor removal o f polymer in the 
e x t r a c t . 

The r a f f i n a t e or spent a c i d from the e x t r a c t i o n step com
p r i s e s water , a l k y l a c i d s u l f a t e , d i a l k y l s u l f a t e , and the con
j u n c t polymers (probably assoc ia ted with a c i d ) formed in the 
a l k y l a t i o n , absorpt ion and a c i d t r e a t i n g s t e p s . The e x t r a c t com
p r i s e s the isobutane s o l v e n t , d i a l k y l s u l f a t e , a r e l a t i v e l y small 
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amount o f a l k y l a c i d s u l f a t e , and part o f the conjunct polymer. 
The composit ion of the SARP r e j e c t a c i d or e x t r a c t o r bottoms 

w i l l vary depending on a l o t of f a c t o r s , but f o r most of the work 
with l e s s than optimum c o n d i t i o n s in the a b s o r p t i o n , e x t r a c t i o n 
and a c i d t r e a t i n g s t e p s , a f a i r l y t y p i c a l a n a l y s i s i s shown in 
Table 2, below. For o r i e n t a t i o n purposes an a n a l y s i s of used 
a l k y l a t i o n a c i d i s a l so shown. 

TABLE II 

SARP Reject Ac id 

Weight Percent 

A l k y l a t i o n Ac id SARP Ac id 

O i l (conjunct polymer) 6.0 15.0 
Water 3 .0 4.6 
S u l f u r i c a c i d 91.0 28.0 
Isopropyl a c i d s u l f a t e 0.0 44.8 
D i i sopropy l s u l f a t e 0.0 7.6 

Tota l 100.0 100.0 

S u l f u r 29.7 20.7 
Hydrocarbon in a c i d - o i l 

complex and a l k y l s u l f a t e s 6.0 31.9 
Equ iva lent H 2 S 0 4 91.0 63.5 

There i s some quest ion as to whether there i s a c t u a l l y any 
f r e e s u l f u r i c a c i d in the SARP a c i d . Probably in most cases 
there i s n ' t and p r e f e r a b l y there should not be any. In most cases 
i t i s be l ieved t h a t approximately an equal weight o f a c i d and 
conjunct polymer are l o o s e l y t i e d up as a complex. Under more 
n e a r l y optimum c o n d i t i o n s in a l l four steps of the p r o c e s s , and 
a f t e r e q u i l i b r i u m or steady s t a t e c o n d i t i o n s have been reached , 
the water content probably would be nearer 2%, or l e s s , and the 
amount o f a l k y l s u l f a t e s would be c o n s i d e r a b l y lower. The idea l 
or u l t i m a t e would be j u s t conjunct polymer and water . I t should 
be noted t h a t the hydrocarbon content of the SARP ac id i s much 
higher than that of a l k y l a t i o n a c i d . 

Ac id Treatment. Under most c o n d i t i o n s , some of the conjunct 
polymer i s removed by the isobutane in the e x t r a c t i o n s t e p . Jus t 
how much and whether i t w i l l be removed depends on the s p e c i f i c 
composit ion of the absorpt ion mixture and the e x t r a c t i o n con
d i t i o n s . In the p i l o t u n i t , r e l a t i v e l y weak make-up a c i d o f 97.5% 
was charged to the a l k y l a t i o n s t e p , so the r e c y c l e a c i d charged 
to the absorber was r e l a t i v e l y high in water. I f f r e s h make-up 
a c i d of 99.5% c o n c e n t r a t i o n , the usual or b e t t e r d r y i n g of a l 
k y l a t i o n streams, and a s t r i c t l y countercur rent absorber were 
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used, i t might very wel l not be necessary to a c i d t r e a t the 
isobutane-DIPS e x t r a c t . 

Commercially the e x t r a c t was t r e a t e d with used a l k y l a t i o n 
c a t a l y s t to remove conjunct polymer, s i n c e i t was a n t i c i p a t e d that 
q u i t e l i k e l y under the c o n d i t i o n s used some conjunct polymer would 
be in the e x t r a c t . I t was shown c o n c l u s i v e l y i n a p i l o t u n i t that 
when the e x t r a c t was not t r e a t e d , the f resh make-up a c i d or a c i d 
consumption i n a l k y l a t i o n with SARP was no lower than without SARP. 

F o r t u n a t e l y , used or d i s c a r d a l k y l a t i o n c a t a l y s t i s s a t i s 
f a c t o r y f o r the a c i d t reatment , and only a small amount i s r e 
q u i r e d . Usua l ly about 0.05 pound per g a l l o n of a l k y l a t e was a r 
b i t r a r i l y used commerc ia l ly . S ince operat ing cond i t ions i n com
merc ia l operat ion vary from day to day, and a n a l y t i c a l t e s t s are 
often slow and i n f r e q u e n t , an excess of a c i d was u s u a l l y used. As 
i n d i c a t e d e a r l i e r , an excess of a c i d causes s o l u t i o n of DIPS in 
the a c i d . Thus, to recover the DIPS in the excess a c i d , the r a f 
f i n a t e or a c i d phase from the a c i d treatment step was sent to the 
e x t r a c t o r . 

In r e f i n e r i e s or areas in which two or more a l k y l a t i o n un i ts 
are operated , one SARP u n i t l a rge enough to process the used a l k y 
l a t i o n a c i d from a l l of the a l k y l a t i o n un i ts could be i n s t a l l e d . 
The recovered a c i d i n the form of isobutane-DIPS e x t r a c t could be 
sent to the var ious a l k y l a t i o n un i t s as needed or d e s i r e d . Such a 
l a r g e r SARP u n i t would not only have a lower cos t per u n i t o f cap
a c i t y , but would a l so have a d d i t i o n a l advantages i f f u r t h e r pro
cess ing of the SARP r e j e c t a c i d were c a r r i e d out p r i o r to con
vent iona l recovery . 

A l k y l a t i o n . In general the cond i t ions f o r a l k y l a t i o n a r e , or 
may be , the same with or without SARP. A good d i s c u s s i o n of the 
cond i t ions and v a r i a b l e s in a l k y l a t i o n i s g iven in the paper by 
Mr. Orlando Webb (25)scheduled f o r t h i s Symposium. Only those 
c o n d i t i o n s which have some unique or p e c u l i a r r e l a t i o n to SARP 
w i l l be d i scussed h e r e i n . 

About three four ths o f the make-up a c i d charged to a l k y l a t i o n 
i s i n the form of a l k y l s u l f a t e s , and only a minor p o r t i o n or 
about one four th of the usual 99.5% c o n c e n t r a t i o n . The c a t a l y s t 
i s , or may be , somewhat d i f f e r e n t with SARP, e s p e c i a l l y as to i t s 
water and conjunct polymer content . Without SARP the c a t a l y s t 
u s u a l l y contains about 2.5-5.0% water . With SARP the water con
tent should u s u a l l y be i n the 0.5-2.0% range. A low water content 
o f the c a t a l y s t i s b e l i e v e d to be d e s i r a b l e ( 2 6 ) . I f l e s s dry ing 
o f feed stocks i n SARP were p r a c t i c e d , the water content o f the 
c a t a l y s t might be as high as without SARP. 

A l a r g e excess o f isobutane i s used , e . g . , as much as 60-80% 
by volume of the hydrocarbons i n the a l k y l a t i o n r e a c t i o n mixture . 
Consequent ly , a l a r g e q u a n t i t y o f isobutane must be recovered and 
r e c y c l e d . I t i s a l s o a v a i l a b l e f o r SARP. The isobutane con
c e n t r a t i o n i s one o f the most important v a r i a b l e s , as f a r as 
q u a l i t y o f product and a c i d consumption are concerned. A high 
concent ra t ion o f isobutane tends to promote a l k y l a t i o n and 
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suppress conjunct p o l y m e r i z a t i o n . The isobutane concent rat ion can 
be increased by adding more i sobutane , or by reducing the amount 
o f i n e r t s , such as propane and n-butane. 

In a d d i t i o n to the p a r t i c u l a r design of the a l k y l a t i o n r e 
a c t o r and the amount o f horsepower going i n t o the m i x i n g , the 
mixing and a l k y l a t i o n r e s u l t s are u s u a l l y improved by having 50% 
or more by volume of a c i d c a t a l y s t in the emulsion so that the 
ac id i s in the continuous phase. Recycle o f emulsion c o n t a i n i n g 
20-35% hydrocarbon r a t h e r than f l a t a c i d from the s e t t l e r to the 
r e a c t o r a l s o helps the mixing and g ives improved r e s u l t s , as 
would be expected. Th is i s e s p e c i a l l y t rue at high through put or 
space v e l o c i t y * , e . g . , 0.5 or h i g h e r , or with high propylene con
tent f e e d s . I t w i l l be recognized that r e c y c l e of emulsion a l so 
i s in e f f e c t a way of r e t u r n i n g isobutane to the a l k y l a t i o n r e 
a c t o r without r e s o r t i n g to f r a c t i o n a t i o n . 

Lower temperatures down to about 30° F favor lower ac id con
sumption and higher q u a l i t y product . Most commercial u n i t s are 
operated in the 40-50 F, with an increased a c i d consumption. 
Th is i s n ' t so ser ious i f the used c a t a l y s t from a l k y l a t i o n i s sent 
to the SARP recovery s e c t i o n . In some c a s e s , the s i z e of the 
r e a c t o r i s determined by the amount of c o o l i n g sur face requ i red 
f o r the design temperature. With SARP not as much c o o l i n g i s r e 
qui red in the a l k y l a t i o n r e a c t o r , s i n c e par t of the heat of the 
a l k y l a t i o n r e a c t i o n i s evolved in the absorpt ion s e c t i o n . It has 
been est imated t h a t 50% or more of the heat of a l k y l a t i o n i s in 
the absorpt ion s t e p . 

E f f i c i e n t mixing o f the hydrocarbon and a c i d i s d e s i r a b l e to 
keep the a c i d c a t a l y s t as n e a r l y saturated as p o s s i b l e with i s o -
butane, and in as high a concentrat ion as p o s s i b l e . The s o l u 
b i l i t y of isobutane i n the a c i d c a t a l y s t increases with decreased 
water content (26) and increased polymer content . Thus, i t should 
be p o s s i b l e to have a h igher concent rat ion of isobutane in the 
SARP a l k y l a t i o n c a t a l y s t f o r a given t i t r a t a b l e a c i d i t y , and i t 
should be p o s s i b l e to mainta in a higher concent rat ion of isobutane 
in the c a t a l y s t . 

Based on a study of commercial p lants some years ago, i t was 
concluded that of ten the mixing was q u i t e poor in that the 
emulsion was not un i form. There was u s u a l l y a small amount of 
good emulsion and a l o t of poor emuls ion. A major por t ion of the 
r e a c t i o n mixture was l o o s e , f a s t breaking emuls ion , and even 
l a r g e amounts of unemuls i f ied hydrocarbon were present . The 
design and operat ion in many cases are s t i l l about the same today, 
and hence the mixing and emulsion probably are t o o . Although 
proof i s not a v a i l a b l e , i t i s be l ieved the use of the i sobutane-
DIPS stream as par t of the hydrocarbon feed in SARP helps improve 
the m i x i n g . The propylene represented by the DIPS amounts to 

*Gal lons per hour o f o l e f i n in feed d i v i d e d by g a l l o n s o f a c i d i n 
a l k y l a t i o n r e a c t o r . 
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10-25% of the t o t a l o l e f i n feed to a l k y l a t i o n . The r e s t of the 
o l e f i n feed may be propy lene , b u t y l è n e s , amylenes or polymers. 
The a c i d represented by the DIPS amounts to about 65-75% of the 
t o t a l make-up a c i d . 

The a l k y l a t i o n reac tors used in the p i l o t u n i t operat ion and 
a l s o the commercial operat ion were S t r a t c o Contac tors . However, 
the w r i t e r knows o f no reason , and no evidence i s a v a i l a b l e , to 
i n d i c a t e that any other type r e a c t o r , such as the cascade and 
pump and time tank, would not be s a t i s f a c t o r y . I t i s b e l i e v e d 
that they would g ive at l e a s t as good r e s u l t s with SARP as w i t h 
out SARP f o r the same operat ing c o n d i t i o n s and o l e f i n feed s t o c k , 
and of course with a much lower a c i d consumption. 

Summary and Conclus ions 

A process termed SARP has been developed f o r the recovery of 
the used or d i scarded c a t a l y s t from the a l k y l a t i o n of isobutane 
with o l e f i n s us ing s t rong s u l f u r i c a c i d as the c a t a l y s t . The 
process was used commercial ly f o r severa l years by two companies, 
but c u r r e n t l y i s not in commercial o p e r a t i o n . 

The used c a t a l y s t i s reacted with propylene to convert the 
a c i d to d i i s o p r o p y l s u l f a t e . The d i i s o p r o p y l s u l f a t e i s ex
t r a c t e d with i sobutane , the e x t r a c t t r e a t e d with a small amount 
o f used c a t a l y s t , l e a v i n g a weak a c i d conta in ing the conjunct 
polymer and water. The isobutane e x t r a c t f r e e o f conjunct po ly 
mer and water i s charged to a l k y l a t i o n , along with a d d i t i o n a l 
o l e f i n and f r e s h make-up a c i d . A d i s c u s s i o n o f the r e a c t i o n con
d i t i o n s requ i red and the v a r i a b l e s invo lved i n the four steps of 
the process are g i v e n . 

With SARP the net a c i d consumption i s reduced by about 65 to 
75%, or to about 0.2 o f a pound of s u l f u r i c a c i d per g a l l o n of 
a l k y l a t e . The a l k y l a t e product i s o f about the same q u a l i t y , or 
perhaps somewhat b e t t e r , as a l k y l a t e produced without SARP. A 
375° F . E . P . t o t a l a l k y l a t e had a c l e a r octane of about 94 and 105 
with 3.0 c c . o f TEL. 
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Recovery of Sulfuric Acid Alkylating Catalyst by 

Crystallization 

S. ROBERT STILES 
Westinair Associates, P. O. Box 2091, Morristown, NJ 07960 

Alkylation of isobutane with olefin i s accomplished by the 
carbonium ion mechanism when the sulfuric acid catalyst purity i s 
maintained at a high level — generally above 90-92% titratable 
acidity. At lower concentrations olefin polymerization to the di
mer is accelerated and alkylation to tri-methyl-pentanes retarded. 
Alkylate product quality i s effected. 

The free uncombined sulfuric acid+ester+water composition of 
a typical alkylation acid, present in a commercial alkylation re
actor, is illustrated by the check point data plotted in the 
three component diagram of Figure 1. Water content ranges between 
2-3% and ester diluents between 5-9%. Normally a continuous purge 
stream of reactor acid i s withdrawn, processed through an acid 
plant for rejection of hydrocarbon esters, and the regenerated 
acid at 98.5-99.5% H2SO4 purity returned to the reactor to control 
the catalyst acidity within this range. 

Alkylation catalyst activity can be maintained more economic
a l l y by concentrating these esters to 30-40% content level i n a 
small purge stream, prior to being processed through the acid re
generation system. Savings in acid regeneration and alkylate pro
cessing costs that result are illustrated by Figure 2. 

To accomplish these objectives recycle alky-acid is chilled, 
to freeze and extract 100% H2SO4 crystals from the purge acid, ac
cording to procedures patented by Stiles, Skelly and Felter (1-6). 
The sulfuric acid i s returned to the alkylation reactor and the 
quantity of ester concentrate purge i s reduced to approximately 
1/6th of its normal quantity. Operating data obtained from a com
mercial installation i s reported by 0 point composition data plot
ted i n Figure 1. 

Discuss ion 

During alkylation a small quantity of reactants and impuri
ties remain trapped i n the acid phase as acid soluble esters. The 
term ester, as employed here, refers to any compound formed by the 
replacement of at least one of the acid-hydrogen by a hydrocarbon 

302 
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radical. Hydrocarbon radicals may also contain sulfur, oxygen 
and/or nitrogen often found in feed contaminants, such as amines, 
carbonyl sulfide, carbamates, thio-carbamates and mercaptides. 

Being polar, esters are preferentially soluble in the acid 
phase and accumulate to dilute or contaminate the acid; and being 
a high molecular weight diluent, they have a temperature depress
ant effect on the freezing point of the acid liquid phase. 

Generally these esters exist only i n acids at low water con
tent, and readily dissociate or hydrolyze when the water concen
tration i s increased. Mono-esters with the HG-radical replacing 
only one hydrogen illustrated, by s 

C^Hg + HgSO^ - (C^H9)HS0^ 

dissociate readily at relatively low temperatures, whereas the 
dimer-ester illustrated by the equations 

G ^ H q + (C^H9)HS04 ( G 4 H 9 ) 2 S 0 ^ 

requires higher temperatures and longer time for dissociation to 
occur. Trimer-esters, often called t r i a l k y l esters, are formed 
from higher molecular weight radicals such as: 

These trimer-esters are extremely slow to dissociate and re
quire elevated temperatures at boiling-acid conditions to complete 
the reactions. Tars are produced with release of sulfur dioxide. 

Differences in hydrolysis characteristics are used in analyt
i c a l test procedures to identify the easily dissociated esters by 
polymer and titratable acidity, and the less reactive by tot a l a c i 
dity procedures. Total hydrocarbon content i s determined by car
bon analysis,and uncombined Ĥ SÔ  by the aniline sulfate procedure. 

Hydrolysis has been used in some acid regeneration systems 
but the accumulation of excessive amounts of trimer-esters and 
tars have an adverse effect on alkylate quality. 

Regeneration by combustion to totally decompose the acid and 
esters to COp, SO^and Ĥ O i s generally preferred. This decompos
it i o n i s performed i n an acid plant where the resulting SO^ i s 
then catalytically converted to SOo and regenerated to the 
9 8 . 5 - 9 9 . 5 ^ HgSO^ that i s returned to the reactor system. 

Alkylation and Ester Reaction Mechanism 
I t i s well known ( 7 »8 ,9 ) that on start-up with fresh acid, 

the sulfuric acid must be "'conditioned"" by adding the acid rapidly 
to circulating isobutane containing less than 2% olefins to gener
ate the carbonium-ion. Mixing acid with olefin-free isobutane w i l l 
not generate this ion. However i f the acid i s added too slowly, 
to be overwhelmed by the olefin, production of "red-oil" results. 
I t i s also known that olefin feed can be stopped at any time with
out causing any problems, but interruption of isobutane recycle 
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flow — without immediate cut-off of olefin feed flow — w i l l de
teriorate the alkylate quality which, i f carried on for any period 
of time, w i l l result in a disastrous "acid run-away11. A reactor 
system can be kept on "stand-by" conditions for several days or 
weeks, as long as isobutane recirculation i s maintained. Alkylate 
is slowly but continuously released from the acid phase into the 
isobutane liquid during such operation and the catalyst "acidity" 
increases. 

Alkylation, ester formation, polymerization, cracking, isomer-
ization and other refinery operations depend on the carbonium-ion. 
Whitmore (10) suggests that the carbonium-ion i s formed by the add
i t i o n of hydrogen ion, from an acid, to an olefin double bonds 

Ç H3 + Ç H3 
H3C-G=GH2 + H + Χ β H 3C-£-GH 3 + Χ 

which then performs the basic refinery reactions 
1. Addition of negative ion s 

R-Î-G + X" — R-Ç-C 

2. Elimination of proton to produce olefins 

G-Î-G G-G=G + H + 

3. Migration of proton (order of s t a b i l i t y : tertiary - secondary -
primary): 

C-Ç-Î-C - — - C-$-C-C 
C ~ C 

4. Migration of methyl group: 

C-çL-î-C-C - C-Ç-Ç-C-C 
e - c e 

5 . Addition of olefin; reverse reaction occurs by scission, two 
carbon atoms removed from charge: 

C-Î-C + G=G-G - — — G-Ç-G-Î-G 
" C 

6. Hydrogen transfer reaction with tertiary hydrogens 

C-Ç + G-G-G — G-Ç+ + G-G-G 
e û 

Any non-reversible reaction that terminates the equilibria by 
forming dimer or trimer esters dilute the acid and hinder the re
action of the carbonium ion. 

Ideal reaction conditions of high isobutane concentration, and 
isobutane diffusion into the acid phase at a rate greater than the 
olefin diffusion rate, result i n high quality alkylate product. 
Ester formation, exclusive of those formed from feed contaminants, 
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l.3h 

89 90 91 92 93 94 95 96 97 98 99 100 

CLEAR RESEARCH OCTANE O F TOTAL ALKYLATE 

Figure 3. Ester production from olefin and isobutane reactants as a function of 
reaction conditions related to alkylate quality as measured by Research Octane 

Number 
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is n i l . As reaction conditions deteriorate and alkylate quality-
decreases, the rate of dimer and trimer ester formation increases. 
Ester production, relative to alkylate quality, i s shown by Figure 
3 & ^. Generally ester production from feed contaminants i s more 
d i f f i c u l t to predict. Data obtained from commercial operations and 
plotted i n Figure ^, show the combined effect of ester production 
from these two sources. 

Yield of trimer or t r i a l k y l esters oscillates as data of Fig
ure 5 indicates. They are d i f f i c u l t to analyze and do not show in 
the acidity tests. However their effect on acid make-up require
ments i s appreciable. Variations in "free" HpSCV content of acid 
are plotted as dotted lines i n the top of this figure and show os
cil l a t i o n s that are typical of most commercial operations. An 
ester concentrator that can extract these esters as they are gen
erated to remove them from the reactor system, w i l l accomplish a 
valuable service. Smoother operation producing better quality alk
ylate w i l l result. 

Ester Concentrator - Process Description 
In this process as shown by Figure 6, a portion of the Alkyla-

tion Reactor acid recycle, that i s separated from the isobutane-
rich alky-reactor effluent, i s chilled by direct contact with coun-
tercurrent flowing isobutane liquid in an agitated c h i l l e r vessal 
or c r y s t a l l i z e r . Crystals of H^SO^ are formed. Referring to data 
points i n Figure 1, we have the alky-acid of composition "A" i n the 
area of the check (t/) point data, chilled to form crystals of com
position "C" that are essentially 100^ H^SO^. As these crystals 
form, the free H^SO^ content of the liquid i s reduced and i t s ester 
plus water content increases along t i e - l i n e "CAB". This mixture of 
crystals i n alky-acid liquid flows downward thru colder upflowing 
isobutane liquid and more crystals are formed. The freezing point 
of the liquid i s lowered as i t s ester plus water concentration i n 
creases, u n t i l at point "Β" the freeze-point temperature equals the 
temperature of the incoming chilled isobutane liquid and no further 
crystallization occurs. 

Crystallization i s performed i n ir-obutane liquid to remove 
heat of fusion, but more important - to maintain a high isobutane 
concentration, so that-as the ester and water concentration i s i n 
creased, isobutane w i l l continue to react with the mono ester. 
The alkylate released from the acid phase, w i l l be absorbed by the 
isobutane liquid and removed from the cry s t a l l i z e r . Without this 
removal of alkylate, crystal size growth control i s d i f f i c u l t . A 
portion of the alkylation reactor auto-refrigerant recycle from 
the bottom of the depropanizer tower i s used for this purpose. 
This stream is free of olefins and moisture and i s chilled by ex
change with evaporating propane before entering the bottom of the 
cr y s t a l l i z e r . 

A portion of this chilled isobutane liquid flows upward to 
c h i l l the downflowing acid, remove the heat of fusion and convey 
the alkylate back to the alkylation reactor. The remainder conveys 
the acid crystals plus ester concentrate mixture to the centrifugal 
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18. S T I L E S Recovery by Crystallization 311 

f i l t e r . Here the acid crystals "C" are separated from ester con
centrate "B" as the slurry enters the apex of the spinning conical 
screening centrifuge. Crystals larger than the screen openings are 
retained on the screen, while the ester concentrate and isobutane 
liquid, containing smaller crystals, pass thru the screen and flow 
into the decanter vessel. Isobutane liquid separate from the ester 
concentrate and i s returned to the alkylation reactor. 

Crystals "C" slide across the surface of the conical screen 
propelled by the angular force resulting from centrifugal force and 
the increasing diameter of the spinning conical screen. The angle 
of the cone i s selected to allow crystal slippage while subjecting 
the crystals to centrifugal force to remove adherent mother liquor. 
Continuous flushing of isobutane i s maintained to assist i n this 
liquid-solid separation. As the crystals reach the outer-diameter 
of the spinning cone, they are discharged into acid recycle flowing 
thru the crystal receiver and are returned to the alky reactor. 

Ester concentrate "B" that decants from the isobutane, i s sent 
to acid regeneration f a c i l i t i e s for removal of hydrocarbons and 
water, The regenerated 9 8 . 5 - 9 9 . 5 ^ Ĥ SÔ  i s returned to the reactor. 
A portion of the ester concentrator i s continuously recirculated 
from the decanter to the crys t a l l i z e r i n l e t and mixed with incoming 
alky-acid, to provide "seed" crystals of the small crystals that 
had passed thru the screen. 

Freezing point temperature of ester concentrate i s lowered by 
depressant effect of both esters and water. Higher concentration 
of esters "Be" can be obtained at a given crystallization tempera
ture, i f the water content i s reduced. Closed ft data points of 
Figure 1 show results of operations where oleum was mixed with alky 
acid, reacted with water: 

S0 3 + H20 H 2S0 4 

so that the resulting concentrate, obtained after subsequent cryst
a l l i z a t i o n and separation of Ĥ SÔ  crystals, had a higher ester 
content. Complete reaction must be accomplished before c h i l l i n g 
since oleum freezes at crystallization temperatures, see Figure 7 . 

Water reaction with oleum "niaybe accomplished with incoming 
acid or with recycle acid-ester concentrate as shown in Figure 6 . 
Warmer crystallization temperatures can be used to obtain a given 
ester concentrate level, i f the system i s operated on "block-flow" 
or intermittent procedure. In this procedure ester concentrate 
collected from alky acid i s accumulated i n the decanter for a time 
without discharging any to the acid plant. Flow of alky-acid i s 
then stopped and the accumulated inventory run-off via the oleum 
contactor with HgSO^ crystals returned to the reactor i n normal 
manner. For example ester concentrate of composition "B" obtained 
from alky acid "A" i s f o r t i f i e d to composition "A1" and crystals"C" 
séparated^to result i n ester concentrate "Β'" that i s then sent to 
acid regeneration. A smaller quantity of concentrate results and 
processing costs are reduced. 
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Figure 7. Freezing point temperature of sulfuric acid-water-oleum system 
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CONCLUSION 

Today durable laminated 200 mesh screens are a v a i l a b l e t h a t 
can operate i n c o n i c a l s c r e e n i n g c e n t r i f u g e s with e x c e l l e n t s e r 
v i c e f a c t o r to r e t a i n c r y s t a l s as s m a l l as 75 microns · The c e n 
t r i f u g e a v a i l a b l e i n the e a r l i e r p l a n t r e q u i r e d a more rugged 40 
mesh s i e v e that c o u l d o n l y r e t a i n c r y s t a l s l a r g e r than 400 m i c r o n s . 
G r e a t l y improved y i e l d o f c r y s t a l s p e r pass r e s u l t . T h i s f a c t o r 
combined with a c r y s t a l l i z e r d e s i g n t h a t c o n t r o l s a l k y l a t e r e l e a s e 
more e f f i c i e n t l y , g r e a t l y improves the performance and economics 
of the p r o c e s s . 

Considerable r e d u c t i o n i n a c i d requirements and a l k y l a t i o n 
p r o d u c t i o n c o s t are obtained by e s t e r c o n c e n t r a t i o n , as shown by 
F i g u r e 2 . The o p e r a t i o n o f the e a r l i e r p l a n t demonstrated the 
process o p e r a b i l i t y o f the system, but d i s c l o s e d mechanical and 
o p e r a t i o n a l l i m i t a t i o n s o f equipment a v a i l a b l e t h a t made the p r o 
cess uneconomical a t t h a t t i m e . Today energy costs have changed 
and s u l f u r i c a c i d i s no l o n g e r worth $ 2 0 / t o n . This p r o c e s s , i n 
s t a l l e d i n an a l k y l a t i o n u n i t w i t h the equipment a v a i l a b l e today, 
can be an i n t e g r a l p a r t o f the a l k y l a t i o n system to s u b s t a n t i a l l y 
reduce a l k y l a t e p r o d u c t i o n c o s t s . 

LITERATURE CITED 

(1) Felter, R.H., US Patent 2,593,128 (1952) 
(2) Skelly, J.F. and Stiles, S.R., US Patent 2,716,592 (1955) 
(3) S t i l e s , S.R., US Patent 2,831,043 (1958) 
(4) S t i l e s , S.R., US Patent 2,862,791 (1958) 
(5) Skelly, J.F. and Stiles, S.R. US Patent 2,863,724 (1958) 
(6) S t i l e s , S.R., US Patent 2,903,339 (1959) 
(7) St i l e s , S.R., World Petroleum, Annual Refinery Review (1956) 
(8) Durrett, L.R., Taylor, L.M., Wantland, C.F., Dvoretzky, I., 

J.Am.Chem.Soc. 84 (1962) 
(9) Cupit, C.R., Gwyn, J.E., Jernigan, E.,PetroChem.Engr., 203 Dec 

(1961), 207 Jan. (1962) 
(10) Whitmore, F.,Chem.Eng.News, 26, 668 (1948): Ind.Engr.Chem. 

26, 94 (1934) 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
7 

| d
oi

: 1
0.

10
21

/b
k-

19
77

-0
05

5.
ch

01
8

In Industrial and Laboratory Alkylations; Albright, L., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



19 

Alkylation: Its Possible Impact on the Sulfuric Acid 

Industry 

WARD A. GRAHAM 
Stratford/Graham Engineering Corp., 4520 Madison Avenue, Kansas City, MO 64111 

I. Present world alkylation capacity and the proportion 
thereof that is based on sulfuric acid, broken down by region 
(North America, W. Europe, etc.). Approximate annual con
sumption of sulfuric acid. Proportion of this that is recovered 
and regenerated. 

Alkylation is here defined as the process of alkylating 
isobutane with light olefins, which is the major petroleum re
finery process for producing both aviation gasoline and motor 
car gasoline blending iso-octanes. Combining published data (1) 
with our own job records, the estimated alkylation capacity of 
the free world refining industry is 1, 098, 000 BPSD. The two 
principal catalysts used are sulfuric acid and hydrofluoric acid; 
the above worldwide capacity is approximately 55% sulfuric and 
45% hydrofluoric, as tabulated in Table I. 

T A B L E I 
H 2 S O 4 HF 

North America 554,440 436,925 
Europe 7,200 30,200 
Other 43,460 25, 775 
T O T A L 605,100 492,900 

Acid consumed in the process is also in need of defini
tion. Hydrofluoric acid is literally consumed; it reacts to form 
heavy polymers and ultimately is pumped from the system to a 
combustion chamber or to a neutralization stage where the pro
ducts of neutralization are hauled off to a dump or used as land
f i l l . Sulfuric acid is consumed in a similar manner but only as a 
small fraction of that charged to the process. The primary 
effect upon sulfuric acid is that of dilution, rather than actual 
consumption. The fresh sulfuric acid catalyst is typically 98. 0-

314 
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99. 5% t i t r a t a b l e a c i d i t y . W h e n the a c i d e n t e r s the a l k y l a t i o n 
s y s t e m it i s g r a d u a l l y d i l u t e d b o t h w i t h w a t e r a n d h y d r o c a r b o n 
p o l y m e r s a n d e s t e r s to a s p e n d i n g s t r e n g t h of about 90% t i t r a 
t a b l e a c i d i t y . A l t h o u g h t h e a l k y l a t i o n r e a c t i o n s w i l l o c c u r at 
l o w e r a c i d i t i e s , the u s u a l 90% c u t - o f f s t r e n g t h i s d i c t a t e d b y the 
c o r r o s i v i t y of c a r b o n s t e e l w i t h w e a k e r a c i d . In a N a t i o n a l 
P e t r o l e u m R e f i n i n g A s s o c i a t i o n Q u e s t i o n a n d A n s w e r s e s s i o n i n 
P h i l a d e l p h i a ( 2 ) , we r e p o r t e d l a b o r a t o r y data s h o w i n g s u c c e s s f u l 
a l k y l a t i o n at a s low as 82% t i t r a t a b l e a c i d i t y w h e r e the w a t e r 
d i l u e n t w a s low a n d the g r e a t e s t d i l u e n t w a s h y d r o c a r b o n p o l y 
m e r s . S o m e w a t e r i s n e c e s s a r y , but o n l y a few p e r c e n t . T h i s 
c o n f i r m s p r e v i o u s l a b o r a t o r y w o r k at P u r d u e U n i v e r s i t y ^ ) . 
E c o n o m i c s a r e c o m p l i c a t e d but c o n s t i t u t e the f i n a l a n s w e r i n 
d e t e r m i n i n g the o p t i m u m a c i d s p e n d i n g s t r e n g t h f o r a g i v e n 
p l a n t . T h i s w i l l be d i s c u s s e d i n m o r e d e t a i l b e l o w . 

K e e p i n g i n m i n d t h e s u l f u r i c a c i d d i l u t i o n r a t e a n d the 
a c t u a l c o n s u m p t i o n r a t e , a t y p i c a l a c i d d i l u t i o n r a t e f o r a l k y l a 
t i o n i s 0. 5 l b s . a c i d / U . S . g a l l o n o f a l k y l a t e p r o d u c e d . T h u s , a 
p l a n t p r o d u c i n g 1, 500 B P S D of a l k y l a t e w o u l d r e q u i r e a f r e s h 
a c i d f e e d r a t e of about 16 s h o r t tons o f a c i d p e r d a y w h i c h w o u l d 
be d i l u t e d to about 90% b e f o r e r e g e n e r a t i o n . It i s e s t i m a t e d 
that o n l y 2 - 5 % of t h i s a c i d i s a c t u a l l y c o n s u m e d b y s i d e r e a c 
t i o n s , the r e m a i n d e r i s p u m p e d to s t o r a g e a n d t h e n to r e g e n e r a 
t i o n . T h e e f f i c i e n c y of r e g e n e r a t i o n v a r i e s b e t w e e n 98. 0 a n d 
99. 5%(4). T h u s , i f the a c i d d i l u t i o n r a t e i s a s s u m e d at 0. 5 l b s . / 
g a l l o n a n d 5% is a s s u m e d to be c o n s u m e d i n the a l k y l a t i o n a n d 
r e g e n e r a t i o n s t e p s , the w o r l d w i d e a c i d c o n s u m p t i o n i n s u l f u r i c 
a c i d a l k y l a t i o n a n d r e g e n e r a t i o n i s j O . 05 (0. 5 χ 605, 100 χ 4 2 / 
2000)]or 318 s h o r t t o n s / d a y . H o w e v e r , the a c i d r e g e n e r a t i o n 
p l a n t c a p a c i t y m u s t be 20 t i m e s t h i s , o r 6, 360 t o n s / d a y to p r o 
v i d e the t o t a l a l k y l a t i o n a c i d r e q u i r e m e n t . T h i s i s , of c o u r s e , 
i n a d d i t i o n to the a c t u a l a c i d p r o d u c t i o n c a p a c i t y f o r o t h e r u s e s . 

II. L i k e l y t r e n d s i n a l k y l a t i o n c a p a c i t y i n v i e w of g a s o l i n e 
l e a d r e g u l a t i o n s , d e m a n d p a t t e r n s , e t c . 

L i k e l y t r e n d s i n a l k y l a t i o n c a p a c i t y a r e a l m o s t i m p o s s i 
b l e to p r e d i c t . T h e e n t r y of f e d e r a l a n d l o c a l g o v e r n m e n t s into 
the c o n t r o l of m o r e a n d m o r e a s p e c t s of i n d u s t r y , e s p e c i a l l y 
the p e t r o l e u m r e f i n i n g i n d u s t r y , i s a l a r m i n g a n d r e n d e r s 
d e c i s i o n - m a k i n g on t e c h n i c a l a n d e c o n o m i c b a s e s v i r t u a l l y 
m e a n i n g l e s s . T h e p e l l - m e l l r u s h to " c o n t r o l " has p r o m p t e d 
g r a v e m i s g i v i n g s i n e v e r y s e c t o r of s o c i e t y . It i s s t a t e d i n one 
a r t i c l e ( 5 ) that " . . . p o l i c i e s m a y be a d o p t e d b y p o w e r p o l i t i c s 
that c o u l d b r i n g o n u n k n o w n , p o s s i b l y c a t a s t r o p h i c r e s u l t s " . 
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O t h e r headlines(6i) i n c l u d e : " F e e l i n g s went f i r s t f r o m a n n o y 
a n c e to a n g e r , a n d now to r a g e . . . M , " G o v e r n m e n t b u n g l i n g 
h e l p e d b r i n g the U . S. e n e r g y c r i s i s " , " T h e r e i s an e n e r g y 
p o l i c y s t a l e m a t e i n W a s h i n g t o n . . . a n d it s t e m s f r o m the fact 
that . . . c r i t i c a l o i l a n d gas i s s u e s . . . a r e b o g g e d down i n 
p a r t i s a n p o l i t i c s " . In this a t m o s p h e r e , p r e d i c t i o n of t r e n d s i n 
the a l k y l a t i o n p r o c e s s m u s t be b a s e d f i r s t u p o n m o s t p r o b a b l e 
g o v e r n m e n t d e c i s i o n s a n d then u p o n t e c h n i c a l / e c o n o m i c c o n s i d 
e r a t i o n s . 

M a n y e x c e l l e n t a r t i c l e s h a v e a d d r e s s e d v a r i o u s f a c e t s 
of the t e c h n i c a l / e c o n o m i c a s p e c t s of a l k y l a t i o n i n r e c e n t y e a r s . 
D a t a s h o w n i n T a b l e II w e r e a b s t r a c t e d f r o m an a r t i c l e p u b 
l i s h e d i n 1971 (7^ ; t h e s e data i n d i c a t e that r e d u c i n g g a s o l i n e l e a d 
l e v e l s f r o m 3. 0 to 0. 0 c c T E L / U . S. g a l . , h o l d i n g a c o n s t a n t 
Μ . Ο. N . of 86. 0, c o u l d i n c r e a s e a l k y l a t i o n c h a r g e r a t e s f r o m 
47 to 68% i n r e f i n e r i e s with c a p a c i t i e s r a n g i n g f r o m 60, 000 to 
240, 000 B P S D , a s s u m i n g u n l i m i t e d butane a v a i l a b i l i t y . O t h e r 
r e f i n e r y p r o c e s s c h a r g e r a t e s a r e a l s o c h a n g e d ; the r e a d e r i s 
r e f e r r e d to the o r i g i n a l a r t i c l e f o r c o m p l e t e d e t a i l s . F r o m 
T a b l e II, it c a n be s e e n that p r e s e n t - d a y r a t i o of a l k y l a t i o n to 
c r u d e of about 6% c o u l d i n c r e a s e to about 9% i n the s m a l l e r 
r e f i n e r i e s a n d about 10% i n the l a r g e r . 

T A B L E II 

R e f i n e r y S i z e , B P S D 6 0 , 0 0 0 120 ,000 2 4 0 , 0 0 0 
G a s o l i n e P r o p e r t i e s 

Μ . Ο. N . 86. 0 86. 0 86. 0 86. 0 86. 0 86. 0 
R. Ο. N . 94. 0 96. 7 94. 0 97. 3 94. 0 96. 3 

L e a d l e v e l , c c . T E L / 
U . S. G a l . 3 .0 0 . 0 3. 0 0. 0 3 .0 0 . 0 

G a s o l i n e P o o l , 
% A l k y l a t e 13. 4 19. 7 13. 4 19. 7 1 3 . 4 2 2 . 4 

A l k y l a t i o n U n i t C h a r g e , 
M B P S D 4. 5 6. 6 9. 0 13. 2 17. 9 30. 0 

% I n c r e a s e d at 
0 c c T E L 47 47 68 

In 1974, i t was r e p o r t e d ( 8 ) that " f o r m e e t i n j g the c h a l l e n g e of un-
l e a d e d g a s o l i n e , U . S. r e f i n e r s h a v e b u i l t up t h e i r octane m a k 
i n g c a p a b i l i t y to the h i g h e s t l e v e l i n h i s t o r y . A r o u g h i n d e x of 
t h i s i s the c o m b i n e d c a t a l y t i c r e f o r m i n g a n d a l k y l a t i o n c a p a c i t y 
as a p e r c e n t of c r u d e c a p a c i t y . T h a t n u m b e r has r i s e n f r o m 
about 25% t e n y e a r s ago to 30% i n 1974 " . It i s u n d e r s t o o d that 
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m o s t of this i n c r e a s e i s i n r e f o r m i n g . H o w e v e r , r e f o r m a t e has 
a l o w e r m o t o r o c t a n e r a t i n g a n d a l k y l a t e r e m a i n s the b e s t b l e n d 
i n g s t o c k f o r i m p r o v i n g m o t o r o c t a n e . 

In this a r t i c l e (8), i t i s s t a t e d , " A t y p i c a l b l e n d to m a k e 
a n u n l e a d e d g a s o l i n e of 93 R O N a n d 85 M O N c o u l d c o n t a i n the 
f o l l o w i n g : 

T h e u n l e a d e d g a s o l i n e of 93 R O N 85 M O N was p r e d i c t e d as a 
p r o b a b l e r e q u i r e m e n t of 1976-1980 c a r s w i t h c a t a l y t i c c o n v e r t 
e r s . T h e o r i g i n a l u n l e a d e d r e q u i r e m e n t of 91 R O N was p r e 
d i c t e d (Ί) to be i n a d e q u a t e f o r l o n g t e r m u s e i n the 1974-1975 
m o d e l c a r s i n the U . S. I n i t i a l p r e l i m i n a r y data (9) i n d i c a t e that 
a h i g h e r p e r c e n t a g e of t h e s e c a r s w i l l be " n o t s a t i s f i e d " w i t h 
91 R O N , but the d i f f e r e n c e i s b e l i e v e d to be s m a l l . 

O b v i o u s l y , the g a s o l i n e s u p p l y p i c t u r e i s s u b j e c t to c o n 
stant c h a n g e . T h e E u r o p e a n P a r l i a m e n t h a s r e p o r t e d l y (10) 
" u r g e d the C o m m o n M a r k e t C o m m i s s i o n to p o s t p o n e i t s p l a n s 
f o r r e d u c i n g the l e a d content i n g a s o l i n e . . . " . In O c t o b e r , 1976, 
the U . S. E P A a l t e r e d the l e a d p h a s e d o w n s c h e d u l e . 

If the l e a d i s p h a s e d out o r r e d u c e d , the new m a n g a n e s e 
a n t i k n o c k c o m p o u n d (11) c o u l d b e c o m e w i d e l y u s e d a n d , i n th is 
event , the g a s o l i n e b l e n d i n g s c h e d u l e s w o u l d be r e v i s e d a g a i n . 
T h e r e s p o n s e of a l k y l a t e to the m a n g a n e s e c o m p o u n d i s s i m i l a r 
to i t s r e s p o n s e to l e a d , s o i t a p p e a r s a l k y l a t e w o u l d r e m a i n as a 
p r i m e octane b l e n d i n g i n g r e d i e n t . T h e p e r c e n t a g e of a l k y l a t e i n 
the f i n i s h e d g a s o l i n e w o u l d u n d o u b t e d l y v a r y . H o w e v e r , th is 
p r o d u c t i s now b e i n g i n v e s t i g a t e d to d e t e r m i n e i f i t c a n s a t i s 
f a c t o r i l y r e p l a c e l e a d . T h e s e a r e but two of m a n y e x a m p l e s of 
new i n f l u e n c e s w h i c h w i l l e n t e r into f u t u r e d e c i s i o n s c o n c e r n i n g 
a l k y l a t i o n . 

In a r e p o r t (12) d a t e d A u g u s t 11, 1976, one f i r m e s t i 
m a t e d that new o c t a n e - p r o d u c i n g f a c i l i t i e s w o u l d be r e q u i r e d f o r 
1978 a n d 1979, as f o l l o w s : 

C a t a l y t i c R e f o r m i n g 540, 000 B P D ; A l k y l a t i o n 298, 000 B P D ; 
I s o m e r i z a t i o n 332, 000 B P D ; a n d C r a c k i n g 899, 000 B P D . 

V o l . % 

R e f o r m a t e (100 R O N ) 
A l k y l a t e 
C a t - c r a c k e d g a s o l i n e 
L i g h t h y d r o c r a c k a t e n a p h t h a 
B u t a n e 

31 
15 
32 
15 
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III. D i s c u s s i o n o f the b a s i c p r i n c i p l e s of c u r r e n t s u l f u r i c 
a c i d a n d H F a l k y l a t i o n t e c h n o l o g y a n d of a n y l i k e l y d e v e l o p m e n t s 
w h i c h c o u l d l e a d to a c h a n g e i n the p r e s e n t b a l a n c e b e t w e e n the 
t w o . 

T h e b a s i c p r i n c i p l e s of s u l f u r i c a n d h y d r o f l u o r i c a c i d 
c a t a l y z e d a l k y l a t i o n r e a c t i o n s h a v e b e e n d e s c r i b e d i n m a n y 
d i f f e r e n t a r t i c l e s a n d b o o k s , s o m e of w h i c h a r e t a b u l a t e d i n the 
b i b l i o g r a p h y (13-23) . T h e c o m p l e x i t y of the r e a c t i o n i s s u c h 
that m a n y d e t a i l s c o u l d not be i s o l a t e d u n t i l the a d v e n t o f s o p h i s 
t i c a t e d a n a l y t i c a l e q u i p m e n t a n d t e c h n i q u e s . T h e fact that 
c o m m e r c i a l r e f i n e r y a l k y l a t i o n uni ts a l m o s t a l w a y s r e c e i v e 
f e e d s of v a r y i n g r a t e a n d / o r c o m p o s i t i o n m a k e s the a n a l y s i s o f 
s u c h p l a n t s ' p e r f o r m a n c e v e r y d i f f i c u l t . E v e n w i t h a c o n s t a n t 
f e e d , the n u m b e r of o l e f i n i c c o m p o u n d s u s u a l l y p r e s e n t i n the 
f e e d p r o m o t e s d i f f e r e n t r e a c t i o n s a n d s i d e - r e a c t i o n s , the p r o 
d u c t s of w h i c h g e n e r a l l y e n d up i n the a l k y l a t e p r o d u c t . L a b 
o r a t o r y s t u d i e s o f a l k y l a t i o n of i s o b u t a n e w i t h i n d i v i d u a l p u r e 
o l e f i n s h a v e p r o v i d e d s i g n i f i c a n t data on r e a c t i o n r a t e s a n d 
y i e l d s a s i n f l u e n c e d b y the c o m m o n r e a c t i o n v a r i a b l e s (24). 

T h e b a s i c c h e m i c a l r e a c t i o n i n v o l v e d i s b e l i e v e d to be 
that o f c a r b o n i u m i o n p r o d u c t i o n b y the a d d i t i o n of a p r o t o n to 
a n o l e f i n w h e r e the p r o t o n i s s u p p l i e d by the p r o t o n i c a c i d 
c a t a l y s t , i n t h i s c a s e e i t h e r s u l f u r i c o r h y d r o f l u o r i c a c i d ( 2 0 ) . 
A f u r t h e r s t a t e m e n t i n t h i s s a m e a r t i c l e e x p l a i n s the i m p o r t a n t 
a d d i t i o n m a d e by m o d e r n a n a l y t i c a l e q u i p m e n t : 1 1 . . . the r a p i d 
d e v e l o p m e n t o f s p e c t r o s c o p i c a l m e t h o d s of a n a l y s i s , of w h i c h 
n u c l e a r m a g n e t i c r e s o n a n c e s p e c t r o s c o p y w a s the m o s t i m 
p o r t a n t , h a s e n a b l e d D e n o (25) a n d m a n y o t h e r s to show that 
c a r b o n i u m i o n s c a n now be d i r e c t l y o b s e r v e d i n s o l u t i o n . T h i s 
h a s m a d e it p o s s i b l e to d e t e r m i n e the s t r u c t u r e o f s u c h i o n s . 
D e n o s tates that the H S O 4 s a l t s of s u b s t i t u t e d c y c l o p e n t e n y l c a -
t i o n s f o r m the s l u d g e i n c o m m e r c i a l a l k y l a t i o n a c i d . H e d i d not 
e n c o u n t e r a n y c a t i o n s p o s s e s s i n g l e s s t h a n 10 c a r b o n a t o m s . " 

A l t h o u g h the b a s i c c h e m i c a l r e a c t i o n s h a v e b e e n thought , 
f o r m a n y y e a r s , to be s i m i l a r w i t h e i t h e r s u l f u r i c o r h y d r o -
f l u o r i c a c i d c a t a l y s t , e x t e n s i v e w o r k w i t h s u l f u r i c a c i d d e s c r i b 
e d b y A l b r i g h t et a l (24) h a s d e m o n s t r a t e d that t h i s i s p r o b a b l y 
not the c a s e . T h e n e e d f o r m o r e d e t a i l e d w o r k w i t h h y d r o 
f l u o r i c a c i d i s c i t e d . T h e f o l l o w i n g s u m m a r i z e s t h e i r r e p o r t : 
" T h e r e a c t i o n m e c h a n i s m f o r h y d r o g e n f l u o r i d e a l k y l a t i o n a l s o 
s e e m s to be r a d i c a l l y d i f f e r e n t t h a n that f o r s u l f u r i c a c i d a l k y l a 
t i o n . T h e a l k y l a t i o n m e c h a n i s m w h i c h h a s b e e n w i d e l y a c c e p t e d 
i n the p a s t s e e m s to be s o m e w h a t m o r e s a t i s f a c t o r y f o r h y d r o 
g e n f l u o r i d e a l k y l a t i o n e v e n t h o u g h it i s not f o r s u l f u r i c a c i d 
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a l k y l a t i o n s . " T h e a n n o u n c e m e n t of th is A l k y l a t i o n S y m p o s i u m 
c o n t a i n e d the f o l l o w i n g : " S o m e i m p o r t a n t new d e v e l o p m e n t s 
h a v e r e c e n t l y c l a r i f i e d to a s i g n i f i c a n t extent the m e c h a n i s m of 
the a l k y l a t i o n of both i s o b u t a n e a n d a r o m a t i c s . " 

O n e p o s s i b l e a d v a n t a g e of the H F p r o c e s s i n p r o p y l e n e / 
butylène a l k y l a t i o n i s the p r o d u c t i o n of i s o b u t y l e n e f r o m i s o -
butane e f fected by the h y d r i d e - i o n t r a n s f e r to p r o p y l e n e . I s o 
b u t y l e n e i s the C 4 o l e f i n i c i s o m e r w h i c h p r o d u c e s a s i g n i f i c a n t l y 
h i g h e r octane a l k y l a t e with H F . T h i s s h i f t , h o w e v e r , c o n v e r t s 
as m u c h as 22% of the p r o p y l e n e to p r o p a n e and i s a debi t . 
S o m e n o r m a l butane i s a l s o p r o d u c e d f r o m butylènes but this i s 
e s t i m a t e d at o n l y 4 -6%. T h e h i g h e r o c t a n e i s o b u t y l e n e a l k y l a t e 
a n d a c l a i m e d y i e l d i n c r e a s e m u s t be c o n t r a s t e d w i t h n o r m a l 
p a r a f f i n p r o d u c t i o n f r o m o l e f i n s and a h i g h e r i s o b u t a n e r e q u i r e 
m e n t . T h e t y p i c a l m i x e d 0 3 = ^ 4 = f eed c a n be m a d e to p r o d u c e 
a h i g h octane a l k y l a t e with e i t h e r a c i d c a t a l y s t by the o p t i m i z a 
t i o n of o t h e r v a r i a b l e s . T h e h i g h e s t a l k y l a t e o c t a n e n u m b e r s 
r e p o r t e d a r e p r o d u c e d with s u l f u r i c a c i d c a t a l y s t , a l k y l a t i n g 
w i t h a t y p i c a l cat c r a c k e r butylène o l e f i n . 

T h e c o s t of the a c i d s , the r e l a t i v e h a z a r d s of e a c h , the 
a c t u a l a l k y l a t e y i e l d and q u a l i t y a l l m u s t be c o n s i d e r e d when 
s e l e c t i n g the a l k y l a t i o n p r o c e s s to u s e . T h e i n s t a l l e d c o s t of 
the p lant and o p e r a t i n g c o s t s a l s o m u s t be c o n s i d e r e d . C o s t 
s a v i n g s c a n be r e a l i z e d i f octane q u a l i t y i s l o w e r e d . 

S u p p l e m e n t a l p r o c e s s e s w h i c h c a n be o p e r a t e d i n c o n 
j u n c t i o n with a l k y l a t i o n a n d / o r s u l f u r i c a c i d p r o d u c t i o n c a n i n 
f l u e n c e the o v e r a l l e c o n o m i c s . E x a m p l e s a r e (1) the i n t e g r a 
t i o n of n o r m a l b u t a n e - t o - i s o b u t a n e i s o m e r i z a t i o n w i t h a l k y l a t i o n , 
u t i l i z i n g c o m m o n f r a c t i o n a t i o n e q u i p m e n t a n d (2), u t i l i z i n g 65% 
s u l f u r i c a c i d e x t r a c t i o n of i s o b u t y l e n e o r i s o a m y l ë n e f r o m o l e 
f ins fed to a l k y l a t i o n , j u s t i f i e d by m o n e t a r y r e t u r n on s a l e of the 
h i g h p u r i t y i s o - o l e f i n as a p e t r o c h e m i c a l f e e d s t o c k , w h i c h r e 
d u c e s q u a n t i t y of a l k y l a t e p r o d u c e d a n d r e d u c e s i s o b u t a n e r e 
q u i r e d w h i l e p r o d u c i n g s t i l l h i g h e r q u a l i t y a l k y l a t e with s u l f u r i c 
a c i d c a t a l y s t . 

A t the p r e s e n t t i m e , the t r e n d s e e m s to be t o w a r d r e 
d u c e d a l k y l a t e p r o d u c t i o n a n d r e d u c t i o n o r e l i m i n a t i o n of p r o 
p y l e n e as a f e e d s t o c k . T h i s i s b a s e d u p o n c u r r e n t l y r e d u c e d 
g a s o l i n e d e m a n d s and h i g h v a l u e of p r o p y l e n e as a p e t r o c h e m i 
c a l . In any event , i f the p e r c e n t a g e of buty lènes i n the feed i n 
c r e a s e s , s u l f u r i c a c i d a l k y l a t i o n w i l l a s s u m e a m o r e c l e a r - c u t 
a d v a n t a g e on the b a s i s of b a r r e l - o c t a n e s u p e r i o r i t y . 

N u m e r o u s f a c t o r s h a v e a l w a y s r e q u i r e d c o n s i d e r a t i o n i n 
a t t e m p t i n g to e v a l u a t e w h i c h a l k y l a t i o n p r o c e s s to u s e . N e w 
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r e a c t i o n e q u i p m e n t has b e e n p a t e n t e d (27, 28) w h i c h r e p o r t e d l y 
p r o m o t e s i n t i m a t e m i x i n g w i t h r e d u c e d p o w e r input ; s o m e 
c l a i m s a r e m a d e f o r a l k y l a t i o n of i s o p e n t a n e w i t h i s o p e n t e n e 
u s i n g e i t h e r s u l f u r i c o r h y d r o f l u o r i c a c i d a s the c a t a l y s t . R e 
d u c e d p l a n t a n d o p e r a t i n g c o s t s w o u l d o b v i o u s l y i m p r o v e the 
r e l a t i v e p o s i t i o n of a l k y l a t i o n i n the r e f i n e r y ' s p r o c e s s i n g 
s c h e m e . A r e c e n t v e r b a l r e p o r t f r o m one r e f i n e r i n d i c a t e d H F 
a c i d c o n s u m p t i o n o v e r a t w o - y e a r p e r i o d w a s e x t r e m e l y l o w , 
p e r h a p s o n l y o n e - t e n t h of that n o r m a l l y r e p o r t e d . N e w d e v e l o p 
m e n t s i n s u l f u r i c a c i d eff luent r e f r i g e r a t e d a l k y l a t i o n i n d i c a t e 
r e d u c t i o n s i n o p e r a t i n g c o s t s c a n be m a d e . A n o t h e r v e r b a l r e 
p o r t i n d i c a t e s s t i l l h i g h e r o c t a n e a l k y l a t e i s b e i n g p r o d u c e d i n a 
p i l o t p lant t h a n r e p o r t e d at a n y t i m e i n the p a s t . 

D:>GM-S;OH o f e x i s t h . M p.ants i s an înteresi.ÎMu p o t e n t i a l . The 

eff luent r e f r i g e r a t i o n a l k y l a t i o n p r o c e s s j o i n t l y o f f e r e d by T e x 
a c o D e v e l o p m e n t C o r p o r a t i o n a n d S t r a t f o r d E n g i n e e r i n g C o r p 
o r a t i o n f e a t u r e s the e v a p o r a t i o n of the r e a c t o r eff luent to c o o l 
a n d r e m o v e the r e a c t i o n heat f r o m the r e a c t o r . T h i s f l a s h e d 
v a p o r , r i c h i n i s o b u t a n e , i s c o m p r e s s e d a n d , a f t e r r e m o v a l o f 
p r o p a n e a n d o t h e r l i g h t e n d s , i s r e t u r n e d to the r e a c t o r ; t h i s 
s t e p c a n r e d u c e the u s u a l C 4 f r a c t i o n a t i o n t o w e r s i z e a s m u c h 
a s 5 0 - 7 0 % . If a n e x i s t i n g a l k y l a t i o n p l a n t , e i t h e r H F o r H 2 S O 4 , 

i s not ef f luent r e f r i g e r a t e d , t h i s m e a n s the d e i s o b u t a n i z e r 
t o w e r i s about t w i c e the s i z e r e q u i r e d w i t h ef f luent r e f r i g e r a 
t i o n . S u c h a p l a n t c a n be e x p a n d e d i n a l k y l a t e c a p a c i t y two to 
t h r e e t i m e s b y c o n v e r t i n g to eff luent r e f r i g e r a t i o n . M e t a l l u r g i -
c a l l y , H F a l k y l a t i o n p l a n t s c a n be c o n v e r t e d to H 2 S O 4 , but 
H 2 S O 4 cannot be c o n v e r t e d to H F . A l t h o u g h ef f luent r e f r i g e r a 
t i o n has not , to date , b e e n a p p l i e d to H F a l k y l a t i o n , n u m e r o u s 
patents h a v e b e e n i s s u e d f o r s u c h u s e . (29) 

O n e d i s t u r b i n g f a c t o r i s r e v e a l e d i n a L o s s I n f o r m a t i o n 
B u l l e t i n (30) p u b l i s h e d by the O i l I n s u r a n c e A s s o c i a t i o n , e n 
t i t l e d " A l k y l a t i o n U n i t s " . T h i s r e p o r t i n c l u d e s the f o l l o w i n g : 
" D u r i n g the p e r i o d f r o m 1961 to 1972 the Ο Ι Α e x p e r i e n c e d 17 
a l k y l a t i o n unit l o s s e s a n d has k n o w l e d g e of at l e a s t one a d d i 
t i o n a l l o s s . O f t h i s t o t a l of 18 l o s s e s , 5 o c c u r r e d i n H 2 S O 4 

u n i t s a n d 13 i n H F u n i t s . T h i s i n d i c a t e s m o r e t h a n a two to 
one edge of l o s s e s i n H F u n i t s o v e r H 2 S O 4 u n i t s . A n o t h e r 
s i g n i f i c a n t f e a t u r e i s t h e fact that no l o s s e s h a v e b e e n r e c o r d e d 
i n H 2 S 0 4 u n i t s s i n c e 1967, w h i l e H F unit l o s s e s f i r s t o c c u r r e d 
i n 1965 a n d have i n c r e a s e d i n s u c c e s s i v e y e a r s i n both m a g n i 
tude a n d n u m b e r . 

T h e s e 18 o c c u r r a n c e s i n a g g r e g a t e r e p r e s e n t t o t a l 
p r o p e r t y d a m a g e l o s s e s e x c e e d i n g $6, 800, 000. T h i s d o e s not 
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i n c l u d e l o s s o f e a r n i n g s r e s u l t i n g f r o m t h e s e e v e n t s . B u s i n e s s 
I n t e r r u p t i o n c o v e r a g e w a s not p r o v i d e d f o r a l l t h e s e i n s t a n c e s , 
but i n the t h r e e c a s e s w h e r e it w a s i n v o l v e d , the l o s t e a r n i n g s 
r e p r e s e n t e d a n a d d i t i o n a l t o t a l o f a p p r o x i m a t e l y $1, 400, 000. 

L o s s e s i n H F u n i t s a c c o u n t f o r about $5, 600, 000 of the 
a g g r e g a t e p r o p e r t y d a m a g e t o t a l , a n d of t h i s a m o u n t n e a r l y 
$4, 000, 000 i s a c c o u n t a b l e to the p a s t two a n d a h a l f y e a r s . " 

T h u s , 82% of t h e l o s s e s i n the p e r i o d 1961-1972 o c c u r 
r e d i n H F p l a n t s . A f u r t h e r set of l o s s r e p o r t s (31), c o v e r i n g 
the p e r i o d f r o m 1973 t h r o u g h N o v e m b e r 1976 i n d i c a t e s t h i s h a s 
c o n t i n u e d a n d , i f a n y t h i n g , h a s i n c r e a s e d . T h e r e f o r e , f o r the 
p a s t 15 y e a r s , s u l f u r i c a c i d a l k y l a t i o n h a s b e e n d e m o n s t r a t e d 
to be a m u c h s a f e r p r o c e s s . 

So the c o m p e t i t i o n w i l l a p p a r e n t l y c o n t i n u e , e a c h r e 
f i n e r y a l k y l a t i o n plant a n d c a t a l y s t s e l e c t i o n b e i n g e v a l u a t e d 
o n a n i n d i v i d u a l b a s i s . 

I V . D e v e l o p m e n t s i n s u l f u r i c a c i d r e c o v e r y a n d r e g e n e r a 
t i o n m e t h o d s . 

T h e r e g e n e r a t i o n of spent s u l f u r i c a c i d f r o m a l k y l a t i o n 
h a s h i s t o r i c a l l y (32) b e e n that of d e c o m p o s i t i o n i n a c o m b u s t i o n 
c h a m b e r to r e d u c e the a c i d to e s s e n t i a l l y S O 2 a n d H 2 O , o x i d i z 
i n g the S O 2 to S O 3 c a t a l y t i c a l l y , a n d a b s o r b i n g the S O 3 i n w e a k 
a c i d to p r o d u c e f r e s h a c i d a n d e v e n o l e u m s . T h i s p r o c e s s i s 
w i d e l y u s e d . T h e t y p i c a l s u l f u r i c a c i d p l a n t m u s t be d e s i g n e d 
to i n c l u d e the c a p a b i l i t y f o r h a n d l i n g spent a l k y l a t i o n a c i d . A 
p lant m a k i n g a c i d f r o m m o l t e n s u l f u r i s the m o s t e c o n o m i c a l 
a n d e a s i e s t to o p e r a t e b e c a u s e o f the r e l a t i v e p u r i t y of the S O 2 

p r o d u c e d . If spent a l k y l a t i o n a c i d i s b u r n e d , c a r b o n o x i d e s 
a n d w a t e r v a p o r a r e a l s o p r o d u c e d a n d t h i s c o m p l i c a t e s the 
p l a n t . T h e w a t e r v a p o r m u s t be r e m o v e d p r i o r to t h e c a t a l y t i c 
o x i d a t i o n s t e p . T h e g a s b a l a n c e to c a t a l y t i c o x i d a t i o n m u s t be 
c a r e f u l l y a d j u s t e d to a c c o m m o d a t e the c a r b o n o x i d e s w h i l e 
m a i n t a i n i n g the s u r p l u s o x y g e n / s u l f u r d i o x i d e r a t i o s r e q u i r e d 
f o r e f f i c i e n t o x i d a t i o n of the S O 2 to S O 3 . ( A l t h o u g h spent a l k y 
l a t i o n a c i d has b e e n u s e d i n f e r t i l i z e r m a n u f a c t u r e , t h i s p r a c 
t i c e i s p h a s i n g out b e c a u s e o f the o d o r s e m i t t e d f r o m s u c h 
p l a n t s a n d a l s o b e c a u s e of the g r a y i s h c o l o r i m p a r t e d to the 
f i n a l f e r t i l i z e r p r o d u c t . ) 

Independent c h e m i c a l c o m p a n i e s own a n d o p e r a t e m o s t 
of the s u l f u r i c a c i d p l a n t s . P l a n t c a p a c i t i e s a r e g e n e r a l l y i n 
the r a n g e of 500-1500 tons f r e s h s u l f u r i c a c i d / d a y . H o w e v e r , 
a n u m b e r of a c i d p l a n t s a r e i n s t a l l e d w i t h i n , o r i m m e d i a t e l y 
a d j a c e n t t o , the p e t r o l e u m r e f i n e r y a r e a ; m o s t of t h e s e a c i d 
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p l a n t s a r e o w n e d o u t r i g h t b y the r e f i n i n g c o m p a n y . C a p a c i t i e s 
of t h e s e p l a n t s r a n g e f r o m 50 to a s m u c h a s 600 t o n s / d a y . 

T h e e c o n o m i c i m p o r t a n c e o f t h e r e f i n e r y - o w n e d s u l f u r i c 
a c i d p lant i s i n c r e a s i n g . T h e i m m e d i a t e benef i t i s that of r e 
d u c e d a c i d c o s t s , both h a n d l i n g c o s t s a n d p r o d u c t i o n c o s t s . 
E c o n o m i c data w e r e p u b l i s h e d i n 1972 i n a n a r t i c l e b y the 
a u t h o r (33) a n d s h o w e d that net d i r e c t m a n u f a c t u r i n g c o s t s of a 
r e f i n e r y - o w n e d a c i d p l a n t w e r e about 1/4 to 1/2 o f that of the 
a c i d m a r k e t p r i c e . T h e i n d u s t r y p r a c t i c e i n the p a s t h a s b e e n 
to a l l o w a c r e d i t f o r the s p e n t a l k y l a t i o n a c i d r e t u r n e d f o r r e 
g e n e r a t i o n ; t o d a y that p r a c t i c e i s c h a n g i n g i n s o m e a r e a s a n d a n 
a d d i t i o n a l c h a r g e i s b e i n g m a d e f o r h a n d l i n g t h e spent a c i d . 
T h i s has h a p p e n e d b e c a u s e o f p o l l u t i o n c o n t r o l l a w s w h i c h r e 
q u i r e the a c i d p lant o p e r a t o r s to t u r n down t h e i r p r o d u c t i o n r a t e 
a n d / o r to i n s t a l l e x p e n s i v e s t a c k g a s c l e a n u p s y s t e m s to a v o i d 
a t m o s p h e r i c p o l l u t i o n . 

T h u s , a new a c i d p l a n t w i t h i n the r e f i n e r y , b u i l t to m e e t 
t o d a y ' s s t a n d a r d s f o r c o n v e r s i o n e f f i c i e n c y a n d n o n - p o l l u t i n g 
e m i s s i o n s , h a s a n e v e n g r e a t e r p o t e n t i a l e c o n o m i c b e n e f i t to 
t h e r e f i n e r . T h e fact that a m a j o r W e s t C o a s t ( U . S. A . ) r e f i n e r 
b u i l t (in 1972-1973) a n d now o p e r a t e s a n a c i d p l a n t w i t h i n the 
s t r i n g e n t L o s A n g e l e s p o l l u t i o n - c o n t r o l a r e a , that the p l a n t 
p r o d u c e s f r e s h a c i d f r o m H 2 S a n d a l s o r e g e n e r a t e s spent a l k y l a 
t i o n a c i d , a t t e s t s to t h i s . T h e c a p a c i t y of t h i s p l a n t i s a p p r o x i 
m a t e l y 2 7 5 - 3 0 0 t o n s / d a y . 

O t h e r a c i d p l a n t s a r e u n d e r s e r i o u s c o n s i d e r a t i o n b y r e 
f i n e r s at t h i s t i m e . P l a n t s a s s m a l l a s 15 t o n s / d a y h a v e b e e n 
q u o t e d i n the f o u r t h q u a r t e r o f 1976. O n c e the f i r s t s m a l l p lant 
h a s b e e n b u i l t a n d o p e r a t e d s u c c e s s f u l l y , i t i s the w r i t e r ' s c o n 
s i d e r e d o p i n i o n that m a n y of t h e s e p l a n t s w i l l be b u i l t . T h i s 
w i l l d e f i n i t e l y i n f l u e n c e t h e r a t i o o f s u l f u r i c / h y d r o f l u o r i c a l k y 
l a t i o n p l a n t s ; m a n y s m a l l H F a l k y l a t i o n p l a n t s w e r e b u i l t s i m p l y 
b e c a u s e s u l f u r i c a c i d w a s u n a v a i l a b l e . 

A n a d d i t i o n a l e c o n o m i c b e n e f i t to the r e f i n e r i s b a s e d 
u p o n the g o v e r n m e n t - i m p o s e d r e q u i r e m e n t to d e s u l f u r i z e a l 
m o s t a l l t h e p r o d u c t s l e a v i n g the r e f i n e r y . T h i s h a s r e s u l t e d i n 
the i n s t a l l a t i o n o f s u l f u r - r e c o v e r y p l a n t s i n a h i g h p e r c e n t a g e 
of the U . S. A . r e f i n e r i e s a n d w i l l u n d o u b t e d l y f o l l o w i n m o s t of 
t h e w o r l d . H y d r o t r e a t i n g i s the p r i m a r y p r o c e s s f o r r e m o v i n g 
s u l f u r . H y d r o g e n s u l f i d e i s the p r i m a r y p r o d u c t . P l a n t s to 
c o n v e r t h y d r o g e n s u l f i d e t o s u l f u r i n q u a n t i t i e s a s s m a l l a s 
4 t o n s / d a y a r e i n o p e r a t i o n w i t h i n p e t r o l e u m r e f i n e r i e s ; p l a n t s 
a s l a r g e a s 375 t o n s / d a y h a v e a l s o b e e n r e p o r t e d (34). (It i s 
e s t i m a t e d that s u l f u r f r o m p e t r o l e u m w i l l a c c o u n t f o r 10% of the 
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f r e e w o r l d s u p p l y b y 1980. ) (35) 
O n c e the f i r s t s u l f u r p lant has b e e n r e q u i r e d , a s e c o n d 

s t a n d b y p lant i s u s u a l l y r e q u i r e d to p r o v i d e a b s o l u t e c a p a b i l i t y 
f o r h a n d l i n g a l l s u l f u r - c o n t a i n i n g s t r e a m s i n the event of the 
f i r s t p lant s h u t d o w n . If s u l f u r o x i d e e m i s s i o n s a r e l i m i t e d b y 
l a w , t h e n the r e f i n e r i s f a c e d w i t h s h u t t i n g d o w n the r e f i n e r y 
i f the f i r s t s u l f u r p l a n t i s down a n d a s e c o n d p l a n t i s not a v a i l 
a b l e . H y d r o g e n s u l f i d e c a n no l o n g e r be d i s p o s e d of b y b u r n i n g 
w h e r e the s u l f u r o x i d e s a r e d i s c h a r g e d to the a t m o s p h e r e . 

T h i s i s w h e r e the s u l f u r i c a c i d p l a n t m e r i t s a d d i t i o n a l 
c o n s i d e r a t i o n . If t h e s u l f u r i c a c i d p lant i s e c o n o m i c a l l y f a v o r 
a b l e on the i n i t i a l b a s i s of s u p p l y i n g a n d r e g e n e r a t i n g a l k y l a t i o n 
c a t a l y s t , the e c o n o m i c s b e c o m e e v e n m o r e f a v o r a b l e i f the a c i d 
p l a n t i s d e s i g n e d w i t h e n o u g h c a p a c i t y to s e r v e a s the " s t a n d b y 
s u l f u r p l a n t " . I n s t e a d of c o n v e r t i n g h y d r o g e n s u l f i d e to s u l f u r , 
it c a n be c o n v e r t e d to f r e s h s u l f u r i c a c i d . H 2 S i s i d e a l f u e l i n 
a n a l k y l a t i o n a c i d r e g e n e r a t i n g p lant a n d , i n s u f f i c i e n t q u a n t i t i e s 
c a n e l i m i n a t e the n e e d f o r s u p p l e m e n t a l f u e l i n the c o m b u s t i o n 
c h a m b e r . O n e t o n o f H 2 S p r o d u c e s a l m o s t one t o n of s u l f u r but 
that s a m e t o n of H 2 S c a n p r o d u c e a l m o s t 3 tons of s u l f u r i c a c i d . 
T h u s , the s u l f u r i c a c i d p l a n t w i t h i n the r e f i n e r y c a n p r o v i d e 
a l k y l a t i o n a c i d c a t a l y s t at l o w e s t p r i c e s a n d c a n p e r m i t the 
r e f i n e r to m a r k e t h i s b y - p r o d u c t s u l f u r o p t i o n a l l y a s s u l f u r i c 
a c i d i f the m o n e t a r y r e t u r n i s g r e a t e r . 

A f u r t h e r p r o c e s s i n g a d v a n t a g e i s a v a i l a b l e to the r e 
f i n e r i f a s u l f u r i c a c i d p lant h a s b e e n b u i l t f o r h a n d l i n g both 
a l k y l a t i o n a c i d a n d a l l the r e f i n e r y H 2 S . W h e n the m a r k e t c o n 
d i t i o n s d i c t a t e c o n v e r t i n g H 2 S to s u l f u r i n s t e a d of s u l f u r i c a c i d , 
the i d l e c a p a c i t y w i t h i n the a c i d p l a n t c a n be u t i l i z e d b y p u m p i n g 
t h e a c i d t h r o u g h a l k y l a t i o n at a f a s t e r r a t e , r a i s i n g the f i n a l 
a c i d s p e n d i n g s t r e n g t h w h i c h p r o d u c e s a h i g h e r o c t a n e a l k y l a t e 
( e s p e c i a l l y w i t h b u t y l è n e s a l k y l a t e ) . T h e e x t r a u t i l i t i e s c o s t f o r 
r e g e n e r a t i n g m o r e a c i d m u s t be of fset b y t h e i n c r e a s e d v a l u e 
o f the h i g h e r o c t a n e a l k y l a t e . In m o s t c a s e s , t h i s e c o n o m i c a d 
v a n t a g e w i l l be s i g n i f i c a n t . 

T h e n e w e s t i m p r o v e m e n t i n f u r t h e r r e d u c i n g the s u l f u r 
d i o x i d e i n the s t a c k gas f r o m a c o n t a c t s u l f u r i c a c i d p lant w a s 
d e s c r i b e d i n 1974 (36). T o the b e s t o f o u r k n o w l e d g e the p l a n t 
d e s c r i b e d i s the c l e a n e s t a c i d p l a n t , i . e. , n o n - p o l l u t i n g , i n 
the w o r l d t o d a y . 

A S o v i e t p r o c e s s r e p o r t e d i n 1971 w a s c l a i m e d to " s l a s h 
a c i d - m a k i n g c o s t s " . T h i s w a s b a s e d u p o n p r o c e s s m o d i f i c a 
t i o n s a n d a new c a t a l y s t . ( T h e " t e c h n o l o g y i s b e i n g o f f e r e d b y 
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N e w t o n C h a m b e r s E n g i n e e r i n g L i m i t e d , S h e f f i e l d , E n g l a n d " . . . ) 
(37). 

O t h e r patents h a v e b e e n i s s u e d c l a i m i n g i n c r e a s e d e f f i 
c i e n c y i n a c i d p r o d u c t i o n . O n e c l a i m s " a n i m p o r t a n t a d v a n t a g e " 
a c h i e v e d b y u s i n g r e a c t i o n heat to p r e h e a t r e c y c l e d t a i l gas f o r 
f i n a l c o n v e r s i o n to S O 3 (38). 

A n a r t i c l e p u b l i s h e d i n E u r o p e i n 1972 d e s c r i b e d a " p r e s 
s u r e p r o c e s s f o r m a k i n g H 2 S O 4 " . T h e c o n v e r s i o n of S 0 2 to 
S O 3 w a s c i t e d as 99. 85% a n d the i n v e s t m e n t c o s t a s about 10% 
l e s s t h a n that of a c o n v e n t i o n a l p l a n t . (39) 

O n e p a t e n t e d p r o c e s s (40) w a s i n t r o d u c e d i n the m i d - ' 6 0 s 
to r e d u c e the a m o u n t o f s u l f u r i c a c i d r e q u i r e d by a l k y l a t i o n ; i t 
w a s c a l l e d the S u l f u r i c A c i d R e c o v e r y P r o c e s s ( S A R P ) a n d w a s 
j o i n t l y l i c e n s e d b y T e x a c o D e v e l o p m e n t C o r p o r a t i o n a n d S t r a t 
f o r d E n g i n e e r i n g C o r p o r a t i o n . C h e m i c a l l y , S A R P p r o v e d a l l 
c l a i m s m a d e f o r it . U t i l i z e d o n l y w i t h p r o p y l e n e / b u t y l è n e 
a l k y l a t i o n the a c i d r e q u i r e m e n t w a s r e d u c e d a s m u c h a s 70%; 
a c t u a l a c i d d i l u t i o n r a t e s w e r e l o w e r t h a n 0. 2# a c i d / g a l l o n 
a l k y l a t e . H o w e v e r , the spent a c i d f r o m S A R P w a s d i f f e r e n t 
a n d c o u l d not be r e g e n e r a t e d at the s a m e r a t e as r e g u l a r spent 
a l k y l a t i o n a c i d . T h i s c a u s e d the c h e m i c a l c o m p a n i e s to i n 
c r e a s e the c h a r g e s f o r r e g e n e r a t i n g the S A R P spent a c i d to a 
p o i n t w h e r e t h e r e w a s no e c o n o m i c i n c e n t i v e to o p e r a t e S A R P . 
T h e two c o m m e r c i a l S A R P i n s t a l l a t i o n s a r e not i n u s e at the 
p r e s e n t t i m e a l t h o u g h new p o s s i b i l i t i e s f o r S A R P have a r i s e n 
j u s t i n the p a s t few m o n t h s . 

V . T a k i n g into a c c o u n t II. I l l a n d I V , l i k e l y f u t u r e t r e n d i n 
s u l f u r i c a c i d c o n s u m p t i o n a n d r e g e n e r a t i o n . 

A s s t a t e d e a r l i e r , p r e d i c t i o n s of f u t u r e t r e n d s i n a l k y l a 
t i o n a n d a c i d u s e a r e too dependent u p o n p o l i t i c a l d e c i s i o n s to be 
e v e n a t t e m p t e d o n a p r a c t i c a l b a s i s . If p o l i t i c a l c o n s i d e r a t i o n s 
a r e i g n o r e d , t h e n a n e s t i m a t e o f a m a x i m u m a l k y l a t i o n c a p a c i t y 
a n d m a x i m u m a c i d r e q u i r e m e n t c a n be a t t e m p t e d , a l t h o u g h s u c h 
a p r e d i c t i o n m u s t be v e r y g e n e r a l a n d s u b j e c t to c h a l l e n g e f r o m 
m a n y s o u r c e s . 

A s s u m i n g the p r e d i c t e d w o r l d w i d e p e t r o l e u m r e f i n i n g 
i n c r e a s e s 45% b y the y e a r 1990 (41), that g a s o l i n e i s 40% of the 
r e f i n e r y output a n d that t e t r a e t h y l l e a d i s r e d u c e d to z e r o i n 
60% of the g a s o l i n e , w h i c h r e s u l t s i n a 40% i n c r e a s e i n a l k y l a 
t i o n , the p r e s e n t d a y a l k y l a t i o n c a p a c i t y of 1, 098, 000 B P S D 
w i l l i n c r e a s e b y a f a c t o r of 1. 45 χ 1. 4 to 2, 229, 000 B P S D , o r a n 
i n c r e a s e of 1, 131, 000 B P S D . If the p r e s e n t r a t i o of 55% s u l f u r 
i c / 4 5 % h y d r o f l u o r i c i s m a i n t a i n e d , t h e n 622 ,000 B P S D of t h i s 
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i n c r e a s e w i l l be s u l f u r i c a c i d c a t a l y z e d . If we f u r t h e r a s s u m e 
m o s t of t h i s i s butylène a l k y l a t e , w i t h a t y p i c a l a c i d d i l u t i o n 
r a t e of 0 . 4 # / g a l l o n a l k y l a t e , the a c t u a l new a c i d r e g e n e r a t i o n 
p lant c a p a c i t y r e q u i r e d w i l l be 5225 t o n s / d a y . If new d e v e l o p 
m e n t s i n s u l f u r i c a c i d a l k y l a t i o n r e s u l t e d i n i t s u s e i n a l l the 
new a l k y l a t i o n , new a c i d p l a n t c a p a c i t y w o u l d be about 10, 000 
t o n s / d a y . 

O t h e r u s e s f o r s u l f u r i c a c i d i n the F r e e W o r l d have b e e n 
r e p o r t e d a s 82, 000, 000 s h o r t t o n s i n 1970, w i t h a p r e d i c t e d i n 
c r e a s e of 25% t h r o u g h 1975 a n d a f u r t h e r i n c r e a s e of 2 5 % b y 
1980. T h i s w o u l d i n d i c a t e new a c i d p r o d u c t i o n r e q u i r e m e n t s of 
about 2 8 , 0 0 0 , 000 t o n s / y e a r 1976-1980 , o r a p p r o x i m a t e l y 
79, 000 t o n s / d a y . T h u s , the new c a p a c i t y f o r a l k y l a t i o n a c i d 
w o u l d be i n the r a n g e of 7 - 1 2 % of the t o t a l . 
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20 
The IFP Dimersol Process for Dimerization of 
Propylene into Isohexenes 

An Attractive Alternate to Propylene Alkylation 

JOHN ANDREWS and PIERRE BONNIFAY 
Institut Francais du Petrol, North American Office, 450 Park Avenue, 
New York, NY 10022 

The 1974/75 slump in gasoline demand is over, the 
1976 demand is expected to top 6% while the 1977 de
mand will return to a more normal 3 to 5%. The ques
tion of lead phase-down appears relieved with an EPA 
postponement, but as a result of the steadily increas
ing number of vehicles that use unleaded gasoline 
(about 10% increase annually on the t o t a l number of 
automobiles i n the United States) by 1980 some 62% of 
the t o t a l gasoline pool will have to meet no-lead 
gasoline specification. (1) 

This i s what refiners are faced with in their 
planning studies. An obvious answer to this problem 
of supplying not only more gasoline but increasing 
percentages of no-lead grade, is expanded crude capa
c i t y . However this leads to high investment costs 
for crude units and downstream processing units and 
just now there seems to be some reluctance in the 
refi n i n g industry to large scale expansions. Refiners 
are looking for other means to increase their gasoline 
producing capacity while optimizing their ability to 
produce increasing volumes of no-lead gasoline. 

One solution to the problem i s couched in r a i s i n g 
fluid c a t a l y t i c cracking capacity and conversion. 

F l u i d Catalytic Gasoline (FCC) full b o i l i n g range 
gasoline has a respectible RON of about 92 and an 
R+M/2 of around 87. Since current no-lead grade spe
c i f i c a t i o n s include 87 R+M/2, FCC gasoline can be 
utilized d i r e c t l y in the no-lead pool. 

T h e C3 a n d C4 s t r e a m s f r o m t h e F C C p r o d u c t d i s 
t r i b u t i o n c a n b e c o n v e r t e d i n t o h i g h o c t a n e b l e n d i n g 
c o m p o n e n t s . One f a v o r i t e m e t h o d o f d o i n g t h i s i s b y 
m e a n s o f a l k y l a t i o n o f t h e C 3 / C 4 o l e f i n s w i t h i s o b u -
t a n e . 

A l k y l a t e i s p r o d u c e d f r o m C 3 / C 4 F C C c u t s o r s o m e 
t i m e s f r o m t h e C4 c u t a l o n e . T h e s e p r o d u c t s h a v e g o o d 

328 
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RON numbers which vary depending upon the o l e f i n feed 
composition. 

RON R+M/2 
C3 Alkylate 91 90.5 
C4 Alkylate 96 95 
C3/C4 Alkylate 93.5 92.5 

Alkylates are very desirable no-lead ingredients 
and obviously the C4 alkylate i s preferred because of 
i t s substantially higher octane quality. Moreover, 
the manufacture of C4 alkylate requires about 157o less 
isobutane than C3 alkylate. 

However, isobutane i s becoming more expensive as 
i t s supply decreases: 
- Both gas processing throughput and natural gas-

liquids production for the past three years s i g n i f y 
that U.S. production of gas liquids i s i n a down
ward trend. S p e c i f i c a l l y , the production of 
isobutane from this source has decreased almost 87o 
from 1974 to 1975. (2) 

- Isobutane from hydrocracking plants continues to be 
available, but construction of new hydrocrackers i s 
very expensive and therefore an increased supply 
from this source i s , short term at least, doubtful. 

- Even when energy costs were appreciably lower than 
now, isomerization of butane to isobutane was no 
real bargain because of the large energy requirement 
for f r a c t i o n a l separation of isobutane and butane. 
Today the situation i s aggravated by high energy 
cost. 

- Therefore in many cases economics w i l l not permit 
the refiner to make available s u f f i c i e n t isobutane 
to alkylate his entire C3/C4 FCC stream and --
there i s demand for a new or modified approach which 
w i l l rethink the entire problem of C3/C4 u t i l i z a 
tion. 

Reviewing these thoughts and applying them to the 
refinery situation -- one scenario which has found 
favor i s the following: 

FCC Unit. U t i l i z i n g new catalysts and recently 
developed technology including reactor modifications, 
raise raw o i l charge rate and/or conversion. 

Gas Concentration. If a good FCC revamp i s pos
sib l e , i t follows that the gas concentration system 
w i l l need to be extensively revamped. 
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Alkylate and Dimate. The degree of revamp neces
sary or the need to construct a new alky unit w i l l 
depend not only upon the existing operation but by the 
isobutane the ref i n e r w i l l be able to bring to the 
alkylation unit. 

For example, in the event a refiner has been 
alkylating a mixed C3/C4 stream and to expand the a l 
kylation capacity would st r a i n his isobutane supply 
sources, the refiner can i n s t a l l a C3/C4 s p l i t t e r and 
alkylate only the C4's. 

The advantages are numerous : 
1. Revamping of the alkylation may not be necessary 
2. Alkylate octane number w i l l improve 
3. Isobutane e f f i c i e n c y w i l l increase (less iC4 

required for C4 alkylation than C3 alkylation). 
However, what w i l l the refiner do with the C3's, 

and how about his need for larger quantities of no-
lead gasoline? 

The IFP answer to this question not only cuts 
new construction costs, reduces operating costs, re
duces the refiners dependence on isobutane, but also 
increases the RON and the (R+M)/2 of the gasoline 
produced from the C3/C4 ol e f i n s . 

The answer i s the IFP DIMERSOL PROCESS to produce 
isohexenes, which we w i l l refer to as dimate, and the 
purpose of this paper i s to demonstrate how the Pro
cess accomplishes t h i s . 

Let us procède as follows: 

Comparative Economics At A Glance 

Figure I offers a means of comparing the econo
mics of charging a FCC C3 stream to a new Dimersol 
Process Unit for dimate production or a new Alkylation 
Process Unit for alkylate production. 

The series of slanted p a r a l l e l lines represent 
variable isobutane prices which when related to the 
appropriate propylene price give the resultant cost 
of the alkylate product i d e n t i f i e d as gasoline i n 
ç/gal. The cents per gallon values for propylene re
late to the price for the FCC C3 stream with propane 
at the same price as propylene. Included in the 
correlation are the alkylation operating costs shown 
in Table IV at 07o return on investment. 

The single broken line relates propylene price 
to dimate product cost i d e n t i f i e d as gasoline i n ç/gal. 
Included are the Dimersol operating costs shown i n 
Table III & IV at 07<> return on investment. 

This superimposed plot then makes i t possible to 
determine the most economic method of dispatching 
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ι IT I I I I I I I I I I I I ι 
16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 

Propylene Price U/Gal.) 

Figure 1. Comparative economics for charging propylene to dimersol 
or alkylation 
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refinery propylene into gasoline depending upon pro
pylene and isobutane costs and including respective 
process operating costs. 

For example, i f a refiner's isobutane costs 25c/ 
gal, the case i s made for Dimersol operation (over 
alkylation) for any value of propylene up to 25.7c/ 
gal. 

Any set of conditions located over the broken dia
gonal l i n e would favor Dimersol operations while the 
lower isobutane prices (below the line) would favor 
the C3= alkylation route. 

S t i l l another method of u t i l i z i n g this chart i s 
under the conditions which say that alkylate operation 
sets the value on the FCC C3 stream. For example: i f 
a refiner pays 25c/gal for isobutane and s e l l s C3 
alkylate into a 35ç/gal gasoline market, his propy
lene costs out at about 18.7ç/gal. This same 18.7c/ 
gal propylene would y i e l d gasoline at 30ç/gal i n the 
Dimersol Process thus r e a l i z i n g a 5ç/gal p r o f i t . 
Figure 3 expresses the same data in another way: in 
terms of Dimersol p r o f i t over C3 Alkylation i n ç/gal 
of product. 

Take A Closer Look 

If from this rather quick economic surveillance 
dimate looks favorable, then one should examine: 
1. the dimate product q u a l i t i e s comparing them with 

those of C3 alkylate 
2. the comparison of the more detailed economics i n 

cluding investment and operating costs. 
Table I compares properties of Dimersol Dimate 

and C3 alkylate. In studying this table one sees a 
basic difference between dimate and C3 alkylate vola
t i l i t y manifested in d i s t i l l a t i o n and RVP. In gaso
l i n e blending this becomes important when one i s 
blending with reformate. To i l l u s t r a t e , we w i l l show 
a series of bar charts giving the RON's of consecutive 
individual 10 volume 7> increments of f u l l b o i l i n g 
range gasolines. 

Starting with a t y p i c a l reformate in Figure 3, 
note the severe drop-off i n the front end octane. When 
this same reformate i s blended with 157o C3 Alkylate as 
shown i n Figure 4, the change i n octane i s evenly 
distributed over p r a c t i c a l l y the entire gasoline b o i l 
ing range. (3) However, when 157> dimate i s blended 
with the i d e n t i c a l reformate, the octane effect i s 
concentrated in the 10-30 vol 7> range where the octane 
slump was most pronounced. The dimate 1s low b o i l i n g 
range coupled with a 97 RON, serve to f i l l this gap 
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Figure 3. Research octane distribu
tion over gasoline boiling range 

Figure 4. Research octane distribution over gasoline boiling range 
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TABLE I 

PROPERTIES OF 

DIMERSOL DIMATE AND C3 ALKYLATE PRODUCT 

DIMERSOL C3 ALKYLATION 
DIMATE ALKYLATE 

PRODUCT QUALITY 

SP. GR. 0.69 0.70 

R.V.P. 6.5 2.0 

RON CLEAR 97 91.0 

RON + MON/2 89.5 90.5 

ASTM BOILING RANGE 

IBP 133 150 

10 136 195 

50 140 210 

90 160 250 

EP 370 400 

FOR DIMERSOL GASOLINE BLENDING VALUES - SEE NOTE 6. 
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not only i n octane l e v e l but i n v o l a t i l i t y as well. A 
balanced o c t a n e / v o l a t i l i t y gasoline makes any automo
b i l e perform better i n any season.(4) 

Table II shows the yields and product d i s t r i b u 
tion i n a Dimersol Unit charging 3803 BPSD of mixed 
C3's containing 2700 BPSD propylene. The conversion 
level on propylene i s 95%. 

Table III shows the detailed direct operating 
costs based upon the following base data: 

Steam per 1,000 lb 
High pressure $3.50 

Medium pressure $2.50 
Power, per KW $0,012 
Water cooling, per 1,000 gal $0.03 
Operators, per s h i f t 

Operation 1.1 
Supervision 0. 2 

In Table IV these same economics are compared 
against C3 alkylation costs for a given a v a i l a b i l i t y 
of propylene and referenced against a barrel of pro
duct from each respective process. The base data i s 
the same as for Table III. 

Process Description 

Figure 5 i l l u s t r a t e s the simp l i c i t y of the Dimer
sol Process. Dried feedstock, which may vary widely 
i n propylene composition, i s charged to the reactor 
where soluble catalyst i s added i n low concentration. 
Close reactor temperature control i s obtained by c i r 
culation of the reaction mix through a cooler which 
may be of the a i r or water type. The reaction occurs 
at essentially ambient temperature, allowing for the 
exothermic heat of reaction, and at a pressure s u f f i 
c i e n t l y high to maintain a l i q u i d phase. 

Upon leaving the reactor, the effluent enters a 
drum where ammonia injec t i o n neutralizes the catalyst, 
forming s a l t s : subsequent water injection dissolves 
the salts removing them from the system. The scale of 
this washing operation i s small because the catalyst 
concentration i s low-- with only about 15 gpm of 
process water required for 1000 BPSD of isohexenes 
product. If required, a subsequent small treating 
step can be supplied with the unit to remove anions 
from the wash water. 

The depropanizer operates to separate the iso
hexenes from C3 LPG overhead. 
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TABLE II 

IFP DIMERSOL PROCESS 

CONVERSION 

FEED 

PROPYLENE 

PROPANE 

= 957. C3 
VOL 7o 

71 

29 

100 

BPSD 

2700 

1103 

3803 

LBS/HR 

20,550 

8,170 

28,720 

PRODUCTS 

LPG 

PROPYLENE 

PROPANE 

DIMATE 

TOTAL 

4.2 

34.6 

61.2 

100 

135 

1103 

1952 

3190 

1,030 

8,170 

19,520 

28,720 

PROPERTIES OF DIMATE 

ISOHEXENES 

NONENES 

HEAVIER 

WT 7o 

92.0 

6.5 

1.5 

RON =97.0 

(RON+MON)/2 =89.5 
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A N D R E W S A N D B O N N I F A Y IFP Dimersol Process 

TABLE III 

IFP DIMERSOL PROCESS 

DIRECT OPERATING COSTS 

1952 BPSD DIMATE $/BBL 

LP STEAM 0.26 

COOLING WATER 0.04 

POWER 0.01 

CATALYST 0.40 

TOTAL UTILITIES & CATALYST 0.71 

LABOR 0.11 

SUPERVISION 0.03 

MAINTENANCE 0.03 

TOTAL DIRECT OPERATING COSTS 

0.17 

0.88/BBL 
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TABLE IV 

IFP DIMERSOL VS ALKYLATION ECONOMICS 

TOTAL OPERATING COSTS 
($/BBL PRODUCT) 

DIMERSOL ALKYLATION 

BPSD PROPYLENE CHARGE 2700 2700 

BPSD ISOBUTANE CHARGE 0 3645 

BPSD PRODUCT 1952 4750 

ESTIMATED BATTERY LIMITS 
ERECTED COST $MM 1.8 8.0 

UTILITIES & CHEMICALS 0.71 1.38 

OPERATING LABOR, SUPERVISION 
AND MAINTENANCE 0.17 0.11 

DIRECT OPERATING COSTS 0.88 1.49 

OVERHEAD & CAPITAL COSTS 0.48 0.67 

TOTAL OPERATING COSTS 1.36 2.16 

ç/GAL @ 0% R.O.I. 3.2 5.1 

ç/GAL @ 207o R.O.I. 4 .5 7.5  P
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f e e d A 

Λ 
CATALYST 

Figure 5. IFP dimersol for dimate 

P r a c t i c a l Application 

The process operates at p r a c t i c a l l y ambient tem
perature and at s u f f i c i e n t pressure to maintain a l i 
quid phase. Material of construction i s essentially 
a l l carbon steel. 

Though the economics used in this paper are based 
upon a 1007o new plant, the IFP Dimersol Process can be 
adapted to existing equipment because of i t s s i m p l i c i 
ty and modest operating requirements. For example, 
the reactor section for small to medium size units 
may u t i l i z e an existing LPG bullet-type vessel or an 
existing polymerization unit can be converted into the 
Dimersol Process. 

Conclusions 

One has to be impressed with the economics of the 
Dimersol Process and the simplicity of the design 
which leads not only to ease of operation but to fast 
construction as well. The construction time schedule 
for one unit which i s now under design foresees opera
tion by the end of 1977. 

The Dimersol Process offers refiners a unique 
method of quickly solving problems associated with the 
production of a gasoline pool r a d i c a l l y different i n 
composition from that produced just 2 or 3 years ago. 
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Monsanto's Ethylbenzene Process 

A. C. MACFARLANE 
Monsanto Chemical Intermediates Company, Texas City, TX 77590 

Ethylbenzene i s commercial ly produced almost e n t i r e l y as an 
intermediate f o r the manufacture o f s t y r e n e . S ince on ly a 
l i m i t e d amount can be made by the s u p e r f r a c t i o n a t i o n o f C 8 

petroleum aromat ics , most ethylbenzene i s produced by the a l k y -
l a t i o n o f benzene with e t h y l e n e . The a l k y l a t i o n r e a c t i o n can 
occur e i t h e r in the vapor phase o r the l i q u i d phase. A number 
o f proven processes e x i s t . The l i q u i d phase processes using 
aluminum c h l o r i d e c a t a l y s t s are c u r r e n t l y the most widely used. 
The purpose o f t h i s paper i s to desc r ibe a new and improved 
v e r s i o n o f t h i s l a t t e r process which has been commerc ia l i zed. 

F r i e d e l - C r a f t s Chemistry 

The o l d e s t method of a l k y l a t i o n with ethy lene i s the l i q u i d 
phase r e a c t i o n us ing anhydrous aluminum c h l o r i d e as the c a t a l y s t . 
Th is r e a c t i o n i s a form o f the c l a s s i c F r i e d e l - C r a f t s r e a c t i o n 
and was d iscovered in 1879 by Balsohn. Most Lewis and Bronsted 
a c i d s are known to be a c t i v e f o r o l e f i n a l k y l a t i o n s . A l k y l a t i o n 
by H2S0it and H3P0n was f i r s t shown by I p a t i e f f , e t a l , in 1936 
who extended the r e a c t i o n to i s o p a r a f f i n s . For the l i q u i d phase 
a l k y l a t i o n o f benzene with e t h y l e n e , however, aluminum c h l o r i d e 
i s p r e f e r r e d over the other a c i d s , a lthough a c o - c a t a l y s t or 
promoter i s u s u a l l y needed to o b t a i n e f f i c i e n t a l k y l a t i o n . A1C1 3 

when d i s s o l v e d in benzene c o n t a i n i n g some HC1 forms a complex 
which can be simply descr ibed as : 

H H 

341 
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T h i s complex then reacts with ethylene to g ive ethylbenzene. 

The a l k y l a t i o n r e a c t i o n i s compl icated by the occurrence o f 
minor s ide r e a c t i o n s such as c r a c k i n g , p o l y m e r i z a t i o n , hydrogen 
t r a n s f e r , e t c . However, o f major importance i s the formation o f 
p o l y a l k y l a t e d products . The f i r s t a l k y l group formed a c t i v a t e s 
the aromatic nucleus so that the second a l k y l a t i o n proceeds more 
r e a d i l y than the f i r s t and so on a t l e a s t u n t i l s t e r i c hindrance 
i n t e r v e n e s , a lthough hexaethylbenzene i s qu i te r e a d i l y formed. 
Th is r e s u l t s in a r e a c t i o n product c o n t a i n i n g a mixture o f mono, 
d i , t r i , and higher ethylbenzenes together with unreacted 
benzene. The r a t i o o f ethy lene to benzene in the r e a c t o r feed 
c a n , o f course , be chosen to maximize the formation of mono-
ethyl benzene; but the other products cannot be e l i m i n a t e d . 
F o r t u n a t e l y , the r e a c t i o n i s r e v e r s i b l e , e . g . , d i e t h y l benzene 
w i l l reac t with benzene under the i n f l u e n c e o f A 1 C 1 3 to form 
monoethylbenzene. 

CôHsCCaHs^ + ΟβΗε ̂  2 C o H s ' L ^ H s 

Th is t r a n s a l k y l a t i o n r e a c t i o n permits v i r t u a l l y a l l the ethy lene 
and benzene fed to the r e a c t i o n system to appear e v e n t u a l l y as 
the monoethylbenzene product ; the r e a c t i o n was f i r s t demonstrated 
in 1 8 9 4 . ( 1 ) The e q u i l i b r i u m amounts o f the var ious products are 
shown i n Table I . 

The a l k y l a t i o n r e a c t i o n can be performed under two r a t h e r 
d i f f e r e n t c o n d i t i o n s . I f , f o r example, i n a w e l l - s t i r r e d 
l a b o r a t o r y semi-batch r e a c t o r a given amount o f ethylene i s 
added r a p i d l y to the benzene under g iven r e a c t i o n c o n d i t i o n s 
such that the ethylene i s completely absorbed, i t w i l l be found 
that the product formed immediately a f t e r a l l e thy lene i s added 
i s r e l a t i v e l y r i c h in h igher polyethylbenzenes and r e l a t i v e l y 
poor i n the d e s i r e d monoethylbenzene. However, i f the same 
amount o f ethy lene i s added r e l a t i v e l y s lowly to another batch 
o f benzene, the r e a c t i o n product w i l l be r e l a t i v e l y r i c h in 
monoethylbenzene and poor in the undesired po lyethy lbenzenes . 
The rap id i n i t i a l absorpt ion and r e a c t i o n o f ethylene forms 
polyethylbenzenes u n s e l e c t i v e l y , and the slow l i q u i d phase r e 
a c t i o n o f the polyethylbenzenes with unreacted benzene r e s u l t s in 
an approach towards thermodynamic e q u i l i b r i u m . That i s , a l though 
the amounts o f h igher polyethylbenzene i s n e g l i g i b l e under thermo
dynamic c o n t r o l , they can be cons iderab ly under k i n e t i c c o n t r o l . 
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Commercial A l k y l a t i o n Process 

Emmet Reid and h i s co-workers at Johns Hopkins demonstrated 
in the 1920's the p r a c t i c a l i t y o f us ing ethylene f o r ethylbenzene 
preparat ion with the l i q u i d A1C1 3 c a t a l y s t . I t was, however, Dow 
Chemical i n the United States who developed the F r i e d e l - C r a f t s 
r e a c t i o n with A1C1 3 i n t o a continuous ethylbenzene manufacturing 
process in 1937. BASF were a l s o s i m i l a r l y a c t i v e in Germany in 
the 1930"s. Dow showed the importance o f HC1 as a promoter and 
the n e c e s s i t y o f mainta in ing s t r i c t l y anhydrous c o n d i t i o n s . The 
Dow process operated a t about 95°C and a t a small p o s i t i v e 
p ressure . In 1942, with the c u t o f f o f natura l rubber s u p p l i e s 
from the P a c i f i c a r e a , a r a p i d increase in s tyrene c a p a c i t y was 
r e q u i r e d . Monsanto operated a p l a n t a t Texas C i t y f o r the 
government that used t h e i r own v e r s i o n o f F r i e d e l - C r a f t s chemis
t r y f o r the ethylbenzene s t e p . Carbide a l s o i n s t a l l e d t h e i r own 
A1C1 3 process a t I n s t i t u t e , West V i r g i n i a . Dow Chemical expanded 
t h e i r o r i g i n a l ethylbenzene product ion c a p a c i t y by b u i l d i n g i n 
Los Ange les , C a l i f o r n i a , and F r e e p o r t , Texas. 

The var ious ethylbenzene p r o c e s s e s , a l though having i n d i v i d 
ual d i f f e r e n c e s , a l l seemed to have been based on s i m i l a r 
p r i n c i p l e s . I n v a r i a b l y present were three phases—ethy lene gas , 
aromatic l i q u i d , and a l i q u i d c a t a l y s t complex. React ion took 
p lace in the c a t a l y s t complex, and e q u i l i b r i u m was e s t a b l i s h e d 
between the c a t a l y s t complex and the organ ic phase. The l i q u i d 
r e a c t i o n product was then cooled and the two l i q u i d l a y e r s 
separated . The lower c a t a l y s t complex l a y e r was r e c y c l e d to the 
r e a c t i o n system. A1C1 3 was l o s t from the system i n two ways, by 
s o l u b i l i t y i n the organ ic l a y e r and by withdrawal o f a s l i p s t r e a m 
o f c a t a l y s t complex to a l low a d d i t i o n of f r e s h c a t a l y s t . The 
c a t a l y s t complex was then hydrolyzed s e p a r a t e l y to produce an 
aqueous A1C1 3 waste s o l u t i o n and an organic l a y e r which was added 
back to the system. The organic r e a c t i o n product from the a l k y 
l a t i o n step was washed to remove d i s s o l v e d A1C1 3 and HC1. The 
washed a l k y l a t e was separated i n t o i t s components in a s e r i e s o f 
three d i s t i l l a t i o n columns. Th i s then i s the well proven A1C1 3 

process that i s p r e s e n t l y widely used in very l a r g e p lants around 
the wor ld . 

Disadvantages o f Commercial Process 

S ty rene , and thus ethy lbenzene, are now commodity chemica l s . 
Economics have forced manufacturers to c o n s t r u c t modern, h i g h l y 
engineered product ion u n i t s with c a p a c i t i e s o f 1,000 m i l l i o n 
pounds/year and h igher . Thus, the bas ic chemistry and the manu
f a c t u r i n g techniques have to be c l o s e l y s c r u t i n i z e d in the l i g h t 
o f present day raw mater ia l shor tages , energy c o s t s , product 
p u r i t y demands, and environmental c o n s i d e r a t i o n s . In these 
b i l l i o n pound/year p l a n t s , r e l a t i v e l y small improvements can 
of ten lead to important money savings provided they are r e l i a b l e 
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and well demonstrated. In p lants o f t h i s s i z e , not very much 
u n c e r t a i n t y can be permi t ted . 

In some vers ions o f the ethylbenzene manufacturing p r o c e s s , 
F igure 1, a r e l a t i v e l y l a r g e volume of c a t a l y s t complex, a f t e r 
c o o l i n g and separat ion from the a l k y l a t e , i s r e c y c l e d through the 
a l k y l a t o r to moderate the temperate r i s e o f the exothermic r e a c 
t i o n by a c t i n g as a heat s i n k . ( 2 ^ , 4 ) The c a t a l y s t complex, 
however, tends to absorb p r e f e r e n t i a l l y the h igher p o l y e t h y l -
benzenes. These are then subjected to a h i g h l y r e a c t i v e e n v i r o n 
ment a t an e levated temperature f o r a f a i r l y long average 
res idence t ime. I t i s , thus , not s u r p r i s i n g that such a system 
tends to make cons iderab le polymers, high b o i l e r s , and t a r s . 
Th is not on ly leads to a s i g n i f i c a n t l o s s in y i e l d but a l s o to a 
h igher than necessary usage o f aluminum c h l o r i d e c a t a l y s t , s i n c e 
the t a r s t i e up the c a t a l y s t i r r e v e r s i b l y and so render i t 
i n a c t i v e . Thus, even more o f the c a t a l y s t complex has to be 
withdrawn from the system. The presence o f increased amounts o f 
i m p u r i t i e s a l so tends to produce a r e l a t i v e l y impure e t h y l 
benzene product with many o f these i m p u r i t i e s c a r r y i n g a l l the 
way through to the product s t y r e n e . T h i s c a t a l y s t complex stream 
i s a l so very c o r r o s i v e and r e q u i r e s high a l l o y m a t e r i a l s o f 
c o n s t r u c t i o n i n p i p i n g and equipment handl ing the complex. 

Improved A l k y l a t i o n Process 

A few years ago Monsanto a t Texas C i t y , Texas , decided to 
re-examine i t s p o s i t i o n in ethylbenzene manufacture. Other pro
cesses were a v a i l a b l e or were becoming a v a i l a b l e and, as we have 
seen, the Al CI 3 chemistry was q u i t e a n c i e n t . An examination o f 
the other processes revea led that they too possessed c e r t a i n 
ser ious shortcomings. One o f many p o t e n t i a l problems with a new 
process i s the r i s k invo lved i n being the f i r s t to b u i l d a 
1.7 b i l l i o n lb/year EB p lant us ing a not f u l l y proven technology. 
1.7 b i l l i o n times almost anything i s a l o t o f money to be made or 
l o s t so we had to be sure that any change was to the most econom
i c a l process a v a i l a b l e . We concluded that r a t h e r than abandon 
the o l d A I C I 3 technology we ought f i r s t to g ive i t a f a i r chance 
and t r y to d r a s t i c a l l y improve i t . Thus, we decided to take a 
new look at the bas i c F r i e d e l - C r a f t s chemist ry . As a r e s u l t o f 
t h i s , we have developed and commercial ized a process us ing the 
bas i c A1C1 3 c a t a l y s t but with chemistry in an area complete ly 
d i f f e r e n t from t h a t p r e v i o u s l y used. Th i s new homogeneous process 
e l i m i n a t e s or g r e a t l y reduces most of the problems a s s o c i a t e d with 
the two-phase system. 

The Monsanto Texas C i t y l a b o r a t o r y d i scovered that ethy lene 
would r e a c t complete ly and v i r t u a l l y ins tantaneous ly with benzene 
c o n t a i n i n g only a small amount o f d i s s o l v e d A 1 C 1 3 . The A I C I 3 i s 
used on ly once and there i s no r e c y c l e . In t h i s homogeneous 
a l k y l a t i o n system, care has to be taken to minimize the formation 
o f the h igher ethy l benzenes. These compounds are more bas i c than 
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benzene, in a Lewis sense. In f a c t , the tet raethy lbenzenes are 
probably bas ic enough to t i e up the small amount o f aluminum 
c h l o r i d e c a t a l y s t present as a r e l a t i v e l y s t a b l e s a l t , thus 
stopping the a l k y l a t i o n . 

Doer ing, e t a l , ( 5 ) in 1958 had shown that c a t a l y s t s in 
r e a c t i o n s o f the F r i e d e l - C r a f t s type r a p i d l y become i n a c t i v a t e d 
due to the presence o f h igher a l k y l a t e d benzenes. For example, 
when working with methyl benzenes, they showed that a heptamethyl-
benzenium ion even more bas i c than penta and hexamethylbenzene 
could be formed. T h i s heptamethyl ion was so bas ic that i t was 
even e x t r a c t a b l e by aqueous h y d r o c h l o r i c a c i d ! 

S ince on ly a small amount o f aluminum c h l o r i d e i s used in 
t h i s homogeneous a l k y l a t i o n p r o c e s s , more care has to be taken 
to cont ro l the method and r a t e o f a d d i t i o n o f ethylene to the 
benzene. The a l k y l a t i o n r e a c t i o n vessel i s designed to accommo
date s imultaneous ly both the very rap id ethylene-benzene r e a c t i o n 
and the r e l a t i v e l y slow polyethylbenzene t r a n s a l k y l a t i o n reac 
t i o n s . By c a r e f u l design o f the r e a c t o r and cont ro l o f operat ing 
c o n d i t i o n s , the formation o f h igher polyethylbenzenes can be 
minimized. 

The absence of a c a t a l y s t complex phase has c e r t a i n advant
ages. The a l k y l a t i o n temperature i s no longer l i m i t e d to the 
100°C range. Much higher temperatures can now be used without 
excess ive y i e l d l o s s e s , t a r f o r m a t i o n , e t c . , and with only a 
moderate A1C1 3 usage in order to mainta in high c a t a l y t i c a c t i v i t y . 
The use of h igher temperatures in a l k y l a t i o n a l s o permits recov
ery o f the heat o f r e a c t i o n in a waste heat b o i l e r , generat ing 
steam at a usefu l p ressure . Th i s steam has a s i g n i f i c a n t e f f e c t 
on the economics. The higher temperatures a l s o permit decreased 
use of aluminum c h l o r i d e . A d d i t i o n a l l y , i t a l s o leads to a l e s s 
c o r r o s i v e environment. 

The t r a n s a l k y l a t i o n and i s o m e r i z a t i o n r e a c t i o n s can be 
s a t i s f a c t o r i l y exp la ined by the S t r e i t w i e s e r mechanism((5). Th is 
mechanism proposes a 1 ,1-d iphenylethane-type in te rmed ia te . For 
example, para-d ie thy lbenzene . (F igure 3) Such an i n t e r m o l e c u l a r 
mechanism i s c o n s i s t e n t with the experimental data and does not 
r e q u i r e the assumption of a sequence o f i n t r a m o l e c u l a r 1,2 s h i f t s . 
The decay o f the polyethylbenzenes towards e q u i l i b r i u m i s consecu
t i v e and not concur rent . The c a t a l y s t seems to be a s s o c i a t e d with 
the most bas ic c e n t e r ; and when i t reaches s t e a d y - s t a t e , the 
c a t a l y s t t r a n s f e r s to the next most bas ic one. There i s a l so a 
concurrent i n t r a m o l e c u l a r i s o m e r i z a t i o n such as 1,2,4 t r i e t h y l -
benzene going to 1 ,3 ,5 t r i e thy l benzene. There i s hence a 
movement towards isomer e q u i l i b r i u m as well as product equ i l ib r ium. 

Monsanto's r e a c t o r l a y o u t , in s i m p l i f i e d form, i s shown in 
F igure 2. Dry benzene, e t h y l e n e , c a t a l y s t , and promoter are fed 
cont inuous ly to the r e a c t o r . The a l k y l a t o r e f f l u e n t i s mixed with 
po lyethy lbenzenes , mainly d i e t h y l benzene r e c y c l e d from the subse
quent recovery system. The t r a n s a l k y l a t o r a l lows enough res idence 
time f o r the product to approach e q u i l i b r i u m . The aluminum 

American Chemical 
Society Library 

1155 16th St., M-W. 
Washington, D.C. 20036 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
7 

| d
oi

: 1
0.

10
21

/b
k-

19
77

-0
05

5.
ch

02
1

In Industrial and Laboratory Alkylations; Albright, L., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



348 I N D U S T R I A L A N D L A B O R A T O R Y A L K Y L A T I O N S 

Ethylene 

Dry Benzene 

HC1 

AlClo 

Polye thylben zene s 
Recycle 

' Alkylate 

Alkylator Transalkvlator 

Figure 2. Alkyhtor reactor scheme (single liquid phase) 

c 

Figure 3. Disproportionation of p-diethylbenzene 
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c h l o r i d e c a t a l y s t i s fed to the a l k y l a t o r in very small amounts 
together with the feed m a t e r i a l s . The a l k y l a t e d hydrocarbon 
product i s no longer saturated with A 1 C 1 3 . The A1C1 3 fed i s used 
once through o n l y . 

The mater ia l l e a v i n g the t r a n s a l k y l a t o r i s a d i a b a t i c a l l y 
f l a s h e d by simple pressure reduct ion (F igure 4 ) . The f l a s h e d 
organ ics and HC1 are recovered and r e c y c l e d to the a l k y l a t o r 
whi le o f f - g a s i s f l a r e d o r burned. With high p u r i t y e t h y l e n e , 
the o f f - g a s stream i s very small s ince a l l the ethy lene i s r e 
a c t e d . However, with low p u r i t y e t h y l e n e , the o f f - g a s becomes 
s i g n i f i c a n t and has a p p r e c i a b l e fue l v a l u e . Recovery and r e c y c l e 
o f HC1 a l lows cont ro l o f t h i s operat ing v a r i a b l e over a wide 
range whi le s t i l l ma inta in ing very low usage. The major v e s s e l s 
in the r e a c t i o n system are const ructed o f b r i c k - l i n e d carbon 
s t e e l . The use o f h igher a l l o y s i s requ i red on ly f o r r e l a t i v e l y 
short runs o f pipe and f o r the a l k y l a t o r waste-heat b o i l e r . 

P u r i f i c a t i o n o f Crude Ethylbenzene 

The p u r i f i c a t i o n o f the l i q u i d a l k y l a t e from the r e a c t i o n 
system i s done in a convent ional fash ion (F igure 5 ) . Before 
feed ing the crude ethylbenzene to d i s t i l l a t i o n , the aluminum 
c h l o r i d e and the r e s i d u a l HC1 must be completely removed. Water 
washing accomplishes most o f t h i s t a s k ; f i n a l t races are removed 
by a c a u s t i c soda treatment. Th i s process i s complete ly r e l i 
a b l e , i s f r e e from emulsion fo rmat ion , and there i s no downstream 
f o u l i n g or c o r r o s i o n to worry about. 

The washed a l k y l a t e i s fed to a s e r i e s o f three d i s t i l l a t i o n 
columns where benzene, ethy lbenzene, and d i e t h y l b e n z e n e - t r i e t h y l -
benzene mixtures are removed as overhead products . The benzene 
i s r e c y c l e d to the benzene dry ing column before feeding again to 
the a l k y l a t o r . The d i e t h y l benzene mixture i s r e c y c l e d to the 
t r a n s a l k y l a t o r . The bottoms from the l a s t column i s what we c a l l 
" f l u x o i l . " T h i s c o n s i s t s mainly o f d iphenyl ethanes. The amount 
o f t h i s mater ia l i s good measure o f the o v e r a l l process y i e l d . 
The y i e l d l o s s in t h i s p r o c e s s , depending on the a l k y l a t i o n 
system design and c o n t r o l , i s between 0.6 and 0.9 l b f l u x o i l 
per 100 l b ethylbenzene. Steam i s generated by waste-heat 
b o i l e r s . These together with the a l k y l a t i o n r e a c t o r waste-heat 
b o i l e r account f o r 90 percent o f the energy requ i red f o r the 
e n t i r e ethylbenzene u n i t . 

C a t a l y s t Manufacture 

The aluminum c h l o r i d e c a t a l y s t f o r the a l k y l a t i o n process 
may be purchased mater ia l or the aluminum c h l o r i d e may be 
prepared i n s i t u . For l a r g e p lants preparat ion i n s i t u from 
cheap powdered aluminum and anhydrous HC1 j s p r e f e r r e d ; however, 
e thy l c h l o r i d e i s j u s t as e f f e c t i v e as HC1 although more 
expens ive . A small supplementary a g i t a t e d vessel i s used to 
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Benzene Drying 
Column Distillation 

Benzene 

Ethylene 

Recycle Benzene 

Ethylbenzene 

C Z = H 
Catalyst 

Preparation 

Flux Oil 

Figure 5. Ethylbenzene flow diagram 

A1C13 • C2H5CI «• C 6H5'C 2H5 + Catalyst Complex • Alkylate 

(or HC1) 

C 2 H 5 

Figure 6. Catalyst complex preparation 
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prepare the c a t a l y s t in the form o f the heavy l i q u i d c a t a l y s t 
complex o f f i x e d composit ion [ 0 2 Η 5 ^ 6 Η ι , + · Α ΐ 2 Π 7 ~ ] (F igure 6 ) . 
Th is i s a most convenient way to handle , pump, and meter the 
a d d i t i o n o f the A1C1 3 c a t a l y s t to the a l k y l a t o r , where i t promptly 
d i s s o l v e s in the benzene mixture g i v i n g a complete ly homogeneous 
s o l u t i o n . 

Spent C a t a l y s t Disposal 

The aluminum c h l o r i d e c a t a l y s t used in the a l k y l a t i o n i s 
f i n a l l y r e j e c t e d from the system as an a c i d i c aqueous s o l u t i o n . 
Th is by-product A1C1 3 i s u s u a l l y best used f o r waste water t r e a t 
ment. Sa le o r use o f t h i s mater ia l i s o f ten as an alum o r 
copperas s u b s t i t u t e in water c l a r i f i c a t i o n . I t i s a l s o used in 
U.S. munic ipal sewage treatment p l a n t s , where a va luab le s i d e 
e f f e c t i s phosphate removal . In Japan i t i s converted to p o l y -
aluminum c h l o r i d e (PAC) and used f o r water treatment. Other uses 
f o r t h i s aqueous aluminum c h l o r i d e stream e x i s t . 

The Monsanto Texas C i t y p lant chooses to use an evaporat ive 
treatment f o r aqueous A1C1 3 e f f l u e n t from the wash system.(7} 
Th is concentrates the A1C1 3 and recovers the HC1 as m u r i a t i c 
a c i d . Th is l a t t e r mater ia l i s , o f c o u r s e , very usefu l i n the 
regenerat ion o f z e o l i t e water t r e a t i n g beds. An a d d i t i o n a l 
advantage o f the evaporat ive treatment i s the freedom o f the 
concentrated by-product A1C1 3 from p o s s i b l e organ ic contamination. 
The increased markets f o r aqueous aluminum c h l o r i d e coupled with 
the decreased A1C1 3 requirements i n the homogeneous a l k y l a t i o n 
process are such that d i sposa l o f t h i s by-product i s not foreseen 
as a problem. 

K i n e t i c Modeling 

Th is homogeneous v e r s i o n o f the c l a s s i c F r i e d e l - C r a f t s A1C1 3 

chemistry has another i n t e r e s t i n g by-product ; that i s , the 
development o f an accurate k i n e t i c model o f the r e a c t i o n . E a r l i e r 
attempts to model the r e a c t i o n with the heavy c a t a l y s t complex 
phase present were u n s a t i s f a c t o r y . The in format ion used in 
b u i l d i n g the present model , and i t might be added f o r des ign ing 
the p l a n t , was gained from a o n e - l i t e r l a b o r a t o r y autoc lave opera
t i n g under semi-batch c o n d i t i o n s and a l s o from a f u l l y automated 
bench u n i t us ing r e a c t o r s with diameters o f 1 1/2 i n c h e s . 

The modeling work went hand i n hand with the new i n s i g h t 
gained in to the chemical r e a c t i o n s tak ing p lace i n the system. 
Two important premises made were f i r s t , that the a l k y l a t i o n was 
an i r r e v e r s i b l e r e a c t i o n with t r a n s a l k y l a t i o n a separate and 
independent r e a c t i o n , and second, that the r e a c t i o n ra te o f molec
u l a r ethy lene in the l i q u i d was not ra te c o n t r o l l i n g as long as 
the concent ra t ions o f the h igher polyethylbenzenes were low. This 
a l lowed the k i n e t i c constants f o r the t r a n s a l k y l a t i o n model to be 
eva luated from t r a n s a l k y l a t i o n d a t a ; when the combined a l k y l a t i o n -
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t r a n s a l k y l a t i o n model was f i t t e d to a l k y l a t i o n d a t a , on ly the 
r e l a t i v e r e a c t i o n rates o f the benzene, ethylbenzene and po ly
ethy l benzenes had to be eva luated i n terms of the process 
v a r i a b l e s . The r e s u l t i n g k i n e t i c model e x t r a p o l a t e s c o r r e c t l y 
to extreme values o f r e a c t i o n c o n d i t i o n s and a l s o a c c u r a t e l y 
f i t s the area o f p r a c t i c a l i n t e r e s t now used in the operat ing 
p l a n t . 

Choice o f Operat ing Condi t ions 

The major v a r i a b l e s c o n t r o l l i n g the a l k y l a t i o n and t r a n s 
a l k y l a t i o n r e a c t i o n s are as f o l l o w s : 

TABLE II 

A 1 C 1 3 C a t a l y s t Concentrat ion 
HCl Promoter Concentrat ion 
Temperature 
Residence Time 
E/B Molar Rat io (Ethyl Groups/Benzene Rings) 
Pressure 

The d e t a i l e d mathematical model o f the chemical r e a c t i o n s 
has revea led the presence o f c e r t a i n r e l a t i v e l y sharp optima 
f o r these r e a c t i o n v a r i a b l e s . I f , f o r example, i t i s d e s i r e d 
to reduce the A 1 C 1 3 usage to a minimum v a l u e , then the k i n e t i c 
model can be used to show the e f f e c t o f each o f the v a r i a b l e s 
on the A I C I 3 c a t a l y s t c o n c e n t r a t i o n . To make the comparison 
e f f e c t i v e , i t should be made a t the same q u a l i t y o f a l k y l a t e . 
T h i s , f o r example, can be conven ient ly expressed as the 
concent ra t ion o f tet raethy lbenzene in the product . I t w i l l be 
r e c a l l e d that in the homogeneous system the amounts o f h igher 
polyethylbenzenes must be severe ly r e s t r i c t e d because o f t h e i r 
r e l a t i v e l y bas i c nature . F igure 7 shows a p l o t o f percent 
te t raethy lbenzene versus temperature a t var ious A 1 C 1 3 usages. 
The graph shows that a t g iven percentage the A 1 C 1 3 requirements 
can be reduced by increases in temperature. For s i m p l i c i t y o f 
p r e s e n t a t i o n , the other v a r i a b l e s have been held constant . 

S i m i l a r l y , F igure 8 shows the e f f e c t o f l i q u i d res idence 
time on the A 1 C 1 3 requirements . 

The graphs showing the e f f e c t s o f the other v a r i a b l e s on 
A I C I 3 usage a l l show the same type o f curves with f a i r l y pro
nounced breakpo ints . I t i s , o f course , most advantageous to 
operate at or c l o s e to the b reakpo in ts . The homogeneous a l k y 
l a t i o n process a l lows a s u r p r i s i n g l y wide range o f o p e r a t i o n . 
Changes in one or more o f the v a r i a b l e s can be used to minimize 
another o f the v a r i a b l e s . Thus, the r e a c t i o n c o n d i t i o n s can be 
t a i l o r e d to opt imize the economics f o r a p a r t i c u l a r set o f l o c a l 
c o n d i t i o n s . For example, a p lant can be designed to opt imize 
t o t a l c o s t c o n s i d e r i n g c a p i t a l , raw m a t e r i a l s , c a t a l y s t , and 
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Tetra E B , 

wt. % 

Temperature, ° C 

Figure 7. Alkylator—effect of temperature 
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Tetra E B , 

wt. % 

Residence Time, minutes 

Figure 8. Alkyhtor—effect of residence time 
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u t i l i t i e s . Once the p lant i s b u i l t i t can be operated f o r 
minimum c o s t with operat ing c o n d i t i o n s changed as requ i red by 
changing energy and raw mater ia l c o s t s . 

The homogeneous a l k y l a t i o n process i s a l s o adaptable to the 
use o f d i l u t e ethy lene streams. Here the a l k y l a t i o n pressure 
has to be somewhat h i g h e r , but the process ing i s q u i t e s i m i l a r . 
A modern styrene f a c i l i t y i s c u r r e n t l y under c o n s t r u c t i o n i n 
A u s t r a l i a us ing t h i s d i l u t e C2Hi* homogeneous a l k y l a t i o n p r o c e s s . 

Conclusions 

I t i s concluded that e l i m i n a t i o n o f the separate c a t a l y s t 
complex phase in the A1C1 3 a l k y l a t i o n process adds s i g n i f i c a n t l y 
to i t s a t t r a c t i v e n e s s . In a d d i t i o n to the ease with which a 
l i q u i d phase c a t a l y s t can overcome any po isoning and get back 
on stream, the new homogeneous process can operate a t h igher 
temperatures and recover the heat o f r e a c t i o n to generate steam. 
I t can a l s o operate in a l e s s c o r r o s i v e environment whi le pro
ducing an ethylbenzene product o f except iona l p u r i t y and can 
reduce the amount o f aluminum c h l o r i d e r e q u i r e d severa l f o l d . 

The payof f in any development such as t h i s i s in u l t imate 
p lant o p e r a t i o n . Th is process was conceived i n the l a b o r a t o r y 
and sca led up with a good understanding o f the bas ic chemis t ry . 
The new a l k y l a t i o n process has been in operat ion a t Monsanto's 
Texas C i t y p lant s ince February 1974. T y p i c a l operat ing data 
are shown i n Table I I I . I t i s b e l i e v e d to be the w o r l d ' s 
l a r g e s t s i n g l e - t r a i n a l k y l a t o r (F igure 9 ) . I t has a demonstrated 
c a p a c i t y o f 30% to 115% o f design and has operated extremely 
smoothly s i n c e s ta r tup without process or mechanical problems. 
Operat ions have been c h a r a c t e r i z e d by low maintenance cos ts and 
low c a t a l y s t usage. We are well p leased with t h i s process and 
b e l i e v e i t to be the best proven a l k y l a t i o n a v a i l a b l e . F ive 
companies have r e c e n t l y s e l e c t e d t h i s patented process (8) f o r 
i n s t a l l a t i o n around the wor ld ; i n c l u d i n g Pemex a t t h e i r new 
complex at La Cangre jera . 
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Abstract 

The majority of the ethylbenzene manufactured in the world 
is produced by the classical Friedel-Crafts reaction involving 
the ethylation of benzene in the presence of aluminum chloride 
as a catalyst. It has been customary for the aluminum chloride 
to be present in f a i r l y large amounts as a separate heavy 
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21. M A C F A R L A N E Ethylbenzene Process 357 

Figure 9. Single train alkylator used to produce 1.7 billion pounds of ethylbenzene 
per year 
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TABLE III 

TYPICAL OPERATING DATA 

ETHYLBENZENE FROM BENZENE AND ETHYLENE 

Feed Requirements, l b / l b Ethylbenzene (100% Bas is) 

Ethylene 0.267 
Benzene 0.742 

Co-Products , l b / l b Ethylbenzene 

Steam 0.99 
Aluminum C h l o r i d e S o l . , 25% 0.008 

C a t a l y s t s and Chemicals , l b / l b Ethylbenzene 

Aluminum C h l o r i d e 0.0019 
Anhydrous HC1 (a) 0.0006 
C a u s t i c Soda (100% Bas i s ) 0.00065 

(a) May s u b s t i t u t e e thy l c h l o r i d e 
on a mole f o r mole b a s i s . 

U t i l i t i e s , per lb Ethylbenzene 

Steam (200 ps ig) 0.037 
Fuel (LHV), Btu 832 
Coo l ing Water (16°F R i s e ) , lbs 23 
Process and B o i l e r Feed Water , lbs 1.11 
E l e c t r i c i t y , kwh 0.013 
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21. M A C F A R L A N E Ethylbenzene Process 359 

catalyst complex phase which is subsequently separated from the 
alkylated organics layer and continuously recycled to the alky
lator. This catalyst complex phase has been found to be not 
only unnecessary but actually harmful in obtaining maximum 
yields, purity, and minimum catalyst usage. This paper describes 
the single-train Monsanto ethylbenzene unit installed at Texas 
City having a capacity of 1.7 b i l l i o n pounds a year. 
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22 
The Use of By-Product A1C13 from an Ethylbenzene 

Plant to Treat Potable or Process Water 

DAN N. CAMPBELL 

Monsanto Chemical Intermediates Co., Texas City, TX 77590 

Most of the ethylbenzene used in the manufacture 
of styrene is produced by the classical Friedel
-Crafts alkylation. The process involves the 
reaction of benzene and ethylene in the presence 
of an anhydrous aluminum chloride catalyst promoted 
by hydrochloric acid. An alkylation mixture 
containing mono-, di-, tri-, and higher ethylbenzenes 
together with unreacted benzene i s formed in this 
reaction which is separated by conventional dis
tillation. 

Prior to feeding the alkylate to distillation, 
the aluminum chloride and the hydrochloric acid 
are removed and recovered. The recovery of the 
spent alkylation catalyst involves two or three 
washing steps. The alkylate i s first washed 
(hydrolyzed) with water to remove the dissolved 
A1C13 and then with dilute caustic in a second 
step to get rid of very small amounts of residual 
acid. A t h i r d water wash may be used as a final 
clean-up if necessary. 

A by-product aqueous stream i s generated 
in the first washing step that contains dissolved 
HC1, alkylate and A1C13. The uses for this by
-product depend upon its purity. It has been 
used d i r e c t l y in i n d u s t r i a l waste water treating 
and it has been shown to e f f e c t i v e l y remove phosphate 
from municipal sewage.1 In Japan it is converted 
to polyaluminum chloride, a highly desirable 
coagulant for waste water. 

An additional use of this material is afforded 
through the use of an evaporator system to purify 
the aqueous A1C1 3. Such a system provides a means 
of recovering the HC1 as muriatic acid, concen
trating the AICI3 and removing most of the soluble 
hydrocarbon contamination by water azeotroping. 

360 
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22. C A M P B E L L Use of AlCls to Treat Water 361 

By-product A I C I 3 p u r i f i e d i n this manner has been 
used as a substitute for alum in the paper industry. 

There i s s t i l l another economically attractive 
use for this material. It can be moved into the more 
lucrative and larger potable water treating markets 
as a replacement for either alum or copperas (FeSCU). 
Heretofore, this has not been possible because of 
hydrocarbon contaminants. This paper describes a 
process that has been developed to upgrade the 
AICI3 solution into a product that i s suitable for 
this use. The quality of the p u r i f i e d A I C I 3 and 
the results obtained when i t was used as a coagulant 
in a commercial c l a r i f i e r are presented. 

PURIFICATION OF A1C13 CONCENTRATE 

Even though the concentrated A I C I 3 by-product 
has been f l a s h - d i s t i l l e d , i t s t i l l contains some 
soluble organics (from the alkylate) at the ppm 
l e v e l . These must be removed before i t can be 
used in treating potable water because of possible 
harmful physiological effects. Moreover, some 
preliminary laboratory work has indicated that a 
27% AICI3 solution containing as l i t t l e as 1 ppm 
benzene can impart odor to the treated water. 
The data suggest that the nose can detect benzene 
in water at a concentration of 10 parts per t r i l l i o n . 

There are two obvious ways of removing the 
remaining hydrocarbon contamination. Multi-stage 
stripping could be used but the most economical 
and simplest method i s to add a carbon bed adsorp
tion step to the process as indicated in Figure 1. 
Carbon bed removal can be j u s t i f i e d only in conjunc
tion with the evaporator system where the hydrocarbon 
contamination i s very low. The concentration of 
soluble organic components in a system where the 
evaporator is not used i s simply too high and the bed 
is exhausted too quickly. 

A f i b e r - p l a s t i c column, 1 foot in diameter, 
f i l l e d with 12 feet of Calgon Corporation's CPG 
activated carbon was used to prepare hydrocarbon-
free A I C I 3 for a test. This column was used simply 
because i t was available and a much larger diameter 
column with less height would be designed for a 
commercial unit. A r e l a t i v e l y fast flowrate of 
1 gal/min was used in the adsorption column. 
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WASHED 
ALKYLATE 

WATER 

ALKYLATE 
WASH 

ORGANICS & 
AQUEOUS HCI 

AQUEOUS AICI3 

Figure 1. Commercial purification of AlCls solution 

Figure 2. Hydrocarbons in carbon bed feed 
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Analytical results for the A1C13 solution before 
and after carbon treatment are shown in Table I. 

Table I 

ORGANICS IN BY-PRODUCT 27% A1C13 SOLUTION 

Carbon Bed 
Contaminant Feed, ppm Effluent, ppm 

Ci-Ci* Non-Aromatics 0.19 0.0242 
Benzene 24.5 <0.0001* 
Ethylbenzene 2.5 <0.0002* 
Diethylbenzene 0.2 <0.0005* 
Polynuclear Aromatics - <0.003* 
Organic Chlorides - <0.003* 

*None Detected 

Polynuclear aromatics in the effluent were 
determined by hexane extraction and u l t r a v i o l e t 
absorption of the concentrated extract. Benzene 
and the other low b o i l i n g organics were analyzed 
by vapor phase ( N 2 ) partitioning and gas chromatog
raphy. Suspended solids which are not shown in 
this data were in the 100-200 mg/1 range. A 
cartridge f i l t e r w i l l reduce the solids to the 
50 mg/1 usually specified by producers of activated 
carbon very ea s i l y . 

As indicated in Table I, only a very small 
amount of methane through butane (C1 -Ci» Non-
Aromatics) remained in the carbon bed effluent. 
And as to be expected the carbon had a high a f f i n i t y 
for the aromatics. The gas chromatograph s t r i p 
chart in Figure 2 i l l u s t r a t e s the s e n s i t i v i t y of the 
gas chromatograph method for the hydrocarbons. 
Benzene and ethylbenzene were off scale in the feed 
whereas there was no evidence of even a trace of 
benzene in the carbon treated A1C1 3. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
7 

| d
oi

: 1
0.

10
21

/b
k-

19
77

-0
05

5.
ch

02
2

In Industrial and Laboratory Alkylations; Albright, L., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



364 I N D U S T R I A L A N D L A B O R A T O R Y A L K Y L A T I O N S 

In some plants the aluminum chloride catalyst i s 
made i n - s i t u from scrap aluminum and anhydrous 
HC1. Table II shows the le v e l of metallic components 
present in the A1C13 used in this work. 

Table II 

TRACE METALS IN AQUEOUS AICI3 SOLUTION 

Component ppm 
Copper 469 
Iron 92 
Mercury 0.00007 
Manganese 12 
Magnesium 569 
Zinc 725 
Others <5 ea. 

Copper, magnesium and zinc at the 1-2% level 
are normal components of scrap a i r c r a f t aluminum 
alloys . 

CLARIFIER OPERATING VARIABLES 

Coagulation effectiveness of the A1C13 was 
studied in a 164,000-gallon I n f i l c o Accelator 
( c l a r i f i e r ) . This commercial unit i s a combined 
c l a r i f i c a t i o n / s o f t e n i n g operation using 30-35 
ppm copperas, a by-product of the metal p i c k l i n g 
industry, as the coagulant. And in addition, lime 
is injected into the c l a r i f i e r sludge blanket to 
adjust the pH to 10, resulting in pre c i p i t a t i o n of 
the Ca(HC0 3)2 temporary hardness as CaC0 3. Copperas 
has been the preferred coagulant for the turbid 
and hard plant raw water that i s obtained from 
the Brazos River. The effluent from this unit i s 
used for both process and potable water. 

OPTIMUM A I C I 3 

Turbidity and residual aluminum were the main 
points of concern in substituting the A1C13 for 
copperas. Excess aluminum carryover could foul 
the ion exchange resins in the plant demineralizers 
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and cause ΑΙΡΟι» or aluminum s i l i c a t e scale in 
downstream cooling equipment. Optimum coagulant 
treatment l e v e l was established f i r s t ; and as 
shown in Figure 3, 10-15 ppm was most eff e c t i v e . 
Turbidity and residual aluminum were at a minimum 
at these le v e l s . 

Most of the t o t a l residual aluminum shown was 
floe carryover rather than dissolved aluminum. 
This i s s i g n i f i c a n t because floe carryover is re
moved by an anthracite coal bed f i l t e r p r i o r to 
entering the potable water system. In Figure 3 
the "dissolved" aluminum was taken as that remaining 
in the supernatant l i q u i d after the samples had 
been standing for 4-5 days. Aluminum analyses were 
done by atomic adsorption using a heated graphite 
atomizer to get r e l i a b l e low (<1 ppm! data. As 
indicated in this graph, the dissolved aluminum 
was near that obtained with a copperas-treated 
potable water. 

C l a r i f i e r effluent t u r b i d i t y levels were higher 
than normal [3.5 vs 3.0 nephelometric tu r b i d i t y 
units (NTU) for copperas] because the unit was 
operating with the sludge leve l i n the mixing 
chamber too low. Figure 4 i l l u s t r a t e s the effect 
of sludge leve l on t u r b i d i t y . The points on 
this curve were taken at 2-hour intervals and are 
scattered, but regression analysis shows a good 
correlation. The curve indicates that the optimum 
percent sludge had not been reached. Sludge 
concentrations of 12-15 vol % (measured after a 
5-minute s e t t l i n g time) are normal in this unit 
with copperas. 

Effect of pH 

Adjustment of the pH in the c l a r i f i e r with lime 
produced surprising results considering the ampho
t e r i c nature of aluminum. At pH 8, as shown in 
Figure 5, both t o t a l (floe carryover + soluble) and 
dissolved aluminum were very low (turbidity also) 
but as the pH was increased to 9, they increased 
sharply. From pH 9-10, t o t a l and dissolved aluminum 
decreased again. This was not expected because 
with NaOH aluminum i s more, not less, soluble at 
pH 10. The data in Figure 5 are in replicate and 
the same phenomenon has been observed in laboratory 
jar test also. What causes this has not been re
solved at this time. It could be a result of changes 
in the charges at the c o l l o i d double layer or 
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Figure 3. Optimum 
AlCl3 concentration 
(res. time = 82 min, 

pH = 10) 

12 16 20 

AICI3, ppm 

28 

Figure 4. Effect of sludge vol- 1 5 j 
ume (15 ppm AlCl3, 82 min, pH 

10) JÉ SLUDGE IN MIXING CHAMBER 
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Ca(A10 2 )2 may have a lower s o l u b i l i t y at pH 10. 
Nevertheless, the lower aluminum at pH 10 is a 
s i g n i f i c a n t advantage since as with copperas, cold 
lime softening and c l a r i f i c a t i o n can be done in 
one step. Figure 6 shows the reduction achieved 
in the Brazos River water hardness as a function 
of pH. Approximately 18 ppm less hardness was 
obtained with the A1C13 than with copperas. 
Sulfuric acid, a natural impurity of copperas, 
causes an increase in permanent hardness in lime 
softening operations. 

POTABILITY, ETC. 

Results of drinking water analyses by an 
independent laboratory using standard methods of 
the Environmental Protection Agency (EPA) are l i s t e d 
in Table III for the A I C I 3 treated and the raw 
Brazos River waters. 

In a l l cases, the aluminum chloride water met 
EPA c r i t e r i a and i t i s potable. The EPA has been 
contacted about this work, and i t was the opinion 
of one of their representatives that there is no 
reason why A1C13 would not be an acceptable 
coagulant in treating potable water. He expressed 
an interest in getting the work published so that 
the information would be available to a l l . 

Additional analyses are given in Table IV to 
i l l u s t r a t e further the treated water quality. Copper 
and zinc analyses are included to show that these 
ions are carried down with the floe as would be 
expected. These two were the highest heavy metal 
contaminates of the by-product A1C13 (see Table I I ) . 
Zinc present in the raw r i v e r water was also re
moved. 

Brazos River water contains a r e l a t i v e l y high 
concentration of t o t a l organic carbon (TOC) in the 
summer. Some of this carbon is removed in the floe 
as indicated by both the CCE (Carbon Chloroform 
Extract) and TOC. 

Chloride ion concentration in a closed cooling 
water system may be concentrated as much as seven 
times and i t can contribute to corrosion of stainless 
steel equipment. Brazos River water contains as 
much as 200 ppm during dry periods. Thus, i t i s 
doubtful that the increased chloride (7 ppm) would 
cause measurable additional corrosion in any case. 
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22. C A M P B E L L Use of Aid, to Treat Water 369 

TABLE III 

DRINKING WATER STANDARDS-PLANT CLARIFIER TEST WITH A1C13 

July 16, Ï975 

CONTAMINANT 

EPA PROPOSED 
MAXIMUM, ppm 

A1C13 

COAGULATION, ppm 
RAW 

BRAZOS RIVER, ppm 

Arsenic 0.05 
Barium 1.0 
Cadmium 1.01 
Chromium 0.05 
Fluoride 1.4-2.4 
Lead 0.05 
Mercury 0.002 
Nitrate 10 
Selenium 0.01 
S i lver 0.05 
Turbidity, (NTU) 1 

<0.01 
<0.5 
<0.01 
<0.01 

0.4 
<0.05 
<0.001 

6.65 
<0.01 
<0.01 

1* 

<0.01 
<1.0 
<0.01 
<0.01 

0.2 
<0.05 
<0.001 

7.3 
<0.01 
<0.05 
>10 

*Potable water is f i l t e r e d 

Table IV 

ADDITIONAL WATER QUALITY ANALYSES PLANT CLARIFIER 
TEST WITH A I C I 3 

CONTAMINANT 

Cyanide 
Organics, CCE 
TOC 
TDS* 
Chloride 
Aluminum 
Copper 
Zinc 

MAXIMUM, ppm 

500 
250 

1 
1 
5 

A I C I 3 

COAGULATION, ppm 

< 0.1 
0.5 

81 
381 

79 
0.3 

< 0.01 
< 0.01 

RAW 
BRAZOS RIVER, ppm 

< 0.1 
2.43 

87 
413 

72 
0.15 

< 0.01 
4.9 

*Total dissolved so l ids . 
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ECONOMICS 

The significance of the development i s that a 
low-value by-product from a styrene plant has been 
upgraded to a very useful chemical. A one-billion-
pound -per -year styrene plant using the most modern 
technology w i l l produce approximately 2 m i l l i o n 
pounds of by-product aluminum chloride. This i s 
enough to treat the water required annually by 
a City of approximately 250,000 population. This 
estimate i s based upon the amount of coagulant 
needed to c l a r i f y the high hardness and t u r b i d i t y 
of waters in Texas 1 Brazos River. 

Total costs of the evaporator system and the 
carbon bed to upgrade the by-product have been 
estimated to be about $0.05/lb of contained A I C I 3 . 
Recent potable grade copperas coagulant has been 
quoted at $0.10/lb delivered in the Houston area 
and thus, the recovered A1C13 would be more than 
competitive. This use in potable water treating 
also w i l l provide an expanded and more stable 
market for the aqueous A I C I 3 . 

CONCLUSIONS 

In conclusion, the aqueous A I C I 3 from an 
ethylbenzene plant can be upgraded to a by-product 
suitable for use i n treating both process and 
potable water. The process i s economical, easy 
to operate, and a l l of the necessary engineering 
technology is readily available. 
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A l k y l a t i o n of Benzene with Propylene over a Crystalline 

A l u m i n a Silicate 

E. F. HARPER 
P. O. Box 836, Bristow, OK 74010 
D. Y. KO 
Ε. I. du Pont de Nemours, Wilmington, DE 19899 
H. Κ. LESE, Ε. T. SABOURIN, and R. C. WILLIAMSON 
Gulf Research & Development Co., P. O. Drawer 2038, Pittsburgh, PA 15230 

There are many examples of the alkylation of aromatics with 
olefins to produce alkylbenzene in textbooks, the open literature, 
and in numerous patents. This reaction is catalyzed by both pro
ton and Lewis acids in a homogeneous phase and in heterogeneous 
phases. The latter systems are characterized by both proton 
(H3PO4) and Lewis acids (BF3) on supports and the amorphous and 
crystalline alumina silicates. And, the reaction has been 
studied extensively. However, up until the start of this investi
gation (1969) there had not been a systematic investigation of 
the kinetic parameters nor an adequate catalyst aging study on 
the alkylation of benzene with propylene over a crystalline 
alumina silicate. 

The reaction is known to proceed through activation of the 
olefin by the catalyst (a rare earth exchanged Y Zeolite in this 
work) and this activated olefin then reacts with benzene and 
alkylbenzene. However, since the concentration of activated 
olefin is not known, the total concentration of olefin is used 
in obtaining kinetic parameters according to the following 
reactions. 

k l 
Benzene + Propylene > Cumene (1) 

k 2 

Cumene + Propylene > Di-isopropylbenzene (2) 
k 3 

Di-isopropylbenzenes + Benzene < >2 Cumene (3) 
k 4 

Other polyalkylbenzenes are a l s o formed by the s e q u e n t i a l r e a c t i o n 
of di-isopropylbenzenes w i t h propylene to form t r i - i s o p r o p y l -
benzenes which can f u r t h e r r e a c t . However, at a molar r a t i o of 
benzene to propylene of 6 or higher these compounds are not 
important. 

371 
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Development of A K i n e t i c Model 

The above o v e r a l l r e a c t i o n scheme was used to represent the 
process. The k i n e t i c models were developed to describe these 
r e a c t i o n s as shown. No attempt was made to study the b a s i c 
r e a c t i o n mechanisms. The f o l l o w i n g p o i n t r a t e models were 
formulated and t e s t e d : 

r l = k l C B C P ( 4 a ) 

r 2 = k 2 C C C P ( 4 b ) 

r 3 = k 3 C D C B (4c) 

r 4 - k 4 c 2 (4d) 

k 4 = k 3/K (4e) 

The s u b s c r i p t e d r ? s are the four r e a c t i o n r a t e s representing the 
r e a c t i o n s shown above, and the u n i t s are moles per hour per u n i t 
weight of c a t a l y s t . The k f s are the r a t e parameters. The 
s u b s c r i p t e d C fs are the c o n c e n t r a t i o n of benzene, B; propylene, 
P; cumene, C; and di-isopropylbenzenes, D. Equation (4e) defines 
the e q u i l i b r i u m constant, K, f o r r e a c t i o n (3). The c o n c e n t r a t i o n 
u n i t s used are moles of component per u n i t mass of t o t a l r e a c t o r 
f l u i d . Over the range of c o n d i t i o n s used i n t h i s work, the 
r e a c t o r f l u i d was a l i q u i d phase maintained by s u f f i c i e n t pressure 
at a l l c o n d i t i o n s of temperature and composition. 

These b a s i c r a t e models were incorporated i n t o a d i f f e r e n t i a l 
mass balance i n a t u b u l a r , plug-flow r e a c t i o n . This gives a set 
of coupled, no n - l i n e a r d i f f e r e n t i a l equations which, when i n t e 
grated, w i l l provide a s i m u l a t i o n model. This model corresponds 
to the i n t e g r a l r e a c t o r data provided by experimentation. A 
m a t e r i a l balance i s w r i t t e n f o r each of the four components i n 
our system: 

Ί?- " r i - r 3 (5> 

dC p 

d c c 

d T = r l " r 2 + 2 r 3 ( 7 ) 

d C D 
d T = " r 3 + r 2 + r 4 ( 8 ) 
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23. H A R P E R E T Α Χ . . Crystalline Alumina Silicate 373 

The i n i t i a l c o n d i t i o n s (concentrations) are given f o r each 
component. The independent v a r i a b l e , τ, i s the t o t a l l i q u i d 
weight hourly space time, weight c a t a l y s t - h o u r per weight t o t a l 
l i q u i d feed. This form of the d i f f e r e n t i a l equations was used 
i n the s i m u l a t i o n and model b u i l d i n g . These were convenient f o r 
r e p r e s e n t i n g the concentration p r o f i l e s i n the same form i n 
which the data were taken. An energy balance was not r e q u i r e d 
at t h i s stage, because the r e a c t o r s were operated i s o t h e r m a l l y 
f o r each set of runs. Equations (5)-(8) were mechanized and 
solved on an anolog computer (EAI 680). The parameters were 
adjusted and determined f o r each set of composition-space time 
data. The parameters obtained should c h a r a c t e r i z e the r e a c t i o n 
r a t e s , the a c t i v a t i o n energies, the chemical e q u i l i b r i u m , and 
i t s temperature dependence. 

Thus, i t was apparent what kinds of experimental data were 
r e q u i r e d . For a given r e a c t o r i n l e t composition, and a given 
operating temperature, r e a c t o r data were c o l l e c t e d at v a r i o u s 
space times. This provided a composition p r o f i l e f o r each 
component from which the parameters could be found by s i m u l a t i o n . 
S e q u e n t i a l l y , other temperatures and i n i t i a l compositions were 
s e l e c t e d and a d d i t i o n a l data were obtained. The experimental 
data and simulated curves are shown i n Figures 1, 2, and 3. 

Using data of these types and a p o s t u l a t e d model, i t was 
p o s s i b l e to simulate the observed c o n d i t i o n s , determine the 
parameters, and pool the r e s u l t s . These pooled parameter values 
were combined and reduced to one simple model rep r e s e n t i n g a l l 
the data, and thus the process under study. The k i n e t i c model 
forms were a l s o inspected f o r reasonableness and consistency. 

At the higher temperature l e v e l s , i t was n o t i c e d that some 
unreacted propylene was present at a space time of 0.0125, or 80 
space v e l o c i t y . At higher space time, there was no unreacted 
propylene. This meant that the primary a l k y l a t i o n r e a c t i o n s 
were extremely f a s t — i m p l y i n g very high c a t a l y t i c a c t i v i t y f o r 
a l k y l a t i o n . The major p o r t i o n of the r e a c t o r space was used f o r 
t r a n s a l k y l a t i o n , g i v i n g an improvement i n s e l e c t i v i t y . This was 
seen by n o t i n g the r a p i d decay of the di-isopropylbenzenes 
content a f t e r they reached t h e i r maximum. I t was a l s o evident 
that e q u i l i b r i u m was c l o s e l y approached at the highest space 
times. 

The values of the r a t e and e q u i l i b r i u m constants at two 
temperature l e v e l s , frequency f a c t o r s , the a c t i v a t i o n energies, 
and the heat of the t r a n s a l k y l a t i o n r e a c t i o n f o r the model 
f i n a l l y obtained are l i s t e d i n Table I . I t i s seen that the 
e q u i l i b r i u m constant increases w i t h decreasing temperature, 
i n d i c a t i n g the t r a n s a l k y l a t i o n i s an exothermic r e a c t i o n . The 
heat of r e a c t i o n f o r t r a n s a l k y l a t i o n i s about 6.5 k c a l per mole. 
This means that the cumene content at e q u i l i b r i u m i s favored by 
decreasing the temperature, although the e f f e c t i s not p a r t i c u 
l a r l y great. 
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23. H A R P E R E T A L . Crystalline Alumina Silicate 377 

Table I 

REACTION BATE AND EQUILIBRIUM PARAMETERS 

Rate Constante: k. - k. ·~ Ε ι / β Τ, (g Total Fluid)2/mole-g cat-hr 
1 IO ΔΗ/ Equilibrium Constanta: Κ - Κ e RT, pimenalonleee ο 

Temp, • F 1^ χ 1 0 " 5 k 2 χ 1 0 " 5 k 3 χ 1 0 " 4 k4 χ 1 0 ~ 4 Κ 

450 (232°C) 0.2485 0 .8890 0.5805 0.1340 4 .34 

417 (214°C) 0.1578 0 .5580 0 .3250 0 .0590 5.51 

k i k4 io E t (Kcal/* mole) 

1 5.45 χ 1 0 9 12 .32 

2 2.628 χ 1 0 1 0 12.64 

3 3 .80 χ 1 0 1 0 15 .75 

4 5 .83 χ 1 0 1 2 22.27 

K1 Ko ΔΗ (Xcal/g mole) 

6.52 χ 1 0 " 3 - 6 . 5 2 

Ko - , - ΔΗ - Ε -Ε, 
*40 * ' 
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With the k i n e t i c s models a v a i l a b l e , one can now study the 
behavior and the performance of va r i o u s types of r e a c t o r systems, 
such as those used f o r commercial operation. However, before 
that can be done, the thermophysical p r o p e r t i e s of the components 
at the r e a c t i o n c o n d i t i o n have to be determined. 

Thermophysical P r o p e r t i e s 

This i s a l i q u i d - p h a s e c a t a l y t i c r e a c t i o n system and the 
r e a c t i o n c o n d i t i o n s are very c l o s e to the c r i t i c a l c o n d i t i o n s of 
the r e a c t a n t s propylene and benzene. The values of the thermo
p h y s i c a l p r o p e r t i e s (e.g., heat of formation and heat ca p a c i t y ) 
are g e n e r a l l y not a v a i l a b l e at the r e a c t i o n c o n d i t i o n s and are 
d i f f i c u l t to evaluate a c c u r a t e l y . We evaluated how w e l l the 
thermophysical p r o p e r t i e s were estimated by s i m u l a t i n g a commer
c i a l cumene r e a c t o r , and comparing the a d i a b a t i c temperature 
r i s e of the s i m u l a t i o n w i t h that of the observed data a v a i l a b l e . 

Most published data of the heat of formation are f o r the 
components a t the i d e a l gas s t a t e . Heats of formation at the 
l i q u i d s t a t e can be evaluated by s u b t r a c t i n g heats of v a p o r i z a t i o n 
at the temperature of i n t e r e s t from heats of formation at the 
gas s t a t e (AH°f g). For the present system, a l l AH°f g values are 
a v a i l a b l e except th a t of the di-isopropylbenzenes. The values 
of AH°fg of di-isopropylbenzenes were obtained by group c o n t r i 
b u t i o n methods and averaged to present the average isomer d i s 
t r i b u t i o n observed i n the r e a c t i o n . 

The heat c a p a c i t i e s used f o r a l l l i q u i d components were 
estimated from a v a i l a b l e engineering c o r r e l a t i o n s . These values 
were reduced to equation form. The models and c o e f f i c i e n t s and 
the heat of formation at the l i q u i d s t a t e are l i s t e d i n Table I I . 

Energy Balance. I t was decided that a simple, fixed-bed, 
a d i a b a t i c r e a c t o r would be r e q u i r e d i n t h i s process. Since the 
r e a c t i o n s i n v o l v e d r e l e a s e considerable heat, t h i s i n f l u e n c e s 
the l o c a l temperature, which i n t u r n i n f l u e n c e s the r e a c t i o n 
r a t e s . An energy balance, or heat balance, having the f o l l o w i n g 
general form, was added along w i t h the mass balance i n a l l 
subsequent s i m u l a t i o n s : 

Ρ i = l 

M = average molecular weight of the t o t a l f l u i d 
C = average heat c a p a c i t y , c a l / g mole, F 
R.= net r a t e of production of the i - t h component, 

g-mole/hr-g c a t . 
A H f i = heat of formation of i i n l i q u i d s t a t e , kcal/g-mole. 
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This energy balance when coupled w i t h m a t e r i a l balances, Equations 
(5) through ( 8 ) , generated point temperatures over the range of 
space times considered. 

D i g i t a l Computer S i m u l a t i o n Program. A d i g i t a l r e a c t o r 
s i m u l a t i o n program was used to i n t e g r a t e the steady s t a t e 
d i f f e r e n t i a l mass balances and the energy balance f o r a p l u g -
flow r e a c t o r . Numerical s o l u t i o n s f o r the r e s u l t i n g set of 
coupled, n o n - l i n e a r d i f f e r e n t i a l equations were obtained by 
usi n g the fourth-order Runge-Kutta method. The e n t i r e set of 
d i f f e r e n t i a l equations was i n t e g r a t e d simultaneously along the 
r e a c t o r l e n g t h to o b t a i n the composition and temperature p r o f i l e s . 
The main program was general i n nature and the r e a c t i o n r a t e 
equations and thermodynamic p r o p e r t i e s were introduced i n a 
subroutine. This program developed a p r i n t - o u t c o n t a i n i n g 
composition and temperature i n f o r m a t i o n along the space-time 
i n t e g r a t i o n path. In a d d i t i o n , y i e l d s , s e l e c t i v i t i e s , and 
conversions were a l s o generated. In t h i s way, a l l d e t a i l s f o r 
the r e a c t o r s i m u l a t i o n were made a v a i l a b l e a t many s p e c i f i e d 
space-time c o n d i t i o n s . 

A d i a b a t i c Reactor Simulations. Using the chemical r e a c t i o n 
system model and t h i s d i g i t a l program, we conducted many simul a 
t i o n s . Since a l l of our s i m u l a t i o n s were conducted to approach 
an e q u i l i b r i u m c o n d i t i o n , a d i a b a t i c temperature r i s e i n f o r m a t i o n 
was generated d i r e c t l y . A summary of these r e s u l t s i s shown i n 
Figure 4. This temperature r i s e v a r i e d from about 30 to 61°C 
over the range of v a r i a b l e s s t u d i e d . A major v a r i a b l e s t u d i e d 
was the cumene s e l e c t i v i t y based on propylene. Figures 5, 6, 
and 7 show generated r e s u l t s r e l a t i n g s e l e c t i v i t y to three 
process v a r i a b l e s . At a given i n l e t composition to the r e a c t o r , 
the s e l e c t i v i t y i s i n f l u e n c e d d i f f e r e n t l y by temperature. The 
magnitude and d i r e c t i o n depends on the space time employed. The 
optimum s e l e c t i v i t y at hig h space times was increased w i t h 
reduced i n l e t temperature. Whereas, intermediate s e l e c t i v i t i e s 
at low space times were increased by an increase i n i n l e t 
temperature over a space time range from about 0.04 to 0.1. 

E f f e c t s of Operation V a r i a b l e s 
on the Performance of the Reactor 

Three o p e r a t i o n v a r i a b l e s , benzene-to-propylene r a t i o (Rg)> 
temperature (T), and space time (τ) are of prime concern to a 
re a c t o r designer. Since a l k y l a t i o n r e a c t i o n s are so f a s t , the 
c o n t r o l l i n g performance of the r e a c t o r i s determined by the 
r e a c t i o n s e l e c t i v i t y . At a constant average temperature, examina
t i o n of the r e a c t i o n paths and k i n e t i c s models i n d i c a t e d that 
s e l e c t i v i t y increased w i t h i n c r e a s i n g benzene-to-propylene r a t i o 
r e g a r d l e s s of the space time a p p l i e d . The temperature e f f e c t 
was s l i g h t l y more complicated. Since most of a process r e a c t o r 
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4 5 6 7 8 9 10 

Benzene-to-Propylene Ratio 

Figure 4. Adiabatic temperature rise vs. benzene-to-propylene ratio. 
Parameter = reactor inlet temperature. 
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23. H A R P E R E T A L . Crystalline Alumina Silicate 385 

w i l l be operated i n the t r a n s a l k y l a t i o n r e a c t i o n r e g i o n , and the 
l a t t e r r e a c t i o n i s a r e v e r s i b l e , exothermic r e a c t i o n , the s e l e c 
t i v i t y i s favored by lowering the temperature when the r e a c t o r 
i s operated c l o s e to t r a n s a l k y l a t i o n e q u i l i b r i u m . However, at 
low space time, the s e l e c t i v i t y i s determined by how q u i c k l y 
cumene can be formed. Thus, k i n e t i c s i n s t e a d of e q u i l i b r i u m 
would be the dominating f a c t o r f o r s e l e c t i v i t y i n the low space 
time r e g i o n . I n other words, when the k i n e t i c temperature 
e f f e c t i s evaluated, space time must be considered simultaneously. 
The f o l l o w i n g a d i a b a t i c r e a c t o r a n a l y s i s w i l l elaborate on and 
s u b s t a n t i a t e the above d i s c u s s i o n . 

In an a d i a b a t i c o p e r a t i o n , i n l e t temperature r a t h e r than 
r e a c t o r average temperature i s one of the prime operating 
v a r i a b l e s , because i t can be e a s i l y manipulated. Table I I I 
shows the e f f e c t of the r e a c t o r i n l e t temperature on cumene 
s e l e c t i v i t y . At a low space time (τ = 0.05), when r e a c t i o n r a t e 
i s s t i l l the determining f a c t o r , higher i n l e t temperature gives 
higher s e l e c t i v i t y , because of the higher r e a c t i o n r a t e . However, 
at a higher space time (τ = 0.1) where e q u i l i b r i u m i s v i r t u a l l y 
reached, a higher i n l e t temperature r e s u l t s i n a lower s e l e c t i v 
i t y , because of the temperature e f f e c t on t r a n s a l k y l a t i o n e q u i l i 
brium. 

Table IV shows the e f f e c t of benzene-to-propylene r a t i o i n 
the feed on s e l e c t i v i t y a t two space v e l o c i t i e s . I t i s very 
apparent that when the r a t i o i s increased, the s e l e c t i v i t y 
becomes higher. The reasons f o r t h i s are t h r e e - f o l d . K i n e t i c s 
of the two a l k y l a t i o n r e a c t i o n s favor production of cumene i f 
the benzene-to-propylene i s higher. The e q u i l i b r i u m c o n c e n t r a t i o n 
of cumene i s higher, because of higher benzene conce n t r a t i o n . 
At the same i n l e t temperature, a higher benzene con c e n t r a t i o n 
r e s u l t s i n lower o u t l e t temperatures which i n turn increase the 
e q u i l i b r i u m constant of the t r a n s a l k y l a t i o n r e a c t i o n . I t i s 
i n t e r e s t i n g to note that the increase i n s e l e c t i v i t y i s more 
s i g n i f i c a n t at a higher space time because of the more pronounced 
e f f e c t of the e q u i l i b r i u m . 

Optimal A d i a b a t i c Reactor Design. The s e l e c t i v i t y curves 
generated i n Figures 5, 6, and 7 show a r e l a t i o n s h i p between the 
benzene/propylene molar r a t i o , i n l e t temperature, and space time 
f o r an a d i a b a t i c r e a c t o r . One would l i k e to have a formula, 
c h a r t , or graph that would e a s i l y p r e d i c t optimal y i e l d s as a 
f u n c t i o n of these v a r i a b l e s . Figure 8 does t h i s , and i s r e a l l y 
another way of presenting the envelopes defined i n Figures 5-7. 
Figure 8 a l s o allows one to s e l e c t proper operating c o n d i t i o n s 
as the c a t a l y s t ages. 

C a t a l y s t Aging C h a r a c t e r i s t i c s and Product P u r i t y 

A l l of the work done to e s t a b l i s h the k i n e t i c parameters 
was conducted on the same c a t a l y s t bed used f o r a long-term 
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4 5 6 7 8 9 10 

Benzene/Propylene (Mole) 
Figure 8. Inlet temperature vs. benzene/propylene for maximum selectivity. Parame

ter = space time, t. 
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23. H A R P E R E T A L . Crystalline Alumina Silicate 389 

isothermal (232°C) aging study. This study l a s t e d f o r 9 months 
at an average LWHSV = 10 w i t h the c a t a l y s t having produced 900 g 
cumeme/g-catalyst. The study was then terminated w i t h no evidence 
of the c a t a l y s t having aged w i t h the exception of a s l i g h t 
d i m u n i t i o n i n s e l e c t i v i t y over t h i s time p e r i o d . A t y p i c a l 
weight percent a n a l y s i s on the product was the f o l l o w i n g : 
cumene, 16.53%; di-isopropylbenzenes, 0.69%; ethylbenzene, 
0.043%; a tr a c e of n-propylbenzenes; and benzene, 82.53%. These 
data g i v e an e f f i c i e n c y to cumene of 93.7% based on propylene 
and when coupled w i t h the aging data would apparently j u s t i f y 
the c a t a l y s t being used i n a cumene u n i t . However, as we w i l l 
soon see, what happens i n an isothermal r e a c t o r does not nec
e s s a r i l y occur i n an a d i a b a t i c r e a c t o r . 

A l a r g e r p i l o t p l a n t u n i t was b u i l t and pr o p e r l y i n s u l a t e d 
to assure e s s e n t i a l l y no heat l o s s . High feed ra t e s were used 
to simulate what happens i n a u n i t area of a commercial r e a c t o r 
and to a c c e l e r a t e a very slow r a t e of c a t a l y s t aging to one we 
could measure over a p e r i o d of 2-3 weeks. The f i r s t experiment 
was designed to approximate the isothermal r e a c t o r . However, 
the c o n d i t i o n s a c t u a l l y were 180°C i n l e t temperature, 221°C 
o u t l e t temperature, and 8/1 molar r a t i o benzene/propylene at a 
l i n e a r h o u r ly space v e l o c i t y of 13. This experiment s t a r t e d out 
as expected w i t h the a l k y l a t i o n r e a c t i o n o c c u r r i n g i n the f i r s t 
2-3 inches of the c a t a l y s t bed and the r e a c t o r was a d i a b a t i c . 
However, a f t e r about 3 hours, i t was obvious the c a t a l y s t was 
aging q u i t e r a p i d l y as evidenced by the a l k y l a t i o n zone moving 
up the r e a c t o r . A f t e r 20 hours, 12 inches (90 grams) of the 
c a t a l y s t had been completely d e a c t i v a t e d and the experiment was 
terminated. The r a t e of aging was 0.57 inches/hour. This r a p i d 
aging was q u i t e unexpected s i n c e the feed was pumped over the 
c a t a l y s t only 1.3 times f a s t e r than during the isot h e r m a l run 
and the c a t a l y s t was c o o l e r i n the a l k y l a t i o n zone which should 
have been b e n e f i c i a l according to the teachings of Wise.(1) 
A more c a r e f u l examination of the feed r a t e data showed t h a t , 
w h i l e i t was true the benzene/propylene feed was pumped over the 
e n t i r e c a t a l y s t bed 1.3 times f a s t e r than during the isothermal 
run (LWHSV a d i a b a t i c =1.3 LWHSV i s o t h e r m a l ) , the feed r a t e 
through the a l k y l a t i o n zone was much higher. A convenient way 
of expressing t h i s r a t e was to determine how many grams of t o t a l 
feed passed through a u n i t (cm^) of c a t a l y s t surface area per 
hour. This r a t e was termed as s u p e r f i c i a l v e l o c i t y and had 
g/cm^-hr dimensions. ^For the isothermal r e a c t o r the s u p e r f i c i a l 
v e l o c i t y was 180 g/cm -hr and i n the a d i a b a t i c run i t was 
1400 g/cm^-hr or s u p e r f i c i a l v e l o c i t y r a t i o of about 8. This 
could account f o r the aging r a t e d i f f e r e n c e s ( l e s s than 10 g 
c a t a l y s t i n 9 months f o r the isothermal r e a c t o r versus 90 g 
c a t a l y s t i n 20 hours a d i a b a t i c ) i f the aging r a t e d i f f e r e n c e was 
a te t r a m i c f u n c t i o n of t h i s r a t i o . 
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This h a r d l y seemed a reasonable r a t i o n a l of the f a s t aging 
r a t e , but n e i t h e r d i d one i n v o l v i n g lower temperature. A s e r i e s 
of experiments were done to a s c e r t a i n which of these i f e i t h e r 
was the dependent v a r i a b l e . F i g u r e 9 shows that temperature was 
a very unexpected and h e r e t o f o r e unknown in v e r s e f u n c t i o n of the 
aging r a t e . A l l of the temperatures shown i n Figure 9 are those 
of the hot spots l e a d i n g edge. Feeds entered about 59°C lower. 
The e f f e c t of s u p e r f i c i a l v e l o c i t y was shown to be d i r e c t l y 
p r o p o r t i o n a l to the c o n c e n t r a t i o n of propylene but was only 
s l i g h t l y higher than unimolecular. The l i n e a r aging r a t e then 
has the f o l l o w i n g form. 

L i n e a r Aging Rate = A*f(propylene) i n c h e s / h o u r 

However, t h i s r a t e i s dependent on the cross s e c t i o n a l area of the 
r e a c t o r . A more accurate r e l a t i o n s h i p would be one showing the 
volume of c a t a l y s t aged per u n i t time. 

Volume Aging Rule = L i n e a r Aging Rate χ Area 
The data i n Figure 9 should then be m u l t i p l i e d bg 0.8152 to 
convert to i n /hr or by 13.3586 to convert to cm /hr i f these 
data are to be compared to that obtained i n other r e a c t o r s . 

While the aging c h a r a c t e r i s t i c s of the c a t a l y s t were being 
determined, GLC analyses of the product showed that l a r g e r 
q u a n t i t i e s of ethylbenzene and n-propylbenzene were produced at 
the higher temperatures. These products a r i s e from a c r a c k i n g 
and an i s o m e r i z a t i o n mechanism, r e s p e c t i v e l y . Both of these 
products would then have temperature and c a t a l y s t residence time 
as a dependent v a r i a b l e . A study of both these products as a 
f u n c t i o n of temperature and LWHSV was then done by using a s m a l l 
a d i a b a t i c a l k y l a t i o n r e a c t o r operated at high space v e l o c i t y 
followed by a l a r g e r i s o thermal or t r a n s a l k y l a t i o n r e a c t o r . 
This i s e s s e n t i a l l y what an a d i a b a t i c r e a c t o r i s , but the tempera
ture i n the i s o t h e r m a l zone i s dependent on the a d i a b a t i c heat 
generated. The r e s u l t s of t h i s study are shown i n Table V. The 
data show that lower temperatures and higher flow r a t e s give a 
cleaner product w i t h higher e f f i c i e n c i e s . However, at temperature 
lower than 221°C and LWHSV's higher than 5, e f f i c i e n c i e s are 
lowered due to the e q u i l i b r i u m r e a c t i o n 3. 

Experimental 

The c a t a l y s t used i n most of the work reported here was 
Union Carbide's SK-500. T f r y t c a t a l y s t | i s a Y f a u j a s i t e w i t h the 
f o l l o w i n g composition: (La )g 3 ( ^ 4 )οχ j / N a '3 3 ^ ^ ^ 2 ^ 5 5 7 
(Si0 o) 1 O£ o]*ZH o0. The c a t a l y s t was a c t i v a t e d by"Heating to 
550 C f o r 90 minutes w i t h a N 0 stream to d r i v e o f f NH 0 and H o0. 
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Table V 

ALKYLATION CONDITIONS : 8/1 B/P, LHSV - 23 h"1, 4.2 MPa 
(600 PSIC). 252*C (485*F) 

Transalkylation LHSV 2.3 4.5 

Transalkylation 
Temperature 

X NPB 0.025 0.023 
221eC X BB 0.037 0.042 
(430eF) X NPB/Cumene 0.18 0.14 

Benzene Selectivity 96.1 95.4 

X NPB 0.037 
227 *C X EB 0.061 
(440eF) X NPB/Cumene 0.27 

Benzene Selectivity 96.1 

X NPB 0.051 0.038 
232eC X EB 0.086 0.085 
(450eF) X NPB/Cumene 0.38 0.23 

Benzene Selectivity 95.6 95.2 

X NPB 0.166 0.112 
252eC X EB 0.351 0.280 
(485eF) X NPB/Cumene 1.10 0.70 

Benzene Selectivity 92.2 92.9 

NPB - n-Propylbenzene 
EB - Ethylbenzene 
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G u l f ' s commercial grade benzene ( 9 9 + % benzene) and a l k y l a 
t i o n grade propylene (73-75% propylene and 27-25% propane) were 
used i n a l l the work. 

The k i n e t i c s t u d i e s were done i n a 1/2-inch pipe j a c k e t e d 
r e a c t o r w i t h a 1/8-inch thermowell down the middle. The f i r s t 
7 inches of the r e a c t o r was f i l l e d w i t h quartz chips and used as 
a preheater. Ten grams of 10-20 mesh SK-500 was then mixed w i t h 
twice i t s volume of quartz and placed on top of the preheat 
s e c t i o n . The feed was pre-mixed i n a p r e s s u r i z e d tank and then 
pumped upflow through the r e a c t o r . The temperature was c o n t r o l l e d 
by pumping Dow Therm through the j a c k e t w i t h heat being s u p p l i e d 
e x t e r n a l l y . This r e s u l t e d i n the r e a c t o r being i s o t h e r m a l . 

The remainder of the experimental r e s u l t s were obtained i n 
a 1-inch pipe r e a c t o r w i t h a 1/4-inch thermowell which was w e l l 
lagged w i t h 2.5 inches of asbestos and equipped w i t h heat compen
s a t i o n to i n s u r e an a d i a b a t i c r e a c t o r . The lower 12 inches of 
the r e a c t o r was used as a preheat s e c t i o n and f i l l e d w i t h g l a s s 
beads. The c a t a l y s t s e c t i o n was f i l l e d to 72 inches w i t h a 
1/16-inch extrudate which weighed 565 grams. Benzene and propy
lene were pumped i n t o a p r e s s u r i z e d autoclave which serves as a 
p a r t i a l preheater and mixer and then upflow through the r e a c t o r . 
The d e s i r e d temperature was obtained by a d j u s t i n g the preheat 
s e c t i o n to a temperature about 43°C below the d e s i r e d one and 
the exotherm then r a i s e d i t to the d e s i r e d l e v e l . The pressure^ 
on the r e a c t o r was maintained at 3.47 MPa (500 p s i g , 35.4 kg/cm ) 
at 216-227°C and 4.32 MPa (700 p s i g , 49.4 kg/cm 2) at 252°C. 

Off-gas analyses were done by mass spectrometry and r e a c t o r 
e f f l u e n t samples were analyzed by g l c . Most of the g l c work was 
done w i t h an 8-foot 1/4-inch OD column c o n t a i n i n g 10% SE-30 on 
a c i d washed Chromsorb W. However, the s e p a r a t i o n of n-propyl-
benzene from cumene had to be done w i t h a dual 3/16-inch copper 
column c o n s i s t i n g of a 12-foot s e c t i o n having 10% Bentone 34 and 
10% Dow Corning s i l i c o n e gum 550 on 60-80 mesh a c i d washed 
Chromsorb W and a 6-foot s e c t i o n c o n t a i n i n g 20% Apiezon L on 
60-80 mesh a c i d washed Chromsorb P. 

D i s c u s s i o n of the R e s u l t s 

The k i n e t i c data, w h i l e new, presented nothing unusual. 
The data were accurate i n that they d i d p r e d i c t product d i s t r i b u 
t i o n from an a d i a b a t i c r e a c t o r . 

The i n v e r s e temperature r e l a t i o n s h i p on the r a t e of aging 
was unknown p r i o r to t h i s i n v e s t i g a t i o n . Two explanations of 
t h i s are o f f e r e d without s u b s t a n t i a t i n g data. The f i r s t i s that 
there are two d i s t i n c t l y d i f f e r e n t r e a c t i o n s o c c u r r i n g on the 
c a t a l y s t . One of which i s a r e a c t i o n l e a d i n g to l a r g e bulky 
molecules which are slow or unable to escape the 13 A windows 
of the c a t a l y s t and i s a s s o c i a t e d w i t h a low energy of a c t i v a t i o n . 
These bulky molecules then dehydrogenate to form coke or polynu
c l e a r aromatics. The other r e a c t i o n , a l k y l a t i o n , has a much 
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higher energy of a c t i v a t i o n . As the temperature i s increased, 
t h i s becomes e s s e n t i a l l y the only r e a c t i o n to occur. The second 
r a t i o n a l might r e a l l y be another way of d e s c r i b i n g the f i r s t . 
This says that a t low temperatures the r e a c t i o n of propylene 
w i t h benzene i s r e a c t i o n r a t e c o n t r o l l e d and i s as s o c i a t e d w i t h 
h i g h concentrations of propylene around the a c t i v e c a t a l y s t 
s i t e s . At higher temperatures the r e a c t i o n s become mass t r a n s f e r 
c o n t r o l l e d ( r e a c t i o n r a t e very f a s t ) and t h i s leads to very low 
concentrations of propylene at the a c t i v e s i t e s . 

The enormous d i f f e r e n c e s i n aging r a t e s between the i s o 
thermal and a d i a b a t i c runs can be e a s i l y understood i f one again 
looks a t Fi g u r e 9. In an a d i a b a t i c r e a c t o r the feed must enter 
at a temperature c o n s i d e r a b l y lower than that generated by the 
heat of r e a c t i o n . This feed then i n i t i a l l y passes through the 
c a t a l y s t a t temperatures which produce very f a s t aging. In the 
is o t h e r m a l r e a c t o r , the e n t i r e c a t a l y s t must have been hot 
enough to produce e s s e n t i a l l y no d e a c t i v a t i o n . 

One might then t h i n k that i f the feed was brought i n t o an 
a d i a b a t i c r e a c t o r at around 232°C, l i t t l e or no aging would 
occur. This was observed to be t r u e , but the high temperature 
(271-277°C) generated l e d to excessive by-product formation. 

Process Design 

F i g u r e 10 shows the rough design f o r t h i s process. The 
a l k y l a t i o n or a d i a b a t i c r e a c t o r might be s p l i t i n t o two smaller 
p a r a l l e l r e a c t o r s . One of which would be used f o r regenerating 
c a t a l y s t w h i l e the other was used f o r a l k y l a t i o n . The a l k y l a t i o n 
r e a c t o r would be operated at r a t h e r high space v e l o c i t i e s (15-
25 LWHSV), 7 or 8 molar r a t i o benzene/propylene, and 210-215°C 
i n l e t temperature - 250-255°C o u t l e t temperature. The product 
would then be heat exchanged to reduce the temperature i n the 
t r a n s a l k y l a t i o n or isot h e r m a l r e a c t o r to 220°C. This r e a c t o r 
would be operated at an LWHSV = 5 and should never age s i n c e i t 
would never see any propylene. By r e c y c l i n g the d i - i s o p r o p y l -
benzene back to the r e a c t o r , the e f f i c i e n c y of the process can 
be increased from 93% (based on propylene) to 97-98%. 

Conclusions 

Of a l l the data which can be obtained from an isothermal 
a l k y l a t i o n r e a c t o r , only the k i n e t i c and thermodynamic data can 
be a p p l i e d to an a d i a b a t i c r e a c t o r . I f the process or r e a c t i o n 
i s d i v i d e d i n t o a l k y l a t i o n and t r a n s a l k y l a t i o n s e c t i o n s , then 
one can s e l e c t c o n d i t i o n s f o r the process to giv e high c a t a l y s t 
l i f e times and produce a pure product at high e f f i c i e n c i e s . 
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Glossary of Terms 

LWHSV = L i q u i d weight hourly space v e l o c i t y = g t o t a l 
feed/g t o t a l c a t a l y s t - h o u r 

τ = Space time = 1/LWHSV 
S u p e r f i c i a l V e l o c i t y = Weight r a t e of t o t a l feed/cross-

s e c t i o n a l area 

= g t o t a l feed/cm^ hr. 
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Some Aspects of the Direct Alkylation of Pyridine and 

Methyl Pyridines 

C. V. DIGIOVANNA, P. J. CISLAK, and G. N. CISLAK 
Reilly Tar & Chemical Corp., Indianapolis, IN 46241 

A significant volume of literature exists regarding the 
alkylation of pyridine rings. For the purposes of this report, 
only those processes w i l l be considered which involve intermolec-
ular substitution directly on the pyridine ring with other ring 
substituents participating in merely a directive or steric role. 
This is a substantial limitation since there are many processes 
which,after a sequence of reactions, result in an alkyl group 
becoming a substituent on a pyridine ring. 

Quaternization reactions have been disregarded, except when 
the quaternary salt represents an intermediate, since they are 
addition rather than substitution reactions. Further, reactions 
involving preliminary formation of the N-oxide of the pyridine 
ring have been eliminated from consideration since in these 
materials the fundamental aromatic character of the ring is altered. 

Within the limits imposed there exists a number of available 
procedures for introducing alkyl substituents onto the pyridine 
ring. A l l of these involve either nucleophilic or homolytic 
substitution since alkylation via electrophilic substitution, e.g. 
Friedel Crafts alkylation, is not possible with the π-deficient 
pyridine nucleus. 

Nucleophilic Substitutions 

Rearrangement of Quaternary Salts. Ladenburg ( l - k ) reported 
rearrangement of methylpyridinium iodide to a mixture of 2-methyl-
pyridine and similar rearrangements of other quaternary salts have 
been reported by others (5-19). The product mix obtained from 
thermolysis of 1-methylpyridinium iodide is given in Table I. 

397 
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TABLE I (12) 

THERMOLYSIS OF 1-METHYLPYRIDINIUM IODIDE 

Product Yield( 
2-Methyl 30.1 
3-Methyl 5.8 
i+-Methyl 3̂ .6 
2-Ethyl 3.6 
U-Ethyl l.k 

2,U-Dimethyl 12.8 
2,5-Dimethyl 1.9 
2,6-Dimethyl 9.1 

The formation of 3-methylpyridine and the ethylpyridines has 
been suggested as an indication of a free radical mechanism for 
this process ( l l , 12 ) . 

Use of Lithium Derivatives. There are only a few reports of 
alkylation procedures which provide a means for preparing predomi
nately 3-substituted pyridines. Some ( l6 -19) involve reaction of 
the pyridine compound with a lithium derivative, e.g. phenyllithium 
or lithium aluminum hydride (LAH), followed by reaction with an 
alkyl or arylhalide. The reaction steps are as follows: 

The phenyllithio intermediate has been isolated (2θΟ and 
treated with styrene and ethylene oxides, and N-benzylidene 
aniline to provide various 2-phenyl-5-substituted pyridines. 
Addition of perhalomethanes affords bis(6-phenyl-3-pyridyl)nethane 
and 6,6'-diphenyl-3,3 !-dipyridyl (l8). The yields of 3-substituted 
pyridines range, in the LAH reaction, from 89% for 3-picoline to 
63% for 3-benzylpyridine. Reaction of the LAH intermediate with 
bromine formed 3-bromopyridine in kl% yield (IT). 
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24. D i G i o v A N N A E T A L . Pyridine and Methyl Pyridines 399 

Treatment of pyridine with excess aryl and alkyllithium 
reagents is reported to give good yields of 2-,2,6-, and, with 
t-butyllithium, 2,i+,6-substituted products (21-33). 

The l-lithio-2-t-butyl-l,2-dihydropyridine intermediate 
(similar to the l-lithio-2-phenyl-l,2-dihydropyridine intermediate 
shown previously) has "been isolated (21_), hut though this material 
should lend i t s e l f to reaction with alkylhalides to form 2-t-butyl-
5- substituted pyridines, this reaction has not been reported. An 
anomolous reaction is reported to occur with benzyllithium which 
forms the U-benzylpyridine product exclusively (3l). 

Use of Alkali and Alkaline Metal Compounds. The reaction of 
pyridines with Grignard reagents has been used to alkylate (and 
arylate) pyridines in the 2- and U- position (3^-^3). An anomalous 
alkylation of the pyridine system under the influence of sodium in 
anhydrous ammonia has been reported(UU)as shown: 

Homolytic Alkylations 

Free Radical Processes. Homolytic alkylation and arylation 
of pyridines has been studied extensively and reviewed (k5). The 
products are almost invariably mixtures of several isomers 
depending on the nature of the pyridine substrate, the free radical 
(andits method of generation) and the type of medium in which the 
reaction is carried out. Though early reports suggested 2-, and 
U-substitution exclusively, more sensitive analytical techniques 
have shown the earlier claims to be erroneous and studies into the 
various factors affecting product formation have been reported 
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TABLE II (51) 

ISOMER RATIOS FOR H0M0LYTIC ALKYLATION OF PYRIDINE 

Radical 
Source 
t-Bu 20 2 

ISOMER RATIO 
2 - 3 - ' 

Yield 
Ref 
58 
51 
55 
55 
51 
51 
51 
51 

Medium 
Non-Acid 

IT 
58.0 23 .0 
62.0 22.9 
62 . Τ 20 .3 
62.1 20.5 
62 . Τ 2 1 . Τ 
76.U 21.9 
77.9 2.7 
93.2 0 

19.0 
15 .1 13.5 

Ac 2 0 2 

PbiOAc)^ 
I I 

17.0 
17. h 

15.6 
20.7 
19 Λ 

6.8 

I I 5.0 
12.9 
28.3 
11 .8 

tl HOAc 
HOAc 
HOAc+HCl 

From a commercial point of view, the methods described above 
do not lend themselves to the production of alkyl pyridines on a 
sufficiently large scale or in an economically attractive fashion. 
This is principally because the reagents involved are expensive 
and the mixtures formed present an overwhelming problem of sepa
ration. 

Catalytic Processes. Commercially, the most attractive 
preparations involve catalytic processes and there are three such 
processes reported. The f i r s t involves the reaction of alkyl 
alcohols with pyridine in the presence of "boron phosphate" 
catalyst at 200-250 atm. at 300-500°C. (63-6U). It should be 
noted that reaction with 2 - , or i+-methylpyridine led to side chain 
alkylation but that reaction with 3-picoline produced 3 , 5-lutidine. 

The second catalytic method involves reaction of pyridine with 
alkyl alcohols at both atmospheric (65.) and elevated pressures 
(66-68) over alumina or alumino-silicate catalysts. The atmo
spheric pressure reaction afforded a mixture of a l l three picoline 
isomers in approximately equal amounts with multi-substitution also 
reported. At elevated pressures, the substitution is claimed to be 
primarily in the 3 - position with low conversions. 

Considerable research has been reported on the third process 
which involves reaction of pyridine compounds with alcohols or 
potential alcohols in the presence of various nickel catalysts. 
The reaction was f i r s t reported in 196U, (69 ) , as a reaction of 
3-hydroxypropylpyridines in the presence of Raney nickel (RaNi). 
(Figure l ) 
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24. D I G I O V A N N A E T A L . Pyridine and Methyl Pyridines 401 

RaNi 
150° C7. 

a 2-(CH2)30H 
a 2-(CH2)30H 
b 3-(CH 2) 3 0 H 

c MCH 2) 30H 

a) after 120 hrs. ; 

R» (% conv.] 
2-C2H5 (27 Γ 

R" (1o conv.) a 

6 - C 2 H 5 

6 - C 2 H 5 (0) 

5-C2H5 (12) 
1+-C2H5 (15) 

2- C 2H 5 (50) 
3- C 2H 5 (28) 
U-C2H5 (35) 

b) 210° g 3000 PSIG hydrogen 
Journal of the American Chemical Society 

Figure 1. Reaction of pyridyl ahohob with Raney nickel (69) 

The mechanism proposed was as follows: 

R-CH2CH_ RCH0 + 2H 

RCH0 RH + CO 

CO 
I. 

"CH3
M 

* = catalyst surface 

The investigation of Reinke and Kray (13) was followed by 
that of Myerly and Weinberg (70) who revealed the scope of the 
reaction with regard to both methyl sources and pyridine substrates 
(Tables III and IV). The reactions were performed in the vapor 
phase using supported nickel. 
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TABLE III (70) 

ALKYLATION OF PYRIDINE COMPOUNDS WITH METHANOL8, 

Pyridine Temp Mole Ratio Contact Product 
Compound °C. Methanol- Time (Yield % 

Pyridine Cmpd. (sec.) 

2 - Picoline 260-5 
3- Picoline 265-9 
U-Picoline 260 
Quinoline 260 
2,U-Lutidine 260 

3.6:1 12.2 
3.7:1 12.2 
3.6:1 11.5 
U.0:1 13. k 

k.0:l 12.2 

2,6-Lutidine ( l l ) 
2,5-Lutidine (5*0 
2,U-Lutidine (21) 
2-Methylquinoline (65) 
s-Collidine (5) 

a Harshaw catalyst N-OIOUT was used in a l l experiments reported 
in this table 

TABLE IV (70) 

Methylating 
Agent 

METHYLATION OF PYRIDINE 
Mole Ratio Contact 

Temp. Methylating Agent Time 
Pyridine (Sec.) 

2-Picoline 
#Yield 

Methanol 295 15 :1 
Ethanol 263 3:1 
1- Propanol 300 2 . 5 : 1 
2 - Propanol 295 2 . 5 : 1 
1- Butanol 298 2 . 1 : 1 
2 - Methyl-l-Propanol 298 2 .1 :1 
Acetone 325 2 . 5 : 1 
Methylal 258 2 . 3 : 1 
Ethyl Orthoformate0 256 1 .3 :1 
Ethyl Acetate 298 1 .6 :1 
Methane 260 3 .8 :1 
CO-Hydrogen 270 2 : l : l d 

11.5 
11.6 
1 1 Λ 
12.2 
lh.0 
lk.0 
12.2 
1U.0 
20.6 
16.2 

9.8 
11.0 

57^ 
61 
52 
38 
1+8 
25 
38 
55 
57 
58 
10 
30 

a Harshaw catalyst Ni-OIOUT was used in a l l experiments reported 
in this table, b 2,6-Lutidine formed in 2k% yield as coproduct. 

c By-products from this reaction were diethylether, carbon 
monoxide, carbon dioxide, and methane, d Mole ratio H2-C0-
pyridine. 

The methylation reaction has been reported to be catalyzed by 
nickel-nickel oxide ( 7 l ) and to be reversible (72). A further 
variety of suitable pyridine substrates has also been revealed 
(73)» Concurrently, work on the mechanism of the reaction was 
reported (7^75.) and a study of the effects of various catalytic 
substrates has been reported (76). 
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24. DIGIOVANNA ET A L . Pyridine and Methyl Pyridines 403 

Figure 2. Methylation of pyridines (Numbers on arrows denote conversion percents; 
others denote yield percents) 

etc etc etc etc 
Figure 3. Methylation of pyridine—reaction pathways 
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In our laboratories a l l possible picolines and lutidines plus 
pyridine, i t s e l f , have been investigated as precursors for the 
methylation reaction catalyzed by nickel. The reactions are 
summarized in Figure 2. 

In addition, 2-ethylpyridine was methylated with a 39·8? 
conversion of starting material affording a 36? yield of 2-methyl-
6-ethylpyridine, a 2.6% yield of 2 , 6-lutidine and a 3.lk% yield 
of 2-picoline. 

The major reaction paths in the methylation of pyridine may 
be depicted as in Figure 3. 

With the alkylation steps, at least, reversible, as shown in 
the methylation of 2-ethylpyridine, the rate equation for the 
combination of parallel and series reactions leading to production 
of 2-picoline i s very complicated. Further, the presence of 
piperidones in the f i n a l product mix complicates the rate equation. 
Indeed, rigorous elucidation of the kinetics of the methylation 
reaction presents an overwhelming task. This task is further 
complicated by the fact that preliminary studies in our labora
tories involving material resulting from large scale methylations 
have indicated the formation of 2,1+-, 2 , 3 - and, possibly, 2 , 5 -
lutidine as a result of the methylation of 2-picoline. This 
evidence suggests that another mechanism may be operating at the 
same time as the usually accepted reactions. 

It is rather surprising, therefore, that the reaction proceeds 
to give good yields of, for example, 2-picoline from pyridine. 
Evidently k-̂  i s larger than any of the other rate constants so that 
i t is only when the concentration of the product, 2-picoline, 
becomes significant that formation of by-products, other than 
hydrogénation products, begins to become a factor. 

Since methyl pyridines are readily available from ring 
formation reactions, the methylation reaction is useful, primarily, 
as a means of preparing polymethyl pyridines especially 2,1+-, 2 , 5 -
and 2 , 6-lutidine and 2,1+,6-collidine. 
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Friedel-Crafts Alkylation of Bituminous Coals 

W. HODEK, F. MEYER, and G. KOLLING 
Bergbau-Forschung GmbH, Frillendorfer Str. 351, 4300 Essen 13, West Germany 

Coal and mineral oil are not only used as fuel, but they are 
moreover important raw materials for the chemical industry, 
especially as carbonaceous materials for the production of organic 
chemicals. For this use, mineral oi l s show two important advant
ages as compared with coal: (a) they are liquids and are there
for easier to handle and process; (b) their compositions are 
complicated but easier to analyze. 

Bituminous coals are relatively insoluble solids, and their 
chemical compositions, which are based on aromatic structures, 
are still partially unknown. It is expected that a better 
knowledge of the chemical structure of coal may open new ways to 
develop new processes for an economic use of coal. The elu c i 
dation of the chemical structure of coal is hampered by the fact 
that only a small part of the coal is soluble in suitable solvents. 
Three reasons are thought to cause this low extractability: 

a) Coals c o n s i s t o f some c r o s s l l n k e d macromolecules; 
b) Hydrogen bonding - e s p e c i a l l y at p h e n o l i c groups -

hold the coal molecules t o g e t h e r ; 
c) Phys i ca l a t t r a c t i v e f o r c e s , caused by the high 

a r o m a t l d t y o f the bituminous c o a l s , have an a d d i t i o n a l 
bonding e f f e c t . 

In o r d e r to obta in I n s i g h t Into the chemical s t r u c t u r e o f 
c o a l , methods are needed to convert coa l Into substances which 
are s o l u b l e 1n s u i t a b l e s o l v e n t s . T h i s convers ion should be 
conducted at m i l d c o n d i t i o n s so that the coal molecules remain 
unchanged as much as p o s s i b l e . So f a r , the most usual method 
a p p l i e d to make bituminous coa ls more s o l u b l e 1n simple l i q u i d s 
1s hydrogénation which , however, r e q u i r e s temperatures exceeding 
350° to 400°C; consequently c r a c k i n g r e a c t i o n s a l s o occur . 

There a r e , however, chemical r e a c t i o n s that make 1t p o s s i b l e 
to Improve the e x t r a c t a b l H t y o f coal at lower temperatures , 1n 
p a r t i c u l a r those I n v o l v i n g F r i e d e l - C r a f t s c a t a l y s t s . Heredy and 
Neuworth (1) f o r example, used boron t r1 f l u o r i d e and phenol f o r 
t h i s purpose; and O u c h l , Imuta and Yamashlta (2) employed 

408 
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25. H O D E K E T A L . Bituminous Coals 409 

p-to luene su lphon lc a d d and pheno l . Kroger (3) s t u d i e d the 
r e a c t i o n s between bituminous coa ls and propyl c h l o r i d e 1n carbon 
d l s u l p h l d e at 45°C, us ing aluminum c h l o r i d e as c a t a l y s t . Qu i te 
a d i f f e r e n t method o f ach iev ing t h i s aim was used by Sternberg 
e t a l ( 4 ) , namely r e d u c t i v e a l k y l a t i o n o f bituminous coal with 
sodium and a l k y l h a l l d e s . 

Heredy and h is co-workers (1 ,5) have attempted to I n t e r p r e t 
the r e a c t i o n with phenol and boron t r l f l u o r l d e as a depo lymer l -
z a t l o n process fo l lowed by s a t u r a t i o n o f the fragments. In f a c t , 
they found that c o n s i d e r a b l e q u a n t i t i e s o f phenol reacted with 
the c o a l . In low-rank c o a l s , the tendency towards t h i s r e a c t i o n 
was g r e a t e r than with coking c o a l s which d i d not show any notab le 
Improvement o f e x t r a c t a b l l l t y . 

There has a l s o been cons iderab le a d d i t i o n a l work by many I n 
v e s t i g a t o r s t o I n v e s t i g a t e depo lymer lzat lon and a l k y l a t i o n o f 
c o a l . In a r e c e n t l y pub l i shed paper by Larsen ( 6 ) , the most 
I n t e r e s t i n g r e s u l t s 1n t h i s s u b j e c t are assembled and d i s c u s s e d . 
The I n v e s t i g a t i o n s to be d e s c r i b e d In our paper a l s o s t a r t e d from 
the well-known f a c t that Lewis a d d s , such as aluminum c h l o r i d e , 
can e x e r t not on ly a condensing but a lso a c rack ing e f f e c t on 
a l i p h a t i c - a r o m a t i c molecu les . We hoped, however, t h a t 1t would 
be p o s s i b l e to prevent most o f these s i d e r e a c t i o n s by us ing m i l d 
c o n d i t i o n s . 

Our r e s u l t s f o r the F r i e d e l - C r a f t s a c y l a t l o n of coa l (7) 
i n d i c a t e t h a t bituminous coal becomes e x t r a c t a b l e not on ly by 
depolymer lzat lon but a l s o by the Int roduct ion of long chain 
s u b s t i t u e n t s Into the coal molecu les . By the s u b s t i t u t i o n with 
long chain a l i p h a t i c groups, the separat ion between the aromatic 
s t r u c t u r e s of adjacent molecules can be inc reased so t h a t the 
p h y s i c a l a t t r a c t i v e forces are reduced. We t r i e d a l k y l a t i o n 1n 
order to make bituminous coal more e x t r a c t a b l e . P o s s i b l y in the 
future e x t r a c t s can be obta ined economica l ly by r e a c t i o n of coal 
with mineral o i l f r a c t i o n s under r e l a t i v e l y m i l d c o n d i t i o n s . 

A l k y l a t i o n with A lky l Ch lor ides and A1C1 

I n i t i a l l y we used a l k y l c h l o r i d e s 1n the presence o f aluminum 
c h l o r i d e as c a t a l y s t f o r a l k y l a t i o n . 10 grams o f a medium v o l a 
t i l e coal with 24.6% v o l a t i l e matter were f i n e l y ground and s u s 
pended in 50 cc o f carbon b i s u l f i d e . 10 grams of powdered a lumi 
num c h l o r i d e were then added. The mixture was then t r e a t e d at 
45°C with 0.25 moles o f a l k y l c h l o r i d e . The r e a c t i o n time was 
3 hours. A lky l c h l o r i d e s o f d i f f e r e n t chain length - 3 up t o 18 
carbon atoms i n the chain - were used. The c h l o r i d e s wi th 16 and 
18 carbon atoms r e q u i r e d a r e a c t i o n time o f 24 hours. In a l l 
r e a c t i o n s , a l k y l groups were Inser ted i n t o the coal which cou ld 
be e a s i l y determined by the weight i n c r e a s e o f a l l samples. From 
the i n c r e a s e i n weight , the number o f a l k y l groups per 100 carbon 
atoms which have reacted with the coal were c a l c u l a t e d ( F i g u r e 1 ) . 
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2 f 

1 - -

1 1 1 1 1 1 1 1 — 
3 6 8 12 16 18 C-atoms 

in a l k y l groups 

Figure 1. Alkylation of medium volatile coal with alkyl chlorides of 
different chain lengfih 

Two to three a l k y l groups reacted as a r u l e per 100 carbon 
atoms i n the c o a l . A remarkable except ion was propyl c h l o r i d e . 
In t h i s c a s e , more than 7 propyl groups per 100 carbon atoms 
r e a c t e d . O b v i o u s l y , m u l t i p l e s u b s t i t u t i o n o f the aromatic coal 
c o n s t i t u e n t s was favoured by the r e l a t i v e l y small propyl group. 
With Increas ing s i z e o f the a l k y l groups, the p o s s i b i l i t i e s o f 
s u b s t i t u t i o n were l i m i t e d with the r e s u l t that the degree o f 
a l k y l a t i o n decreased r a p i d l y u n t i l i t remained at a constant 
val ue. 

A l k y l a t i o n conducted in t h i s way had only a smal l i n f l u e n c e 
on the e x t r a c t a b i l i t y o f the c o a l . 27.2% of our untreated coal 
cou ld be e x t r a c t e d with p y r i d i n e . A f t e r a l k y l a t i o n , a maximum 
e x t r a c t a b i l i t y o f 35% was reached. The e x t r a c t a b i l i t y 1n c h l o r o 
form increased from 4 to 16%. Th is increase in e x t r a c t a b i l i t y 
i s not only caused mainly by the aluminum c h l o r i d e as we found in 
a blank t e s t . 

The course of r e a c t i o n dur ing the a l k y l a t i o n of coal can be 
p o s t u l a t e d as f o l l o w s : In the pr imary s t e p , the coal i s depo ly-
merized by the aluminum c h l o r i d e ; o ther i n v e s t i g a t o r s have a l so 
shown t h i s phenomenon in the presence o f Lewis a c i d s . Now, two 
r e a c t i o n s come i n t o compet i t ion with each o ther : 

1) The recombination o f the fragments in at l e a s t our medium 
v o l a t i l e coal r e s u l t e d i n m a t e r i a l s with low e x t r a c t -
a b i l i t y being formed a g a i n . 

2) The capture o f the fragments by r e a c t i o n with the a l k y l 
c h l o r i d e s thus prevent ing recombination r e a c t i o n s . 

When r e a c t i o n 2 predominates, the coal has s p l i t t o form 
products with high e x t r a c t a b i l i t y . In our c a s e , r e a c t i o n 2 took 
p lace at low r a t e s . Thus, r e a c t i o n 1 predominated with the r e s u l t 
t h a t the e x t r a c t a b i l i t y o f the medium v o l a t i l e coal was on ly 
s l i g h t l y increased by a l k y l a t i o n . The system a l k y l c h l o r i d e / 
aluminum c h l o r i d e was not r e a c t i v e enough 1n order to make the 
coal e x t r a c t a b l e by a l k y l a t i o n . 
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A l k y l a t i o n with O l e f i n s and HF/BF. 

411 

We used f o r the f u r t h e r t e s t s the system hydrogen f l u o r i d e / 
boron t r l f l u o r i d e as c a t a l y s t and o l e f i n s as means of a l k y l a t i o n . 
A 5% s o l u t i o n o f boron t r i f l u o r l d e in hydrogen f l u o r i d e seemed 
to be, f o r severa l reasons , an advantageous c a t a l y s t f o r the 
a l k y l a t i o n o f c o a l . 

L i q u i d hydrogen f l u o r i d e i s an e x c e l l e n t s o l v e n t f o r many 
o r g a n i c compounds such as a romat i cs , a l c o h o l s , a c i d s , e t h e r s , 
e t c . ; these l a t t e r substances behave in the presence o f hydrogen 
f l u o r i d e as weak bases and add one proton . Thus, hydrogen 
f l u o r i d e can act as a r e a c t i o n medium and as a c a t a l y s t . Boron 
t r i f l u o r l d e combines with hydrogen f l u o r i d e to produce F l u o b o r i c 
a c i d which i s a very s t rong a c i d with a c a t a l y t i c a c t i v i t y much 
h igher than that o f hydrogen f l u o r i d e . Besides t h a t , the low 
v i s c o s i t y and the low sur face tens ion of the hydrogen f l u o r i d e 
permit good mixing in heterogeneous r e a c t i o n s . A disadvantage 
i s the s t rong c o r r o s i v e e f f e c t o f HF-BF- mixtures . A "monel" 
autoc lave proved to be s u f f i c i e n t l y r e s i s t a n t even at h igher 
temperatures. 

Four d i f f e r e n t types of coal were used f o r the a l k y l a t i o n 
t e s t s (F igure 2 ) : a high v o l a t i l e coal wi th 34.4% ( v o l a t i l e 
m a t t e r ) , a medium v o l a t i l e coa l with 24.2%, a low v o l a t i l e coal 
with 19.4% and a s e m i - a n t h r a c i t e with 14.4%. 

The t e s t s were made i n a 2 U t e r - s h a k l n g autoc lave . I n i t i a l l y 
the i n f l u e n c e o f hydrogen f l u o r i d e and HF-BF- was i n v e s t i g a t e d on 

the e x t r a c t a b i l i t y o f coa ls with p y r i d i n e . 20 grams o f f i n e l y 
ground coal were t r e a t e d with about 1000 grams of hydrogen 
f l u o r i d e o r a 5% s o l u t i o n o f BF~ 1n hydrogen f l u o r i d e f o r four 
hours at temperatures o f 20°C and 80°C. 

The e x t r a c t a b i l i t y of coa l s with p y r i d i n e a f t e r t h i s t r e a t 
ment 1s shown in F igure 3. The l e f t column Ind ica tes the e x t r a c t -
a b i l i t y of the untreated c o a l . The two columns on the r ight -hand 
s ide show the In f luence o f the hydrogen f l u o r i d e . As a comparison, 
the i n f l u e n c e o f aluminum c h l o r i d e has been p l o t t e d , too . I t can 
be seen that the e x t r a c t a b i l i t y o f high v o l a t i l e coal decreased , 
probably due to the condensing e f f e c t s o f the c a t a l y s t s on the 
coal molecules . 

I t seems that the medium v o l a t i l e coal remains unchanged. 
C leav ing and condensing e f f e c t s probably balance each o t h e r . The 
e x t r a c t a b i l i t y o f the low v o l a t i l e coal i s however Increased , 
e s p e c i a l l y by hydrogen f l u o r i d e at 80°C. The s e m i - a n t h r a c i t e i s 
e s s e n t i a l l y unaf fected by such treatements because o f i t s h i g h l y 
condensed aromatic s t r u c t u r e . 

Aluminum c h l o r i d e and hydrogen f l u o r i d e have comparable 
e f f e c t s on the c o a l s . The a d d i t i o n o f boron t r i f l u o r l d e to the 
hydrogen f l u o r i d e has no s i g n i f i c a n t i n f l u e n c e on the e x t r a c t -
a b i l i t y o f the c o a l s . A f t e r we a s c e r t a i n e d the i n f l u e n c e of the 
c a t a l y s t system on the e x t r a c t a b i l i t y o f the c o a l s , a l k y l a t i o n 
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25. HODEK E T A L . Bituminous Coals 413 

20-1 

• & 1 5 

K l I 
high volatile 

coal 

1 
medium 
volatile coal 

I 
I 

low volatile 
coal 

I untreated 

• AICI3(50e) 

0 HF ( 2 0 ° ) 

1 HF 1 8 0 ° ) 

s e m i -
anthracite 

Figure 3. Extractability of bituminous coals after 
treatment with Lewis acids 

• u n t r e a t e d 
(in pyridine) 

Π Pyridine 

0 Chloroform 

high volatile medium low volatile s e m i -
coal volatile coal coal anthracite 

Figure 4. Extractability of bituminous coals after 
alkyhtion with 1-hexadecene (HF/BF3, 80°C) 

t e s t s were begun us ing o l e f i n s . The r e a c t i o n c o n d i t i o n s were the 
same as d e s c r i b e d b e f o r e . 20 grams o f coal and 20 grams o f o l e f i n s 
were added to the a u t o c l a v e . P r e l i m i n a r y t e s t s with short chain 
o l e f i n s such as e t h y l e n e , propylene and hexene I n d i c a t e d o n l y 
minor r e a c t i o n s with c o a l . Some ol igomers o f the o l e f i n s were 
produced, but they d i d not r e a c t with the c o a l . Under the con
d i t i o n s i n v e s t i g a t e d , however, long chain o l e f i n s reacted r e a d i l y 
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414 I N D U S T R I A L A N D L A B O R A T O R Y A L K Y L A T I O N S 

with the c o a l . The a l k y l a t i o n was conducted with o l e f i n s witn 
12 up to 20 carbon atoms i n the chain at 80°C. We used a 5% 
s o l u t i o n o f boron t r i f l u o r l d e in the hydrogen f l u o r i d e as c a t a l y s t 
which , as expected , y i e l d e d b e t t e r r e s u l t s than pure hydrogen 
f l u o r i d e . 

The coa ls were reacted with hexadecene and the e x t r a c t a b i l i -
t i e s o f the r e a c t i o n products were determined. The r e s u l t s are 
shown in F igure 4. The e x t r a c t a b i l i t i e s of the low and medium 
v o l a t i l e coal were inc reased s i g n i f i c a n t l y by t h i s r e a c t i o n . 68% 
o f the low v o l a t i l e coal and 65% o f the medium v o l a t i l e coal were 
e x t r a c t e d with p y r i d i n e . The e x t r a c t a b i l i t y 1n ch loroform and 
benzene, t o o , Increased to 50 and 30% r e s p e c t i v e l y . The high 
v o l a t i l e coal and the s e m i - a n t h r a c i t e showed no e s s e n t i a l i n c r e a s e 
o f e x t r a c t a b i l i t y . 

As the next s t e p , the e x t r a c t a b i l i t i e s o f the a l k y l a t e d coa l s 
were determined as a f u n c t i o n o f the chain length o f the o l e f i n s 
used (F igure 5 ) . The e x t r a c t a b i l i t y inc reased with the length o f 
chain and reached a maximum value o f about 70% f o r 18 carbon atoms 
i n the case o f both c o a l s . 

The number o f a l k y l groups i n s e r t e d i n t o the coa ls dur ing 
a l k y l a t i o n was determined by the weight inc rease o f the samples 
and i s r e l a t e d , as descr ibed above, to 100 carbon atoms in the 
coal (F igure 6 ) . In case o f the low and medium v o l a t i l e c o a l s , 
two to three a l k y l groups per 100 carbon atoms were i n s e r t e d 
regard less o f the length o f cha in . For the high v o l a t i l e c o a l , 
t h i s value amounted on ly to 0.6 to 0 . 8 , and with the semi-anthra
c i t e , i t was below 0 . 5 . These r e s u l t s show that low and medium 
v o l a t i l e coa l s have a s i m i l a r chemical s t r u c t u r e and that these 
coa ls have a maximum o f aromatic C-H groups, compared with 
o t h e r types o f c o a l . The e x i s t e n c e o f these groups i s a c o n d i 
t i o n f o r the a p p l i c a t i o n o f a F r i e d e l - C r a f t s - a l k y l a t l o n as 
conducted 1n t h i s work. 

12 H 16 18 20 C - a t o m s 
of o l e f i n 

Figure 5. Extractability with increasing chain length of 
olefin 
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25. HODEK ET AL. Bituminous Coals 415 

high medium l o w s e m i -
v o l a t i l e v o l a t i l e v o l a t i l e a n t h r a c i t e 

Figure 6. Alkylation of coals of different ranks 

In case o f younger c o a l s , the aromatic u n i t s are more sub
s t i t u t e d with a l i p h a t i c and naphthenic groups. T h e r e f o r e , a 
lower a r o m a t i d t y 1s g i v e n . With i n c r e a s i n g rank o f the c o a l s , 
the percentage o f aromatic carbon not bound to hydrogen Increases . 
There are s t i l l more h i g h l y condensed systems which cannot be 
a l k y l a t e d s u f f i c i e n t l y . The aforementioned t e s t s showed that 
bituminous c o a l s , e s p e c i a l l y low and medium v o l a t i l e c o a l s , can 
be a l k y l a t e d by the very r e a c t i v e system o f H F / B F 3 / o l e f i n s and 
t h a t the e x t r a c t a b i l i t y o f such coa ls can be g r e a t l y i n c r e a s e d . 

What 1s the reason f o r the high e x t r a c t a b i l i t y o f the a l k y 
l a t e d coa ls? We Ind icated above that F r i e d e l - C r a f t s c a t a l y s t s 
caused c l e a v i n g and condensing r e a c t i o n s i n the coal m o l e c u l e s . 
Accord ing to what we p r e s e n t l y know, bituminous coal i s e s s e n t i a l 
l y a mixture o f high molecu lar m a t e r i a l s , the molecules o f which 
c o n s i s t o f aromatic un i t s l i n k e d by a l i p h a t i c o r by e t h e r br idges 
(F igure 7 ) . A l i p h a t i c br idges i n p a r t i c u l a r are e a s i l y c l e f t 
by F r i e d e l - C r a f t s c a t a l y s t s as can be conf irmed by model t e s t s . 
Diphenyl-methane s t r u c t u r e s , which had been found 1n c o a l , are 
c l e f t by aluminum c h l o r i d e or HF-BF-. In o rder to demonstrate 
such cleavages in the c o a l , our t e s t coa ls were f i r s t e x t r a c t e d 
with p y r i d i n e in o r d e r to remove a l l low-molecular c o n s t i t u e n t s . 
Then, they were a l k y l a t e d with HF-BF- and hexadecene, and the 
product was e x t r a c t e d with acetone. By l i q u i d - s o l i d chromato
graphy, a f r a c t i o n was obta ined from the acetone e x t r a c t , the 
i n f r a - r e d spectrum o f which was very s i m i l a r to that o f the 
a l k y l a t e d coal and which c o n s i s t e d o b v i o u s l y o f a l k y l a t e d a r o 
mat i cs . Related to the q u a n t i t y o f coal e x t r a c t e d the q u a n t i t y 
o f t h i s f r a c t i o n was 0.35% 1n the low and medium v o l a t i l e coal 
and 0.2% i n the high v o l a t i l e c o a l . Semi-anthrac i tes d i d not 
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416 I N D U S T R I A L A N D L A B O R A T O R Y A L K Y L A T I O N S 

Ar=aromatic structural unit 

X = C H o - . - C H - . - O - . - C H , - 0 - , - C H , - C H -

A r - A r . 

2 A r - X - A r . 

3. Ar Ar. 

I* Ar Ar. 

Figure 7. Connections between 
aromatic units in coal 

show t h i s f r a c t i o n . This f r a c t i o n can be formed only by s p l i t t i n g 
from the h igh-po lymer ic coal mo lecu les . The q u a n t i t a t i v e p r o 
p o r t i o n s obta ined from the i n d i v i d u a l coa ls correspond to the 
observat ions made b e f o r e ; both low and medium v o l a t i l e c o a l s 
are very wel l s u i t a b l e f o r the a l k y l a t l n g - c r a c k i n g sequence. 

A l k y l a t i o n with F r i e d e l - C r a f t s c a t a l y s t s can promote p r o 
duct ion o f s o l u b l e products from c o a l . Th i s method 1s c u r r e n t l y 
not economical but the Information obta ined has c l a r i f i e d severa l 
p o i n t s . The e x t r a c t s obta ined from the a l k y l a t i o n o f coal as 
d e s c r i b e d above, are b l a c k , s h i n y , s o l i d substances which are 
not d i s t H l a b l e and apparent ly s t i l l have very high molecu lar 
weights . They are very s i m i l a r in t h e i r p r o p e r t i e s t o the 
e x t r a c t s which we have obta ined p r e v i o u s l y by a c y l a t i o n o f the 
same coals with c a r b o x y l l c a c i d c h l o r i d e s and aluminum c h l o r i d e . 
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C o a l Liquefact ion b y A r o m a t i c Interchange w i t h P h e n o l 

and Catalytic Hydrogenolysis 

R. H. MOORE, E. C. MARTIN, J. L. COX, and D. C. ELLIOTT 
Pacific Northwest Laboratories, Division of Battelle Memorial Institute, 
Richland, WA 99352 

Not only can coals be alkylated readily, they also can be 
used to alkylate aromatic compounds. L. A. Heredy, et al. (1-3) 
realized that coal could be depolymerized by using i t as an 
alkylating agent. The mechanism of the reaction was first demon
strated using model compounds to show that methylene groups 
joining two aromatic groups could be cleaved at the ring and the 
methylene group would then alkylate another aromatic substrate. 
The first step involves protonation of an aromatic ring adjacent 
to the methylene group. This is followed by nucleophilic bi-
molecular substitution of the aryl group by phenol and regenera
tion of the proton. 

L. A . Heredy, e t a K employed BF3 as a c a t a l y s t . BF3 forms 
a s t a b l e adduct with phenol which y i e l d s the proton c a t a l y s t due 
to the d i s s o c i a t i o n e q u i l i b r i u m : 

(1) 

(2) 

(3) 

(4) 

417 
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In a d d i t i o n to depo lymer izat ion Heredy, e t al_. showed t h a t a l k y l 
s ide chains were removed from the coal ( d e a l k y l a t i o n ) and added 
to the phenol ( a l k y l a t i o n ) . They were able to demonstrate the 
ex i s tence of i s o p r o p y l groups in coal by t h i s means. 

K. Ouch i , e t à\_. (4-8) l a t e r i n v e s t i g a t e d the r e a c t i o n using 
p - t o l u e n e s u l f o n i c a c i d as c a t a l y s t near the r e f l u x temperature of 
phenol (185°C). Based on subsequent p y r i d i n e e x t r a c t i o n , Ouchi 
reported depo lymer izat ions o f Yubari coal as high as 90 percent 
with a molecu lar weight o f 312 f o r the depolymerized coal monomer. 
For c o a l s of i n c r e a s i n g rank (70-93 percent maf C) the molecu lar 
weight of the depolymerized products increased from about 300 to 
>1000. The y i e l d of mater ia l s o l u b l e i n p y r i d i n e approached 100 
percent f o r c o a l s of low to intermediate rank and then f e l l o f f 
sharp ly f o r the high ranking c o a l s . 

Dar lage, e t a K (9) employed a v a r i a t i o n on Heredy's t e c h 
n iques . They o x i d i z e d coal with 2M HNO3 at 60-70°C f o r 24 hours , 
depolymerized using BF3 as c a t a l y s t , and a c e t y l a t e d us ing a c e t i c 
anhydride to b lock the pheno l i c hydroxyl groups and prevent i n t e r -
molecu lar hydrogen bonding. Fo l lowing t h i s t reatment , some coa l s 
e x h i b i t e d 95-96 percent s o l u b i l i t y in ch loroform whi le another was 
on ly 7 percent s o l u b l e ( a l l Hvab r a n k ) . A Lvb coal from West 
V i r g i n i a was on ly 14 percent s o l u b l e . None o f the c o a l s e x h i b i t e d 
more than a few percent s o l u b i l i t y i n ch loroform p r i o r to t r e a t 
ment. Throughout the re ferenced work, t h i s v a r i a b i l i t y i n the 
behavior o f c o a l s from d i f f e r e n t sources i s n o t i c e a b l e , though 
perhaps not so d r a m a t i c a l l y as in t h i s c a s e . 

The s o l u t i o n s o f depolymerized c o a l s are complex mixtures . 
In a few c a s e s , pure compounds have been i s o l a t e d and i d e n t i f i e d 
though they comprise <1 percent o f depolymerized coal substance. 

In a l l cases c i t e d the depolymerized coal product conta ined 
phenol . Ouchi showed that as depo lymer izat ion progressed the 
i n t e n s i t y o f i n f r a r e d absorpt ion a t t r i b u t e d to phenol ic hydroxyl 
increased r e g u l a r l y . 

Ouchi a l s o showed t h a t the a l i p h a t i c content o f benzene-
a lcoho l e x t r a c t s increased dur ing success ive c y c l e s o f depoly
mer i za t ion and the res idues showed an i n c r e a s i n g l y dense network 
o f aromatic s t r u c t u r e s . Increased a l i p h a t i c content i m p l i e s 
a l k y l a t i o n has o c c u r r e d . On-going work at B a t t e l l e Northwest 
i s in general agreement with the r e s u l t s of Ouchi (10) . 

Ac id c a t a l y z e d depo lymer izat ion o f coal with phenol a f f o r d s 
a means f o r d i s s o l u t i o n o f coal under r e l a t i v e l y mi ld c o n d i t i o n s 
(185°C, ambient p r e s s u r e ) . Once d i s s o l v e d , separat ion of ash 
c o n s t i t u e n t s and unreacted char i s accomplished by f i l t r a t i o n or 
c e n t r i f u g a t i o n ( a l s o under m i l d c o n d i t i o n s ) . Depolymerized coal 
recovered as a low ash product from excess phenol could be d i s 
so lved in a coal der ived s o l v e n t and hydrogenated to s t a b l e 
l i q u i d s . I t might be a n t i c i p a t e d that access to hydrogen and 
contact with the c a t a l y s t would be more e f f i c i e n t in the case of 
the s o l u b i l i z e d coal substance than f o r coal p a r t i c l e s l u r r i e s . 
Hydrogénation might proceed more e f f i c i e n t l y and with l e s s 
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26. M O O R E E T A L . Coal Liquefaction 419 

f o u l i n g o f c a t a l y s t s due, in p a r t , to the absence of heavy meta l s . 
T h i s study was conducted to assess the behavior o f var ious 

c o a l s with respect to s o l u b i l i z a t i o n by a c i d c a t a l y z e d depolymer
i z a t i o n with pheno l . Ash removal , phenol uptake, and r e a c t i o n s 
o f other so lvent systems were cons idered and the hydrogenolys is 
o f a number o f c o a l s and o f t h e i r depolymerized products were 
compared. 

Coal Preparat ion 

The c o a l s used in t h i s work were f i r s t crushed to -1/4 inch 
using a gyratory c r u s h e r . They were then p u l v e r i z e d and s i e v e d . 
A l l c o a l s were d r i e d under N2 a t 80°C f o r 24 hours p r i o r to 
p u l v e r i z i n g . The p u l v e r i z e r produced f r a c t i o n s o f -7+20 and 
-60+115 mesh. Most samples employed i n t h i s work were of -7+20 
mesh. Only a few t e s t s were made with coal of f i n e r g r i n d . 
I t was found that phenol not o n l y depolymerizes coal to c o l l o i d a l 
and molecu lar s i z e , but i t a l s o d i s i n t e g r a t e s coarse coal pro
ducing a smal le r screen s i z e d i s t r i b u t i o n . Th is l a s t e f f e c t i s 
be l i eved to be s i m i l a r to that reported by workers at Syracuse 
U n i v e r s i t y Research C o r p o r a t i o n . (11) As a r e s u l t , the extent 
and ra te of depo lymer izat ion were near ly independent o f i n i t i a l 
p a r t i c l e s i z e . 

The c o a l s used i n these t e s t s were c h a r a c t e r i z e d by proximate 
and u l t imate analyses (Table I ) . Samples o f four c o a l s were 
f u r n i s h e d us through the cour tesy of the Co l lege of Mineral 
S c i e n c e s , Pennsylvania State U n i v e r s i t y and where rece ived too 
l a t e f o r a n a l y s i s (except f o r moisture and a s h ) ; however, these 
c o a l s have been very complete ly c h a r a c t e r i z e d by G i v e n , e t a l . 
(12,13) In a d d i t i o n , a few other c o a l s rece ived l a t e i n the 
program were not ana lyzed , but t y p i c a l analyses prov ided by the 
mines are inc luded i n Table I . 

Procedures were used i n t h i s work which could be converted 
to i n d u s t r i a l process s t e p s . Coal was r e f l u x e d with a phenol-
c a t a l y s t mixture a t atmospheric p r e s s u r e . * The hot s o l u t i o n was 
f i l t e r e d through a tared f i l t e r which had been precoated with 
f i l t e r a i d . Contents of the f i l t e r were washed, f i r s t with hot 
phenol-methanol mixture (20/1, v/v) to remove adhering depolymer
i zed c o a l , and f i n a l l y , with methanol to remove phenol and 
c a t a l y s t . The f i l t e r cake was d r i e d a t 10 mm Hg pressure and 
140-160°C and weighed. 

The res idue on the f i l t e r conta ins ash c o n s t i t u e n t s from the 
c o a l , unreacted c o a l , and p o s s i b l y phenol combined with p a r t i a l l y 
depolymerized coal o f molecu lar s i z e too l a r g e to be s o l u b l e . 
From the weight o f the res idue the extent o f depo lymer izat ion i s 
g iven by: 

* Unless otherwise s tated the c a t a l y s t was p - t o l u e n e s u l f o n i c a c i d . 
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26. M O O R E E T A L . Coal Liquefaction 421 

(g maf c o a l ) - (g maf res idue) 
% depolymer izat ion = ( g m a f c o a l ) x 100 (5) 

where (g maf c o a l ) i s t h e mass o f coal charged c o r r e c t e d f o r i t s 
moisture and ash c o n t e n t . 

The f i l t r a t e conta ins a d i s p e r s i o n o f p a r t i c l e s too small to 
be trapped by the f i l t e r and s o l u b i l i z e d c o a l . M ic roscop ic 
measurements i n d i c a t e the p a r t i c l e s are s l i g h t l y l e s s than 0.5 
micron average d iameter . 

The determinat ion of depolymerized coal i n t h i s f i l t r a t e was 
accomplished by d i l u t i n g a weighed a l i q u o t with 20-30 times i t s 
weight o f water . Phenol and c a t a l y s t d i s s o l v e whereas the 
depolymerized coal product p r e c i p i t a t e s . * The p r e c i p i t a t e was 
f i l t e r e d , water washed, and d r i e d i n a vacuum at 110°C. The 
weight o f t h i s p r e c i p i t a t e d product was des ignated as maf 
(moisture and ash f r e e ) depolymerized product . 

The amount o f phenol which has become c h e m i c a l l y combined 
with the coal i s g iven by: 

(maf res idue) + (maf depo ly . p rod . ) - (maf c o a l ) 
% phenol = 

(maf c o a l ) 

χ 100. (6) 

Equation (6) shows t h a t the combined phenol i s der ived from the 
t o t a l increase in the weight o f c o a l . No d i s t i n c t i o n i s made 
between phenol trapped in the res idue or combined with s o l u b l e 
depolymerized c o a l . The weight gain i s a measure of the extent 
of r e a c t i o n . Ouch i , e t a K a l s o u t i l i z e d t h i s t o t a l weight 
increase as a measure of the extent o f r e a c t i o n . 

Coal Screening T e s t s . E f f e c t o f Coal Rank 

Screening t e s t s were conducted over a c o n s i d e r a b l e per iod of 
time as the var ious c o a l s became a v a i l a b l e f o r study so t e s t 
c o n d i t i o n s e x h i b i t s l i g h t v a r i a t i o n s . These v a r i a t i o n s are not 
regarded as s u f f i c i e n t to modify c o n c l u s i o n s which may be drawn 
from the data in Table I I . 

The extent o f depo lymer izat ion o f these c o a l s (Table II) 
ranges from 25.3 to 88.7 percent . Th i s d e f i n e s the amount o f 
maf coal s o l u b i l i z e d . With t h i s p a r t i c u l a r a r ray o f c o a l s , the 
coal s o l u b i l i z e d bears almost an inverse r e l a t i o n s h i p to the 
combined pheno l . T h i s appears to be d i c t a t e d by chance; never
t h e l e s s , the c o a l s to the r i g h t s ide of Table II take up more 
phenol i n r e l a t i o n to the amount s o l u b i l i z e d than those to the 

* With c e r t a i n c o a l s s l i g h t s o l u b i l i t y o f the depolymerized coal 
product i s evidenced by c o l o r imparted to the aqueous phase. 
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l e f t s ide o f the t a b l e . T h i s can be expressed n u m e r i c a l l y as a 
"F igure of M e r i t " by d i v i d i n g the percent depolymerized by the 
percent combined pheno l . The n u m e r i c a l va lue o f t h i s "F igure 
of M e r i t " ranges from 1.08 to 11 .09 . I t i s o b v i o u s l y d e s i r a b l e 
to achieve maximum s o l u b i l i z a t i o n with minimum phenol consumption. 

About h a l f o f the c o a l s t e s t e d are s u i t a b l e f o r a process 
which e n t a i l s s o l u b i l i z a t i o n o f coa l as an i n i t i a l s t e p . These 
d i s s o l v e r e a d i l y to y i e l d s o l u t i o n s which can be f i l t e r e d to 
remove ash ( i n c l u d i n g i n o r g a n i c s u l f u r compounds). E ighty to 90 
percent o f the maf coal goes i n t o s o l u t i o n to become a v a i l a b l e 
f o r subsequent hydrogénation to o i l s . 

Some c o a l s take up l a r g e amounts o f phenol (>25 percent) 
but do not d i s s o l v e . Phenol has good s o l v a t i n g power f o r r e l a 
t i v e l y p o l a r s o l u t e s o f up to about 1,000 i n molecular weight . 
Perhaps these c o a l s do not depolymerize to coal fragments small 
enough to enter s o l u t i o n i n pheno l . A c o - s o l v e n t might help 
d i s s o l v e these m o i e t i e s . I f so , i t may be premature to conclude 
that such c o a l s would be u n s u i t a b l e f o r p r o c e s s i n g . 

The data of Table II were taken a t 1.0 hour r e a c t i o n t ime. 
The r e a c t i o n cont inues at a r a p i d l y d i m i n i s h i n g ra te as shown 
by data i n F igure 1. Here the r e l a t i v e ra tes o f depo lymer izat ion 
f o r a few coa l s are compared over a 6-hour p e r i o d . These t e s t s 
were conducted a t r e f l u x temperature (160-170°C) and at comparable 
p h e n o l r c a t a l y s t : c o a l r a t i o s in the range 5 0 : 1 : 1 . No l i n e i s 
drawn f o r the Kni fe R iver l i g n i t e c o a l . I ts s o l u t i o n s f i l t e r with 
d i f f i c u l t y and accurate data are d i f f i c u l t to a c q u i r e . Data f o r 
t h i s coal ( s o l i d squares) s c a t t e r about the l i n e f o r the Ka iser 
Steel c o a l . 

React ion K i n e t i c s 

The r e a c t i o n o f phenol and the ensuing d i s s o l u t i o n o f coal 
in the phenol c a t a l y s t mixture appears to f o l l o w no simple ra te 
mechanism. Ouch i , et_ a]_. were able to f i t t h e i r data to a 
simple f i r s t order rate equat ion which upon i n t e g r a t i o n i s o f 
the form: 

In (1-a) = kt (7) 

where 

w t 
a = — . (8) 

w 
oo 

w. i s the weight increase due to r e a c t i o n with phenol a t t ime, 
t and w^ i s the maximum weight i n c r e a s e . When the data taken on 
Montour°°coal are p l o t t e d i n accordance with t h i s simple ra te 
mechanism, the r e s u l t shown i n F igure 2 i s o b t a i n e d . The open 
c i r c l e s represent the ra te o f d i s s o l u t i o n , the shaded c i r c l e s 
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0 1 2 3 4 5 6 7 

TIME, HRS 

Figure 1. Relative rates of depolymerization (160°-170°C) with p-toluene-
sulfonic acid catalyst 
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M O O R E E T A L . Coal Liquefaction 

TIME, HRS 

Figure 2. Depolymerization of Montour coal in accord
ance with first-order rate mechanism 
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represent the ra te of phenol combinat ion. 
C l e a r l y , the ra te process i s not f i r s t order and t h i s i s 

true of a l l the c o a l s t e s t e d . Wiser (14) has compared the k i n e t i c s 
o f coal p y r o l y s i s and s o l v e n t e x t r a c t i o n . In so lvent e x t r a c t i o n , 
the y i e l d curves o f f r a c t i o n e x t r a c t e d versus time c l o s e l y 
resemble the curves shown i n F igure 1. Wiser showed such data 
e x h i b i t compliance with second order k i n e t i c s i n the e a r l y per iod 
of r e a c t i o n and r e v e r t to compliance with f i r s t order k i n e t i c s i n 
l a t e r s t a g e s . H i l l , e t a K (15) a l s o showed that a c t i v a t e d 
e x t r a c t i o n of coal with hydrogen donor so lvents behaved in t h i s 
manner. 

Data f o r d i s s o l u t i o n o f the Montour coal can be f i t t e d to a 
second order equat ion of the form: 

£ = k 2 ( a - x ) 2 (9) 

where ko = r e a c t i o n c o n s t a n t , a = maximum percent depolymer izat ion 
a t t a i n a b l e with t h i s coal ( a r b i t r a r i l y est imated to be 87 percent) 
and χ = the percent depo lymer izat ion at t ime, t . The i n t e g r a t e d 
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equat ion with a lower l i m i t o f χ = ο when t = ο has the form: 

χ 
a(a-x) k 2 t . (10) 

F igure 3 shows how wel l the data f i t second order k i n e t i c s dur ing 
the f i r s t s i x hours . Beyond s i x hours , the data do not l i e along 
t h i s l i n e , but ins tead f o l l o w simple f i r s t order k i n e t i c s as 
shown in F igure 4. The equat ion which d e s c r i b e s t h i s p o r t i o n o f 
the r e a c t i o n i s : 

dt K l ( a - x ) . ( Π ) 

I n t e g r a t i n g , with l i m i t s χ = ο when t = ο , leads t o : 

In = k-,t. (12) 

Thus, a p l o t o f In - — versus t y i e l d s the r e s u l t shown i n 
F igure 4, where " a " fias the same d e f i n i t i o n as above. S i m i l a r 
r e s u l t s are obtained upon p l o t t i n g the data f o r C o n s o l i d a t i o n , 
Georgetown, Mid land , Ka iser Steel and Kni fe R iver c o a l s . 

In the case of the C o n s o l i d a t i o n c o a l , a few data were ob
ta ined a t d i f f e r e n t temperatures. F igure 5 shows the r e s u l t o f 
p l o t t i n g the data as a second order ra te process a t temperatures 

s 3 

Figure 4. Compliance of Montour dissolution rate at long 
time intervals with a first-order rate mechanism 
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of 95°C, 125°C, and 161°C. The s lopes o f these l i n e s g ive the 
second order r e a c t i o n ra te c o n s t a n t s . 

App ly ing abso lute r e a c t i o n ra te theory as demonstrated by 
H i l l , e t al_. the ra te constant can be expressed as : 

where k = Boltzmann's constant 
h = P l a n k ' s constant and 
R = Un iversa l Gas c o n s t a n t . 

A p l o t o f In (ko/T) versus 1/T (F igure 6) a l lows e v a l u a t i o n of the 
entha lpy of a c t i v a t i o n , ΔΗ, from the s l o p e , and the entropy o f 
a c t i v a t i o n , AS, from the i n t e r c e p t . 

The value of ΔΗ, 15.2 Kcal/mole, i s about h a l f that which 
Wiser (14) obta ined (28.8 Kcal/mole) f o r d i s s o l u t i o n of coal by 
hydrogen donor so lvents i n the 350-450°C temperature regime and 
by the second order rate p r o c e s s . On the other hand, i t i s 
about twice the value obta ined by H i l l , e t alk (15) f o r low 
temperature d i s s o l u t i o n o f coal i n a hydrogen donor so lvent under 
the d r i v i n g f o r c e of u l t r a s o n i c energy, i . e . , 8 .7 Kcal/mole. 

E x t r a p o l a t i o n of the l i n e drawn in F igure 6 to 250°C (1/T = 
1.912 χ 1 0 " 3 ) leads to a value o f In k2/T = -582, from which 
k2 = 1.55 h r * 1 . S ince the data are i n good compliance with second 
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order ra te theory a t shor t time p e r i o d s , e x t r a p o l a t i o n should 
p r e d i c t the time r e q u i r e d f o r s o l u b i l i z a t i o n o f the coal a t 250°C. 

Equation (10) shows t h a t complete d i s s o l u t i o n , where 
χ = a r e q u i r e s i n f i n i t e t ime . However, a t f i n i t e convers ions 
to s o l u b l e products ( e . g . , 80 percent o f maximum and 90 percent 
o f maximum [maximum = 87 percent]) 1.8 and 4 .0 m i n . , r e s p e c t i v e l y , 
are r e q u i r e d a t 250°C. 

Experiments a t 250-300°C conf i rm that n e a r l y complete 
s o l u b i l i z a t i o n of coal in such short time per iods can be a c h i e v e d . 

-8.0 

2.2 2.3 2.4 2.5 2.6 2.7 2.8 2 9 

1/T χ 103 

Figure 6. Ln K2/T vs. 1/T for evaluation of the activation enthalpy and 
entropy 
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The data (Table III) a l s o i n d i c a t e that r e p o l y m e r i z a t i o n may 
occur i f the system i s maintained at such high temperatures f o r 
too long a time i n t e r v a l . 

The experiments a t 250°-300°C were performed i n a 300 ml 
s t i r r e d a u t o c l a v e . React ion times r e f e r to the "time a t temper
a t u r e . " Some 30 min. was requ i red to b r ing the autoc lave and 
i t s contents to temperature and about 15 min. was requ i red to 
cool i t again to ambient temperatures. 

TABLE I I I . Depolymerizat ion of C o n s o l i d a t i o n Coal a t High 
Temperatures and Pressures o f 100-200 ps i Using 
PTSA C a t a l y s t 

Temp., 
°C 

Time, 
Min 

% 
Depolymerizat ion 

% 
Phenol Uptake 

250 5 87.6 29.9 
300 7 77.8 37.7 
300 20 57.6 24.2 
300 5 78.9 29.7 
300 120 55.3 7.8 

The e x t r a p o l a t i o n from data at lower temperatures, together with 
data in Table I I I , i n d i c a t e n e a r l y complete s o l u b i l i z a t i o n can 
be achieved i n time per iods o f p r a c t i c a l i n t e r e s t f o r f low 
through r e a c t o r s . 

Behavior o f Other So lvents 

So lvents other than phenol have been t e s t e d f o r e f f e c t i v e n e s s 
in coal d e p o l y m e r i z a t i o n . The r e s u l t s are summarized i n Table IV. 
Both percent depo lymer izat ion ( s o l u b i l i z a t i o n ) and weight 
increases (%) can be used as a measure of the extent o f r e a c t i o n . 
Data using phenol s o l v e n t are inc luded f o r comparison. 

Data f o r the weight inc rease are l a c k i n g i n cases where the 
product was not i s o l a t e d . T h i s i s not easy to accompl ish when 
the s o l v e n t i s i n s o l u b l e in water . T h i s lack i s unfortunate i n 
the case o f c resote o i l and benzaldehyde. Here the la rge neg
a t i v e value f o r percent depo lymer izat ion means the res idue 
weighed more than the maf coal charged. T h i s i s evidence o f 
s o l v e n t - c o a l r e a c t i o n . 

I t i s apparent that many of the so lvents undergo r e a c t i o n 
with c o a l , but the r e a c t i o n may not depolymerize the coal to 
s o l u b l e fragments. A l t e r n a t i v e l y , the so lvent may be a poor one 
i n which to d i s s o l v e the depolymerized coal p roduct . 

The x y l e n e s , e . g . , y i e l d a l a r g e r percent weight inc rease 
than does phenol and y e t no s i g n i f i c a n t s o l u b i l i z a t i o n of the 
coal r e s u l t s . In order to compare the products from depoly
m e r i z a t i o n with m-xylene to those us ing pheno l , products from 
these r e a c t i o n s were e x t r a c t e d with p y r i d i n e f o r 24 hours using 
a s o x h l e t e x t r a c t o r . The phenol depo lymer izat ion product proved 
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to be 61 percent s o l u b l e i n p y r i d i n e whereas the xylene depoly
mer i za t ion product was on ly 30 percent s o l u b l e . 

Thus, there appears to be something unique about the weakly 
a c i d i c pheno l i c m a t e r i a l s . In a d d i t i o n to phenol i t s e l f , 3 ,5-
x y l e n o l , 2-naphthol , phenol-naphthalene ( 1 : 1 ) , and c r e s y l i c 
a c i d a l l show a b i l i t y to s o l u b i l i z e the c o a l . Recent ly , Darlage 
and B a i l e y have s tud ied the phenol c a t a l y z e d depolymer izat ion o f 
a Kentucky coal (Pond Creek Seam, Pike County) . (16) T h i s coal 
does not depolymerize e f f i c i e n t l y and would compare with the 
poorest coa l s tes ted with data shown i n Table I I . These authors 
a l s o show that phenol ic so lvents in general cause s o l v a t i o n o f 
coal whereas non-phenol ic aromatics add to coal but do not s o l 
u b i l i z e the c o a l . 

I f the depo lymer izat ion r e a c t i o n proceeds by the mechanism 
o f equat ions ( 1 ) , (2) and (3) i t should be p o s s i b l e to p r e d i c t 
a s o l v e n t r e a c t i v i t y sequence. The r e l a t i v e r e a c t i v i t y i s thus 
expected to be 3 ,5-xy leno l > naphthol ^ phenol > xylene > toluene 
> naphthalene > a n i l i n e ^ benzaldehyde. Th i s o r d e r , as measured 
by the i n d i c e s f o r r e a c t i o n used here , i s not f o l l o w e d . 

Hydrogenolys is Experiments 

Hydrogenolys is was done using a one l i t e r rock ing autoc lave 
to which 30g c o a l , 15g c a t a l y s t , and 200 ml o f mixed d e c a l i n s 
were charged. Th i s was p r e s s u r i z e d with Hp heated to temperature 
w i t h i n a 4-5 hour p e r i o d , rocked -for a predetermined r e a c t i o n 
per iod ( u s u a l l y 4 hours) and cooled to ambient temperature (wi th in 
1.5 - 2.0 h o u r s ) . Gases, l i q u i d s and s o l i d s were recovered 
s e p a r a t e l y and a n a l y z e d . The y i e l d o f o i l was determined from 
the weight o f unreacted coal adjusted f o r ash and m o i s t u r e , e . g . 

% y i e l d = ( „ f c o a l ( n i C h a S e d ) c - a ( c o a 1 r e s i d u e ) x 1 Q 0 . ( u ) 

The d e c i s i o n to employ d e c a l i n as a s o l v e n t was made to 
circumvent d i f f i c u l t i e s i n handl ing small q u a n t i t i e s of coal and 
c a t a l y s t i n a l a r g e autoc lave and to f a c i l i t a t e separat ion of 
so lvent and coal r e a c t i o n products . In some respects t h i s was 
an unfortunate c h o i c e . Some r e a c t i o n with d e c a l i n o c c u r r e d , so 
accurate measurement o f Hp consumption by r e a c t i o n with coal was 
not p o s s i b l e . F u r t h e r , both coal and depolymerized coal were 
v i r t u a l l y i n s o l u b l e i n t h i s so lvent so the hoped f o r advantage 
o f so lvent s o l u b i l i t y a n t i c i p a t e d f o r depolymerized coal may 
have been l o s t . 

Commercial ly a v a i l a b l e c a t a l y s t s were used. With but few 
except ions these were Harshaw-0402, Co-Mo, 1/8-inch t a b l e t s and 
Harshaw-Ni-4301, Ni-W, 1/16 i n . e x t r u s i o n s . At constant c o a l ; 
c a t a l y s t i s o l v e n t r a t i o and with H2 i n l a rge excess the p r i n c i p a l 
v a r i a b l e s which e f f e c t hydrogenolys is y i e l d are temperature and 
c a t a l y s t type . As shown by data in F igure 7, the convers ion 
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y i e l d i s p r i m a r i l y a f u n c t i o n of temperature f o r a g iven c a t a l y s t 
i r r e s p e c t i v e o f coal type or depolymerized c o a l . There appears 
to be no s i g n i f i c a n t d i f f e r e n c e i n the convers ion y i e l d f o r 
depolymerized coal versus the coal from which i t was der ived 
with the p o s s i b l e except ion o f the Georgetown coal where the 
depolymerized c o a l s performed b e t t e r . 

D e t a i l s o f the hydrogenolys is runs are c o l l e c t e d i n Table V. 
In a l l cases hydrogenolys is was conducted under mi ld c o n d i t i o n s . 
Attempts were made to determine the H2 consumed dur ing the course 
of react ion , but i n t e r f e r e n c e by the so lvent obscures the r e s u l t s 
in most c a s e s . T h i s i n t e r f e r e n c e i s most pronounced at tempera
tures exceeding 400°C. 

The process o f hydrogenolys is i s designed to fragment the 
coal s t r u c t u r e i n t o smal le r molecu lar weight u n i t s : l i g h t o i l , 
heavy o i l , and aspha l tenes . A small amount of gaseous products 
a l s o r e s u l t . 
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Table V 

Hydrogenolys is o f Coal and Depolymerized Coal 

Run No./ 
Coal 

wt Sample I n i t i a l Final 
Sample maf Basis Temp. Time, P, psig P, psiq 

Description g °C hr (OPS) ( ca l c . ) 
Catalyst Yield 

Type % 

Moles H 2 / 
g maf 
Coal 
Charged 

Moles H2/ 
g maf 
Coal 
Convert. 
χ I P ' 4 

20 As Received 
Georgetown (no solvent) 

22 Depoly. Ash Not 26.43 
Georgetown Sep. (no solvent) 

15 
Georgetown 

As Received 

Depolymerized 
Georgetown Ash Free 

Georgetown Ash Free 

3 Depo1ymerize( 
Georgetown Ash Free 

5B As Received 

7B 

Montour 

6B 

Montour 

2B 

Knife River 

4B 

Knife River 

3B 
Knife River 

Depolymerized 
+ Ash 

As Received 

As Received 

8B Depolymerized 
Knife River + Ash 

21 Depolymerized 
Consolidation (No Solvent) 

Consolidation 

14 Depolymerized 
Consolidation 

16 Depolymerized 
Consolidation 

Consolidation 

17 Depolymerized 
Consolidation 

ConsolIdation 
Depolymerized 

25.06 

30.0 

Depolymerized 23.5 

25.06 

As Received 25.06 

Georgetown Ash Free 

11 As Received 
Georgetown 

10 
Georgetown 

8 Depolymerized 30.0 
Georgetown Ash Free 

Depolymerized 24.2 

30.0 

26.45 

26.45 

27.0 

25.44 

25,44 

Depolymerized 27.09 
+ Ash 

19 Depolymerized 
Consolidation (TetraHn Sol v . ) 

27.09 

30 

25.3 

30 

30 

25.3 

30 

30 

30 

371 6.2 

420 36.0 

404 4.0 

292 4.2 

316 4.0 

281 4.2 

4.3 316 

309 

322 

338 

404 

426 4.2 

435 4.4 

397 7.6 

422 4.5 

>388 ( 4 ) 4.8 

414 3.0 

397 5.6 

400 4.25 

404 4.2 

412 4.0 

370 4.8 

410 4.0 

421 4.0 

412 

400 

400 

400 

10.5 1700 

4.0 1800 

4.0 1800 

1.0 1000 

4.2 

400 

400 

864 

930 

908 

1390 2170 

1310 2590 

1420 2640 

1500 2965 

3320 

3595 

3690 

2272 

1000 2346 

1000 2375 

1000 2248 

1000 

1000 

1000 

400 

300 

400 

300 

2332 

-v-2225 

2305 

930 

920 

None 

None 

N1-W 

N1-W 

N1-W 

Co-Mo 

Co-Mo 

Co-Mo 

Co-Mo 

Co-Mo 

Ni-W 

Ni-W 

N1-W 

N1-W 

N1-W 

N1-W 

NI-W 

None 

NI-W 

N1-W 

Ni-W 

Co-Mo 

30.4 

53.0 

36.5 

0.9 

22.9 

35.8 

40.5 

47.4 

84 

85 

80 

72 

79 

33 

72 

73.8 

76.3 

T-T1571^ 2 ) 72 

130 

3 

94 

16 

410 

440 

800 

810 

440 

410 

156 

180 

110 

110 

380 

90 

no 

220 

16 

26 

1700 

300 

460 

490 

950 

1010 

610 

530 

192 

249 

150 

150 

420 

240 

150 

G-68 (3) 

(1) Gird ler G-3A, Chromium promoted Iron oxide, 3/8 χ 3/16 1n. Tablets 

(2) Gird ler G-T1571, S i l i c a Car r ie r , 3/16 1n. Spheres. 

(3) G i rd ler G-68, Promoted Pd on Gamma Alumina, 3/16 χ 1/8 i n . Tablets. 

(4) Recorder Malfunctioned. 

** Data Not Measured. 
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TABLE V I . P r i n c i p a l Features o f IR and NMR Spect ra 

B r i e f Summary o f Major IR A b s o r p t i o n Bands 

Heavy O i l Aspha l tenes Probable Band Assignment 

3546 cm" 1 3401 cm" 1 OH Band (smal l ) 
3012 3012 Aromatic C-H S t r e t c h 
2924 2933 A l i p h a t i c C-H S t r e t c h 
2857 2865 A l i p h a t i c C-H S t r e t c h 
1905 1905 Overtones and Combination f o r 
1754 1776 M u l t l Sub Benzenes 
1605 1605 Aromat ic Ring U n s a t u r a t i o n 
1449 1451 Asym Methyl Band and Aromat ic 

Ring V i b r a t i o n 
1374 1377 Sym Methyl Band 
1252 1250 
1221 — 

1032 — 

877 840 Penta-Hexa-Sub Benzene 
698 Di Sub Benzene 
675 Benzenoid (?) 

B r i e f Summary o f NMR Spectrum 

Heavy O i l Aspha l tenes D e s c r i p t i o n 

0.9 ppm 0 . 7 5 , 0 . 8 4 , Methyl Protons 
0 . 9 3 , 1.09 

1.23 1.20 
1.50 1.27 
1.71 1.47 
2.22 Methylene Protons 
2.39 
2.60 3.58 
3.76 (Broad Bands) 
6.92 Aromat ic Protons 
7.05 
7.20 7.21 
7.39 (Broad Bands) 
7.42 
7.75 
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The l i g h t o i l c o n s i s t i n g main ly o f mononuclear aromatic 
compounds, was separated dur ing steam d i s t i l l a t i o n to remove 
d e c a l i n . The actua l amount was q u i t e small and c o d i s t i l l e d wi th 
d e c a l i n i n which i t appears as an i m p u r i t y . An e f f o r t was made 
to d i s t i l l t h i s mater ia l through a P o d b i e l n i a k d i s t i l l a t i o n 
apparatus , but the amount o f each component was so s m a l l , ( i . e . , 
in the range of tenths of m i l l i l i t e r s ) , that c l e a n separat ions 
were not o b t a i n e d . Probably a sp inn ing band column would have 
more a c c u r a t e l y i s o l a t e d these m a t e r i a l s . Gas chromatographic 
a n a l y s i s i n d i c a t e d the presence of roughly 60 d i f f e r e n t compounds, 
more than h a l f o f which had s h o r t e r r e t e n t i o n times than d e c a l i n . 
Among those t e n t a t i v e l y i d e n t i f i e d are benzene, cyc lohexane, 
c r e s o l s , dimethyl pheno l , phenol and d i p h e n y l e t h e r . 

The steam d i s t i l l a t i o n res idue conta ins heavy o i l s and 
a s p h a l t e n e s . These were separated by s o l u b i l i t y d i f f e r e n t i a t i o n . 
Both of these m a t e r i a l s were s u f f i c i e n t l y s o l u b l e in CCI* to 
permit examination by both IR and NMR. P r i n c i p a l f e a t u r e s o f 
the IR and NMR spectra are shown in Table V I . The p o s s i b i l i t y 
o f c o l l o i d a l d i s p e r s i o n o f the asphaltenes i n s t e a d o f t rue 
s o l u b i l i t y may have caused some l o s s o f f i n e s t r u c t u r e f o r the 
aromatic absorpt ion r e g i o n s . 

The r a t i o o f a l i p h a t i c protons to aromatic protons f o r the 
heavy o i l was 4.01/1 and o f methylene to methyl 1/1.75. For the 
aspha l tenes , the r a t i o of a l i p h a t i c protons to aromatic protons 
was 3.49/1 and o f methylene to methyl 1/1.1. The asphaltenes 
were observed to melt a t 146°C. Molecu lar weights obta ined by 
vapor phase osmometry (o-xy lene so lvent ) were 407 f o r the heavy 
o i l and 638 f o r the a s p h a l t e n e s . There appears to be l i t t l e 
d i f f e r e n c e in the r e l a t i v e y i e l d o f heavy o i l s and asphaltenes 
from depolymerized coal as compared with the "as r e c e i v e d " c o a l s . 
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Liquefaction of Western Subbituminous Coals with 

Synthesis Gas 

CHARANJIT RAI 
University of Wyoming, Laramie, WY 82071 
HERBERT R. APPELL and E. G. ILLIG 
Pittsburgh Energy Research Center (ERDA), 4800 Forbes Ave., Pittsburgh, PA 15213 

The recent energy c r i s i s on the east coast and continued 
concern regarding environmental e f f e c t s have once again empha
s i z e d the importance of producing l o w - s u l f u r f u e l s by l i q u e 
f a c t i o n . Most l i q u e f a c t i o n processes i n v o l v e some form of 
hydrogen t r a n s f e r , where c o a l i s heated and l i q u e f i e d a t 400-
500°C i n a s o l v e n t . Falkum and Glen (JL) suggested that the 
i n i t i a l r e a c t i o n of c o a l w i t h molecular hydrogen inv o l v e d 
d e a l k y l a t i o n to r e a c t i v e unsaturated m a t e r i a l s which are 
e i t h e r s t a b i l i z e d by hydrogénation or repolymerize. Van Krevelen 
(2.) reported that c o a l p y r o l y s i s i n v o l v e d depolymerization and 
d i s p r o p o r t i o n a t i o n i n which fre e r a d i c a l s are formed. H i l l 
e t a l . (3) discussed the l i q u e f a c t i o n of a high v o l a t i l e 
bituminous c o a l i n t e t r a l i n i n terms of d i s s o l u t i o n and s t a t e d 
that "the hydrogen t r a n s f e r r e a c t i o n a t 350-450°C i s a second 
order process, i n which the a c t i v a t i o n energy increases as the 
r e a c t i o n proceeds." Curran et a l . (4) described the t r a n s f e r 
of hydrogen from t e t r a l i n to c o a l as a free r a d i c a l r e a c t i o n 
i n v o l v i n g thermal cleavage of the c o a l molecules. 

Heredy and Neuworth (5) were apparently the f i r s t i n 
v e s t i g a t o r s to rep o r t the depolymerization of c o a l using 
F r i e d e l - C r a f t s c a t a l y s t s . They observed that the s o l u b i l i t y 
of c o a l could be co n s i d e r a b l y increased by treatment w i t h 
boron t r i f l u o r i d e i n phenol a t 100°C. Subsequent studi e s (6) 
i n d i c a t e d that p a r a - t o l u e n e s u l f o n i c a c i d i n phenol was the 
most e f f i c i e n t c a t a l y s t f o r the depolymerization r e a c t i o n a t 
185°C. Lower rank coal s were found to be more r e a c t i v e r e 
s u l t i n g i n higher s o l u b i l i t y (T). 

More r e c e n t l y Sternberg (8) has studie d the d i s s o l u t i o n 
of c o a l by re d u c t i v e a l k y l a t i o n , which i n v o l v e s a v a r i e t y of 
r e a c t i o n s , i n c l u d i n g f r e e r a d i c a l and e l i m i n a t i o n r e a c t i o n s . 
The r e d u c t i v e a l k y l a t i o n proceeds by the a d d i t i o n of e l e c t r o n s 
to the aromatic n u c l e i to form the corresponding anions f o l 
lowed by C - a l k y l a t i o n . Cleavage of ether bonds r e s u l t s i n 
phenolate anions and subsequent O - a l k y l a t i o n of the anions 
s o l u b i l i z e s c o a l . Coal has a l s o been s o l u b l i z e d by a g r a f t i n g 
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technique which can be c a r r i e d out a t m i l d temperatures (140-
150°C) and atmospheric pressure (£). P u l v e r i z e d bituminous or 
a n t h r a c i t e c o a l i s mixed w i t h a chemical g r a f t i n i t i a t o r and an 
approp r i a t e monomer, and the r e a c t i o n product i s l i q u e f i e d 
e i t h e r by he a t i n g or by a d d i t i o n of solvents d e r i v e d from c o a l 
or petroleum. Non-polar a l k y l monomer s u b s t i t u e n t s enhance 
the s o l u b i l i t y of c o a l i n a l i p h a t i c hydrocarbons; whereas 
aromatic s u b s t i t u e n t s make c o a l s o l u b l e i n aromatic s o l v e n t s . 
The p o l a r groups make the g r a f t e d coals more s o l u b l e i n p o l a r 
solvents such as ketones and a l c o h o l s . 

Vigorous e f f o r t s are being made to develop c a t a l y t i c 
hydrogénation processes f o r producing l i q u i d f u e l s from c o a l . 
The r o l e of hydrogen i n l i q u e f a c t i o n of c o a l i s to sa t u r a t e the 
free r a d i c a l s formed by bond cleavage of c o a l a t r e a c t i o n tem
perature. This can occur d i r e c t l y or through hydrogénation of 
smaller solvent molecules which then donate t h e i r hydrogen to 
r e a c t i v e c o a l s p e c i e s . D e s u l f u r i z a t i o n and s a t u r a t i o n of double 
bond and aromatic r i n g s t r u c t u r e s a l s o occurs i n the presence 
of hydrogen. Enormous amounts of hydrogen are needed f o r hydro
génation processes and without a t e c h n o l o g i c a l breakthrough f o r 
production of hydrogen at low c o s t s , an economical process f o r 
l i q u e f a c t i o n w i l l not be achieved. An a l t e r n a t i v e approach has 
been i n v e s t i g a t e d by A p p e l l e t a l . (10) c o n s i s t i n g of l i q u e f y i n g 
l i g n i t e and bituminous c o a l w i t h low cost synthesis gas. Fu 
and I l l i g (11) have attempted l i q u e f a c t i o n and d e s u l f u r i z a t i o n 
of h i g h s u l f u r bituminous coals w i t h synthesis gas a t tempera
tures of 400-450°C, and operating pressures of 3000-4000 p s i i n 
the presence of c o b a l t molybdate and sodium carbonate c a t a l y s t s , 
steam and a r e c y c l e o i l . 

The e f f e c t of mineral matter present i n western coals was i n 
v e s t i g a t e d i n an attempt to develop an economical n o n - c a t a l y t i c 
l i q u e f a c t i o n process using low cost synthesis gas. The minerals 
present i n the subbituminous coal s o f f e r an adequate, inexpensive 
and n a t u r a l l y occuring source of c a t a l y t i c m a t e r i a l s f o r l i q u e 
f a c t i o n and h y d r o d e s u l f u r i z a t i o n r e a c t i o n s i n v o l v e d i n c o a l con
v e r s i o n . M i t c h e l l and Gluskoter (12) have i d e n t i f i e d b a s s a n i t e , 
q u a r t z , k a o l i n i t e , c a l c i t e and p y r i t e i n the Rocky Mountain sub
bituminous coal s by low temperature ashing technique. Morooka 
and Hamrin (13) observed that the mineral matter from two 
Kentucky coals e x h i b i t e d c a t a l y t i c a c t i v i t y f o r the dehydrosul-
f u r i z a t i o n of thiophene and butene i s o m e r i z a t i o n . 

In t h i s study subbituminous coals were l i q u e f i e d and 
d e s u l f u r i z e d e f f e c t i v e l y by h y d r o t r e a t i n g w i t h synthesis 
gas at moderate operating c o n d i t i o n s i n the presence of steam 
and anthracene o i l used as a s o l v e n t . The data were compared 
when the same coals were l i q u e f i e d w i t h pure hydrogen under 
s i m i l a r experimental c o n d i t i o n s . P y r i t i c and organic s u l f u r 
present i n these coals appear to be r e s p o n s i b l e f o r the f o r 
mation of c a t a l y t i c a c t i v e form of i r o n s u l f i d e that f u n c tions 
as an e f f e c t i v e h y d r o t r e a t i n g c a t a l y s t (14). The presence of 
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a l u m i n o s i l i c a t e s and carbonates i n these coals promote the con
v e r s i o n of complex organic s t r u c t u r e s to s o l u b l e l i q u i d products. 
The water-gas s h i f t r e a c t i o n and the r e d u c t i o n of carbonyl 
groups i n the c o a l s t r u c t u r e s are ca t a l y z e d by a l k a l i metal 
carbonates. The red u c t i o n of carbonyl groups proceeds v i a 
donation of the aldehydic hydrogen i n the formate i o n to the 
carbonyl group. The formate i o n i s c o n t i n u a l l y regenerated 
by the r e a c t i o n of carbon monoxide w i t h a l k a l i n e m a t e r i a l s 
present i n co a l ash. 

M + + OH" + CO Η(φ>© 

>C = 0 + H-C-0 M —>· -C-0 M + C0 o 

1 A H 0 ® , θ Φ 
-Ç-0 Μ + Η 0 H-C-OH + OH + M 

Experimental 

Equipment. The l i q u e f a c t i o n of c o a l was studied i n a 1 
l i t e r m a g n e t i c a l l y s t i r r e d s t a i n l e s s s t e e l a u t oclave. The auto
clave was equipped w i t h a thermowell; a gas i n l e t port connected 
to a synthesis gas (H 9:C0 r a t i o of 1:1), or to a hydrogen cy
l i n d e r ; and to a pressure gauge; a p o r t f o r connection to a 
rupture d i s k assembly; and a port f o r gas discharge. The ver
t i c a l magentic rod w i t h dashers s t i r r e d the c o a l , s o l v e n t and 
ash or c a t a l y s t p a r t i c l e s . The autoclave temperature was 
measured by a thermocouple placed i n t o the thermowell. 

M a t e r i a l s . Twelve subbituminous coals from four major 
c o a l - b e a r i n g regions of Wyoming were s t u d i e d i n t h i s program. 
Chemical and p h y s i c a l analyses of these coals are presented i n 
Table I . The co a l samples were b a l l - m i l l e d to minus 100 mesh 
under n i t r o g e n and stored i n a r e f r i g e r a t o r before use. 

A Co-Mo-Al 30 3 c a t a l y s t (Harshaw CoMo 0402T, 3% CoO - 15% 
Mo0 3) was used i n some experiments e i t h e r w i t h or without potas
sium carbonate. P y r i t e i s o l a t e d from c o a l was a l s o used as 
a c a t a l y s t w i t h potassium carbonate i n some experiments. An
thracene o i l obtained from Crowley Tar Products Company was 
used as the s t a r t - u p s o l v e n t . In the r e c y c l e runs w i t h Sheridan 
F i e l d Coal (W-74-45), 80% of the anthracene o i l was g r a d u a l l y 
replaced by c o a l - d e r i v e d o i l a f t e r nine r e c y c l e s . The benzene 
and pentane used f o r se p a r a t i o n of o i l , and asphaltene were 
F i s h e r s o l v e n t grade. 

Procedure. In a t y p i c a l experiment, the autoclave was 
charged w i t h subbituminous c o a l (80-110g), anthracene o i l (140g), 
water as needed to provide 25 wt% of the co a l charge w i t h syn
t h e s i s gas or hydrogen as the reducing agent, and w i t h or without 
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442 I N D U S T R I A L A N D L A B O R A T O R Y A L K Y L A T I O N S 

c a t a l y s t s . The autoclave w i t h the reactants was flushe d w i t h 
n i t r o g e n followed by sy n t h e s i s gas or hydrogen and charged w i t h 
the a p p r o p r i a t e gas w i t h an i n i t i a l pressure of 1600 to 2000 p s i . 
The autoclave temperature was then increased to the d e s i r e d 
o p e r a t i n g temperature (400° to 450°C) over a p e r i o d of 50 to 60 
minutes, maintained a t the temperature from 15 to 75 min. A f t e r 
the experiment was completed, r a p i d i n t e r n a l c o o l i n g of the auto
c l a v e to the ambient temperature was achieved by c o l d water. 
The f i n a l pressure i n the autoclave was recorded the next day, 
the d i f f e r e n c e i n pressure i n d i c a t i n g the volume of gas con
sumed i n the experiment. The products were f i l t e r e d a t ambient 
or h i g h e r temperatures to o b t a i n l i q u i d o i l s . F i l t e r cakes 
c o n t a i n i n g unreacted carbon, ash and water were e x t r a c t e d w i t h 
benzene or acetone. The water was removed by d i s t i l l a t i o n and 
the remaining o i l was recovered by removing the so l v e n t i n a 
r o t a r y vacuum evaporator. Gaseous products were analyzed by 
mass spectrometry. Data on conversion, o i l y i e l d and gas con
sumption are given as weight percent based on moisture-free and 
ash-free (maf) c o a l . 

R e s u l t s and D i s c u s s i o n 

L i q u e f a c t i o n w i t h Synthesis Gas (1H Q:1C0) and Hydrogen. 
Subbituminous coa l s from four major c o a l - b e a r i n g regions of 
Wyoming: Hams Fork, Green R i v e r , Hanna and Powder R i v e r Coal 
B a s i n having ash from 4 to 22 wt%, moisture from 12 to 25 wt% 
and s u l f u r from 0.6 to 3.4 wt% (maf) were l i q u e f i e d and de-
s u l f u r i z e d w i t h s y n t h e s i s gas i n anthracene o i l and i n absence 
of added c a t a l y s t s . The major elements present i n the mine r a l 
matter of these c o a l s are shown i n Table I I (15). Some of these 
metals a c t as c a t a l y s t s f o r depolymerizing and l i q u e f y i n g c o a l s . 

When Monarch (Lower Bench) c o a l (W-74-53) was hydrotreated 
w i t h synthesis gas i n anthracene o i l and 25 wt% moisture a t 
425 + 5°C, an ope r a t i n g pressure of 3900-4000 p s i , and a r e a c t i o n 
time of one hour, a 99/o conversion and 72% s e l e c t i v i t y to o i l on 
a moisture- and ash-free b a s i s was observed. The v i s c o s i t y of 
the c o a l o i l i n anthracene s o l v e n t was remarkably low, 53 cen-
t i p o i s e s a t 60°C At lower residence time from 15 min. to 
30 min., the product o i l r e s u l t e d i n a high v i s c o s i t y , even-
though the conversions were not g r e a t l y a f f e c t e d . These data 
are shown i n Table I I I and Figure 1. 

E s s e n t i a l l y a l l the subbituminous coals when hydrogreated 
w i t h s y n t h e s i s gas i n anthracene o i l and adequate amounts of 
moisture r e s u l t e d i n h i g h conversions v a r y i n g from 90 to 99% 
on moisture- and ash-free b a s i s a t a temperature of 425 + 5°C, 
an o p e r a t i n g pressure of 3500 to 4500 p s i g , and a residence time 
of an hour. The product o i l i n v a r i a b l y had a low v i s c o s i t y . 
These are optimum c o n d i t i o n s f o r autoclave experiments. Higher 
temperatures r e s u l t e d i n increased gas consumption, lower con
v e r s i o n s , and a product o i l of low v i s c o s i t y . L i k e w i s e , 
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R A I E T A L . Liquefaction of Subbituminous Coals 

Ο 15 30 45 60 75 

TIME, min. 

Figure 1. Effect of reaction time on conversion and viscosity 

EFFECT OF PRESSURE ON COAL LIQUEFACTION 

SUBBITUMINOUS, I HR. 
H 2 + CO, I HR, 4 2 5 ° C 

INITIAL PRESSURE, PSIG 

Figure 2. Effect of pressure on coal liquefaction 
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27. R A I E T A L . Liquefaction of Subbituminous Coals 449 

higher pressures r e s u l t e d i n higher conversions and the best 
r e s u l t s were obtained a t an i n i t i a l pressure of 1800-2000 p s i g , 
w i t h a corresponding operating pressure of about 3600-4200 p s i g . 
The e f f e c t of pressure i s shown i n Figure 2 and compared w i t h 
the published data (10). 

L i q u e f a c t i o n of these coals w i t h pure hydrogen under s i m i l a r 
experimental c o n d i t i o n s i n v a r i a b l y gave lower conversions, 
lower s e l e c t i v i t y to o i l and a product w i t h higher v i s c o s i t y i n 
the absence of added c a t a l y s t s . The s u l f u r content and the 
v i s c o s i t y of the product o i l both decrease w i t h the amount of 
hydrogen consumed i n each case, however, l e s s t o t a l hydrogen i s 
required f o r the same o i l q u a l i t y w i t h s y n t h e s i s gas than w i t h 
pure hydrogen. These data are shown i n Table IV and compared 
w i t h the r e s u l t s obtained by u s i n g s y n t h e s i s gas. 

C a t a l y t i c L i q u e f a c t i o n w i t h Co-Mo-Al Q0a C a t a l y s t and 
Constit u e n t s of Coal M i n e r a l Matter. Some low ash co a l s such as 
A d a v i l l e #3 (W-74-14), and A d a v i l l e #10 (W-74-3) from Kemmerer 
f i e l d e x h i b i t e d poor conversion and s e l e c t i v i t y to o i l under 
t y p i c a l h y d r o t r e a t i n g c o n d i t i o n s w i t h synthesis gas. By con
ducting the l i q u e f a c t i o n i n the presence of potassium carbonate, 
p y r i t e or c o b a l t molybdate (Co-Mo-Al 20 3), a remarkable increase 
i n o v e r a l l conversion and s e l e c t i v i t y to o i l was achieved w h i l e 
the v i s c o s i t y of product o i l i n anthracene s o l v e n t was a l s o 
c o n s i d e r a b l y lowered. With A d a v i l l e #3 (W-74-14), u s i n g syn
t h e s i s gas a t 425°C, and an operating pressure of from 4150 to 
4225 p s i g , and a residence time of an hour, the conversion 
increased from 73% to 947o w i t h K 2C03 and or p y r i t e , whereas the 
s e l e c t i v i t y to product o i l increased from 38% to 68%. The 
v i s c o s i t y of the product o i l was a l s o c o n s i d e r a b l y lowered from 
392 to 56-80 c e n t i p o i s e s a t 60°C. With Co-Mo-Al 80 s c a t a l y s t 
and K 2C03 a s i m i l a r trend was observed, the conversion being 977o , 

s e l e c t i v i t y to o i l 55% and the product o i l v i s c o s i t y being 35 
c e n t i p o i s e s a t 60°C. Monarch (Lower Bench) c o a l from the 
Sheridan F i e l d a l s o e x h i b i t e d improved conversion, higher product 
o i l y i e l d and lower v i s c o s i t y of the product o i l . These data 
are shown i n Table V. 

E f f e c t of Recycle on L i q u e f a c t i o n and Product D i s t r i b u t i o n . 
I t i s important that the product o i l from a c o a l l i q u e f a c t i o n 
process should have a low v i s c o s i t y so that i t could be used 
f o r p reparing c o a l - o i l s l u r r i e s f o r r e c y c l i n g i n a continuous 
l i q u e f a c t i o n process. The product o i l should a l s o e x h i b i t 
r e a c t i v i t y or solvency f o r the c o a l so that the v i s c o s i t i e s do 
not d e t e r i o r a t e w i t h prolonged r e c y c l i n g o p e r a t i o n . 

The r e c y c l e c h a r a c t e r i s t i c s of the l i q u e f i e d c o a l - o i l were 
determined by conducting nine consecutive r e c y c l e runs. In t h i s 
set of experiments a f r e s h l y p u l v e r i z e d subbituminous c o a l 
(W-74-45) w i t h 3.4 wt% s u l f u r (maf) from the Sheridan f i e l d of 
the Powder R i v e r Coal Basin was used. In each of the experiments 
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452 I N D U S T R I A L A N D L A B O R A T O R Y A L K Y L A T I O N S 

the product o i l derived form coa l was separated by f i l t r a t i o n 
and then used i n the next experiment, thus g r a d u a l l y becoming 
r i c h e r i n the c o a l - d e r i v e d o i l u n t i l about 807 , of the anthracene 
o i l used as a s t a r t - u p s o l v e n t , was replaced by subbituminous 
c o a l - d e r i v e d o i l . The r e c y c l e run data are shown i n Table VI. 
The v i s c o s i t y of the product o i l a f t e r nine r e c y c l e runs was 
q u i t e low, 6 2 c e n t i p o i s e s a t 60°C, and the s u l f u r l e v e l was 
reduced to 0 . 2 2 wtT, compared to 3 . 4 wt7o (maf) i n the s t a r t i n g 
subbituminous c o a l as shown i n Table V I I . High c o a l conversions 
from 8 5 to 957o on maf ba s i s were a l s o observed when the product 
o i l was r e c y c l e d . 

TABLE V I I . LIQUEFACTION OF SUBBITUMINOUS COAL USING RECYCLE OIL 
( l h r , 4 2 5°C; 1:1 synt h e s i s gas, 3 5 0 0 - 4 0 0 0 p s i g ) 
SHERIDAN FIELD. BIG HORN MINE - COAL ( 7 4 - 4 5 ) 

1ST RUN 9TH RUN 
CONVERSION, % 94 87 
OIL YIELD, 7o 55.3 37.3 
PRODUCT: 

C 88.24 
H 7.04 
0 3.03 
S 0.22 0.22 
Ν 1.63 

CENTIPOISES AT 60°C 22 62 

The product o i l derived by r e c y c l e has the f o l l o w i n g 
components: o i l , 61.370; asphaltenes, 26.57.; and benzene 
i n s o l u b l e s , 12.27,. The o i l f r a c t i o n was analyzed by mass 
spectroscopy. The organic compounds i d e n t i f i e d i n the o i l 
f r a c t i o n are shown i n Table V I I I . 

TABLE V I I I . IDENTIFIED ORGANIC COMPOUNDS PRESENT IN COAL-
DERIVED OIL FRACTION (74-45) BY MASS SPECTROSCOPY 

COMPOUND PERCENT 
INDANOL 1.0 
PHENYL NAPHTHALENES 6.7 
PHENOLS 9.1 
ANTHRACENE S/PHENANTHRENE S 25.4 
ACENAPHTHYLENE S/FLU0RENE S 5.1 
ACENAPHTHENES 8.5 
BENZOFURANE 0.1 
BENZOPYRENE 0.5 
NAPHTHALENES 21.4 
INDENES 0.1 
CHRYSENE 2.0 
INDANES AND TETRALINS 2.1 
PYRENES 18.0 
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27. R A I E T A L . Liquefaction of Subbituminous Coals 453 

Conclusions 

Western subbituminous coa l s can be r e a d i l y l i q u e f i e d and 
d e s u l f u r i z e d by n o n - c a t a l y t i c l i q u e f a c t i o n w i t h synthesis gas 
and steam a t 400-450°C and an operating pressure of 3800-4400 
p s i . The mineral matter present i n these coals f u n c t i o n s as 
e f f e c t i v e c a t a l y s t s f o r promoting the water gas s h i f t r e a c t i o n 
and the r e d u c t i o n of carbonyl groups to o i l s o l u b l e products. 
The s u l f u r content and the v i s c o s i t y of the product o i l decrease 
w i t h the amount of hydrogen consumed w i t h both s y n t h e s i s gas and 
hydrogen, however, much l e s s t o t a l hydrogen i s r e q u i r e d f o r the 
same q u a l i t y o i l product w i t h synthesis gas than w i t h pure 
hydrogen. 

The r e c y c l e c h a r a c t e r i s t i c s of c o a l - d e r i v e d o i l are very 
important f o r the commercialization of a l i q u e f a c t i o n process. 
One subbituminous c o a l from the Sheridan f i e l d of the Powder 
R i v e r Coal Basin was studied f o r i t s r e c y c l e c h a r a c t e r i s t i c s 
and found to be q u i t e acceptable. A f t e r nine r e c y c l e s the 
v i s c o s i t y of the product o i l remained low and about 95% reduc
t i o n i n s u l f u r l e v e l to 0.22 wt% was achieved. Such a l i q u e 
f a c t i o n process holds promise f o r those Western coals that have 
high s u l f u r and high ash and cannot be economically transported 
to d i s t a n t markets. 
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Abstract 

The effect of mineral matter present in subbituminous 
coals was investigated by carrying out non-catalytic lique
faction with hydrogen and synthesis gas. Most of the twelve 
coals studied could be readily liquefied to a low viscosity 
and low sulfur oil in the absence of added catalysts with syn
thesis gas at temperatures of 400-450°C and operating pressures 
of 3800-4400 psi . Comparison with coal liquefaction using pure 
hydrogen at optimum liquefaction temperature of 425°C and pres
sure of 3800-4000 psi resulted in lower conversions, lower 
selectivity to oil and a product with higher viscosity. 

Some low ash coals exhibited poor conversion and selectivity 
to oil under typical liquefaction conditions with synthesis gas. 
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By conducting the liquefaction in the presence of potassium 
carbonate, pyrite or cobalt molybdate a remarkable increase in 
the overall conversion and selectivity to oil was achieved while 
the viscosity of product oil was considerably lowered. The re
cycle characteristics of liquefied coal after nine recycles, 
when 80% of the start-up solvent was replaced with coal-derived 
oil, were quite acceptable. The viscosity of the recycled 
product oil remained remarkably low, and the sulfur level was 
reduced from 3.4 maf% in the starting coal to 0.22 wt%. 
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A 
Absorption 294 
Acid 

composition requirement 282 
hydrofluoric 314 
run-away 252, 305 
sludge 129 
-soluble hydrocarbons 129 

decomposition of 139 
production of 143 

strong, reactions of alkyl chlorides 
with 198 

sulfuric 271 
alkylation technology 318 
industry 314 
make-up reduction 282 
recovery of 284, 321 
regeneration of 321 

Adiabatic reactor simulations 380 
Aging rate, linear 391 
Aging rule, volume 391 
Alcohols, pyridyl reaction with 

Raney nickel 401 
Aldimines 218 
Aliphatic amines 207 
Alkane(s) 

alkylations, thermodynamics of 187 
gaseous, reaction with ethylene 157 
liquid 153 

Alkenyl halides and Grignard 
reagents, iron catalysis in cross 
coupling of 174 

Alkenylation of alkylbenzenes 213 
Alkyl 

chlorides 158,409 
reaction with ethylene 159 
reactions with strong acids 198 

halides and Grignard reagents, 
cross coupling with copper(I) 
catalysts 178 

transfers from organometallic inter
mediates in catalytic processes 169 

Alkylaromatic hydrocarbons, reaction 
with olefins 212 

Alkylate produced from pure olefin 
feeds 61 

Alkylation(s) 
apparatus, hydrogen fluoride 58 
commercial 344 
homolytic 399 
propylene—isobutane 27 

Alkylbenzenes, alkenylation of 213 
Alkylbenzenes, aralkylation of 214 
Alkylcyclohexanes 147 
Alkyllithium 167 
Alkylmetal(s) 

complexes, decomposition of 168 
complexes, formation of 167 
cross coupling of aryl halides with 170 

Alkylpyridines 215 
reaction with olefins 215 

Aluminum chloride 360, 409 
catalysts 138,349 
in water treatment, economics of .... 370 

Amberlyst-15 resin 78 
Amberlyst XN-100 resin 82 
Amines, aliphatic 207 
Ammonium ions, quaternary 17 
Apparatus, HF alkylation 58 
Aralkylation of alkylbenzenes 214 
Arylalkylnickel(II) 170 
Aryl halides, cross coupling with 

alkylmetals 170 

Β 

Bassanite 439 
Benzene 343,371 
Boron trifluoride 408 
1- Butene 130 
2- Butene 19,130 
Butene-1 alkylation 69 
Butene reactions, normal 36 
n-Butenes 98,109 
ί-Butyl cations 131 
ί-Butyl chloride, reaction with 

methycyclopentane 2 
Butyl fluorides 126 
/-Butyl ion 1 
Butyl sulfate(s) 100,136 

stability of 100 
Butylamine 89 
Butylène alkylate 325 

C 
Calcite 439 
Carbon-carbon additional reactions, 

homogeneous 216 
Carbonium ion 304 

isomerization 33, 37, 39 
Carboxylic acid chlorides 416 
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Cascade reactor 224 
Catalysis, iron in the cross coupling 

of alkenyl halides and Grignard 
reagents 174 

Catalysis, nickel 170 
Catalyst(s) 

aging 250,385 
aluminum chloride 138, 349 
containing rare earth 90 
containing transition metal cations 93 
disposal 352 
hydrogen fluoride/boron trifluoride 411 
sulfuric acid 242 
p-toluenesulfonic acid 418 
zeolite 89 

Cationic surfactants 16,19, 25 
Cations, f-butyl 131 
Cations, isoalkyl 143 
Cetylamine 20 
Chain 

initiation reaction 29 
propagation reaction 30 
termination 30 

Charging of dialkyl sulfate extract .... 287 
Chlorides 

alkyl 158,409 
reaction with ethylene 159 

hexyl 160 
octyl 160 

Chloroalkyl carbenium ions 200 
Clarifier 364 

effect of pH on 365 
Coal(s) 

bituminous, Friedel—Crafts 
alkylation of 408 

characterization of 420 
depolymerized 418 
hydrogenolysis of 434 
liquefaction 417 
preparation 419 
screening tests 421 
soluble products from 416 
subbituminous 438 

analysis of 441 
liquefaction with synthesis gas .... 442 

Codimerization 38 
Commercial alkylation process 344 
Computer simulation 260 

digital 380 
Conjunct polymers 2, 36, 96,129 
Contacting 279 
Copolymer, isobutene-butene 34 
Copper(I) catalysts, cross coupling of 

Grignard reagents and alkyl 
halides with 178 

Copperas 364 
Cracking 41 

Cross coupling 
of alkenyl halides and Girgnard 

reagents, iron catalysis in 174 
of aryl halides with alkylmetals 170 
of Grignard reagents and alkyl 

halides with copper(I) 
catalysts 178 

Crotonitrile 211 
Crystallization 302 
CTMAB 20 
Cumene 371 
Cyclization reactions, intramolecular .. 219 
Cycloalkanes 153 

reaction with ethylene 149 
Cyclohexane 148,150 

Decalin 432 
Decomposition of acid-soluble 

hydrocarbon complexes 139 
Deisobutanizer operation 266 
Depolymerization reaction, reactivity 

of various coals to 422 
Depolymerized coal, hydrogenolysis 

of 434 
Dialkyl sulfates, extraction of 287 
Dialkychloronium ions 197 
Di-i-butyl peroxide 153 
Diglyme 207 
Diisopropyl sulfate 288 
Diisopropylbenzene 371 
Dimate 332 

Dimersol, and C3 alkylate product 334 
Dimer-esters 304 
Dimerization 38 

isobutene 33 
olefin 32 

Dimersol Dimate and C3 alkylate 
product 334 

Dimethylhexanes 27,39,96,129,142 
Diolefins 216 

as impurities 273, 274 
DIPS 288 
Dispersion, liquid-liquid 235 
Disposal of catalyst 352 
Disproportionation 36, 41 
DMH 96,129 
Dying acid 256 

Emulsification 277 
Ester(s) 129,138,302 

concentrator 307 
reaction mechanism and alkylation 304 
α,β-unsaturated 211 

Ethane alkylation, ethylene- 192 
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Ethers 163 
reaction with ethylene 164 

Ethyl crotonate 211 
Ethylation 212 

of isobutyl chloride, peroxide-
induced 160 

of tetrahydrofuran 163 
Ethylbenzene 341 

crude, purification of 349 
Ethylcyclohexane 152 
2-Ethyldioxane 165 
Ethylene 147 

-ethane alkylation 192 
and hydrogen chloride, telomeriza-

tion of 160 
as impurity 273 
-methane alkylation 190 
reaction with 

alkyl chlorides 159 
cycloalkanes 149 
ethers 164 
gaseous alkanes 157 
isopentyl chloride 161 

Extraction 296 
of dialkyl sulfates 287 

F 
FBT 243 
FCC 328 
Feed impurity effects 273 
Flat blade turbine 243 
Flow from impeller, fluid mechanics 

of 226 
Flows generated by impellers 243 
Fluid 

catalytic gasoline 328 
mechanics 242 

of flow from impeller 226 
mixer design 224 
shear stress 228 

Free radical processes 399 
Friedel-Crafts alkylation of 

bituminous coals 408 
Friedel-Crafts chemistry 341 

G 
Gas, synthesis 438 

liquefaction of subbituminous 
coals with 442 

Gasoline production 95 
Gasoline, unleaded 328 
Grignard reagents 167 

and alkyl halides, cross coupling 
with copper(I) catalysts 178 

iron catalysis in cross coupling of 
alkenyl halides and 174 

459 

H 
HE 96 
Heavy ends 96 

production of 143 
Hexyl chlorides 160 
High intensity turbine 244 
HIT 244 
Homo-coupling 179 
Homolytic alkylation(s) 399 

of pyridine 400 
Hydride abstraction 33 
Hydride transfer 4-6 
Hydrocarbon complexes, acid-soluble, 

decomposition of 139 
Hydrocarbon dispersion 47 
Hydrofluoric acid 27, 314 
Hydrogen 

chloride, telomerization of 
ethylene and 160 

fluoride 186 
alkylation technology 318 
/boron trifluoride, catalyst 411 

sulfide 322 
transfer 34 

Hydrogenolysis 432 
of coal and depolymerized coal 434 

I 

Impeller(s) 
and the flows they generate 243 
fluid mechanics of flow from 226 
tip speed 246 

Impurity effects, feed 273 
Industry, sulfuric acid 314 
Inhibition of telomerization 147 
Ion(s) 

f-butyl 1 
chloroalkyl carbenium 200 
dialkylchloronium 197 
quaternary ammonium 17 

IPS 288 
Iron catalysis in the cross coupling of 

alkenyl halides and Grignard 
reagents 174 

Isoalkyl cations 143 
Isobutane 1,44,51, 96,145,279 

cost 329 
-ethylene alkylation 188 
-olefin alkylation 91 

Isobutene-butene copolymer 34 
Isobutene dimerization 33 
Isobutyl chloride, peroxide-induced 

ethylation of 160 
Isobutylene 103,109,123,137,139 
Isohexanes 41 
Isomerization, carbonium ion 33, 37,39 
Isomerization, olefin 31 
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Isoparaffin 37 
Isopentane 41 
Isopentyl chloride, reaction with 

ethylene 161 
Isoprene 207 
Isopropyl acid sulfate 288 
Isostripper 268 

Κ 
Kaolinite 439 
Kinetics of butyl sulfate runs 110 

L 
LAH 398 
LE 96,129 
Light ends 96,129,142 
Linear aging rate 391 
Liquefaction 438 

coal 417 
subbituminous, with synthesis 

gas 442 
Liquid-liquid dispersion 235 
Lithium 

aluminum hydride 398 
derivatives 398 
naphthalene 207 

Lutidines 404 

M 
Macroreticular acidic ion exchange 

resins 75 
Macroreticular resins, physical 

properties of 77 
MAPU 16 
Mechanics, fluid, of flow from 

impeller 226 
Methane alkylation, ethylene- 190 
Methane condensation reaction 189 
Methanol, alkylation of pyridine 

compounds with 402 
Methyl pyridines 397 
Methylation of pyridine 402 
Methylcyclopentane, reaction with 

ί-butyl chloride 2 
Methylcyclopentane, solubility in 

modified sulfuric acid 8 
3-Methylpentane isomerization in 

tritiated sulfuric acid 13 
1-Methylpyridinium iodide, 

thermolysis of 398 
α-Methylstyrene 208, 209 
/3-Methylstyrene 208, 210 
Microalkylation pilot unit (MAPU) .. 16 
MON 20 
Mono-esters 304 
Monoethylation 147 

Ν 

Nickel catalysis 170 
Nickel, Raney, reaction with pyridyl 

alcohols 401 
Nitriles, α,/3-unsaturated 211 
Nonanes 158 
Nucleophilic substitutions 397 

Ο 

Octane 12 
Octyl chlorides 160 
Octylamine 18 
Oil, red 2, 96,129, 304 
Olefin(s) 1, 44, 51, 89,136, 411 

dimerization 32 
feed 48 
isomerization 31 
oligomerization of 206 
polymerization 27 
reaction with 

alkylaromatic hydrocarbons 212 
alkylpyridines 215 
miscellaneous compounds 218 

refinery 20, 21 
Oleum 252,311 
Oligomerization of olefins 206 
Organometallic intermediates in 

catalytic processes, alkyl 
transfers from 169 

Organometallic reagents 167 

Ρ 
PAC 352 
PACER 260 
Peroxide 150 
Peroxide-induced ethylation of 

isobutyl chloride 160 
Phenol 408,409 
Picolines 404 
Pilot plants 234 
Plant evaluation 271 
Polyaluminum chloride 352 
Polyethylbenzenes 347 
Polymerization 40 

excess 35 
olefin 28 

Polymers, conjunct 2, 36, 96,129 
Potable water 360 
Process water 360 
Production of heavy ends and 

acid-soluble hydrocarbons 143 
Propene 206 
Propyl chlorides 197,409,410 
Propyl sulfates 138 
Propylation 213 
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Propylene 371 
alkylation 68 
cost 330 
-isobutane alkylation 27 

with propane added 45 
reactions 39 

Purification of aluminum chloride 
concentrate 361 

Purification of crude ethylbenzene .... 349 
Pyridine(s) 397 

compounds, alkylation with 
methanol 402 

homolytic alkylation of 400 
methyl 397 
methylation of 402 

Pyridyl alcohols, reaction with Raney 
nickel 401 

Pyrite 439 

Q 

Quaternary ammonium ions 17 
Quaternary salts, rearrangement of .... 397 
Quartz 439 

R 
Rare earths, catalyst containing 90 
Rates, hydride transfer 5 
RDC 289 
Reaction of i-butyl chloride with 

methylcyclopentane 2 
Reactor, cascade 224 
Recovery of sulfuric acid 284, 321 
Red oil 2, 96,129, 304 
Refinery olefins 21 
Regeneration of sulfuric acid 231 
Research octane number 103 
Resin(s) 

Amberlyst-15 78 
Amberlyst XN-100 82 
macroreticular acidic ion exchange 75 
macroreticular, physical properties 

of 77 
RMS 228 
RON 103 
Rotating disc contacter 289 

S 
Salts, quaternary, rearrangement of .. 397 
SARP, defined 324 
Scale-up of alkylation 232 
Scaling down alkylation 234 
Sec-butyl sulfates 109 
Shear rate 228 
Simulation, digital computer 380 
Simulations, adiabatic reactor 380 
Sludge, acid 129 

Sodium naphthalene 207 
Solubility of methylcyclopentane in 

modified sulfuric acid 8 
Space velocity 279 
Speed, impeller tip 246 
Styrene(s) 208,216,341,344 
Subbituminous coals 438 

analyses of 441 
liquefaction with synthetic gas 442 

Sulfates 
butyl 136 
propyl 138 
sec-butyl 109 

Sulfur compounds, as impurities ...273,274 
Sulfuric acid 1,271 

alkylation technology 318 
catalyst 242 
industry 314 
make-up, reduction in amount 282 
recovery 284,321 
regeneration 321 
tritiated, 3-methylpentane 

isomerization in 13 
tritiated, 2,3,4-trimethylpentane in.. 7 

Surfactants, cationic 19, 20, 25 
in alkylation 16 

Synthesis gas 438 
liquefaction of subbituminous coals 

with 442 

Τ 
Tantalum pentafluoride 186 
Technology of hydrogen fluoride 318 
Technology of sulfuric acid alkylation 318 
Telomerization, inhibition of 147 
Telomerization of ethylene and 

hydrogen chloride 160 
Temperature requirement 281 
Tetrahydrofuran, ethylation of 163 
Thermodynamics of alkane alkylations 187 
Thermolysis of 1-methylpyridinium 

iodide 398 
THF 207 
TMP 96,129 
p-Toluenesulfonic acid 409, 418 
Transfer processes, turbulent 242 
Transition metal cations, catalysts 

containing 93 
Trialkyl esters 304 
Trimer-esters 304 
Trimethylpentane( s ) 2, 85, 96,129 
2.2.3- Trimethylpentane 27 
2.3.4- Trimethylpentane in tritiated 

sulfuric acid 7 
2,2,4-Trimethylpentene-l 107 
Triphenylmethyl cation 13 
Turbine, flat blade 243 
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Turbine, high intensity 244 
Turbulent transfer processes 242 
Turbulent velocity fluctuations 230 

V 
Velocity fluctuations, turbulent 230 
Vinylpyridines 216 
Volume aging rule 391 
VTIP 246 
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w 

Water 
as impurity 273, 275 
potable 360 
process 360 

Ζ 
ι Zeolites 75,89 
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