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A number of crystalline aluminosilicates have been shown to be versatile catalysts
for the alkylation of aromatics and for related reactions. Highly acidic faujasites,
including rare-earth-exchanged X and Y, and hydrogen Y from thermal decomposi-
tion of ammonium Y showed broadest application, although calcium and sodium X
faujasites showed activity under cerfain conditions. Simple monocyeclic aromatic
nuclei such as benzene, phenol, and thiophene, with a wide variety of alkylating
agents, were used, for the most part, in this study.

For the strongly acidic faujasites, operation in the liquid phase at temperatures
of 150-230°C was generally required for efficient alkylation of simple aromatics with
a variety of olefins, aleohols, and haloalkanes, and for transethylation. For dealkyla-
tion reactions, alkylations with paraffins, and toluene disproportionation, higher
temperatures were required. With low molecular weight alkylating agents such as
ethylene, high molar ratios of aromatic to olefin were necessary to prevent catalyst
aging. In typical alkylations of substituted benzenes, ortho:para orientation of
substituents was observed. With alkylating agents of three or more carbon atoms,
the monoalkylate generally consisted of a mixture of isomeric arylalkanes. Similarly,
2-substitution predominated in the alkylation of thiophene.

Under comparable conditions, highly acidic faujasites catalyzed alkylation at
lower temperatures than silica-alumina catalysts, but at higher temperatures than
Lewis acids such as aluminum chloride and boron trifluoride, or protonic acids such

as sulfuric or hydrofluoric acids.

INTRODUCTION

The Friedel-Crafts alkylation has long
been of great chemical interest, and has
recently been reviewed comprehensively by
Olah (7). The literature is replete with
examples of the use of protonic acids such
as sulfuric, phosphorie, or hydrofluoric
acids, and proton-donor—promoted Lewis
acid combinations such as aluminum
chloride-hydrogen chloride and beron tri-
fluoride-water, under a wide variety of
conditions, as alkylation catalysts. Many
acidic oxides and mixed oxides have been
used as alkylation catalysts, notably silica-
alumina. Typically, alkylations of aromatic
hydrocarbons (2, 3, 4), phenols (5), and
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heterocyclics (6) have been reported with
a variety of alkylating agents using this
acidic (?) catalyst. The reactions have
generally been conceded to proceed via
carbonium ion mechanisms (8, 9).
Alkylation by acidic organic cation-
exchange resins is now well known (1),
and a recent patent (10) discloses the use
of a crystalline sodium aluminosilicate
(zeolite) for the alkylation of benzene with
propylene. Zeolites have long been known
as adsorbents and ion exchangers (11, 12),
but their catalytic application has only
recently come into prominence. Weisz and
co-workers reported the use of small-pore
zeolites in molecular-shape-selective erack-
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ing, alcohol dehydration and hydrogenation
reactions (13), and a comparison of sodium
and caleium X zeolites in cracking of par-
affing, olefins, and alkylaromatics (14).
Rare earth and rare earth-acid faujasites
with great activity for cracking were re-
ported subsequently by Plank, Rosingki,
and Hawthorne (15).

Zeolites of the faujasite family possess
an extraordinarily open structure, great
rigidity, and a erystallographically well
defined surface. Unusual opportunities for
catalysis were found to exist when base
exchange to substantially eliminate their
alkali metal content was practiced. We
wish to report data on the facile alkylation
of aromatics using crystalline aluminosili-
cate catalysts, with emphasis on the use
of highly acidic faujasite-type catalysts,
including rare-earth—exchanged X and Y
faujasites and hydrogen Y from thermal
decomposition of ammonium Y. The re-
actants consisted largely of simple, mono-
cyclic aromatic nuclei, and a wide variety
of alkylating agents. Synthetic aspects are
stressed in this paper.

EXPERIMENTAL

Materials

Catalysts. The rare earth X catalyst
(REX) was prepared from Linde 13X by

6H,0 solution until a sodium level of
0.99% wt was obtained. The ammonium Y
catalyst (NH,Y) was obtained from a
gynthetic NaY zeolite by repeated ex-
change with warm 10% aqueous am-
monium chloride solution until a sodium
level of 1.05% wt was achieved. All three

TABLE 1
Unit CeLr® CoMpOSITIONS FOR MAJOR CATALYSTS
REX NH.Y REY
AlQ; units? 86 51 49
Si0; units 106 141 143
RE* X 3¢ 80.7 Nil 44,2
NH Nil 45.9 Nil
Ca?t X 2 2.15 Nil 1.09
Nat 3.91 5.1 5.88

= Values for supercage = unit cell values /8.

b Analytical values for Al:O; Si0Os; Ca, Na in
catalyst are on ignited basis (1000°C).

¢ Caleulated on basis of 140 for average atomic
weight of rare earth (RE) cation.

4 Caleulated value; experimental 9, nitrogen
determined by Kjeldahl analysis.

catalysts were crystalline (X-ray) and
were dried at 120-130°C before activation.
Unit cell compositions and analytical data
for REX, NH,Y, and REY are given in
Tables 1 and 2.

Binder-free Linde sodium 13X (NaX)
and caleium 10X (CaX) were calcined 1-3

the methods of ref. (15). A sodium level of hr at 343°C in air before use. Norton
TABLE 2
ANALYTICAL Dara roR MaJor CATALYSTS

REX NH:Y= REY
AlO; units/g? 3.82 X 102 2.73 X 102 2.16 x 102
S.A. (m?*/g, BET)e 478 676 568
AlQ; sites/em? (Cale’d) 6.95 X 101 4.04 X 101 3.80 X 101
Cyclohexane adsorption (g/100 g catalyst)? 14.7 20.5 16.7
Water adsorption (g/100 g catalyst)® 23.2 31.9 27.7

o Also contains Fe (0.019%), Ti (0.08%), Mn (0.001%), Cu (14.7-16.3 ppm), and traces of V, Ca, Mg

(all on ignited basis).
& On ignited (1000°C) basis.

¢ Dried¥s hr/538°C then heated 400°C/1 hr/1 X 10~*mm Hg before analysis.
d JTgnited 3 hr/0, at 400°C (REX) or 550°C (NH,Y) or 250°C (REY).

0.58% by weight was obtained. The rare
earth Y catalyst (REY) was prepared
similarly by exchanging a synthetic sodium
Y aluminosilicate (NaY) with 5% RECI,:

Hydrogen Zeolon (H-Mordenite) was cal-
cined 3 hr in air at 400°C. The silica-
alumina catalysts were Socony Mobil Oil
Co. 46 AI bead cracking catalyst (420 m?/g
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surface area, 10% wt Al,Og) and Houdry
S-46 cracking catalyst (290-315 m?/g sur-
face area, 12.4% wt Al;O;). These were
crushed and sized to 8/14 mesh, and cal-
cined 3 hr at 500°C in air before use. All
zeolite catalysts were pelleted, crushed, and
sized to 8/14 mesh before activation. The
Amberlyst 15 (Rohm and Haas, Co.) was
washed with benzene, then methanol, and
dried in vacuo with mild heat before use.

Organic reactants. These were obtained
from standard ecommercial sources, and dis-
tilled or recrystallized to a purity of better
than 99% in most cases. Aromatic hydro-
carbons were dried and stored over Linde
5A molecular sieves.

Apparatus and Procedures

For continuous-flow alkylations at at-
mospheric pressure, the basic apparatus
shown in Fig. 1, with occasional variations,
was used. Conditions for catalyst activa-
tion and subsequent alkylation of benzene
with ethylene over REX catalyst are typi-

zene and ethylene in the desired molar ratio
were then admitted to the catalyst bed,
and samples of products collected periodi-
cally for analysis. In the case of the activa-
tion temperature studies (see Fig. 2), the
composite product after 135 min on stream
at the prescribed conditions was analyzed,
and the total per cent conversion of eth-
ylene to ethylbenzene -calculated. Each
point in Fig. 2, representing a conversion
after calcination at a given temperature, is
the average of values for three identical
runs.

Reactions under 100-500 psig pressure
were run in a laboratory-size, stainless-steel
continuous-flow analog of the glass reactor
shown in Fig. 1. Alkylation procedures
were essentially identical to those described
above, except on a larger scale (reactor
volume of 225 ml). The autogenous pres-
sure of the gas cylinder was often sufficient
to maintain liquid-phase conditions, al-
though occasionally the use of additional
nitrogen pressure was necessary.

PRE-HEATER AND CATALYST THERMOCOUPLES
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F1a. 1. Vapor-phase continuous-flow glass reactor.

cal: Uncalcined catalyst (1.25¢g, 2.5 ml)
was diluted with quartz chips to a volume
of 5 ml and placed in the electrically
heated, tubular Vycor glass reactor.
Calcinations were effected with Linde 5A
sieve-dried oxygen (2 ml/min) for 3 hr.
The reactor was purged with dried Seaford
Grade nitrogen and brought to the desired
temperature (i.e., 177°C) without transfer
of catalyst or exposure to atmosphere. Ben-

Ofther reactants with higher boiling points
were stirred in the liquid phase at atmos-
pheric pressure in a glass reactor. In a
typical example, equimolar amounts of
phenol and decyl alcohol were stirred with
finely powdered, freshly activated catalyst
(1/10-1/16 the weight of reactants) at
180-210°C for a few hours. After reaction,
the products were cleanly separated from
catalyst by filtration, and analyzed.
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F1a. 2. Ethylene-benzene alkylation activity of acidic faujasite catalysts calcined at different tem-

peratures in oxygen.

Analyses

Reaction mixtures were analyzed by gas-
liquid chromatography (GLC) wusing an
F&M model 720 dual-column chromato-
graph. Products were identified by com-
parison of peak retention times with those
of known standards. In some cases, prod-
ucts were identified by physical separation
and comparison; in other cases, selected
products were separated by microprepara-
tive GLC and analyzed by the appropriate
spectroscopic technique. Ultraviolet spectra
were recorded on the Cary 14 spectropho-
tometer; nuclear magnetic resonance spec-
tra were run at 60 Mc/sec on a Varian
A-60 spectrometer using carbon tetrachlo-
ride solutions; mass spectra were recorded
at 7 and 70 eV on a Consolidated Elec-
trodynamics Corporation Model 21-103
spectrometer with an inlet temperature of
350°C. Parent peaks (molecular weights)
and the appropriate fragmentation pattern
and isotopic ratios were generally obtained.

Qualitative infrared (IR) analyses were
run neat (sodium chloride plate), as potas-
sium bromide pellets, or as solutions on
the Perkin-Elmer 421 or Infracord spectro-
photometers. Quantitative IR analyses for
0-, p-, and m-alkylphenols were run on
solutions (10 g/liter) in carbon disulfide
using the baseline technique. Calibration
spectra were prepared using pure o-, p-,
and m-ethylphenols, and it was assumed

from Tanaka’s work (16) that the same
extinction coefficients (k), 0.071, 0.049, and
0.025 liter/g, respectively, could be used for
the other alkylphenols. Specific identifica-
tion of p-n-hexadecylphenol was afforded
by 1its spectra, elemental analysis, and
melting point of 78-78.5°C [lit. (17) m.p.
78-79°C]. Assignment of orientation in the
C-alkylthiophenol system was based on the
close correlation of our observed IR bonds
with literature values for the corresponding
thiocresols (18). Spectra and details of
analyses for all organic compounds are
available from the authors.

Resvrrs axnp DiscussioN

Catalyst Activation

To observe reproducible catalytic activ-
ity with acidic faujasites, it is apparent
that catalysts with similar methods of
preparation, and similar analyses and
physical properties must be compared. It
is equally critical, however, even for sam-
ples of the same original bateh of catalyst,
that identical methods of activation (tem-
perature, time, atmosphere, pressure, and
sample geometry) be employed prior to
use, This is demonstrated in Fig. 2, where
ethylene-benzene alkylation activity at
177°C 1is plotted vs. temperatures of cal-
cination (7.) for REX, HY, and REY
catalysts. Although the maximum alkyla-
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tion activities for these three catalyst sam-
ples are relatively close, the activation
temperatures required to attain these
maxima—400°C (REX), 550-600°C (HY),
250°C (REY)—differ strikingly.

When calcined at 400-450°C, REX and
REY catalysts change from pale yellow
and white, respectively, to deep yellow.
This change probably represents oxidation
of Ce* to Ce** (no color change observed
when calcined in nitrogen), and does not
appear to significantly affect alkylation ac-
tivity. The lower activation temperature
for REY may be a reflection of the easier
removal of sorbed water due to its high
silica-alumina ratio and consequent lower
charge density.

The higher temperatures necessary to
obtain maximum ecatalytic activity in HY
reflect the increased energy requirements
for decomposition of the zeolitic ammonium
groups. Analyses showed that only traces
of nitrogen remained in the catalyst after
caleination at 450-500°C, and that all
nitrogen was removed upon activation at
500°C and higher. While the over-all
activation process may be visualized as

[e]
NH.® Zeolite® — H& Zeolite® + NH;

the presence of large amounts of nitrogen
gas, in addition to ammonia, in the effluent
of the oxygen calcination suggests the op-
eration of an oxidative process similar to
those mentioned earlier by Barrer for am-
monium mordenite and chabazite (19). Al-
kylation activity for samples calcined in
nitrogen at a given temperature paralleled
that for samples caleined in O, at about
50°C lower temperature. This parallel ap-
pears to reflect the residual nitrogen con-
tent in the sample, the presence of oxygen
carrier being associated with the removal
of more zeolitic nitrogen at a given tem-
perature than was removed in the presence
of nitrogen gas.

Locus of Catalysis

Faujasite-type zeolites (20, 21) have a
structure composed of sodalite cages in
such arrangement that a series of wide,
roughly spherical cavities (supercages) ex-

ists, each opening by common windows
(8-9 A diameter) into four, identical, tetra-
hedrally distributed cavities. The capacity
of the approximately 12-A diameter super-
cage is such that it can contain about 2.8
isooctanes or 5.4 benzene molecules at 25°C
(20). This constitutes the large-pore system
of the zeolite. Faujasites also have a small-
pore system, consisting of the interiors of
the sodalite cages and the hexagonal prisms,
but this is inaccessible to most organic
molecules. Neglecting the extremely small
contribution by external crystal surface,
the adsorptive surface, and hence, locus of
catalytically effective sites, is within the
internal large-pore system. Sorptive ca-
pacities, differential thermal analysis, and
thermogravimetric studies on the activated
REX, HY, and REY catalysts show con-
clusively that all physically adsorbed and
loosely held water has been removed. Thus
the intrazeolitic volume is open for the
entrance of organic reactants.

Alkylation of Benzene with Ethylene

Optimum conditions. Optimized reaction
conditions for continuous-flow alkylation
of benzene with ethylene over REX cata-
lyst are given in Table 3. At benzene:
ethylene molar ratio of 5, 500 psig, and
204°C, initial single-pass conversion of eth-
ylene to ethylbenzene of 80%, declining to
50% after 33 days, for a total of 2200 g of
ethylbenzene/g of catalyst, was observed.
If the benzene:ethylene ratio was de-
creased, in addition to increased polyeth-
ylation, shorter catalyst life was observed
due to ethylene poisoning. In starting the
reaction, it was necessary to contact the
catalyst first with benzene to protect it
from direct interaction with ethylene
alone. For long catalyst life, it was neces-
sary to operate under sufficient pressure to
maintain liquid-phase conditions, and no
differences were noted when the pressure
was increased from 400 to 800 psig. The
aged REX catalyst could be regenerated
with very little loss of activity by heating
in a stream of air at 510°C.

At optimum conditions, the mono-/poly-
ethylbenzene molar ratio was 4.65. The
polyalkylate consisted of about 80% dieth-
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CONDITIONS :
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Fia. 3. Vapor-phase ethylene-benzene alkylation activity versus time for REX catalyst.

vlbenzenes (largely ortho and para iso-
mers) and 20% triethylbenzenes (largely
1,2 4-orientation). As has been observed
earlier in this reaction with silica-alumina
catalyst (22), small amounts of sec-butyl-
benzenes were noted, with traces of other
alkylaromaties.

Vapor-Phase
Comparisons

Alkylation and Catalyst

Figure 3 shows typical reaction profiles
for benzene-ethylene reaction at atmos-
pheric pressure. Brief induction periods and
rapid catalyst aging occur at both 218°
and 177°C in these vapor-phase runs, even
at high benzene:ethylene ratios. Aging is
more rapid at the higher temperature. Low
activity for alkylation was observed at
121°C.

The standard REX, HY, and REY
catalysts showed maximum conversions of
ethylene to ethylbenzenes of 67%, 65%,
and 58% at 177°C (Fig. 2). Low sodium
levels were critical for high alkylation ac-
tivity with REX catalyst. A REX catalyst
containing 0.79% wt sodium had only 55%
the activity of a similar catalyst containing
0.22% wt sodium. Extrapolating to the ex-
treme case, with NaX no benzene-ethylene
alkylation was observed, even at 316°C.
With CaX, no reaction was observed at or

below 218°C. The somewhat lower alkyla-
tion activity of the REY catalyst reflects
its slightly higher sodium level (Table 2).
Under identical conditions, H-mordenite
showed about 20% of the activity of the
standard REX; its reaction profile was
characterized by high initial activity fol-
lowed by strikingly rapid aging, possibly
agsociated with its narrower pore size.
Silica-alumina (46 AI) showed only
5% the activity of standard REX at 177°C,
although appreciable reaction of benzene
with ethylene has been reported at 496°C
and 50 psig (2), and at temperatures as
low as 270°C employing higher pressures
(28). Sulfuric acid (24) and sulfonic-acid-
type ion-exchange resins (25) have gen-
erally been ineffective for benzene—ethylene
alkylation, but phosphoric acid affords
good yields at 325°C and 600 psig (26).
Lewis acids such as aluminum chloride and
boron trifluoride, on the other hand, show
significant conversions at temperatures as
low as 75°C and 25°C, respectively (27).

Alkylation of Benzene with Other Olefins,
Alcohols, and Alkyl Halides

Gas-phase alkylations. As shown in
Table 3, REX catalyzes the atmospheric
pressure alkylation of benzene with low
molecular weight primary alcohols and
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halides at 200-218°C, and with isopropanol
at 150°C. Yields of the expected alkylben-
zenes were good with the exception of
methanol, where a competing coke-forming
reaction was prominent. With n-~butanol,
the ratio of sec- to n-butylbenzene in the
alkylate was 49.4. Catalyst aging was se-
vere in all cases except with isopropanol,
where an apparent “steady state” forma-
tion of isopropylbenzene was observed for
the duration of the 3-hr run. Generally, at
temperatures higher than those indicated,
only slightly higher conversion, at the ex-
pense of more severe catalyst aging, was
observed.

VENUTO, HAMILTON, LANDIS, AND WISE

1-decanol over REX at atmospheric pres-
sure. At 400 psig pressure in the liquid
phase, however, 90% conversion of 1-
decene to a mixture of decylbenzenes oc-
curred with REX catalyst at 160°C and
3 hr on stream. As seen in Fig. 4, fairly
good catalyst life was observed at 160°C,
and some alkylation aectivity was even
observed at 100°C. Side-chain ecracking,
such as observed in the alkylation of
benzene with higher olefins at 450°C and
100 atm over silica-alumina (29) was not
observed under these relatively mild
conditions.

GLC and spectroscopic analysis showed
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Fie. 4. Liquid-phase 1-decene-benzene alkylation activity versus time for REX catalyst.

While methanol reaction with benzene
was negligible at 150°C, about 21% con-
version of n-butanol occurred at this tem-
perature. With isopropanol, low yields of
isopropylbenzenes were observed at tem-
peratures as low as 100-113°C. Much
higher temperatures of 400-500°C have
been reported necessary for low conver-
sions of methanol and benzene to toluene
using a silica-alumina catalyst (28). Con-
vergion of propylene and benzene to isopro-
pylbenzene has been reported at 204°C
with NaX (70) and at 382°C and 75 psig
with silica-alumina (2).

Liquid-phase alkylations. Side reactions
of the alkylating agents and only traces of
decylbenzenes were observed in benzene
alkylation attempts with 1-decene and

that there were at least three major mono-
alkylation produets, which cean probably
be represented by structures (I-I11). Like-
wise,

(EHs (|32H5
Ot O
Cer] C7H15
@ 1D
(I33H7
@“‘FH
C6H13
(ITT)

in the sealed-tube reaction of 1-hexene and
benzene at 80°C, the monoalkylate con-
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sisted almost exclusively of 2- and 3-
phenylhexane. Such mixtures of arylalkanes
are also typical of benzene alkylation with
terminal olefins using protonic and Lewis
acids. With 1-dodecene and benzene, Olson
has shown that hydrogen fluoride (at
16°C), aluminum chloride {(at 30-53°C),
and sulfuric acid (at 0-10°C) all form
mixtures, in similar proportions, of 2-, 3-,
4-, 5-, and 6-phenyldodecanes.

Alkylation of Benzene with Alkylaromatics
(Transalkylation) and Paraffins

A wuseful corollary to the ethylbenzene
synthesis described earlier is the smooth,
liguid-phase transalkylation reaction of
polyethylbenzene fractions with benzene
to form ethylbenzene. For REX catalyst,
optimum conditions of 232°C, 800 psig,
LHSYV 2, and benzene:diethylbenzene mo-
lar ratio of 9 afforded 100% conversion of
diethylbenzene, viz.,

CGH4(C2H5)2 -+ C.Hs — 206H502H5

Under these conditions, little or no decline
in activity was observed in 776 continuous
hours on stream. At atmospheric pressure,
however, there was much lower conversion
and more rapid catalyst aging. The facility
of the zeolite-catalyzed reaction stands in
marked contrast to the high temperatures
(450-500°C) required for such reactions
with silica-alumina (81) and to the general
inability of sulfuric acid to transalkylate
under alkylation conditions (32).

Alkylation of benzene with isobutane
over REX catalyst occurred in very low
yield at 371°C and atmospheric pressure.
Catalyst aging was very rapid. The major
products were toluene and ethylbenzene in
3:1 molar ratio, and light paraffin gas from
the cracking and isomerization of isobutane.
Small amounts of alkylation occurred at
316°C. The corresponding reaction over
silica-alumina oceurs at 550-660°C (33).
The fact that the alkyl residue placed on
the aromatic ring containg fewer carbon
atoms than the original paraffin suggests
alkylation by a carbonium-ion—type inter-
mediate generated by cleavage of the origi-
nal paraffin,

Alkylation of Other Aromatic
Hydrocarbons

Reaction of m-xylene with 1-decene or
1-chlorodecane in the liquid phase using
HY catalyst proceeded smoothly at 150°C
to form mixtures of decylxylenes, CigHs,,
in good yields. Selectivity for monoalkyla-
tion was virtually 100%. C,sH,, isomer
distributions in the alkylates derived from
the two Cy, alkylating agents were mark-
edly different as shown by GLC and IR
analysis. Mass spectroscopic base peaks
were observed at m/e 133 [possibly frag-
ment (IV)]

AT
BEauiB %

Ivy V)

in the 1-decene alkylate and at m/e 119
[possibly (V)] in the 1-chlorodecane
alkylate. This suggests predominance of
2-xylyldecanes with the former, and the
possibility of large amounts of 1-xylylde-
canes (terminal substitution on chlorode-
cane) with the latter alkylating agent.

Alkylation of naphthalene with propylene
on REX did not oceur at 100°C, but went
easily in the vapor phase at 205°C. Isopro-
pylnaphthalenes were the major produets,
with small amounts of binaphthyls and
other higher molecular weight species. Cat-
alyst aging was rapid.

In a reaction analogous to the transal-
kylation discussed earlier, but at a higher
temperature (264°C), toluene was dispro-
portionated over REX catalyst at 400 psig
in the liquid phase. Only 21% of toluene
was converted to a mixture of benzene and
xylene isomers, with smaller amounts of
tri- and tetramethylbenzenes. Aging was
very severe in this reaction, even under
hydrogen pressure.

Dealkylation

High initial activity for tert-butylben-
zene dealkylation was observed with REX
catalyst at 260°C and atmospheric pres-
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TABLE 4
CUMENE DEALKYLATION ACTIVITY OF
SYNTHETIC ALUMINOSILICATES

Temperature (°C) of
significant dealkylation

Catalyst activity Reference
NaX 510° 14
NaY 550° 34
CaX 470° 14
BeY 400° 34
Decationized Y 325-350° 35
Silica-alumina 450-550° 31

e Only 69, conversion.

sure. The liquid product was mainly ben-
zene, with small amounts of toluene,
ethylbenzene, and cumene. Isobutane was
the major gaseous product, and no olefins
were observed. Other related catalysts
(Table 4) show significant cumene deal-
kylation activity at appreciably higher
temperatures.

Phenol Ethylation

General conditions. Relative to the tem-
peratures required for benzene ethylation
with REX catalyst, phenol ethylation oc-
curred at somewhat higher temperatures
than might be expected, considering its
greater nucleophilicity. As seen in Table 5,
REX catalyst effected ethylation of phenol
at temperatures of 204-316°C and pres-
sures ranging from atmospheric to 400 psig.
High selectivity for monoalkylation was
favored by phenol:ethylating agent molar
ratios of 3-5. The most efficient ethylation
conditions utilized ethanol at atmospheric
pressure, although catalyst aging was se-
vere in all runs. Phenol alkylation with
ethylene has been reported with aluminum
halides at 60°C and phosphorie acid at
225°C, but not with silica-alumina (36).
The use of benzene as solvent in these stud-
ies was feasible since at no temperature did
benzene ethylation, relative to phenol eth-
ylation, become appreciable. Significantly,
benzene, in the presence of phenol, was
alkylated at a much higher temperature
than in the absence of phenol.

Differences with ethylating agent. The
three two-carbon alkylating agents showed

marked differences in efficiency of ethyla-
tion. At atmospheric pressure, the tem-
perature of highest alkylation activity de-
creased in the order CH,—CH, > C,H;Cl
> C,H,OH and yields decreased in the
order C,H,O0H > C,H,Cl > CH,=CH..
These differences with ethylating agent are
also reflected in their relative initial tem-
peratures of alkylation (Table 6).

TABLE 6
IntT1aL Puenon ErHyraTioNn Activity OVER
REX CATALYST

Lowest tempera-
ture of ethylation
°C)

Alkylating agent Pressure

CHy=CH: Atm 204°
CH,==CH, 400 psig 93°
CzH{,C] Atm 204°
C.H;0H Atm 149°
C.H:0H 400 psig 204°

Effect of pressure. Marked differences in
the effects of a moderate pressure increase
upon alkylation activity with ethylene and
ethanol were observed (Tables 5 and 6).
Phenol alkylation with ethylene ocecurred
at a much lower temperature and with

80
R CONDITIONS :
70 — 204 °C
LHSV = 4
0 -
LéJ 3 CgHg OH/CyH, = 3.13
W 60 - 400 PSIG
=u BENZENE SOLVENT
53
wl b 50
w I
O+
LU
L 40

Qa
)
o
5 o
>0 30|
Zz
o 9
o=
®0 20

10—

0 | | | ]

0 4 8 12 i6 20

TIME ON STREAM, HOURS

Fre. 5. Liquid-phase ethylene-phenol alkylation
activity versus time for REX ecatalyst.
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higher conversions at 4060 psig than at
atmospheric pressure. With ethanol, on the
other hand, increasing the pressure to 400
psig inhibited alkylation, with significant
conversions occurring at much higher tem-
peratures than at atmospheric pressure.
The behavior of ethyl chloride at 400 psig
would be expected to resemble that of
ethanol.

Catalyst aging. Figure 5 shows the severe
catalyst aging encountered in these runs
for the specific case of ethylene at 200°C
under pressure. The decrease in conversion
from 756% to 6% after only 19 hr is typical.
In all runs, the rate of aging, as well as
polyalkylation, increased as the tempera-
ture was raised.

Phenol Alkylation with Ce-Cy Olefins,
Alcohols, and Haloalkanes

General conditions. Generally, high, often
quantitative, conversion of C¢C, alky-
lating agents to alkylphenols could be ob-
tained by stirring the liquid reactants for a
few hours at 180-210°C in the presence of

VENUTO, HAMILTON, LANDIS, AND WISE

Differences with alkylating agents. With
Cs and Cy olefing and aleohols, phenol
alkylation occurred at temperatures as low
as 144°C, but longer stirring times were
needed for higher conversion. Secondary
halides and 1-olefins generally reacted much
faster with phenol than primary aleohols
and halides. For example, using REX cata-
lyst at 182°C, chlorocyclohexane was con-
verted to alkylphenol five times as fast
as 1-hexyl chloride. Dialkyl ethers were
formed in small yield from C, and Ci,
alcohols, but selectivity for alkylation ap-
peared to increase with stirring time, With
1-hexadecene, the unreacted olefin had
isomerized to a mixture of isomers, and
with 1-chlorohexadecane, the presence of
hexadecene isomers indicated the occur-
rence of dehydrohalogenation. Under con-
ditions identical to those of the C,s olefin
and chloride reaction, 1-hexadecanol gave
no reaction when stirred with phenol and
REX catalyst for 22 hr at 180-210°C.

Catalyst comparisons. The high activity
of REX and HY in 1-decanol alkylation of

[72]
2 o) CONDITIONS :
5] g 200 °c
W LHSY =2.3- 4.0
L4 CgH OR 1 1-C g H,0 = 3
L 8 400 PSIG
S 100 BENZENE SOLVENT
z L ve-02y
6o e M
B T5E Peoyttee,.
o L §00R,  *seemeqe.
Lo . ;‘00-00....
> 0, L D
25 SO0 46 A1 OR HOUDRY oo, o vesegrHY
Sz S-46 SILICA ALUMINA  “ooq * o,
© 25 A 3o REX .
3@ E I. ﬁaﬁ oo e
0 I | | L I 1
o] 20 40 60 80 100 120 140

TIME ON STREAM, HOURS

Fic. 6. Liquid-phase 1-decene-phenol alkylation activity versus time for HY, REX, and silica-

alumina catalysts.

HY or REX catalyst (Table 5). Even with
equimolar amounts of reactants, very high
selectivity for monoalkylation could be ob-
tained under these mild conditions. As con-
trasted to benzene, the high boiling point of
phenol allowed liquid-phase conditions to
be maintained at atmospheric pressure at
high enough temperatures for rapid reac-
tion rates.

phenol at 180°C (Table 5) contrasts with
the complete inactivity of NaX, CaX, ZnX,
CuX, and H-Mordenite in this reaction.
H-Mordenite, however, was used success-
fully in phenol methylation. REX and HY
both afforded 100% conversion of 1-decene
to decylphenol in 1 hr, while REY, perhaps
again reflecting its higher sodium level,
showed only 13.4% conversion in 15 hr.
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By comparison, the sulfonic acid cation-
exchange resin Amberlyst 15 afforded al-
most 100% conversion of 1-decanol to
decylphenol when stirred at 144°C for
20 hr.

However, when REX and HY catalysts
were subjected to long-term, continuous-
flow runs, significant differences became
apparent. Figure 6 compares the activity
of the two acid faujasites to that of silica-
alumina catalysts for the alkylation of
phenol with 1-decene (benzene solvent) at
200°C and 400 psig. HY showed greater
activity (173 g decylphenol/g catalyst over
130 hr) than REX (113 g decylphenol/g
catalyst over 99 hr). Both acid faujasites
showed vastly greater activity and slower
aging than either silica-alumina ecatalyst
in this reaction.

Product distributions. In all cases, for a
given carbon number, the alkylphenol
isomer distribution varied according to
whether the 1-olefins, 1-alcohol, or 1-chlo-
ride was used, all other conditions remain-
ing constant. As in the case of benzene, the
alkyl side chains in the monoalkyl aromat-
ics consisted largely of straight chains
attached at the second or third carbon
atoms (VI, VII) to the phenol nueleus.

OH OH
| CIH3 | C’gﬂs
CH CH
(C:|E[2)7L (C[I_IZ)n—l
CH, CH,
(vI) (VID)
OH
|
CH:(CH,)n.CH,
(VIII)

However, with 1-alcohols and chlorides,
spectroscopic evidence showed the presence
of some n-alkyl isomers (VIII). Direct
evidence for n-alkyl isomers was provided
by the isolation of a small amount of p-n-
hexadeeylphenol (VIII, n = 13), the struc-
ture of which was rigorously proven, from
the reaection of 1-chlorohexadecane and
phenol over REX (Table 5).

Aromatic Orientation in Alkylphenols

Representative aromatic isomer distribu-
tions for the alkylphenol mixtures obtained
in these studies are shown in Table 7. The
ortho:para ratios observed varied between
0.50 and 2.16. Between temperatures of
204° and 316°C, ortho:para ratios of 1.3-
1.5 were typical for the C, alkylating
agents, while with the C; through Ci
alkylating agents, a broader range (0.5
1.6) was observed. This general range of
ortho:para ratios shows a slight preference
for para substitution, but does not suggest
the operation of any general orienting ef-
fects in the intrazeolitic environment, at
least under these conditions. A single ex-
ception to this generality was the reaction
of phenol and ethylene under pressure at
low temperatures (93-149°C). Here, a dis-
tinet ortho-directing tendency (more than
twice as much ortho-isomer as para-isomer)
was observed. With all alkylating agents,
the ortho:para ratio tended to decrease
with increasing temperature.

With the GCs-alkylating agents, the
amount of mela isomer formed between
204° and 260°C was negligible. At 316°C,
however, significant amounts of meta
isomer appeared. No mela isomers were
detectable by infrared with the Cy al-
kylating agents. On the other hand, with
Cs and C,, alkylating agents, meta isomers
appeared at 155-204°C, with the largest
amounts occurring at the higher tempera-
ture. As a general rule, the amounts of
meta isomer in the reaction mixtures in-
creased with length of stirring time, with
meta isomers appearing even at 144°C
with prolonged stirring in some cases.

While moderate differences in isomer
ratios were observed between the 1-olefin,
1-chloride, and 1-alcohol of the same car-
bon number with a given catalyst, and
between different catalysts with a given
alkylating agent, more data would be
required for interpretation. The data in
Table 7, however, do confirm a general
ortho:para-directing tendency in these
acid-zeolite—catalyzed phenol alkylations.
The identification of 2,4-dialkylphenols as



94

VENUTO, HAMILTON, LANDIS, AND WISE

TABLE 7
REPRESENTATIVE AROMATIC ORIENTATION DATA IN ALKYLPHENOLS
. Stirringe Mole % Ratio
Alkylating Temp. time
agent Catalyst (°C) Pressure (hr) o- p- + m- o-/p~ 4+ m-

CH~CH. REX 204° Atm — 66 34 1.94
CH,=—CH,; REX 260 Atm — 54 46 1.17
CHy=CH, REX 316° Atm — 38 62 0.61

CH;=CH, REX 93° 400 psig — 100 0 )
CH==CH., REX 121° 400 psig — 84 16 5.25
CHy=CH., REX 149° 400 psig — 75 25 3.00
CH=~=CH, REX 177° 400 psig — 63 37 1.70
CH,=CH, REX 204° 400 psig — 57 43 1.33
CH==CH, REX 232° 400 psig — 54 46 1.17
0~ - m-~ o-/p~
C,H,;Cl REX 204° Atm — 57 38 5 1.50
C.H;Cl REX 260° Atm — 58 40 2 1.45
C.H;0H REX 204° Atm — 52 40 2 1.30
C.H;OH REX 260° Atm — 49 48 3 1.02
C:H:OH REX 316° 400 psig — 46 34 20 1.35
1-CeHye REX 144° Atm 2.25 60 40 0 1.50
1-CeHio HY 144° Atm 2.25 61 39 1 1.56
1-C¢H;2 HY 155° Atm 4.83 59 41 0 1.44
1-CcHs HY 169° Atm 4.73 45 45 10 1.00
1-CeHie HY 182° Atm 1.43 27 44 29 0.61
1-CeH;:0H REX 182° Atm 6.75 54 32 14 1.69
1-CsH;5Cl REX 182° Atm 5.50 20 40 40 0.50
1-C1oHao REX 182° Atm 1.50 45 46 9 0.98
1-CioHao HY 182° Atm 1.66 37 51 12 0.73
1-CyoHx Cl REX 182° Atm 2.00 49 43 8 1.14
1-C;;H OH REX 155° Atm 23.00 54 25 21 2.16
1-C,H»O0H HY 182° Atm 5.00 40 50 10 0.80
1-C;(H4OH REX 204° Atm — 41 45 14 0.91
1-CiHa REX 210° Atm 2.00 66 34 0 1.94
1-CH,HsCl REX 210° Atm 6.75 57 43 0 1.32
Statistical Distribution: 40 20 40 2.00

4 Data without stirring time are for continuous-flow systems.

the major polyalkylation products is con-
sistent with this observation.

Alkylation of Other Aromatic Nuclet

Thiophene and other heterocyclics.
Table 8 shows data for the alkylation of
thiophene and several other heterocyeclic
and substituted benzene nuclei. Alkylations
of thiophene with teré-butanol or isobu-
tylene were catalyzed by six different crys-
talline aluminosilicates at atmospheric
pressure and temperatures of 204-288°C.
Under roughly comparable conditions, with
tert-butanol as alkylating agent at 204°C,
the yields of alkylthiophenes decreased in

the order CaX > REY > HY > REX. At
288°C, NaX showed about the same activ-
ity as HY at 204°C. Using silica-alumina,
thiophene has been alkylated with pro-
pylene, isopropanol, tert-butanol, amylene,
and cyelohexene at 200°C and 12-24 psig,
and with isobutylene at 60° and atmos-
pheric pressure (6). With phosphoric acid-
kieselguhr, alkylation with propylene and
isobutylene occurred at 270-288°C (37).
The monoisopropyl and mono-tert-butyl
derivatives obtained were mixtures of 2-
and 3-substituted thiophenes in a ratio of
about 1.5.

In the thiophene-fert-butanol reactions
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catalyzed by CaX, REY, and HY, the ratio
of 2-/3-tert-butylthiophene was about 2.
The monoalkylate in the isobutylene—
thiophene reaction also consisted of a mix-
ture of the 2- and 3-isomers. Diisobutylene
was observed in small amounts in these
runs, and catalyst aging was generally
severe, especially at the higher tempera-
tures. Attempts to alkylate thiophene with
ethylene, using REX or NiX, were unsuc-
cessful.

The monoalkylate from the H-mordenite-
catalyzed reaction of pyrrole and methanol
consisted largely of a mixture of 2- and
3-methylpyrrole, together with about 9
mole % of pyridine. Ethylfurans were ob-
tained when furan and ethanol were passed
over NaX at 150°C.

Alkylation of aniline. NaX catalyzed the
reaction of propylene and aniline at 330°C
to form mono- and diisopropylaniline, and
the reaction of ethylene and aniline at
340°C to form a mixture of o- and p-ethyl-
aniline and diethylaniline.

Anisole disproportionation. NaX served
as catalyst for a disproportionation reac-
tion of anisole at 371°C. No reaction oc-
curred over tempered quartz chips under
identical conditions. In this reaction, which
is essentially a Friedel-Crafts reaction
using an ether as alkylating agent, 19% of
anisole was converted to a mixture of
phenol, methylphenols, and methylanisoles.
A typical product distribution for this reac-
tion is given in Table 9. The observed

TABLE 9
Propucers FROM REACTION OF ANISOLE OVER NaX
at 371°C
Product Mole %
Phenol 58.8
0-Cresol 7.6
m~ and p-Cresol 1.1
Xylenols 1.8
o0-Methylanisole 15.0
m- and p-Methylanisole® 11.7
Dimethylanisoles 2.0
Other polymethylanisoles® 1.0
99.8

e Mostly p-methylanisole.
& Caleulated on basis of trimethylanisole.

preference for ortho-para substitution,
whieh is characteristic of selective elec-
trophilic attack on activated aromatic ring,
suggests that at the relatively high tem-
perature of 371°C, NaX has distinet acid-
catalytic activity for alkylation. This con-
trasts to a decane cracking pattern over
this catalyst at 470-500°C, that is charac-
teristic of pure silica or pyrolytic reaction
(14).

Thiophenol alkylation. When thiophenol
was treated with 1-decene over HY cata-
lyst at 182°C, 1009% conversion of 1-decene
was observed. In contrast to phenol, where
negligible O-alkylation occurred, S-alkyla-
tion accounted for 91.8% of the 1-decene,
while C-alkylation (on the benzene nu-
cleus) accounted for only 8.2% of the
decene. Thus, the reaction product con-
sisted of a mixture of four isomeric decy!
phenyl sulfides (IX) and more than 10
isomeric decyl decylphenyl sulfides (X) in

%—Clon iS—Cszl
AN
” CioHoat
P
(IX) X)

10.2:1 molar ratio. No decylthiophenols
were found. n-Decyl phenyl sulfide, prob-
ably arising from a competing free radical
addition, comprised about 21% of the decy!
phenyl sulfide fraction, with the remaining
isomers showing attachment of the decyl
residue to the sulfur atom at secondary
carbon atoms.

In the C-alkylate (X), there were about
equal amounts of ortho- and para-isomers,
with only small amounts of meta-isomer.
Mixtures of S- and C-alkylate, with ortho-
or para nuclear alkylation, also usually re-
sulted when thiophenol was alkylated with
simple olefins in the presence of various
acld catalysts (38, 39).

CONCLUSIONS

Reaction Variables

It is apparent that crystalline alumino-
silicates actively catalyze a wide variety of
alkylation reactions, with considerable



CATALYSIS BY ALUMINOSILICATES. I.

variation in conditions. Nevertheless, for
efficient use of highly acidic faujasites
(REX, HY, REY) some general guide-
lines have emerged. First, liquid-phase
operation is usually essential, since cata-
lyst aging and many side reactions are
more rapid in the vapor phase. With ma-
terials where a sufficiently rapid reaction
rate can be maintained at temperatures
near or below their boiling point, a liquid
phase is assured. With more volatile reac-
tants, however, the use of pressure is
necessary.

With low molecular weight species such
as ethylene, high molar ratios of aromatic
to alkylating agent are required to mini-
mize unfavorable interaction of the reac-
tive alkylating agent with the catalyst sur-
face, and to favor monoalkylation. With
higher molecular weight (Ce~Cys) alkylat-
ing agents, however, lower ratios may be
employed.

Temperatures in the range of 150-230°C
are generally required for efficient alkyla-
tion of simple aromatics with C,—Ci; ole-
fins, alcohols, and haloalkanes, and for
transethylation. For dealkylation reactions,
alkylation with paraffins, and toluene dis-
proportionation, higher temperatures are
required, in accord with the higher energy
requirements of these processes.

Product Distributions

In typical alkylations of substituted ben-
zenes, ortho—para orientation of substitu-
ents was generally observed. The meta iso-
mers did not appear in significant quantity
except at higher temperatures or upon pro-
longed exposure of reactants to catalyst.
Similarly, 2-substitution was predominant
in alkylated thiophenes. With alkylating
agents of three or more carbon atoms, the
monoalkylate consisted of a mixture of
isomeric arylalkanes, with structures ana-
logous to (I-III) and (VI-VIII) above.

Catalyst Comparisons

For the same or similar reactants, the
highly acidic faujasites consistently cata-
lyzed alkylation at significantly lower
temperatures than silica-alumina-type cat-
alysts, thus eliminating many of the unde-
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sirable side reactions encountered at the
higher temperatures. Lewis acids such as
aluminum chloride or boron trifluoride, and
protonic acids such as sulfurie or hydro-
fluoric acids (but not phosphoric acid),
however, generally showed significant ac-
tivity at much lower temperatures than the
acidie faujasites. By comparison, the less
acid CaX showed useful thiophene alkyla-
tion activity at 204°C, and even NaX, at
sufficiently high temperatures (288-371°C)
showed acid catalytic activity in some
reactions.

Thus, not only do crystalline alumino-
silicates show high activity and versatility
in alkylation capacity, together with the
advantages of ion-exchange resin catalysts,
but they also lack many of the undesirable
features of sulfuric acid and aluminum
chloride catalysts. Mechanistic possibilities
and aging pathways will be discussed in a
subsequent paper.
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